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AB STRACT

While flow ing through po rous me dium, ground wa ter flow dis solves min er als thereby in creas ing me dium po ros ity and

ul ti mately per me abil ity. Re ac tive fluid flows pref er en tially into highly per me able zones, which are there fore dis solved most

rap idly, pro duc ing a fur ther pref er en tial per me abil ity en hance ment. Ac cord ingly, slight non-uni for mi ties pres ent in po rous

me dium can be am pli fied and lead to fin ger ing re ac tion fronts. The ob jec tive of this study is to in ves ti gate dis so lu tion-in duced

po ros ity changes on re ac tion front mor phol ogy in ho mo ge neous po rous me dium with two non-uni for mi ties. Four con trol ling

pa ram e ters, in clud ing up stream pres sure gra di ent, re ac tion rate con stant, non-uni for mi ties spac ing and non-uni for mity

strength ra tio are com pre hen sively con sid ered. By us ing a mod i fied ver sion of the nu mer i cal code, NSPCRT, to con duct a

se ries of nu mer i cal sim u la tions, front be hav ior di a grams are con structed to il lus trate the morphologies of re ac tion fronts un der

var i ous com bi na tions of these four fac tors. Sim u la tion re sults in di cate that the two non-uni for mi ties are in hib ited into a pla nar

front un der low up stream pres sure gra di ent, merge into a sin gle-fin ger ing front un der in ter me di ate up stream pres sure gra di ent,

or grow into a dou ble-fin gers front un der high up stream pres sure gra di ent. More over, the two non-uni for mi ties tend to de velop

into a dou ble-fin ger ing front as the non-uni for mity strength ra tio in creases from 0.2 to 1.0, and merge into a sin gle-fin ger ing

front while the non-uni for mity strength ra tio in creases from 1.0 to 1.8. When the re ac tion rate con stant is small, the two

non-uni for mi ties merge into a sin gle front. Re ac tion rate con stant sig nif i cantly af fects front ad vanc ing ve loc ity. The front

ad vanc ing ve loc ity de creases with the re ac tion rate con stant. Based on these re sults, front be hav ior di a grams which de fine the

morphologies of the re ac tion fronts for these four pa ram e ters are constructed. Moreover, non-uniformity strength ratio and

reaction rate constant are identified as two important factors that govern the interaction of dissolution and solute transport in

groundwater systems.
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1. IN TRO DUC TION

When ground wa ter flows through po rous me dia of the

subsurface, var i ous re ac tions such as dis so lu tion and pre -

cipitation oc cur be tween ground wa ter and min eral grains.

Media po ros ity and spe cies con cen tra tion are also sub se -

quently mod i fied. Changes in po ros ity af fect the ground -

water flow pat tern. If po ros ity in some re gion of the po rous

medium is slightly higher than else where (we re fer to it as a

non-uni for mity herein), ground wa ter flow in this non- uni -

formity ac cel er ates and dis so lu tion re ac tion rates are raised.

A rise in the dis so lu tion re ac tion rate producesa higher po -

ros ity chan nel, thereby re sult ing in a feed back com plex sys -

tem. The above phe nom e non of ten oc curs in geo log i cal sys -

tems (Chen and Ortoleva 1990; Ortoleva 1994; Fredd and

Fogler 1998; Lasaga 1998). Con se quently, the in ter ac tion

be tween ground wa ter flow and the solid ma trix of geo log i -

cal me dia has re ceived much at ten tion (Xu and Pruess 2001;

Chen and Liu 2002; Em man uel and Berkowitz 2005; Zhao

2008). Several ex ten sive stud ies, in clud ing field and lab o -

ra tory experiments, and nu mer i cal model de vel op ments and
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sim u la tions have been con ducted to pro vide fur ther un der -

stand ing of wa ter-rock in ter ac tion. Chadam et al. (1986)

deve loped a two di men sional math e mat i cal model, cou -

pling a set of the gov ern ing par tial dif fer en tial equa tions of

ground wa ter flow, spe cies trans port and po ros ity change

in duced by dis so lu tion to in ves ti gate the dis so lu tion-in -

duced mor phologies of re ac tion fronts. The sim u la tion re -

sults in di cate the up stream pres sure gra di ent gov erns the

shapes of re ac tion fronts. Un der a high up stream pres sure

gra di ent and long flow chan nel width, a sin gle non- uni for -

mity may de velop into a sin gle-fin ger ing, dou ble- fin ger ing

or even mul ti ple-fin ger ing front (Chadam et al. 1986;

