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ABSTRACT
The rate of CaCO3 dissolution in slurry scrubbers
for flue gas desulfurization affects 802 absorption, CaSOB/
CaSOh scaling, and ultimate CaCO3 utilization. The dis-

solution rate of reagent CaCO3 has been measured in 0,1 M

CaCl, at constant pH and CO, partial pressure by batch

2 2
titration with HCl, A mass transfer model has been deve-
ldped assuming that the calcite particles behave as spheres
in an infinite stagnant solution, The model incorporates
the effects‘of several equilibrium acid/base reactions and
also includes the finite rate reaction involving1002 and
HCOB'. The cumulative rate of mass tramnsfer is calculated
by integrating over a particle size distribution obtained
by a Coulter counter,

The: results of this investigation show that
CaCO3 dissolution is controlled by mass transfer and not
surface reaction kinetics. The measured dissolution rate
was about 25% higher( but not less than )than the calculat-
ed rate of mass transfer, probably because of the effect
of turbulence. The enhancement and inhibition effects of
buffers on CaCO3 dissolution are predicted by the general
mass transfer model, Buffer additives such as adipie,

acetic, acrylic, and sulfosuccinic acid tend to enhance

the rate of dissolution by buffering the solution pH and



increasing acidity transport to the limestone surface.
Dissolution is enhanced at low sulfite concentration but
inhibited at high sulfite concentration, indicating some
kind of surface adsorption or crystallization phenomenon,
The rate of dissoeclution is a strong function of pH and
temperature as predicted by mass transfer, At high 002
partial pressure, the rate of dissolution is enhanced due
to the 002 hydrolysis reaction. 002 partial pressure

also determines the equilibrium pH for CaCO, dissolution.
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CHAPTER I
INTRODUCTION
The dominant commercial technology for stack
gas desulfurization is aqueous scrubbing using limestone

(CaCOB) to neutralize the SO, and produce CaSOB/CaSOa

2
waste solids, Such typical throwaway processes use either
slurry scrubbing or clear solution scrubbing.

The typical slurfy scrubbing process is repre-—
sented by the flowsheet in Figure 1-1. It consists of a
scrubber, a crystallizer, and a solid/liquid separator.
The 802 waste gas ia absorbed with a slurry of product
solids and unreacted limestone at pH 4 to é, The alkali-
nity for 802 absorption is provided by CaSO3 dissolution
or by limited CaCO3 dissolution in the §crubber. Slurry
is recycled from the crystallizer to the scrubber and a
small portion containing 10 to 15 wt.% suspended solids
is withdrawn for solid/liquid separation( Rocheile and
King, 1978). To avoid CaSO3 and CaSOh crystallization
and scaling in the scrubber, the crystallizer vessel must
provide adeguate residence time to control supersaturation
of CaSO3 and CaSOh( Rochelle and King, 1978). Some of the
CaCO3 dissolution must also eccur in the crystallizer to

avoid CaSO3 scaling in the scrubber. The CaSOB/CaSOu

solid product is disposed of as a solid waste in ponds
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or landfills,
In the double-alkali processes( Figure 1-2 )

(Kaplan, 1973), 802 is absorbed into a clear solution of

soluble alkali such as Na2803:

803— + SO2 + H20 —_— 2HSO3

The solution is reacted with CaCoO,.

3

and regemnerate SO_:

3

in a separate vessel

to precipitate CaSO3

2H803 + ?aCOB(s) —y—CaSOB(S) + SO3 + H20 + 002

The CaSO3 solids are separated for disposal, and clear
solution is recycled to the scrubber. The advantage of
the double-alkali process over that of slurry scrubbing

is that the problem of handling slurry in the scrubber

are avoided., Howevér, high levels of dissolved alkalinity
are required to minimize the amount of liquid that must

be processed for liquid/solid separation,

The use of additives such as soluble alkalis or
buffering acids has been shown to enhance 802 removal
efficiency of limestone Slurry. Organic acids with pKa
values of 4.5 to 5,0 can accelerate the rate of 802
absorption at co£centration as low as 3 to 10 mmoles/liter
(Rcchelle and King, 19773 Chang and Rochelle, 1980).

These additives act as buffers to limit the drop in pH

that normally occurs at the gas/liquid interface during

SO2 absorption,



0.50—2.0 m/l DISSOLVED SOLIDS

‘4
(ADD FOR

SLURRY LIQuID
CaC03/Ca0 SCRUBBING)

SCRUBBER
SOLIDS

SOLIDS

"Figure 1-2. Double Alkali Process

SOLUBLE
REACTANT



The purpose of this investigation/is to charac-
terize limestone dissolution at conditions representative
of slurry and double alkali scrubbers for stack gas desul-
furization. The dissolution rate of reagent CaCOB(calcite)
has been measured. A mass transfer model assuming spherical
CaCO3 particlés in an infinite stagnant medium is proposed
to predictethe experimental rates. The results of this
work should provide: feor mbre reliable, economic scrubber
and reactor designs for both simple slurry and double-

alkali processes.



CHAPTER II
LITERATURE REVIEW

CaCO3 dissolution has been partially character-
ized by investigators interested in geochemistry, mine
water disposal, and stack gas desuifurization. The most
representative work being that of Berner and Morse (1974)
and Plummer et al.{(1978).

Berner and Morse (1974) used the pH-stat method
-to study the rate of dissolution of finely crystalline
calcite(reagent or precipitated CaGOB) in sea water,

They report three regioné of pH dependence., At pH less
than 4, calcite dissolution appears to be controlled by
diffusion of H+ to the crystal surface, Near equilibrium,
ApH(pH at equilibrium minus solution pH) of 0.0 to 0.4,

the dissolution is sénsitive to phosphate ion inhibition,
At intermediate pH values the dissolution rate was a funct-
ion of CO, partial pressure. A&t.pH greater than 4, the
dissolution rate was found to be distinctly less than that
predicted for control by ionic diffusion,

Plummer et al.(1978) used the free drift and
pH-stat method to study the dissolution of coarse Iceland
spar, The pH-stat method identified three forward rate
dependencigs far from equilibrium: (1) linear dependence on

the bulk fluid activity of Hf (2) 1inear dependence on bulk

on



fluid PCO , and (3) a constant forward rate in the near
2

absence of H' and dissolved 002. Similar results were
obtained when reaction approached equilibrium by the free
drift method., In addition, the free drift method shows
that the ?everse reaction a? constant P002 gnd temperature
is a linear function of the bulk fluid product activities
of Ca++and HCO; in solution. A model of heterogene§us
reaction in the adsorption layer was used and expanded

by the authors to interpretate the rate expression.

Barton and Natanatham (1976) report a first
order dependence on H+ 6f the rate of dissolu%ion of
limestone in HTZSO4 in the pH range of 2-6, indicating
a mass transport reaction. Some investigators report
dependence of dissolution on agitation which implies at
least a certain degree of mass transfer resistance (
Sjoberg, 1976; Erga and Terjesen, 1956; Ottmers et als,
1974). It appears that dissolved 002 does not participate
in the mass transfer ( Berner and Morse, 1974), probably
because it does not react sufficiently fast at the lime-
stone surface. Other buffering acidic components such as
HSO; or organic acids could substitute for H' by préviding
for mass transfer of acidity to the limestone surface
(Rochelle, 1977).

Only limited work has been done on the tempera-

ture dependenge of calcite dissolution. Sjoberg (1976)



measured an activation energy of 8.4 kcal/mol for dissol-
ution at pH 8-10, Ottmers et al.(1974) found an activation
energy of 14 kcal/mol at pH 5-6. Barton and Vatanatham
(1976) reported a value of 3.6 kcal/moi for dissolution

at pH 2-6, Plummer et al. (1978) gave values of 2,0 and
10,0 kcal/mol for dissolution at low and moderate pH,

At high pH, an activation energy of 7.9 kcal/mol is report-
ed for temperature greater than 25°C and 1.5 keal/mol for
temperature less'than 25°C.

Particle size distribution and surface area are
both important parameters for evaluating dissolution rate
irrespective of the controlling mechanisms, Neglecting
the surface area change during the experiment can lead to
erroneous kinetics. It will also make the data incompar-
able for different rumns and different limestone sources.
Berner and Morse((1974) determined the initial particle
size distribution by measuring several hundred individual
crystal diameters under a high power microscope using a
random sampling technique. Plummer et g;,(1978) obtained
the size distribution of coarse Iceland spar by wet siev-
ing and estimated surface area by representing the particles
as rhombohedra, Mean particle diameter was used to calce
ulate the corresponding geometrical surface area. Sjoberg

(1976) utilized the nitrogen'adsorption method (BET) to



measure the reactive surface area. He found that the
effective BET surface area was a factor of 2-3 times the

area estimated from particle size assuming spherical

shape.‘



CHAPTER IIX
THEORY
The disseolution of CaCO.3 in aqueous solution can
be modeled by mass transfer assuming spherical particles
suspended in an infinite stagnant medium. For spheres
dissolving in a stagnant'medium, the mass: transfer coeffi-
cient is given by the asymptotic limit of a Sherwood number
(k&d/D) of 2 (Appendix A)., A simplified mass transfer
model integrated over the particle size distribution is

used to calculate the theoretical dissolution constant k

(cmz/sec).

10



GENERAL MASS TRANSFER MODEL

A mass transfer model based on steady-state
theory is proposed to describe limestone dissolution
in aqueous solution., The caicite particles are assum-
ed fo be spheres suspended in an infinite stagnant
medium. The model is limited to mass transfer with
homogenous reaction rates and does not account for
surfacé reaction rates. It usually assume liquid/solid
equilibrium at the limestone surface.,

When caleium carbonate is dissolved into

aqueous solution of difunctional buffer( H,A ) in the pH

range from 4 to 7, the following six reversible reaction

should be considered:

CaCo? + H' === ca** . HCO,~ 3.1
CaCO; === ca't 003= 3.2
HSOB;A === H' 303= 3.3
HoA e== H' + HA" 3.
HA® == H' + A~ 3.5
H O s== H' + OH" \ 3.6

All of the above reaction are essentially instantaneous
(Weems, 1981). The values of the eguilibrium constants
for all but reaction 3.4 and 3.5 at 25°C and infinite

dilutions are:

11



Beatt chos' .
K, = = 1.34x10" (estimated from K, and
a ° a, .+
CaCoO H
a¥%3 A X,)
aCa++ aCOB— i
K2 = = 6,3x10 (Garrels and Thompson,
2caco’ ‘
=% 1962)
2" 2co, = 11 -
K.3 = —_—3 = 4,69x10 (Harned and Scholes,
a —
HCO4 1941)
aH-t'_ ‘aSOf = _8 ‘
Kh = ———————2-, = 6,24x10 (Tartar and Garretson,
- _ | ;

. -4
K.W = agt aj,- = 1.008x10

At 5500, Kw was taken to be 7.263{10“14 and the other equili-~-

brium constants were evaluated by relations given in

Lowell gg‘gl,(1970). Activities of each species were

calculated as the: product of concentration and activity

coefficient,

° o
In order to account fbr‘CaSOB ion pair an effect-

I3
iveeKﬂ is defined

s r - C ) ol
', = K (14 2 37

12
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++ a = .
Ca S0, _
Ks _ 3 - h.0x10-4 (Lowell et al.,
aCaso; 1970)

at 25°C and infinite dilution.