Ortoleva et al. 1987a, b; Chen and Ortoleva 1990; Daccord

et al. 1993; Renard et al. 1998; Xu and Pruess 2001; Chen

and Liu 2002; Em man uel and Berkowitz 2005; Singurindy

and Berkowitz 2005; Li et al. 2006). Chen and Liu (2004)

used the nu mer i cal model, NSPCRT (Chen and Liu 2002), to 

con duct nu mer i cal mod el ing of re ac tion front in sta bil ity,

tem po ral aqui fer po ros ity, and spe cies con cen tra tion evo lu -

tion for ground wa ter flow in a ho mo ge neous me dium with

two lo cal non- uni for mi ties of equal strength. They found

that pla nar, sin gle- fin ger ing or dou ble-fin ger ing fronts can

de velop un der var i ous up stream pres sure gra di ents. The

shape of the fronts is de pend ent upon the dis tance be tween

the lo cal non-uni for mi ties and the size of the pres sure gra di -

ent. Sim u la tion re sults in di cated that a pla nar front de vel ops

un der a low up stream pres sure gra di ent, and a sin gle-fin ger -

ing or dou ble- fin ger ing front can emerge un der a high up -

stream pres sure gra di ent. A front be hav ior di a gram de fin ing

the mor pho l ogy of the re ac tion fronts was also con structed.

In nat u ral geo log i cal me dia, the strengths of the two

non-uni for mi ties are likely to be un equal. In ad di tion, this

ear lier work does not con sider the re ac tion rate con stant

though it is also a con trol ling fac tor dur ing re ac tive trans -

port. There fore, be sides the up stream pres sure gra di ent and

non-uni for mity spac ing, the re ac tion rate con stant and non-

 uni for mity strength ra tio (the ra tio of the strength of the first

non-uni for mity to that of the sec ond), should be in cluded for 

study ing re ac tion front be hav ior. The ob jec tive of this study

is to eval u ate the evo lu tion of re ac tion front mor phol ogy

induced by dis so lu tion. Four pa ram e ters: up stream pres -

sure gra di ent, re ac tion rate con stant, non-uni for mity spac ing 

and non-uni for mity strength ra tio are com pre hen sively con -

sid ered to in ves ti gate the evo lu tion of re ac tion front mor -

phol ogy. The com puter model, NSPCRT (Chen and Liu

2002) is adopted and mod i fied to ex e cute a se ries of nu -

merical sim u la tions un der var i ous com bi na tions of these

four parameters. Ac cord ing to the sim u la tion re sults, front

be hav ior di a grams are con structed pre sent ing the mor pho -

logies of the dif fer ent re ac tion fronts.

2. MATH E MAT I CAL MODEL

The dy nam ics of changes in me dia po ros ity, perme -

ability, and spe cies con cen tra tion caused by min eral dis -

solution re ac tions in ground wa ter sys tems can be for mu lated 

by a set of cou pled non lin ear par tial dif fer en ti a tion equa -

tions. In this study, we mod ify the two-di men sional nu -

merical model, NSPCRT (Chen and Liu 2002) to sim u late

the above phe nom e non. The mod i fi ca tions made to NSPCRT

are de scribed in sec tion 3. The gov ern ing equa tions for po -

ros ity changes af fected by ki netic dis so lu tion re ac tions, the

con ser va tion of ground wa ter flow, and spe cies trans port are

de scribed be low.