For reactions 3.4 and 3.5

a+ [HAT) \
KA1 = [H A] = 1,05x10° ' M (Cavanaugh, 1978)
2
ant rA=] _
K, =———— = 1.38x1o'5 M (Cavanaugh, 1978)
2 [ma7]

These values are equilibrium constants in terms of cornc-
entrations for adipic acid in 0,1 M CaClz. For acetic

and acrylic acids, KA1 is estimated to be 3.55x10_5 and

9.5&::10“5 M, respectively. The K, and K, .values for
1 2
L

sulfosuccinic acid are 7.94x10 = and 3.98;7:10'—5 M
(Cavanaugh, 1978).
The material balance for 002 species at steady

state in spherical coordinates gives:

a2 e, L

r 'Brz

D o_é._<‘” nga_w_?l)w‘ -2 ?’[803]”:
CaCoO co 0 3.8
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Substituting x = ( 1 - Ro/r) where R_ is the particle

diameter and r the distance from the center of the sphere,

equation 3.8 reduces to

2 2: 2 .
2 [co,) > [mC0,.”] Y [caco: ]
D, — =2 4+ D e 3" D __ o 3° 4
co, 5 HCO,, > caco 2
dx ox dx
2 =
o ) > [003 J
co, =0 3.9
dx*

Integrating equation 3,9 with respect to x gives

Do, [co,] + DHCOB- [HCOB"] + DGan; [Caco;] +

DCO3=[003=] = o, +‘51x 3.10

whereo(1 (M cmz,sec-1) and ﬁ1 (M cm2 sec-1) are constants

of integration,

S Similarly, other steady-state balances give for

ca®¥ species,
++ o 29 _
Dy ++[ca*t] + DCaco3 [cacoy] =&, *Box 3.11

for a charge balance of diffusing species,
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+ ++ - =
p+[E 1+ 2D [ca*™*]- DHCOB-[H(.)OB 1- 2D003= [co, ]

- DHA-[HA‘]- 2DA=[A=]- DHSOS-[HSOB-] - 2D803= [303=]
~ Dy~ [on7) =, + Box o 3.12
for‘HzA species,

DHZA[IgZA] + by, -[ma" )+ D, =[47] = oy, +{5,+x 3.13

and for sulfite species,

D -laso.~ D.. =]s0.] = X .14
Hsos[ 3]+803[31 5*(55" 3

By reaction stoichiometery, the flux of calcium

must equal to the flux of 002:

a ++ [} °> < ‘ -
e <D6a++f0a 1+ DCaCOBECaCOSD = _58; (DCQQEC%] ,

DHCOB'[B'CO;]* DCaCODBECaCO;] ) 315

N T ' i
Therefore = » = O, Since the net fluxes of H_A species
Br= B2 fr : ,
sulfite species, and charge species are zero, FB, 15,4, and
(gs are zero, The constants 0(1, HAss 0(3, Ay » and 0(5
can be obtained from the compositions of the bulk solution

(X:'l.O).



The finite-rate reversible 002 hydrolysis

reaction

Co, + H,0 o= 1 HCO " 63,16

is also considered in the mass transfer model, The rate

of this reaction is given by:
R Ar [ B ~[mco,™] _
afco)) _ 4 m+ L JTHCOB 3 [co;l) 3.17

£\
dt

Ke Y,
5 co,

where k_ is the forward rate constant and X_ is the

£ 5

equilibrium constant for reaction 3.,16. At 25°C and

infinite dilution, the value of k. and K. are 0.026 sec™!

5
(Pinsent et al., 1956) and.h,45x10"7M(Harned and Bonner,

1954), respectively. The k. and K_ values at 55 C are

f 5
0.127 sec™! (Pinsent et al., 1956) and 5.12x10°/ M

(Lowell et al., 1970)

16

A steady-~state differential material balance for

002 gives:
2 e + ‘
Do, '8, X100 ¢ Atl] Yoo D00, (oo,
2 dx £\ .
X
5 "co,
=0 3.18

The solubility of CaCOB(s) gives us the concentration of

CaCO3 at the limestone. surface, The concentration of the



17
bulk species can be calculated from the pH, partial pressure
of 002, total buffer and calcium concentrations, and the
equilibrium relations 3.1 to 3.,6. Therefore under slurry
scrubbing conditions CaCO3 dissolution becomes a process of
simultaneous mass transfer with multiple equilibrium
reactions and a single finite-rate reversible reaction,

Due to the non-linearity of the equilibrium
equations, the concentration of chemical: species at the
limestone surface is calculated by trial and error using
a modified interval halving method. If a value for,é is
guessed, the constants N1rd290@,(X4’ and<x5:can be calculat-
ed from the bulk composition( at x=1.0 ) and diffusivities
by equations 3.10 to 3.14., The surface concentration of
all species is calculated given the equilibrium solubility

of Caco; at the surface:

(]

3

6

[caco,] = 6.80x107° M (Lowell et al., 1970)

Given 002 concentration at the surface (x=0.0)
and a guess value forFE, the 002 differentialvrate expression
3.17 is integrated numerically from x=0,0 to x=1,0 by the
Simpson-Kutta method( Nielsen, 1964)., A cubic equation
fit of [COz]from x=0,7 to x=0,85 is used to extrapolate

the values of [002] from x=0,86 to x=1,0 as r-sg. If



[coz]b does not agree with its calculated value, a new

vaihe . of P is guessed until the solution converges

within 1% of CO Due to the nonlinearity of the

2 L]
"] [mco.~ in equation 3,16, each step of the numeri-
3

cal integration requires numerical solution of equilibria

and material balance equations, The‘interval numerical
solution iterates on [H+} until it is known within 1%,
If the rate of the 002 hydrolysis reaction is
negligible, the rate per unit radius is approximately
constant and is given by F». The rate of limestoneA

dissolvédcodper unit surface area is given by

Rate/unit area = 15 {,gmol ) #.19

( R, x 1000) ©7 S€°

2 sec-1) and R in cm. This mass

where ﬁ is in (M em
transfer model can also be employved with other buffers
by substituting the appropriate equilibrium constants
and diffusivities..

A FORTRAN listing of the model is given in

Appendix D,
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MASS TRANSFER MODEL NEGLECTING 002 REACTION

For low PCOZ’ the CO2 finite rate reaction is
insignificant, Therefore the mass transfer model can be
simplified by neglecting the 002 differential equation
material balance. By specifying values for the dissolution
flux(f3), pH, PCO s buffer concentratlon, and [Ca ] in the
bulk, the constants 0(1, 0(2, 0(3, K ys and 0(5 can be

readily calculated. Ehlle‘applylng the condltlon:

'[coz]b = [Coz] s,

0
and specifying [Ca003] at the surface, a trial and error
calculation is made on [H+J until the following condition
converges within 2%

DH+[H+] + DHCOB’ [HCO,7) + 2DCO2[CO2]+ DHA-[ HA™)

" 2DH2A[H2A] - DOH—[OH'] - Dso;[so;] - X, =0

One can also calculate solution composition at
the surface from a measured @ (experimentally obtained rate
data), Thus effects of surface kinetics or equilibria can
be separated from mass transfer. We have used this mode
of calculation to correlate [CaCO;] as a function of
[CaSOZ] at the surface,

A FORTRAN listing is given in Appendix D,
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ACTIVITY COEFFICIENTS
Individual ion activity coefficients are calculat-
ed by a modified Debye-Hiickel Limiting Law(Lowell et al.,

1970)

1
2

.2 ( =1

+ b, I
3 T i)
1 + Bf:',a,‘j I2

log “o"ﬁ = AZ 3.20

where I is the ionic strength, Zj is the charge on the jth
ion, aj and bj are the characteristic parameters for each

ion species, The values of the constants A and B in

equation 3;20 are given by Hamer( 1968 ):

1.8248}{106 1 .
A = ( M-z) 3.21
D -T1°5
o]
500292 | S
‘p.Tled
o

where Dé is the dielectric constant of water(82,04,7°68:30
at 25°and 55°C) and T is the absolute temperature in K.
Values of aj and bj are given in Table 3-1.

The ionic strength I in equation 3.20 is given by

2
I=3t% Mz, 3.23



Table 3=-1

Species

Activity Coefficient Parameters

. 6.0
bos
b.5
ho5
L.5
L.5

3.0

Buffer species 3.0

O.h
0.1
0.0
0.0
0.0
0.0
0.0

0,0

21
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The sum in equation 3.23 is over all charged species,
For uncharged species, the activity coefficients
are given to a good approximation by the following equation

(Harned and Owen, 1958)

log ‘[i =U, I 3.24

in which Ui is an empirical constant takén to be 0.076,

DIFFUSIVITIES
Values of diffusivities used in the model are
given in table 3-2 and 3-3. Interactions between ions are
neglected, possibly resulting in errors as large as 40%,
Diffusivities for ions are taken to be those
in absence of a potential gradient, since there is usually
a large excess of Ca012 to disperse any potential gradient,
At 25°C and infinite dilution, ionic diffusivities are given

by:

D = RTA, 3.25

nj(Fa)Z

where Fa is the Faraday number, nj is the charge on the jth

ion, and 7\0 is the equivalent ionic conductivity at infinite

dilution,

Diffusivities at 55°C were estimated by the

Stokes-Einstein relationship:



Table 3=2 Self Diffusion Coefficients at

Species

HCO

25°and 55°C

Diffusiyity X 105
(cﬁz/sec)

9.30
0.75
0.70
1.33
5.27

a Landolt-Bornstein, 1960

b Sherwooed e

al., 1975

¢ Estimated as average of D

C

Ca

o

23 C

3.89
2.33
1.36
1.54

18,1

1.46
1.36
2.59

10,30

++ and DCO3=

23
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Table 3-3 Diffusivities of Organic Acid

Organic Acids

Adipic acid

Acetic acid

Sulfosuccinic
acid

additives at 25°C

Diffusivity x 105

(cmz/sec)

acid species basic species

0.736% ~ 0.705°

1.19° 1.09

o
.
5
I
TS

0.41

a Albery et al,,1967

b Jeffrey and Vogel, 1935

c Lewis} 1955

d Landolt-Bornstein, 1960

e Weems, 1981
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For the basic and monohydrogen species of sulfosuccinic
acid, the diffusivities were reduced by 45% and 25%

respectively to account for ca®’ interaction( Weems, 1981).

SIMULATED RESULTS BY THE MASS TRANSFER MODEL

The computer model of CaCO,_, dissolution limited

3

by mass transfer has been used to calculate dissolution
rates at 25°C and 0,3 ionic strength as a function of pH,

PCOg’ particle diameter(d), and dissolved Calcium([@a++3).

Figure 3«1 shows the effects of particle diameter
on the disselution flux. With small particles or low Péoz
the dissolution flux varies inversely with particle diameter,

because the 002 reaction with CaCO3 is negligible. However,

as shown in Figure 3«1, with larger particles(ZO/lm) and

high P (1 atm), the predicted dissolution flux i; greater

CO2

because ‘the increased volume of solution around a single

particle permits a greater amount of 002 reaction with CaCOB.

Figure 3=2 shows the contributions of different

species to the total dissolution rate at PCO2 of 1 atm,

d of 9/xm, and [Ca++] of 0,01"M, The relative contribution

for each species is in (M cm2 sec-1. The total rate is
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Figure 3-1, Effects of Particle Diameter on Dissolution

Rate, pH 5.0, [cat™]= 0.01M, ana Poo = 1 atm’
- 2



_7

represented by -ﬁ

-p = —A[co ol I Dy, oo’ A[CaCO] - D +A[H+]

- Dcozzx[poé] 3.27

wherel&[j‘]is the concentration difference ( M ) between

the CaCO, surface and the bulk sclution.

3

[~
As shown in Figure 3-5, the contribution of CaCO3

and €O~
3

but decreasing near equilibrium. The contribution of CO2

is small and nearly constant as a function of pH,

diffusion dominates near equilibrium and increases to a
maximum at pH 4,75. However, below pH 4.75 the 002 éontri—
bﬁtion decreases sharply and even becomes negative at pH
4,0. At low pH, the reverse reaction of HCOB— with H'
reduces the availability of H+ for CaCO3 dissolution, The
contribution of H+ increases almost linearly with 10—pH
and dominates below pH 5.5. At pH 5,0, the total dissolu-
tion rate includes contributions of 66% from H+, 28% from

o —
002, and 7% from Cac03 and 003“.

Figure 3-3 gives calculated data on the effects

of pH and PCO . At pH 4,5 to 5.5, PCO of 1 atm increases

2 2
the rate of dissolution by as much as 60% because of the

indirect reaction of CO2 with CaCOB. However, at low

pH(4,0) the effect of Poo. 1S significantly less., On the
2

othexr hand, 33 is dominant in determining the equilibrium

04

pH at which dissolution stops.
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PARTICLE SIZE DISTRIBUTION
If we neglect the finite-rate reaction involving
CO2, the rate of dissolution of a single spherical particle

can be represented by the proportionality

1/3
av  ~ = v

— Q=

3.28
dt

where V is the volume of the particle and the proportionality
constant varies with solution composition(pH) but is inde=-
pendent of particle diameter. This observation is confirmed
by model simulation of rate of dissolution with different
particle diameters. In order to account for the wvarious
particle size distributions, a simplified mass transfer

model is used to integrate the size distribution of reageht
grade CaCOB‘from Coulter counter measurement. The fraction
remaining of a single particle after time t is given by

integration of equation 3.28 to get

. v ' 1.5
- 7 = 1 - k
e G 3,29
VO d2

where k is the proportionality comstant (cmz/sec)’

t is the time(sec) to dissolve a given fraction f,

and d is the particle diameter in cm.

The comprehensive mass transfer model gives k equal to

-10

4,71x10 cm2/sec at pH 5 for particles less than 10 to 20
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/um. The proportionality constant, k, includes effects
of solution composition, but is approximately independent
of d.

With a polydisperse size distribution, the total
fraction remaining, F, can be determined by summing over
the differential size distribution/{ where /di is the :.
ffaction of total particle mass with diameters from di to

d

i+1 :
1.5

' n . :
[ (1 - __kt
F = & e Emand) | . (8]
i§1 7{1( didi+1) 73

The: fraction remaining of a given size range is taken to

i+1°®
A FORTRAN program based on the above theory is

be zero when kt is greater than did

written and listed in Appendix D, The:program gives F as

a. function o¥ kt or normalized time, t/tso, where t is

50
the time required for 50% of the limestone to dissolve,
Figure 3=~k gives calculated wvalues of total percent remain-
ing (100+F) for reagent grade CaCO, based on the Coulter

counter distribution in table 3-4. At 50% remaining the
value of kt is 43.8x10-8 cm®.
If a batch experiment gives the fraction remain-

ing,*F, as a function of time at constant composition, the



Table 3-4 Size Distributions Determined by
Coulter Counter for CaCoO

(Reagent Grade)

Size Volume %
(microns) Differential® Cumulativeb
4,00 0.2 100.4
5.04 , 1.4 100,.2
6.35 6.7 .| 98.8"
8.00 22.1 92,1
10,08 39.2 70,0
12.7 25.6 . 30.8
16.0 L.,6 542
20.2 O.k4 0.6
25.4 0.2 0.2
32,0 0.0 0.0

aFraction of total volume between the given diameter

and the next largest diameter.

bFraction of total volume in sizes larger than the

given diameter.
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rate constant, k, can be calculated from the experimental
data and the mass transfer model., Two experimental data
points (EH, t1) and (Fé, t2) can be combined with two

calculated data points at F, and F, with [F1, (ktl1} and

[F,, (xt),] to get the rate constant k __:

xp
. (), - (xt)
kexp_ 2 1 3.31
ta-ty
If the experimental data at t=0.0 are reliable, kexp can

be obtained from a single data point of constant F:

x = (kxt), = 0 _ (kt)é 3.32
exp
tZ- 0 t2
For example, with 50% remaining:
k= )50 3.33
exp ¢

t50

RSN SN PSIAE SS



CHAPTER IV
APPARATUS AND PROCEDURE
METHODOLOGY
Rates were measured in a pH-stat with batch
dissolution of CaCO3 at constant pH and solution composi-
tion QMprse,? 1974)., The pH was contrélled by HE1l titrat-

ion with the stoichiometry:

CaCOB(S) + 2HCl wo=p CaCl2 + HZO + COZ(g)

Either 002 or N2 were sparged inte the solution to maintain

a constant PCO and HCOB- concentration. The relative
2

change in calcium concentration was minimized by dissolving
a small amount of CaCO, in solution with a high initial

3

++ .
Ca concentration,

pH-STAT APPARATUS:
A schematic representation of the pH-stat apparatus

is shown in Figure 4-1., It consisted of a three-liter

plexiglass batch reactor, an automatic burette/dispenser,

an electrometer, and a titrate demand module.,. Nitrogen

and carbon dioxide were supplied by two large gas cylinders,
The reactor was 15 cm in diameter and height with

an o-ring sealed lid., It was baffled on four sides to

eliminate vortex effects, The detail éomponents of the

reactor are shown in Figure 4-2, A variable speed agitator

35
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with a three-bladed 2.5 cm marine propeller was used to
keep the limestone in suspension. The variable speed
agitator was kept constant at 720 rpm for all runs,

The pH of the solution was measured by a combina-
tion electrode calibrated with standardized pH 4 phthalate
and pH 7 phosphate bufférs. The acid titrant was added
through a slanted glass«delivery tube,

Carbon dioxide or nitrogen was supplied to the
reactor by fritted-glass tubihg for better gas-liquig mass
transfer., The flow rate of the gas was controlled by a
needle valve and measured by a rotameter. The flow rate
was maintained at about 1750 ml/min (at 1 atm and 70°F) for
all experimental runs.,

Fop runs at 5500, the temperature of the reactor
was kept constant within 2°c by a water bath with a mercury
on/off thermoregutator. The heat was supplied by an
electric heating coil submerged in the bath, The tempera-
tﬁre of the solution in the reactor was measured by a
thermometer, The cold gas was presaturated with water at|
5500 to eliminate evaporation of water in the reactor,.

{f&gurefﬁ-B shows the orientation of the wvarious
components in the reactor. All devices were fastened to
reactor lid by means of number three and four rubber

stoppers.
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The Fisher Electrometer and Titrate Demand Module
consisted of a PH controller with proportional or on/off
functions, A 50 ml digital burette was used for acid
addition with a 10 mv recorder output and a two-pen linear
recorder for pH and cumulative volume versus time., A

detailed description of the system is given in Appendix C.

PROCEDURE
The plexiglass reactor was filled with one liter

of 0.1 M CaCl, solution., The :solution was sparged by

2
, or N, depending on whether high or low P was
2 2 002

chosen for the experiment. The solution was sparged by

edtther CO

either CO2‘or N2 for about 20 minutes to presaturate the
solution with the gas, During this time, the pH electrode
was calibrated and a nominal pH was chosen, The agitator
was turned on and 0,510,01 g of limestone was added:to
the reactor. The automatic burette/dispenser was started
as soon as the limestone was added and the pH was controlled
automaticaliy within 0,02 pH. Cumulative titrant volume |
and pH were recorded versus time on a two pen linear chart
recerder,

For CO2 sparging, the pH controller was operated

in the on/off mode (with a 0% proportioning band) since

COQ/HCOB- acts as a buffer for the solution., However, with

N2 sparging, on-off control gave cylic pH variations,
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Therefore, the pH controller was used with a 50-60%
proportioning band and a set point of almost one pH below
the target value. The set point was adjusted manually to
get the desired pH after the limestone was added and
during the experiment. The use of the proportioning band
eliminated the problem of pH fluctuating when a buffer
is not present,

| For runs at 55°C$ the same procedures were
followed except that the electrode was calibrated with
standardized solutions preheated at 55°C. The:0.1AM Ga012
solution was preheated to about 57°C'before adding to the
reactor, The above procedure was necessary to reduce the
time for reaching thermal equilibrium,

In experiments with buffers, an appropriate

amount of organic acid or sodium salt was added to the 0,1

M CaCl2 solution and the procedure for simple solutions was

3

was drawn from the reactor before and after the run. The

followed., With HSOB—/SO buffer, a known sample of solution
samples were quenched with excess iodine and backtitrated
with thiosulfate to determine the amount of sulfite oxidized

during the ruan.
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LE%R?ICLE SIZE DISTBIBUTION;BY’COULTER COUNTER

The Coulter counter determines the number and
size of particles suspended in a conductive liquid by
forcing the suspension to flow through a small aperture
and monitoring an electrical current which also passes
through the aperture. As a particle passes through the
aperture,.it changes the resistance between the electrodes.
This produces a current pulse of short duration having a
_magnitude proportional to the particle volume., The
measurements obtained from the Coulter counter are diff-
erent percent volume versus volumetric size, and cumulat-
ive percent volume versus volumetric size. A single
apérture can generate a size distributiog with 14 fractions
from 2 to 40% of the aperture diameter.