2.1 Po ros ity Changes Due to Ki netic Chem i cal
Dis so lu tion

Change in pore vol ume oc curs as a re sult of the re -

duction in vol ume of the solid phase in duced by min eral

dissolution. The re la tion ship be tween po ros ity change and

ki netic chem i cal dis so lu tion can be ob tained by in vok ing

con ser va tion of to tal vol ume in the po rous me dia. NSCPRT

as sumes that po rous me dia con sists of pores and sol u ble and

in sol u ble grains. The min eral grains are cu bic in shape and

oc cupy a given vol ume with the num ber of min eral grains

re main ing con stant af ter dis so lu tion. More over, sin gle solid

com po nents such as cal cite in the po rous me dium and sin gle

spe cies such as cal cium or car bon ate ions in the ground wa ter 

are con sid ered with dis so lu tion re ac tions fol low ing the

first- or der ki net ics equa tion. The po ros ity change due to ki -

netic chem i cal dis so lu tion is thus ex pressed as:

(1)

where f is the po ros ity (dimensionless); G de notes the dis -

so lu tion re ac tion rate con stant (M-1L4T-1); n rep re sents the 

num ber of min eral grains per unit vol ume (L-3); C is spe -

cies con cen tra tion (ML-3); ff is the fi nal po ros ity af ter a

com plete dis so lu tion of sol u ble grains (dimensionless),

and Csat is the sat u rated spe cies con cen tra tion in ground -

wa ter (ML-3).

In or der to eval u ate how the re ac tion rate con stant af -

fects ground wa ter/po rous me dia re ac tions and spe cies trans -

port pro cesses, we assume:

G = aG¢ (2)

where G¢ is the dis so lu tion re ac tion rate con stant of sol u ble

po rous me dia at 25°C (M-1L4T-1), and a de notes a para -

meter for con ve nient treat ment of dis so lu tion rate con -

stant changes (dimensionless).

Equa tion (1) can then be re writ ten as:

(3)
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In Eq. (3), the dis so lu tion re ac tion rate con stant changes

with a.

2.2 Con ser va tion of Ground wa ter Flow

The gov ern ing equa tion of ground wa ter flow is de rived

by ap ply ing mass con ser va tion of ground wa ter and Darcy’s

law, and is written as:

(4)

where P de notes the fluid pres sure (ML-1T-2), and K(f) is

the in trin sic per me abil ity di vided by the prod uct of the

water vis cos ity and po ros ity (M-1L3T). A mod i fied form of 

the Fair-Hatch re la tion (Chen and Liu 2002) is em ployed

herein to char ac ter ize the de pend ence of per me abil ity on

po ros ity (Bear 1972):

where J de notes a pack ing fac tor (~5) (dimensionless); m is

the fluid vis cos ity (ML-1T-1); and q is a geo met ric fac tor

(dimensionless). It should be noted that el e va tion head is

ne glected in Eq. (4). How ever, Eq. (4) can be used to de -

scribe, for ex am ple, two-di men sional hor i zon tal ground -

wa ter flow with out ver ti cal head gra di ent. More over, the

de vel oped model, NSCPRT, can be readily mod i fied to

sim u late three-di men sional ground wa ter flow by in clud ing 

el e va tion head into Eq. (4).

2.3 Con ser va tion of Spe cies Trans port

The model as sumes that ground wa ter flow ve loc ity is

slow and dis per sion ef fect re sult ing from the spa tial vari abil -

ity in the pore wa ter ve loc ity is ex cluded. Be sides advection

and dif fu sion pro cesses gov ern ing sol ute trans port, dis so lu -

tion re ac tions also cause a mass trans fer of sol ids into re -

spec tive aque ous phases, thus rais ing spe cies con cen tra tions 

in an aque ous fluid. A par tial dif fer en tial equa tion de rived

via mass con ser va tion of sol utes is ex pressed in the fol -

lowing:

(5)

where D(f) de notes the po ros ity de pend ent dif fu sion co -

efficient (L2T-1), and rs rep re sents the den sity of sol u ble

grains (ML-3). The com mon phenomenological re la tion for

D(f) is (Bear 1972; Lerman1979):

where Di is the sol ute dif fu sion co ef fi cient (L2T-1). The

first, sec ond and third terms on the left-hand side of Eq. (5)

rep re sent the dif fu sion flux, advection flux and source due

to min eral dis so lu tion, re spec tively.