The particle size distribution of reagent CaCO3
was measured with a 100/um aperture in 0,18 M Ca012 elect~
'rolyte( Table 3=4 ). Preliminary measurements with NaCl
electrolyte were unsuccessful becauge of CaCO3 dissolution
during‘éize analysis. Dissolution was avoided by using

CaGl2 electrolyte or by using 1 mM Na PO.4 in 1 wt.% NacCl,

3



CHAPTER V
RESULTS AND DISCUSSION
The rate of calcite dissolution in 0,1 M Ca012
solution was measured and predicted by the general mass
transfer model as a function of pH, PCO s temperature,

and buffer additives. The effect of P is significant

€0y
only in determing the equilibrium pH for dissolution due

to buffer reaction. Acetic, adipic, acrylic, and sulfo-
succinic acids enhance the rate of CaCO3 dissolution at
concentrations as low as 2 mM. However, sulfopropionic,
hydroxypropionic, and polyacrylic acids inhibit the rate of
CaCO3 dissolution. Low sulfite concentrations enhance
CaCO3 dissolution. However, at high sulfite concentrations,
crystallization or adsorption of CaSO3 on the limestone

surface tends to inhibit the rate. An equilibrium shift of

°

3

is used to model these effects, The enhancement of dis-

[CaCO ]as a function of ECaso;] on the limestone surface
solution at low pH and high temperature is also observed.
The above results are modeled by mass “transfer
from a spherical particle to an infinite stagnant medium
with enhancement by chemical reaction. This mass transfer
model always predicts a rate that is about 25% lower than
fhe experimental rate. Therefore, the model results in

this chapter have been uniformly increased by 25% to

b3
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account for nonideality of the model., This nonideality

may be the results of tuvbulence or non-spherical particles,
Even for particles as small as 5 to 10 pMm, the effect of
turbulence may increase mass transfer as much as 25%, |
Furthermore, the model and Coulter counter measurement
assume that the calcite particles are spheres instead of

rhombehedra, .
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EFFECT OF PARTICLE SIZE

Figure 5-1 gives measured and calculated results
of typical experiments as the fraction remaining versus
dimensionless time. The integrated mass transfer model
(polydisperse and monodisperse) is compared to that of
runs at pH 4 and 5 with N, sparging. The results show
that the integrated mass transfer model for polydisperse
particles can predict the geﬁeral dissolution shape for
CaCO3 dissolutioen at different solution compositions,
The monodisperse (uniform particle size distribution) data
also show that reagent grade CaCO3 has a very uniform
particle size distribution. However, for t/t50:>1.0,
the monocdisperse model does not give as good a fit as the
polydisperse modely

To obtain the experiment rate constant,k,
equation 3.29 is ﬁsed. From the general mass transfer
model integrated over the size distribution (polydisperse),

kKtge = kg = 6.14x10™2 cmz/sec,

50

for the experimental run at pH 5, t = 113 min,

50
From Figure 5-1

.

t50 - t56 = (1= :56)-11.3 min = 96,8 sec
50
Therefore k = 6.34x10_10’cm2/sec.
exp
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EFFECT OF pH, PCQZ’

Figure 5-2 and 5-~3 give calculated and measured

AND TEMPERATURE

dissolution rates at 25 C and 55°Cand pH 4 to 7 with CO,
or N2 sparging, respectively, Rates shown by the curves
were calculated by the general mass transfer model assuming
a particle diameter of 10/um. The calculated rates were
arbitrarily increased by 25% to account for nonideality
of the model, The model works well for both 002 and N2
sparging.

With CO, sparging, the model predicts a 6.7-
fold increase in rate from pH 4 to 5. At‘55°C, the rates
are 1.7 times than that at 25°C for both high and low PbOQ’
The 002 reaction tends to increase the rate of dissolution
1.15 times below pH 5. .With 002 sparging, the equilibrium
pH is 5,6 at 25°C and 5.4 at 55°C.

With Ng sparging, the model predicts rates at
pH 7 which are 15% to 68% lower than experimental data at
25 °C and 55°C respectively., These deviations are probably
due to the sensitivity of the model to solution and surface
equilibrium constants at high pH. At pH 6.5, the rate is
three times higher at 55°C than at 25°C. However, at pH
5.0, the rate at 55°C is about twice that at 25°C. These

effects were also predicted by the mass transfer model,

The temperature dependence at high pH is probably due to

the OH~ contribution to mass transfer.,
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EFFECTS OF ORGANIC ACIDS

The rate constants for the various buffer systems
were measured in 0,1 M CaCl2 at 25 °C with N2 and COz.sparg-
ing. Organic buffer additives such as acetic, adipic,
acrylic, and sulfosuccinic acids enhance the rate of calcite
dissolution by buffering the solution pH and providing for

mass transfer of acidity to the limestone surface.

Acetic acid - The effects of 1, 3, and 10 mM

acetic acid were measured at pH 4 to 6 with N, and CO,
sparging. Figure 5-4 shows that the enhancing effects are
predicted accurately by the mass transfer model, The
enhancement of the dissolution rate with 1 mM acetiec acid
varies from 1,5 at pH 4 to 3.5 at pH 6. The buffer is more
effective at high pH where H* diffusion has little effect
on the rate. At pH 5 and 6, the dissolution rates are 2.8
and 3.5 times faster with 1 mM acetate than without acetate.
At pH 5, the effect of CO2 is dnsignificant in the presence
of acetic acid.

Figure 5-4 shows results at pH 5.5 with CO2
sparging. The calculated rates are 2-3 times higher than
the measured rates. These deviations may due to the

presence of impurities in the solution,. Phosphate( Berner

and Morse,1974) and certain metal ions (Terjesen gt al.,1961)
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shown some kind of inhibition by surface adsorption, Since
the measured rates are extremely sensitive to pH near
equilibrium, any inhibitors could cause a large deviation
from the calculated rates. Furthermore, at pH close to
equilibrium, the rates are very sensitive to the surface
equilibrium and the values of the physical constants used
in the mass transfer model,

Adipic acid ~ The effects of 3 mM adipic acid on

the rate of dissolution are given in Figure 5-5. The
calculated rate is within 5% of the experimental rate at

pH 4 and 30% at pH 5 and 67 The rate data show that adipic
acid is equivalent on a molar basis to acetic acid at pH 4,
but gives 25% to 35% faster dissolution rates at pH 5 and
6.

Other buffers - The effects of acrylic, sulfo=-

succinic, hydrbxypropionic, sulfopropionic and polyacrylic
acids were measured at pH 5 with N2 sparging( Figure 5-6 ).
The acrylic and polyacrylic acids used were commércially
afailable reagent grade materials, The other organic acids
were synthesized fromacrylic or maleic aé¢id. Hydroxy-
propionic acid was synthesized from 2 M acrylic acid by

heating with 1 M H SO4 at 100°C for 10-20 hours, Sulfo-

2

propionic acid was synthesized by reaction of Na2803 with
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acrylic acid at ambient temperature. Sulfosuccinic acid
was synthesized by reaction of Na2803 with maleic anhydride
at 25°C( Smith,1981),

The ealculated rates for acrylic and sulfosuccinic
acids happened to be about equal and agreed well with the
measured data except at 2 mM sulfosuccinic acid. The
diffusivity of acetic acid was used for acrylic acid. Poly-
acrylic acid( 2 meq/liter ) inhibited the dissolution rate

probably by adsorption on the CaCoO Both sulfopropionic

3.
and hydroxypropionic acids also inhibited the rate, probably
due to the presence of polyacrylic acid formed by the

synthesis processes.

EFFECTS OF SULFITE/BISULFITE

‘The effects of sulfite/bisulfite on CaCO3 dis-
solution were measured from pH 4,5 to 6.0 at 25°C. Rate
data at pH 5 and 55°C were also measured. The experimental
and calculated results are shown in Figure 5-%.

From the experimental dasa in Figure 5-%, one
can see that sulfite enhances at low soncentration but
inhibits at high coéncentration. The inhibition starts at
about 10 mM at pH 4.5 and at about 1 mM at pH 6.0. These
concentrations correspond to those of calcium sulfite

solubility at pH 4.5 and pH 6.0 respectively. The inhibi-

tion phenomenon suggests some sort of reversible blinding
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of the CaCOB.surface by CaSO3

Thus the present mass transfer model had to be modified to

adsorption or crystallization,

take into account the inhibition effect.

Figure 5-8 gives the combined effects of acetate
and sulfite buffers on the rate of dissolution, The rates
are enhanced from O to about 1.5 mM acetate with 3 mM
sulfite but inhibited at higher acetate concentration.

The enhancing and inhibiting effect of sulfite

in 0.1 M CaCl, solution can be modeled as a shift in equili-

2
°

3

concentration,

brium at the calcite surface. Thus the equilibrium CaCO

[

3

much like a solid solution at the CaCO3 surface, Using the

simplified mass transfer model which neglects the COZ/HCO

concentration is reduced by increased CaSO

3

reaction, the solution composition at the CaCO,_, surface was

3

calculated from the experimental rate data.

Figure 5-9 shows a correlation of the surface

°

o
3 and CaSO3 given by:
log [0ac03] = -10,76 - 1.2910g[0aso"3]

concentration of CaCC

Thus CaSOS concentration quantitatively reduces the equili-
brium solubility of CaCOn, probably by forming a solid
solution at the calcite surface, For [CaSO;] less than
0.05 mM, CCaCO;] at the surface is equal to its normal
eguilibrium wvalue, 6.80X1C-7WM. The calculated rate is

obtained by successive trial and error with ﬁ until the

above solid solution equilibrium is satisfied,
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As shown in Figure 5-7, the modified mass transfer
model predicts the measured rate well at BH 4,5, 5.0; and
6.0 but deviates significantly at pH 5.5 and 5.75. These
deviations may result from.the sensitivity of the calcu-
lated rates to the estimated equilibrium constan¥s and
diffusivities used in the model., The maximum dissolution

rates at each pH correspond roughly to the CaSO solubility,

3
shifting to higher sulfite concentrations at lower pH. A
higher dissolution rate was observed at 55°C, but the rates

are still modeled well by mass transfer with the same

[~}

]
Cas0, /Caco3

equilibrium,
DISCUSSION

Several previous investigators(Plummer et al.,
1978; Berner and Morse, 1974; Barton and Vatanatham, 1976;
Sjoberg, 1976; Erga and Terjesen, 1956; and Ottmers et als,

1974) showed that CaCO, dissolution is controlled by s

3
diffusion at low pH. However, Plummer et al., (1978)'gnd
Berner and Morse(1974) found it necessary to model in terms
of surface kinetics at moderate and high pH.,

By using a more comprehensive mass transfer model
than previous investigators, we have shown that the diss&-

lution rate is modeled by mass transfer even at high pH.

Berner neglected the effects of OH and the 002 reaction.
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Our model has taken into account the effects of CO,, OH™,
CaOH+, and buffer additives., The general mass traﬁsfer
model shows that at low pH, the diffusion of : 0 is the
controlling mechanism for dissolution., At high pH, how-
ever, the contribution of OH dominétes, especially at
high temperature,

Present experimental work on limestone dissolu-
tion also goes beyond that of the previous investigators,
The enhancement effect of buffer additives on Ca003 dis-
solution was observed as predicted by mass transfer. The
buffer additives increase dissolution rate by providing
acidity to the limestone surface, The inhibition of sul-
fite is analogous to inhibition by phosphate( Berner and
Morse, 1974) and metal ions( Terjesen et al., 1961; Koss
and Moller, 197&). Our results show that sulfite inhibits
by surface adsorpfion, an equilibrium process, and not by
-an effect on surface kinetics., We also provide better
particle size distribution data.from Coulter counter than
those determined optically(Berner and Morée, 1974) and by
wet sieving(Plummer et al,,1978).

Finally, the effecg of temperature can also be
modeled by mass transfer as shown in this work. The temp-
erature dependence shows an apparent AH of ugh kcal/gmol
from pH 4,0 to 5.5. However at pH 6.0 to 6.5, an apparent
AH of 7.1 kcal/gmol is observed, Berner and Morse did not

report the effect of temperature on the rate of CaCO3
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dissolution. Plummer et al., however, reported high acti-
vation energy at pH close to equilibrium and proposed a

surface kineticsmechanism., Our model enables the dissol-

ution of calcite to be calculated even at high pH.

CONCLUSIONS AND RECOMMENDATIONS

1. Limestone dissolution in throwaway scrubbing
éan be modeled by mass transfer, For particles less than
10-20/Lm, the mass transfer coefficient can be obtained by
assuming a sphere in an infinite stagnant medium,

2. Organic buffer additives such as acetic,
adipic, acrylic, and sulfosuccinic acid enhance the rate
of calcite dissolution by buffering the solution pH and
providing for mass transfer of acidity to the limestone
surface,

3. At pH 4.5 to 5.5, P002 of 1 atm increases
the rate of dissolution by 15% because of the indirect

reaction of CO, with CaCO However, at low pH(4,0), the

3.
effect of PC@Z is insignificant. High PCO2 is also a
dominant factor in determing the equilibrium pH at which

dissolution stops.

L, The rate of dissolution is enhanced at low
sulfite concentration and inhibited at high sulfite concen-

tration., These phenomena .are modeled by mass transfer with
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a solid solution equilibrium of CaSO; and CaCO;.

5e The dissolution of calcite is a function of
the solution composition and particle size distribution.
The rate should be independent of surface roughness,
surface areay,and shape.

6. The effects of tempefature are predicted by
the mass transfer model with appropriate physical constants.,
High temperature dependence at high pH results from the
effect of temperature on OH equilibrium,

7e More experimental data are needed to establish
the validity of the mass transfer model near equilibrium

pH.



APPENDIX A
MASS TRANSFER FOR A SHERE IN AN INFINITE

STAGNANT MEDIUM
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The equation of continuity for mass transfer
in spherical coordinates( Bird, Stewart,and Lightfoot,

1960) gives
2 ]
r ar

where ¢ is the concentration and r is the radius of
particle.
Integrating equation A-1 gives

-A

1 .
C T o + A2 A-z
T

where A1 and A2 are constants of integration.
For the dissolution of a sphere in a stagnant medium,
the following B.C. apply:
at r = L c = ¢y
and at r = , c = c
. -
where r, is the radius of the sphere, cy is the surface

concentration, and ¢, is the bulk concentration.

Selving for A1 and A2 in equation A-2, one gets

o = = ciwf % ) T, c, A-3
-
From Fick's first law .
N = "D ac Al
a ri':ro

where: N is the flux at T=r and D is the diffusivity.



Differentiating equation A-3 with respect to r and

substituting in equation A=l gives

D( C; = Ce )

r
(o]

N =

Rearranging equation A-5 gives

since N= kcf C; = Cy )
where kc is the mass transfer coefficient.

Equation A-6 becomes

2Nr ' 2k v k d
[0) C

where dp is the diameter of the sphere.

A=6

A-7

66

Thus for spheres dissolving in a stagnant medium

the Sherwood number (kcdp/D) is 2, This condition repre-

sents the asymptotic limit of small particles in an agite-

ated vessel,



APPENDIX B

TABULATED DATA

67



Table B-1 Calculated Effects of Particle
Diameter, 25°C at pH 5,0

[Ca+f]= 0.01M, Péo = 1 atm,
2

( Figure 3-1 )

D (um ) Dissolution Rate x 10°
p ‘A

( gmol/cmz—sec )

0.1 232,00
1.0 23.60
9.0 3.61
10,0 2.90

20,0 2,13
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Table B-3 Calculated effect of Pog 25 °c,

2
++
[ca™] = 0.01 M, D, = 8.856/
( Figure 3-3)

Dissolution Rate x 10'° (gmol/cm?sec)

pHI Pc02 = 1 atm £ PCOZ = 0,3 atm PC02 = 0,41 atmﬁ,
7e205 = mmmmee decea equil,
7.00  eemeee eeeee- 1.95
6.50 —————— eee—- 3.72
6467 = ceceaaw equile 000 —em———
6.205 equil., = ceemmee eme———
6,20 = ccemeea 4,68 S——
6.00 595 0 =meee- 5.37
575 11,04 9.74 7+151
5450 16,31 = eeeee- 10.33
5¢25 23.89 20,20 15.97

| 5.00 36.09 30,94 00000 -
ha75 55491 48,72 = e
ho5 87.65 = mmemee cemmea
k.o 223.9 214 .1 209.5



Table B~-4 Values of kt/ktso versus Percent Remaining

Calculated by Simplified Mass Transfer
Model ( Figure 3-4 )

kt/ktso Per Cent Remaining
.02283 99,04342
.0L566 97.69510
.06849 96.35510
.09132 95.02351
«11416 93,70039
13699 92,.38583
15982 91.07992
« 18265 89,78275
«20548 88.49440
«22831 87.21498
L5662 T4 .94130
«68493 63.70998
«91324 53.64720
1.14155 44, 69400
1.36986 37.07484
1.59817 30.28641
1.82648 24 ,58535
2.,05479 20.,26973
2.,28311 16.36684
4,56621 1.44915
6.84932 «29189
9,13242 .11332
11.41553 .04919
13.69863 .02679
15.98174 .01034
18.26484 « 00040
20.54795 0,00000
22,83105 0,00000
kt5o Per Cent Remaining

43,80000

50,09767



Table B=5 Data from pH-gtat Experiments at
25°C in 0.1 M CaCl, Sparged with

Reagent Grade 100% available CaCO

Run 1a PHEB

t50 = 11,27 min
Time (min) Fraction CaCO
Remaining

0.13 0.985
0.80 0.900
3.20 0.825
4,80 0.755
6.40 0.688
8,00 0,624
9,60 0.562
11.27 0.500
12.80 0.450
14,4 0.390
16,00 0.340
17 .60 0,294
20,00 0.240
234,20 0,180
26,40 0.134
30.40 0,094
34,40 0,070
37.60 0,060
40,80 0.050
Ly ,00 0,040
48,00 0,034
52.80 0,028
66.40 0.013
T4 40 0.010

3

Ké ( Piguré 5-1

Run 2a pH 4

t

50

Time (min)

0,50
1.30
2.10
3.70
4,50
5430
6.10
6.90
770
9.70
11.30
14,50
18.10

= 1,5 min

Fraction CacCO
Remaining

0.78

0.538
0,344
0,136
0.095
0,072
0,064
0.056
0.055
0.045
0.036
0,030
0.022

72
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Table B=6 Integrated Mass Transfer Model data
for Monodisperse Particle Size
Distribution ( Figure 5=1 )

Fraction Remaining( F )

0.978
0.967

0.956

0.945
0.891
0.838

0.786

0.736
0.686
0.590
0,500
O.415
0.335
0.261
0.193
0.133
0,080
0.037
0.007

Dimensionless time(t/t

0.0k
0.06
0,08
0.10
0.20
0,30
0.40
0.50
0.60
0,80
1.00
1.20
1.40
1.60
1.80
2,00
2,20
2.40
2,60

73
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Table B-7 Calculated versus Measured Rate Constant

for Reagent Grade Calcite at ZSaC and 55°C
with 002 Sparging (

Temperature( °C)

25
25
25
25

55

55
55

4.0
4.5
5.0
5.2
4.0
k.5

5.0

Figure 5-2

k(cmz/sec) x 109

Calculated Measured

5.8
2.3
0.86
0.53
9.8
3.9
1.4

5.8
2.6
0.87
0.65
9.3
4.9
1.6

T4



Table B-8 Calculated versus Measured Rate Constant

for Reagent Grade Calcite at 25° and 55°C

Temperature(°0)

25
25
25
25
25
25
25
25

55
55
55
55
55
55

with N2 Sparging (

PH

h.s
5.0
5.5
6.0
6.1
6.2
6.5

7.0

hos
5.0
5¢5
6.0
6.5

7.0

Figure 5-3 )

k(cmz/sec) x 10

Calculated

17.3
6.8
2.7
1.3
162
1.0
0.69

0.22

34.0
12.0
5.2
3.4
2,0

O.45

10

Measured

19.3
8.1
3.3
1.5
0.99
0.80
0.67
0.37

28.0

11.0
5el
2.8
1.7
0.53

75



Table B~9 Dissolution of Reagent CaCoO

N, sparge

pH

Ut

N O O W

002 sparge
5
5
5
5¢5
55

5¢5

3

at 25°C,

0.1 M CaCl,, 5mM CaCOB, and”various

Acetate Cofcentration

Total Acetate

concentration (mM) Calculated
1 8.8
3 16.4
10 41,6
1 2.1
3 k.o
10 14,4
1 0.30
3 0.64
10 1.81
1 2,6
3 4.5
10 15.4
1 0.26
3 0.80
10 1.30