Equa tions (3), (4), and (5) are the gov ern ing equa tions

of the model, and are all non lin ear par tial dif fer en tial equa -

tions. Po ros ity (f), sol ute con cen tra tion (C), and fluid pres -

sure (P) are pri mary vari ables, and are all func tion of spa tial

and tem po ral vari ables. The o ret i cally, we can solve the set of 

cou pled Eqs. (3), (4), and (5), then il lus trate the pro cesses

of po ros ity and sol ute con cen tra tion change with time and

space. To sim plify the cou pled equa tions, Eqs. (3), (4), and

(5) are thus non-dimensionalized. First, dimensionless time,

t, is de fined by:

t = eG¢n1/3Csatt (6)

where e = Csat/rs.

The dimensionless sol ute con cen tra tion, g, the dimen -

sionless fluid pres sure, P, the dimensionless dif fu sion co -

efficient, d, and the dimensionless per me abil ity, l, are re -

spectively de fined by:

(7)

(8)

(9)

(10)

Dimensionless sol ute con cen tra tion now ranges from

0.0 (gmin) to 1.0 (gmax). Spa tial vari ables are also non- dimen -

sion al ized as:

(11)

(12)

Be hav ior Di a grams of Re ac tive Sol ute Trans port 855



Based on the def i ni tion of Eqs. (11) and (12), the di men -

sionless gra di ent of spa tial vari ables can be writ ten as:

(13)

where Ñ = +  
x

i  
y

j
¶

¶

¶

¶

v v
.

In cor po rat ing Eqs. (6) - (13) into Eqs. (3), (4), and (5)

and re ar rang ing them in dimensionless form gives:

(14)

(15)

(16)

Equa tions (14) - (16) can be solved nu mer i cally by the se -

quen tial it er a tion ap proach (SIA) where the equa tions for

re ac tion-in duced po ros ity changes and conservations of

ground wa ter flow and sol ute trans port are solved se quen -

tially. The de tailed steps of nu mer i cally solv ing Eqs. (14) -

(16) us ing the SIA were dem on strated by Chen and Liu

(2002)

3. NU MER I CAL SIM U LA TION

This study con sid ers a two di men sional rect an gu lar do -

main with the length of Lx  (dimensionless length) and the

width of L y  (dimensionless length), as shown in Fig. 1.

Ground wa ter flows from left to right. The in let (left-hand

side bound ary) con di tion for dimensionless pres sure is pre -

scribed as:

(17a)

where Pf de notes an up stream pres sure gra di ent ap plied at

the in let bound ary. The up stream pres sure gra di ent has a

ma jor in flu ence on the dis so lu tion re ac tion and sol ute

trans port (Chadam et al. 1986; Chen and Liu 2002, 2004).

Only the net pres sure gra di ent across the re gion of

interest is im por tant since the fluid den sity is as signed to be 

a con stant. Ac cord ingly, a ref er enced pres sure is pre scribed

at the out let (right-hand) bound ary as:

(17b)

No flow con di tions are used for the up per and lower bound -

aries and ex pressed as:

(17c)

(17d)

The bound ary con di tion on the left-hand side for di -

men sionless con cen tra tion is pre scribed to be zero:

(17e)

The right, up per, and lower bound ary con di tions for di -

mensionless con cen tra tions are, re spec tively, pre scribed

as:

(17f)

(17g)

(17h)

As sum ing the sys tem is ho mo ge neous ex cept for two un -

equal strength non-uni for mi ties ex ist ing with non-uni for -

mity cen ters lo cated at the in let bound ary. The non-uni for -

mi ties are zones of higher po ros ity and per me abil ity lo -

cated at the left bound ary of the sys tem, as shown in Fig. 2.