( Pigure 5-4 )

Measured

13.1
0.40
0.90

2.3
2.0

2.3
4,6
15.7
0.63
1.4
3.6

76

k(cm2/sec) x 107
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Table B-10 Calculated and Measured Rate k(cmz/sec)
for 3 mM Total Adipate at Low PCQ2 and

25°c ( Figure 5-5 )

pH k(cmz/sec) x 109
Calculated Measured

L 16.7 17.4

5 6.2 8.1

6 0.89 1.3



Table B-11

Organic Acid

Acrylic Acid

Sulfesuccinic
Acid

78

Measured and Calculated = Rate k(cmz/sec)
for Reagent Grade CaCO3 with Organic Acid
Additives, pH 5, 25 T, N, Sparging and
0.1 M CaCl, ( Figure 5-6 )

Concentration k(cmz/sec) x 107
(mM) Measured Calculated
o) 0.69 0.77
2 1.9 1.7
6 4.8 L.y
.0 0,82 0.77
2 1.3 1.7

5 3.8 3.4
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Table B-12 Experimental Rate of Dissolution k(cmz/sec)

of Reagent Grade CaCO, with Organic Acid

3
Additives, pH 5, 25°C, N, Sparging,

0.1 M CaCl, (Figure 5-6)

Organic Acid Concentration Measured k x 109

(mM) (cm2/sec)
Sulfopropionic 0 ' 0.69

2 0.72

10 . 0.27
Hydroxypropionic 2 0,20

Polyacrylic - 2 (meq) , 0.12
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Table B-~13 ’Reagent Grade CaCO3 Dissolution in the Presence

of Dissolved Sulfite ( Figure 5-7 )

N2 sparging, 25 °C

Calculated

k(cmz/sec) x 109

Measured

Total Sulfite
Concentration(mM)
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Table B=14 Effects of Total Acetate and Sulfite on

Rate of Dissolution at 25°C ( Figure 5-8)

N2 sparging 3.0 mM Total Sulfite
2 9
pH Total Acetate k(cm“/sec) x 10
Concentration(mM) Measured Calculated
5.0 ¢ 1.7 1.7
5.0 1 2.3 2.2
5.0 3 3¢5 3.1
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APPENDIX C .

THE FISHER TITRIMETER II TITRATION SYSTEM
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The Fisher Titrimeter II Titration System
consists of a burette/dispenser, an electrometer, and a
titrate demand module., A linear two pen recorder is used
to record the signals from the.electrometer and burette/
dispenser. The burette/dispenser is a 50 ml clear glass
syringe which enables acid titrant to be added to the
reacter at a continuous rate. The burette/dispenser refills
after 50 ml is used, |
The Fisher Electrometer Model 380 has controls
for temperature O/slope o, standardize 0/zero o, zero
adjustment and mv/pH function., Four precision~calibrated
scales are provided on the meter face for normal 0-14 pH
measurements in the normal operating mode, The i5, i3.5-,
and ¥ 1 scales are employved for pH measurements in the
expanded operating mode, and measure the pH deviation
i5, £3,.5,and Y1 pH units full-scale, respectively ) of
a sample from a preset reference value,
- The Fisher Titrate Demand Model 381 acts és
a remote automatic proportional or dn/off controller for
the automatic dispenser system. Two end peint settings
which enable targets between zero and 19.99 be set to the
closest 0.01 pH unit. The second endpoint setting is used
only when dual-endpoint analysis are desired. A preportio-

ing band control is used to set the endpoint deviation at
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which proportioning will ensue. The rate of slow-down

is always proportioning  te the préximity of the endpoint
target. The minimum delivery control places a lower limit
on the extent to which the titrant delivery rate may be
reduced by proportioning, and thus acts te enhance titrat-
ion speed. The minimum delivery rate is maintained through
approximately the final 5% of the proportioning band.

When using the automatic demand module, the pH electrode
act as a sensor for the titrate demand module. Acid
titrant will be delivery if the pH is higher that the pre-
set target endpoint., Acid delivery will be stopped once
the target pH is reached. Signals from the burette/
dispenser and the electrometer are sent to a two pen
recorder where the pH and acid titrant volume are record-

ed versus time.
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A,B =~ constants defined by equation 3.21 and 3.22

a = activity, M
J
‘ for estimation of activity coefficient

Z&[ ]—‘concentration difference between the limestone

surface and the bulk solution, M

D - @iffusivity, cm?/sec

Db - dielectric constant of water -

d - particle‘diameter, cm

Fa - Faraday Number, 23,062 cal/volt-equiv

f -« fraction remaining of a given size fraction
F = total fraction remaining

AH - apparent heat of reaction, kcal/mol

I - ionic strength, M

k - dissolution rate comstant, cmz/sec

kc - mass transfer coefficient, cm/sec

M - molar, gmol/liter

n - charge on the jth ion

PCO2 - partial pressure of Co0,, bar

pHV— negative logarithm of hydrogen ion activity
Z&pH - pHl at equilibrium minus soelution pH:

R - universal gas constant, 0,08205 liter-atm/gmol-K
Ro - diameter of sphere, cm

r - distance from center of sphere, cm

T = temperature, K

A, bj - characteristic parameters for each ion species

86
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t = time, sec

t.. = time for 50% of CaCO, remaining, sec

50

3
tyg = time for 50% of CaCo,

U = activity coefficient for uncharged species

3

remaining, sec

V -~ volume of particle, cm
x - dimensionless distance (1—Ro/r)

Zj - charge on the jth ion

@-Araté of dissolution per unit radius, M cm2 secm1

diﬁ.@i.- constants of iptegration, M cm® sec”

= activity coefficient

ho - equivalent ionic conductivity at infinite dilution
cmz/gmol/ohm

n}- viscosity, poise

ﬂi = the fraction of total particle mass with diameter
from d; to di+1

[ ]}~ concentration, M

SUPERSCRIPT

0o -~ iomn pair, degrees

SUBSCRIPTS

b = bulk

cal - calculated

exp - experimented

s = surface

(s) - solia



|

APPENDIX E

FORTRAN PROGRAM LISTINGS
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PROGRAM I

MASS TRANSFER MODEL WITH CO2 FINITE RATE

REACTION

Program I calculates the rate of CaCO, dissolution with

3

the reversible finite rate 002 differential equation and

chemical equilibria relatiens given in Chapter III. The
bulk solution compositions are calculated by specifying
s Ca++ concentration and particle

2
diameter., By specifying a given range for’F(the dissolu-

the solutioen pH, P
co

differential equation

tion flux) and the Eaco;]s, the CO,

is solved numerically by a 4th-order Runge Kutta Method.
Due teo the nonlinearity of the equation, a trial and
errer omn [H+] is made on each step size. The calculation

stops when the [boz] converges to the specified value.

bulk

Input Data

Diffusivities, equilibrium and rate constants, Pco , PH,
2

particle diameter, ‘?acdg] and a guessed range

surface?’

for P.

Output Data
Echo prints input,/B, rate of dissolution, and concentra-
tion profile of each chemical species versus the dimension-

less distance, x.
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SETANT FOR CO2 IN MﬁTFku*¥¥$#*$$*??«
’ CFOR UNCHARGED SFECTES IN ok
YE-HUCKEL EQUATION

H OF SOLUTION
COM3TANTS TN THF

MO
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C** KkkT A
Kok (GMOLES/LITER)
,mp1¥wwﬂq?**\q.*$$nnx“¥¥ sk ek solclokorsokokelersk ook ok ok ooiok ok

ol

Gk

HECGRR

Zcksok ks

o3 5

GO OoOOOo0 0

ATA HKy U[vlfyﬁlU IG5 BAD,0F08y 0,076 0,320.512,0,.312/

naTa ) NS DI R R IR NS TS NP IS BV
TaTA X "FF/|«34F7V 2 AGE~7 08, 3E-4 0 2, 5E-2/
OaTa > /

naTa

Reskcioioickcokdokscisinoiobiok ENPUT DA T Asdoksksolokskokskoksoksok ok soloksorskoisiok ook
. BUFFER COMCENTRATION(GMOLES/LIT "f“<>{<‘€
: ITE COMCENTRATION(GMOLES/LLITER? *

% 1$
a#

3€

i

<.

¥ %

LUALE FOR

! THE DISSOLUTION FLUX
5-CM2/LIT

€ 26 K3

i

*e:seé—:eeeés—:eaeee-e e

3

*

~8EC) qokokekok
{UMBER OF FH AND FCO2 DATA PAIR Stk
FH & PARTIAL PRESSURE OF COZ(ATM) Aerdekkek
FARTICLE DIAM ROMICRO-METER? qorseokokok
Cal.CIuUM CONCE ATION OF BULK SOLUTION Rkl
w .

e

36
3
i
#*
%
N

H
3

s CA»RD
K=l o M
thLUE{H}yﬁPH(N)

R

§ TCLykZICT:
ARTCCT
MHmJ«‘HﬁhFTP’L)$HL

ook ok oloksreksolok sololok sololoksiekeoloksk ok ok ookokrsok ek solok ok dokorosioloksikoekooklorsk ook
ERRACTIVITY COEFFICTENTSokololokkeklokoiook COMPONEMT S kokdol ookt ksokk

GAMMA{L) H+

GaMia (R Catt

GadMa (3 HCO3-

GAMMA (L) L3~

GAMMA(E) 03~

GamMia(s) HED3~-

EAMMA(7) [H~

GaMM&S(8) [aTated

GaMMa () Hé-

GaMMa 10 coz

GaMMAadll) H2a

GAMMATLIR) CATOZIIION FALR?
Casorsoiot ok skkooklololonookok ook ol lok ok sokioiokskok ok ok kololoorkokonr kg
21 GAMMACT)=10. %K (WAK (~WC/WRB+CIHRCTP (T ))

022 I=10.12
GaMMACT =10 8% (UTRCT
00 2 d=1eMI

¢ !
GaMracLl)
HESKFCD2

KOAMMACLO)
XAACOI/AH

HIZO3Z
HCUJ 3
ACDE=KIAHCOZ/ AH
COZ=ACL0Z/GAMMA (4 )
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CO3R=003
ACA=CAXGAMMA(2)

CAR=CA
ACACO3=ACAXACO3/R3
CACO3=ACACO3/BAMMA (12)