The ini tial con di tions for the dimensionless po ros ity and

con cen tra tion are set as fol lows:

(18a)
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(18b)

with

(18c)

(18d)

where Li  (i = 1, 2) rep re sent the lo ca tions of cen ters of first

and sec ond non-uni for mi ties, w de notes an ini tial per tur ba -

tion pa ram e ter which is used to per turb the ini tial po ros ity

and dimensionless con cen tra tion, and SS de notes the non-

 uni for mity strength ra tio of the first non-uni for mity to the

se cond non-uni for mity.

The ini tial con di tions for the dimensionless pres sure are

set to be:

(18e)

To ex e cute the nu mer i cal sim u la tion it is nec es sary to

give the val ues of all the pa ram e ters in the set of gov ern ing

equa tions and bound ary con di tions. In this study, we give

the in put pa ram e ters fol low ing our pre vi ous stud ies (Chen

and Liu 2002, 2004). The in put pa ram e ters used in pre vi ous

stud ies were as sumed and suc cess fully used to dem on strate

the mor pho log i cal evo lu tion of a dis so lu tion fin ger ing front

in a fluid-sat u rated po rous me dium. The in puts were: ini tial

po ros ity f0 = 0.1; fi nal po ros ity ff = 0.2; dimensionless

length Lx  = 18; dimensionless width L y  = 8; ini tial per -

turbation pa ram e ter w = 0.1, and x and y grid spac ing are

0.2 ´ 0.2.

To ex am ine whether the con struc tion of front be hav ior

di a gram us ing a 30-set sim u la tion (coarse sim u la tion) is ad e -

quately to rep re sent the evo lu tion of front mor phol ogy, we

car ried out a com par i son be tween the coarse and de tailed

sim u la tions. The non-uni for mity strength ra tio, SS, is set to

be 1.0 in both coarse and de tailed sim u la tions. In the coarse

sim u la tion, the up stream pres sure gra di ent changes from 0.0

to 5.0 with an in cre ment of 1.0 and non-uni for mity spac ing

var ies from 1.0 to 5.0 with an in cre ment of 1.0. Whereas in

the de tailed sim u la tion, up stream pres sure gra di ent, Pf, is set

from 0.00 to 5.0 with a 0.25 in cre ment. Non-uni for mity

spac ing is set from 0.25 to 5.00 with an in cre ment of 0.25

and a is set to be 1.0. A total of 441 sets of simulations are

executed.

To in ves ti gate the ef fects of the non-uni for mity strength

ra tio and dis so lu tion re ac tion rate con stant on the de ve -

lopment of front mor phol ogy, two cases are con sid ered as

follows:

3.1 Case I: Dif fer ent Strength Ra tios (SS)

In this case, non-uni for mity strength ra tio, SS, is set

Be hav ior Di a grams of Re ac tive Sol ute Trans port 857

Fig. 2. Four types of re ac tion front mor phol ogy. Solid line: aqui fer po ros ity, dashed line: spe cies con cen tra tion.

(a) (b)

(c) (d)



from 0.2 to 2.0 with an in cre ment of 0.2. Up stream pres sure

gra di ent, Pf, is set from 0.0 to 5.0 with an in cre ment of 1.0.

Ini tial two per tur ba tions spac ing is set from 1.0 to 5.0 with

an in cre ment of 1.0 and a is set to be 1.0. There are a to tal of

300 (10 ´ 6 ´ 5) simulation sets.

3.2 Case II: Dif fer ent Dis so lu tion Re ac tion Rate
Con stant (  )

In this case, non-uni for mity strength, SS is fixed at 1.0.

Up stream pres sure gra di ent, Pf, var ies from 0.0 to 5.0 with

an in cre ment of 1.0. Non-uni for mity spac ing changes from

1.0 to 5.0 with a 1.0 in cre ment and a is set from 0.2 to 1.0

with an in cre ment of 0.2. There are a to tal 150 (5 ´ 6 ´ 5)

sim u la tion sets.

Each sim u la tion ends when the po ros ity is greater than

0.2 or the dimensionless con cen tra tion is greater than 1.0 at

the right-hand bound ary (x = Lx , y = y) or the dimensionless

time ar rives at the max i mum sim u la tion time (t = 10.0).