CACO3E=CACO3
SKF=KF
SK1=K1
SR2=K2
SKZ=K3
SKAL=KAl
SKI=KD
SKAZ=KAZ2
SKHS03=KHS03

BETA1S=RETAL
BETARS=RETAZ

CRIHKAKKAKREDEF INE EQUILIERIUM AND RATE CONSTANT IN TERMS OF  soksoksoiokioksk
C***#**#:******************CONCENTRATIDNS*#%********ﬂ****************$*
Lk COkEQUIL TRRIUM CONSTANT SRRk R KKk ARREACT TON KK kR dofioR ok koo e s ool sk

C
[
o
[
C
[
c
C

-

o

-
L

Uk

234

[
i
]

e FRINT 238

CRERKKICOURATE CONSTANTRIKRKCK KKk
0

K1 CACO3C(ION FAIRY + H+ = CA++ + HCD3-
K2 CO2 4+ H20 = H+ + HCO3~

K3 CACO3(ION PAIR) = CA++ + COZ--

KHS03 HE03~ = H+ + $03~-~

KW H20 = H+ + OH-

KX HCOZ- = H+ + CO3--

KRG CASDICION FAIRY = CA++ + S03—-

Kat H2A = H+ + HA-

KA2 HA= = M+ 4+ A--

HARCKIORKREAT T T ONkokskoksksioskskofeod et s e steoke s e

X
KF CO2Z + H20 = W+ + HODZ-

***M**********$***********#****%*****************$*******<$3***$$**

KF=KFXGaMMaclo)
N1=(N1*GQMMQ(1)*BQMMACIE))/CGﬁHH@(Q)%BﬁMMﬁ(3)}

K= (KZRBAMMA CL00 )/ (BAMMA (1Y XBAMMA(3) )
KE=KIXGAMMACLR) / (GAMMA (2 I ROAMMA(4))
KHSOE=(KHSDS$GQMMA(5>)/fBﬁMHﬁ(E}%GﬁMMﬁ(i))
NHSOE%KHSDB%(l,+Gﬁﬁﬁﬁ(2)*69MM&(5)$B&/(BGMMQ(12)$N8))
K W/ CEAMMA L Y (BAMMA (7))
RDKBAMMACE) Z (GAMMA (L) BAMMA(4))

=KW/ HE

HAR=AT/ (L. +HESKALHRA2 /HES

HZAB=HAR :

AR=aT
8 b D37/ (HEFRHE03)
S03R

FRINT 234
FORMAT (LML s Xy R INFUT DATAX /7 v 6X s ¥DIFFUSIVITIES (CH2/8EC ) ke /)
FRINT 235
FURHAT(lOXy#COQ%y11X5*HC03—$y11X9$EDS—~*911Xy$Cﬁ++¥u13Xv$H*y9Xy

LCACOZCION PATRY%, /)
FRINT 1020002, DHCOS » HCO3» D0A s IH» ICACOS
FRINT 236
FURMAT(IOXy$OH~$y11Xy$SDZ~*$y11Xy*H503—$911X7*Q~‘*yier*HQﬁ*viiKg

LkHA=%y /)
FRINT 102« D0HyDE03» UHSO3» D6 DH2A » THA
FORMAT(3X s EL1S .3+ /)
FRINT 237
FURHQT(lOXy*HI*y14X9$HE$314Xy$N3*y14X9$KF$9K)
FRINT 103sR1sK2sK3sKF




50
33

239

240

38

35

34

37

34

CFORMAT (LOX s XKALKe 14Xy KKARK» 14Xy RKWK s /)

NT 10ZyKalyKAZy KU
FORMAT (3X e 4ELS 45 /)
FRINT 1
FEORMAT (LOX p FHE LAXyXPCORCATM Ny SXy XFARTICLE DIAMETER(CMIXe /)
FRIMT 10%5:FHyFCOZyRO '
TAT (3K 3E1E. 3D
BETA=RETAL
FORMAT(AXyELS .40
Cal.l. CONVERG(S)
FRINT 11148

BETo=RETAZ
Cal.l CONVERG(S)
FRINT 111:8

A ]

GO TO 90O

=RETAR~FRK (RETAR-BETAL) / (F2~F1)

BETA=TRUER

CALL CONVERG(S)

FRINT 1118

FW=5~CO2E

ERR=ABS( (RETAL-RBETAZ) /BETALY /2,

IF(ERRLLE.0.001) GO TO 40

IF(ABS(FWYLLE.1,0E~B) BO TO 60

IF(FWKFL.LT.0.) GO TO 31

BETAL=TRUEE )

Fi=Fi

IF(FWRFEAVE.GT.0.) F2=F2/2,

FSAVE=FI

BO TO 32 -

BETAZ=TRUEE '

Fo=FU

IF (FWXFSAVE.GT.0.) Fl=Fi/2,

FSAVE=FI

CONTINUE

60 TO 60

FRINT 33

FORMAT (1HO» 10X s %ND CONVERGENCEX»/)

80 TO 200

CONTINUE

FRINT 239

FORMAT(/ /96Xy ROUTFUT DATAXy/»1XsX1ST LINEX»4Xy%X%, 11X, XCO2Xy 11X
1HHCO3~%y 11Xy XCO3~~Ky 11X s KCA++% s 13X s XH4K» 6X s KCACDI (ION FATR) %)
FRINT 240

FORMAT (/51X K2ND LINE® s 15Xy ROH-%» 11Xy XS03——ss 11Xy XHSOZ~%» 11X s
1XA——Xy 11Xy XHZA% s 11Xy XHA-X s / /)

D0 34 I=1,101+5

FRINT 3S,0X(I),CCO2(I)sCHCO3(I)sCCO3(I)»COACI) sCHCI) »CCACOZ(T)
FRINT 38yCOHCI)yCSO3(I) yCHSOZ(I)sCAACT)Y »CH2ACI) yCHACT)
FORMAT (21X54E15,5)

FORMAT (6Xs 7E15,5)

CONTINUE

FRINT 37, TRUER

FORMAT(3XsE15.4)

RATED=-TRUER/ {1000, %R0)

FRINT 36yRATED

FORMAT (3XsXRATE OF DISSOLUTION=%sE15,5,XMOLE/SQ.CM.SECKs /)
DCCO2=CC02(1)~CC02(101)

ICHCO3=CHCO3(1)-CHEO3(101)

ICCA=CCA(1)~CCACLO1)

DCH=CH(1)~CH(101)

(

-

33



DCCACO=CCACO3(1)~-CCACO3(101)
nCCO3=CCo3(1)~-CcCo3(101)
NCOH=COH(1)~COHCL101)
DCS03=C803(1)~-C803(101)
ICHS03=CHS03 (1) -CHSO3(101)
LCCAA=CAA (L) ~CAACLOL)
NCH2A=CH2A (1) ~CHRACLO1)
DCHA=CHA(1)~CHACLOL)
DICO2=DCA2%0CCO2
DIHCO3=NHCO3IXUCHIO3
DICA=DCAXDCCA
DIH=[HXDCH
DICACO=DCCACOXNCACOS
LICO3=NC03%NCCO3
DIOH=L0HXDCOH
DIS03=0803%DCE03
DIHSOZ=DHSO3KDCHE03
DIAA=DCCAAXDA
DIHRA=IH2AXDCH2A
LIHA=DHAKDCHA
FPRINT 11 .
11 FORMAT (// 56X XDIFFERENCE BETWEEN SURFACE & BULKR CONCENTRATION
1 FOR EACH SFECIES(GMOLE/LITER)X»/)
FRINT 38,0CCORyDCHCOZ s BCCU3 s DCCAY BCH, DLCACD
FRINT»38yICOHy ICSO3 s BUHS03 » DCCAA, ICH2A» DOHA
FRINT 12
12 FORMAT(// s 6X s XFLUX CONTRIBUTION FOR EACH SFECIES(GMOLE-CM2/LITER-S
1ECY%»/)
FRINT 38¢DIC0O2yDIHCOZ,DICO3DEICAyDIHBICACD
FRINT 38,0I0HsRISO3yDIHSOIZ»0IAAYDIH2ADINA
CA=CAR
KI=8Ku
K1=8K1
K2=8K2
K3=8K3 i
KF=8KF
KA1=8KA1
Ka2=8RKaA2
KHS03=8KHS03
RETAL=RETALS
BETAZ=RETAZ2S
3 CONTINUE
200 STOF
ENII
SUBROUTINE SURCONE(BETAsHYS)

CXAXKXXSURCONE CALCULATE THE CONCENTRATION OF SFECIES AT THE LIMESTONE
CxkRRKSURFACE .

CEREKEEY THE SFECIFIED CACOZCIONM FAIR) CONCENTRATION AT THE LIMESTONE
CkXxkkk INTERFHASE

COMMON/CONST/ALFHL s ALFH2 s ALFHZ s ALFHA» ALFHS
COMMON/CONSUR/7HCO3S, CO35yCASsHE»CO2S

COMMON/ALLD/RI

COMMON/CANC/C02,C0F»HCOZy CACO3sHy LA CACD3S
COMMON/CANCR2/803»HS03 » OF s Ay HIA s HA
COMMON/DIFF /UHCD3 » BCOJy IiH» DCOZ . ICA» DCACO3
COMMON/DIFF2/0S03y IHS0Z « DOH» XA s TH2A 5 BHA
COMMON/BULK/CO2Ey CO3ByHCOSE s CACO3RsHE» CAR
COMMON/BULLK2/G038 HBOZEy OHEBy AR s H2AE » HAR
COMMON/EFS/EPSL s EFS2
COMMON/RATERK /KL s K2y K3y KF y KALy KAZ s KHSU3 7 KU

REAL KL1sK2sKIsRALyKAZyKHEO03 KU
ALEHL=0C02%C0RR+IHEOZKHCOZRADCACO3IXCACOZE4+ICO3XCO3R-EETA
ALFHR2=UCARCABFICACOIKCACOIB-RETA
ALHngﬂH&HE&HHCUE*HQOEBtZJﬁDDQQXCDQB+DHA*HQB+2aXDHEQ*HEAB“DOH

94



LAOHB~-DISOIRE0O3IR

ALFHA=IH2AKH2AR+IHAKHARFDAKAR

ALFHE=0HSOZAHSDIB+NIS0IRE0Z R

CA8=(ALFHI~DCACUIACACO3E ) /0CA

o IRCACOISE/CAs

W=0COEXCOZH+NCACOIKCALDIS

Hil=Hg

H2=HR/1000.