Front mor phol ogy is de ter mined based on re ac tion front

shapes at the time the sim u la tion ends.

4. RE SULTS AND DIS CUS SION

The sim u la tion re sults showed that with two non- uni -

formities, four types of re ac tion-front shapes can de velop

(see Fig. 2). A pla nar front (Fig. 2a) de notes that the con -

tours of po ros ity and dimensionless con cen tra tion are con -

stants along the y di rec tion. A sin gle-fin ger ing front (Fig. 2b)

de notes that two non-uni for mi ties merge into a sin gle fin ger. 

A dou ble-fin ger ing front (Fig. 2c) rep re sents that the two

non-uni for mi ties grow into two clear fin gers. If the front

shape can not be clearly judged, we herein clas sify it as in a

tran si tion zone (Fig. 2d). As shown in Fig. 2, the evo lu tion

of front mor phol ogy of po ros ity con tours and dimensionless

con cen tra tion con tours are sim i lar, we herein con struct the

be hav ior di a gram of the front mor phol ogy only based on

dimensionless po ros ity con tours.

4.1 Ver i fi ca tion of Be hav ior Di a gram by De tailed
Sim u la tion

Fig ure 3 rep re sents the front be hav ior di a gram con -
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tion zone, u de notes sin gle front, and l de notes dou ble front.
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structed from the de tailed and coarse sim u la tions. A pla nar

front is lo cated at the zone where the up stream pres sure gra -

di ent is less than 0.5 and 0.625 for coarse (Fig. 3d) and de -

tailed sim u la tions (Fig. 3b), re spec tively. The lo ca tion and

size of the pla nar front zone are sim i lar. The zones of the

single-fin ger ing and dou ble-fin ger ing fronts are also sim i -

lar. There fore, the front be hav ior di a gram con structed from

30 sets of coarse sim u la tion can ad e quately rep re sent the

front mor phol ogy with the up stream pres sure gra di ent vary -

ing from 0.0 to 5.0 and non-uni for mity spac ing chang ing

from 1.0 to 5.0. The be hav ior di a gram of the same con di -

tions es tab lished by Chen and Liu (2004) is sim i lar to that of

this study. The only dif fer ence is that the tran si tion zone is

ap prox i mately lo cated be tween up stream pres sure gra di ents

of 0.6 to 1.0, and is not af fected by non-uni for mity spac ing.

In the de tailed sim u la tion, the tran si tion zone is ap prox i -

mately lo cated be tween up stream pres sure gra di ents of 0.75

to 1.0 and non-uni for mi ties spac ing greater than 2.8. The

rea son is that the in cre ments of the up stream pres sure gra -

dient and spac ing in the sim u la tion of Chen and Liu (2004)

are 0.5 whereas the in cre ment in the de tailed sim u la tion of

this study is 0.25, which yields a more re fined re sult.

4.2 Be hav ior Di a grams of Dif fer ent SS and   

4.2.1 Case I: Change of Per tur ba tion Strength Fac tor
(SS)

Fig ure 4 shows the sim u lated be hav ior di a grams for

non-uni for mity strength ra tios vary ing from 0.2 to 2.0 with

an in cre ment of 0.2. Pla nar front ar eas are all lo cated at low

up stream pres sure gra di ent (Pf < 0.3). Dou ble-fin ger ing

front ar eas are lo cated at high up stream pres sure gra di ent

and non-uni for mity spac ing greater than 1.5. Sin gle-fin ger -

ing front ar eas are lo cated in be tween pla nar front and dou -

ble fronts. As the two non-uni for mi ties have non-equal st -

rengths, such as when SS = 0.2, the po ros ity at the large

non-uni for mity strength zone is higher than that at the

smaller strength zone re sult ing in high ground wa ter ve loc ity
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Fig. 4. Be hav ior di a grams for dif fer ent strength ra tios (SS).
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de vel op ing in the large non-uni for mity strength zone. Ad -

vective trans port due to the fast ground wa ter ve loc ity, first

low ers the sol ute con cen tra tion, then ac cel er ates the ki netic

dis so lu tion re ac tion rate and en larges the in flu en tial area of

the front. Thereby, the front at the larger non-uni for mity

strength zone prop a gates faster and ex tends into a larger area 

than that at the smaller non-uni for mity strength zone. As the

two fronts con tin u ously de velop, at a cer tain crit i cal time, the

rate at which po ros ity in creases be tween the two non- uni for -

mi ties may be come equal to that at the smaller st rength zone

such that the two non-uni for mi ties then merge into a sin gle-

 fin ger ing front. As the non-uni for mity strength ra tio in creases 

from 0.2 to 1.0, the ar eas of the sin gle-fin ger ing front de -

crease, and those of the dou ble-fin ger ing front in crease; the

op ti mum con di tion for de vel op ing a dou ble- fin ger ing front is

at SS = 1.0. A pla nar front is formed when advection due to a

low up stream pres sure gra di ent is not suf fi cient to lower the

sol ute con cen tra tion re sult ing from ki netic dis so lu tion re ac -

tions and dif fu sion trans port. Thus, the ki netic dis so lu tion re -

ac tion rate re duces and then slows down the po ros ity change

in the zones of the two non-uni for mi ties. As the po ros ity

changes at the two non-uni for mi ties be come the same as the

am bi ent zones, a pla nar front steadily de vel ops. These re sults

agree with pre vi ous stud ies (Chadam et al. 1986; Chen and

Ortoleva 1990; Chen and Liu 2002).

As the non-uni for mity strength ra tio in creases from 1.0

to 1.8, the two non-uni for mi ties are apt to merge into a sin -

gle-fin ger ing front and the area of the dou ble-fin ger ing front 

grad u ally de creases as shown in Figs. 4f - i.

4.2.2 Case II: Changes in Dis so lu tion Re ac tion Rate

Con stant (a)

Fig ure 5 rep re sents the front be hav ior di a gram for a

vary ing from 0.2 to 1.0 with a 0.2 in ter val. The ar eas of the

dou ble-fin ger ing front in the front be hav ior di a grams con -

structed with a of 0.2 and 0.4 are smaller than those ob tained 

with a of 0.6, 0.8, and 1.0. Low re ac tion rate con stants cause 

a slow in crease in po ros ity in the zone of the ini tial two per -

tur ba tions. Al though advection trans port in the zones of the

two non-uni for mi ties is high, slow po ros ity change rates fur -

ther re duce front ad vanc ing ve loc ity. As the po ros ity change

rate of the two non-uni for mi ties low ers to the same as that of

the zone be tween the two non-uni for mi ties, the two non-uni -

for mi ties merge into a sin gle-fin ger ing front.

Changes of a slightly af fect the front be hav ior di a -

grams, but sig nif i cantly af fect the front ad vanc ing ve loc ity.

Fig ures 6a - c rep re sent advection, dif fu sion and re sul tant

flux for: a non-uni for mity strength ra tio of 1.0, non-uni for -

mity spac ing of 2.0, a of 0.6, and up stream pres sure gra di ent 

of 2.0. Fig ures 7a - c rep re sent advection, dif fu sion and re -

sul tant flux for: non-uni for mity strength ra tio of 1.0, non-

 uni for mity spac ing of 2.0, a of 1.0, and up stream pres sure

gra di ent of 2.0. In Figs. 6a, b and 7a, b, both advection flux

tends to fo cus to ward the tip of the front while the dif fu sion

flux tends to pull back the front tip. The advection flux of

a = 1.0 is greater than that of a = 0.6 and the dif fu sion flux of 

a = 1.0 is greater than that of a = 0.6, the re sul tant of both

advection and dif fu sion fluxes of a = 1.0 is still higher than
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Fig. 5. Be hav ior di a grams for dif fer ent re ac tion rate con stants (a).
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that a of 0.6. There fore, the front ad vanc ing ve loc ity in -

creases with in creas ing a in this case. In this study, the

changes of sol ute con cen tra tion are due to advection trans -

port, dif fu sion trans port and ki netic dis so lu tion re ac tions.

The re sult ing change in sol ute con cen tra tion due to the

above pro cesses may nonlinearly vary. Hence, front ad vanc -

ing ve loc ity may not monotonically in crease with a. We

herein av er age the sim u la tion end ing time for all sets of each

a value ex cept for the ones of pla nar front, since the sim u la -

tion end ing time of pla nar front sets all ar rive at t = 10.0.

Fig ure 8 rep re sents the av er age of sim u la tion end ing times

for dif fer ent a. Be cause the sim u la tion do main di men sion is

fixed, the sim u la tion end ing time is in versely pro por tional to 

the front ad vanc ing ve loc ity. In Fig. 8, the front ad vanc ing

ve loc ity be hav ior can be di vided by two zones of a � 0.4

and a > 0.4 at a � 0.4, the front ad vanc ing ve loc ity is in -

versely pro por tional to a, whereas at a > 0.4 the front ad -

vanc ing ve loc ity is pos i tively pro por tional to a and the front

ad vanc ing ve loc ity is the slow est at a = 0.4.

The changes of dis so lu tion re ac tion rate play dif fer ent

roles in re ac tive chem i cal trans port. On the one hand, po ros -

ity in creases with a re sult ing in an ac cel er a tion in front ad -

vance ment, on the other hand the sol ute con cen tra tion of this 

zone may eas ily reach its sat u rated con cen tra tion, slow ing

down the ki netic dis so lu tion re ac tion rate, and fur ther re tard -

ing front ad vance ment. These feed back pro cesses are non -

linearly bal anc ing each other, cre at ing a com plex, self-or ga -

nized nat u ral phe nom e non (Ortoleva 1994).

5. CON CLU SION

In this study, dis so lu tion-in duced po ros ity change is in -
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Fig. 6. (a) Advection flux; (b) dif fu sion flux; (c) re sul tant flux with a =

0.6 at t = 3.887.

(a)

(b)

(c)

Fig. 8. Av er age sim u la tion end ing time for dif fer ent a.

Fig. 7. (a) Advection flux; (b) dif fu sion flux; (c) re sul tant flux with a =

1.0 at t = 3.232.

(a)
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ves ti gated un der var i ous com bi na tions of up stream pres sure

gra di ent, re ac tion rate con stant, non-uni for mity spac ing, and 

non-uni for mity strength ra tio. Non-uni for mity strength ra tio 

and re ac tion rate con stant sig nif i cantly af fect the evo lu tion

of the re ac tion front. When the up stream pres sure gra di ent is 

small (< 0.3), the two non-uni for mi ties all de velop into a

pla nar front re gard less of chang ing non-uni for mity strength

ra tios, non-uni for mity spac ing or re ac tion rate con stant.

More over, the two non-uni for mi ties tend to de velop into a

dou ble-fin ger ing front as the strength ra tio in creases from

0.2 to 1.0, and into a sin gle-fin ger ing front as the strength

ratio in creases from 1.0 to 1.8. Changes in the strength ra tio 

affect the front ad vanc ing ve loc ity and front be hav ior di a -

gram. The front ad vanc ing ve loc ity de creases with the re ac -

tion rate con stant and front ad vanc ing ve loc ity is slow est

when the re ac tion rate con stant is equal to 0.4. The sim u lated 

re sult pro vides a quan ti ta tive ba sis to an a lyze some nat u ral

pro cesses of for ma tion such as the dis so lu tion of karst rock.

Fu ture study could con sider a high flow ve loc ity con di tion,

and in clude the dis per sion ef fect. In ad di tion, pre cip i ta tion

chem i cal re ac tions, ad sorp tion and desorption, or mul ti ple-

 spe cies re ac tive chem i cal trans port can also be in cor po rated

into the NSPCRT model. In ad di tion, the in ves ti ga tion of

po ros ity changes in duced by mi cro bial me di a tion is an other

re search area for fu ture study.
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