CALL CALC(HL«FLveW)

CALL CALCCHR»F2ul>

IFCFIRFR.GT.0.0 G0 TO 50

FEAVE=F]

Do 20 J=1.30

He=H2-F2%(H2~-H1) / (F2-F1)

CAl.CCHy FU W

ARG (HL~HRIAHLY A2,
EREGLECEFSLY GO TO 40

IFCARS(FID L LE.EFS2) GO TD 40

TFOFWEFLL LT 0.0 G0 TD 10

Hi=H

BAVE GT.0) Fil=FL1/2,

~ L

T IHUE

FRINT 3

FORMAT CLHO» LOXy ¥SURCONE DO MOT CONVERGEXy/5)
Call CALCHF W)

HYS=H

RETURN

EMD v

SUBROUTINE CALUCHY o Fald)

=
=Fv ROk
D -

Qe ed L0 RS
&

P
<

kR THE SUBRDUTINE CALC EVALUATE THE 02 SURFACE CONCEMTRATION

COMMON/DLIFFZDHCO3 DR0Ey DH» DEOR» UCA » DCACOS
COMMON/TITFF2/70803 » DHEDZ » DO » UA » D24 » DHA
COMMOM/ZRATER/RKL o K2 K3 KFs KA1 KAZyKHSO3Z » Kid
COMMON/CONBT ZALFHL » ALFHE ALFHZ » GLFHA » ALFHS
COMMON/CANC/COZy D03 s HOORy CALOZ s Hy CA» CACDZS
COMMOMN/ADD/ KD
COMMONACONSUR/HCO3S y COZS» CAS s HE » 0125
COMMON/RAD/ZRD s BETA

EAL KALyKARyRKHSOZ s KW KL s K2, K3

he el

H24=ALFHA/ (IHZAR L+ DHARKAL/ COH2AKH FKALXKAZRDA S CDHIALHEH Y )
Ha=RKALl$H2A/H

A=KALRRAZHH2A/ (HXH)

HE03=ALFPHE/ (IHSO3+IB0IRKHEOI/H)

S03=KHSOEkHS03/H

HEO3=K 1 kHRCACOZS/0AS

CO3=KIkHCO3/H

CO2=(ALFHI-W-THCOZXHEO3 ) /D002

CO28=C02
F=HH%H+DHA*HA+2.*DHQA#HEQMHOH*UHMDSUS*SUB—E;%w—HHCDEKHDUZ—ALPH3+
12 kalFHL

RETURN

ENIH

SUBROUTINE FINOC(HYDOsX)




~m*k$quhOUT1NE FIND CALCULATE THE CONCENTRATION OF SFECIES US ING
CRIKHYTROGEN CONCENTRATION CALCULATE IN SUBRGUTINE CONVERG

COMMON/DNIFF /A QHCOS » DOOE UM » DEO2» NCA » DCADDX
COMMONANIFF2/0803 » DHBOEy UOH» DA » DH2A » HA
COMMON/RATER/RKL s K2 RKEvKF s KAL v KA2 s KHSOF » KW

COMMON/ADRD/ KT -
COMMON/CANC/C02 D03y HOOZ s CARDZy Hy CA» CALDIS
COMMON/CANC2/803 v HEOZ s DH e Ao H2A 2 HA
COMMON/CONST/ALFHL v ALFHE s ALFHE s ALPHE » ALFHE
COMHMON/RAD/ZRO» BETA

REAL KLsK2sK3Z sKALsKARyKHSUZ v KId

REAL KD

H=HYDO

KW/ H

HiA=ALFHS/ (OH28% (L HIHAYKA L/ (DH2ARH) FRATSXRKADKIA/ CIHZARHEH) 3 )
A= hﬁi*kh”*“"h/\”?“)

SO3ARHEO3/H)

HEO3= (ﬁLFHa ~OMHEH-2  RDCO2XCO2-DHAKHA-2  RUHZAKH2 A+ DOHLOH+
LUSDq#%OS)!DH&US

COZ=RKUKHCOI/H

CACOS= (ALFHI+TEETAXX) /{DCARKI/COZ4DCALTS)
Ca=(ALFH2+BETARX~DCAROIKCAGDE) /0CA

RETURN
EMD
SUBROUTINE CONVERG(S)

CRAKKXSUBROUTINE CONVERG EMPILLOYS SUBROUTIMNES SURCOMNE » STHFRUT»ROOT & FIND
CRAGOOEUNTIL. CONVERGENCE FOR BETA SATIS THE CALCULATED BULK
CRERKKCONCENTRATION OF CO2 IN THE SO0LUTION ’

DIMENSTON ZACLSe4)»ZBCIS» L) o TCAv 1) v WK 10D
UIMENSTON COOBCLI200 - CUACOZ 1200y CODRCIR20) v CCACLR0Y » DH 120
DIMENSION CHCOZ(120),DX(120) :
DIMENSTION COHCL120) :C8OFCLI20) s CHEOB (1200 »CAACLR0) » CHRA (120D
UIMENSION CHACL20)

COMMON/CANC/C02 COZy HCOZy CALDI s He CA» CAGDZES
COMMON/CANGCR/803 s HE0Z s OH s As HR2A » HA
COMMON/RATER /KLy K2y KEy KF v KAL y KA KHSOF » KW
COMMON/ANTIZRD
CDMHON/SURT/CCDE;CLACUSvLCUEyQCﬁyCHyLHConDX
COMMOMN/COUNT /M.
COMHON/SURF2/7C0M» CS03» CHEDZ» CAA»CHRA Y CHA
COMMON/ INDEX/HE

COMMON/EFS/EFSL»EFS2

COMMON/END/YD ¢ YF

COMMON/CONST/ALPHL s ALFHZy &LFHZ » ALFHA »y ALFHS
COMMON/RAD/RO s BETA
CDMhON/DIFF/DHPOZyDCU&yUHrDCU“;DCAyDCACOB
COMMON/ENDZ/YDL»YFL

COMMON/LIKRATE /KA » KBy KO
COMMON/BULK/CO2E » CO3R» HCOZE» CACOZR y HE s CAR
COMMON/CONSUR/HCO3Sy CO3Sy CAS s HS y CORS

REAL KAsREsKC

REAL K1sK2sK3sKAls hﬂﬁyh”qu3th

CALL SURCONE(EBETAsHS)

YF=HS%3,

Y0O=HS8/3,

AD=0.,

ED=C02S8

CO=0.,

STEP=0,01

I=0
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CALL SIMFRUT(AD»BO»COySTERyCONCyFLUX AL4 411 sB11sC11 1)
NJ=NJ+1

A0=A11+STEF

RO=R11+CONC

CO=C114+FLUX

IF(AL4.LE,0.87) GO TO 42

no 50 I=isl5

ZACI»1)=1,

ZA(Iy2)=0XCI+70)

ZACTy 3y =0X{I+70) k%2

ZACI s 4)=0X(I+70)%%3

ZE(Iy1)=CCOR(I+70)

CONTINUE

CALL OFIMAZ(ZAs15yZE»15s15s 1042 T4 WKs IERD
DIST=0.84 .

00 10 J=86s101

OX(JY=DIST+0.01

DIST=0X(.J))

CCO2(N=C(T{4y DIROXCIIFTCEy LD ADXK (4T (2 12 0%DXCDHT Ly 1)
X=0X(J)

Coz=CCo2n

CALLL ROOT(X,C0D2)

CCO3(.J)Yy=C03

CCACO3(.J)=CALCOZ

CHCO3 (J)=HDD3

CH(J)=H

CCAC=CA

COMH () =0H

C803(J)=603

CHS03 () =HB03

CAACD) =A

CH2A (S =H2A

CHA () =HA

S=CCOR(10L) e

CONTINUE B

RETURN i

ENI

SUBROUTINE SIMFRUT(ADsEOsCOsSTEF CONCyFLUXyAL45A1LsBL15C1151)

CXRRICKSIMFRUT AFFLY THE 4TH-0RDER RUNGE KUTTA HMETHOD TO SOLVE THE 2NI
CORKOKXORDER CO2 DIFFERENTIAL RATE EQUATION

LDIMENSION CCO3ZC(120)yLOACOZCLZ0) »CO02(120)+CCACLI20)CH(L1R20)
DIMENSION CHCO3(120),0X(120)

DIMENSION COH(120),C803(120)CHE03(120)yCAACLI20) yCH2A(L120)
DIMENSION CHAC120)
COMMON/DIFF/DHCO3: DCO3 s DM DCO2,DCAYDCALOS
COMMON/LDIFF2/0803y DHS03 2 DOH» DAy DH2AIHA
COMMON/RATEK/R1y K2y KEy KF y KAL e KAZ y KHEOZ s KW
COMMON/CONST/ALFHL s ALFH2 » ALFHI y ALPH4A s ALFHS
COMMON/RAD/RO» BETH

COMMON/END/YO s YF

COMMON/COUNT/NJ
COMMON/CANC/C02:C03HCOZ»CACO3 v MDA TACO3S
COMMON/CANC2/803yHSD3 s OHsAyHRAHA
COMMON/SURF/CCO3«CCACOT, CLNR2»CRAyCH CHCD3 2 DX
COMMON/SURF2/C0OHCS03»CHEO3 v AR CHIACHA
COMMON/ADI/KI

REAL K1sK2,KI»KFyKAL KAR KHBO3» Kl

All=A0

Al2=A1148TEF/2,

ALl3=A12

Al4=nA11+STEF

E11=RO

Cii=C0

CALL ROOT(ALLyR1I1)

97
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D1 1=-KFX (H¥HCO3/K2~B11) /(DCO2%K (L, ~ALL) X4/ (ROXRO)D

I=I+1 .

DX(I)=A11

CCOo2(IH)=R11

CHCO3 (I )=HCO3Z

CCO3(I)=C03

CCA(I)=CA

CH(I)=H

CCACO3(I)=CACO3

COH(I)>=0H

C803<(I1=503

CHSO3(1)=HSN3

CAA(I)=A

CH2A(I)=H2a

CHA(I)=HA

RI1Z=RIL14+CLI%STEF/2.

C12=CLl1+011X8TER/2,

Cal.L. ROOT(ALL-RLL)

012=-KF¥X (FHKHCO3/R2-F12) /7 (DCO2% (1 +—A12)%%k4/(ROXR0))

Bi3=RI1+CI2%STEF/2,

Ci3=C1l1i+D12%STEF/2.

CALL ROOT{ALLELL)

[l 3=-KFX (HXHCOZ/K2-B13>/(DCO2% (1, -AL3)%k%k4/ (RO%XRO)D )

B14=B11+C13%STEF

Ci14=C11+D13%STEF

CalL ROOTC(ALLsBLIL)

DL 4=-KFX (HXHCO3/RK2-B14) /(0CO2% (1. ~A14)%%k4/ (ROXROY)D

CONC=STEF/6 . %(CLLI+C12%2, +2 . XC13+014)

FLUX=8TEF/&. k(0114201242 k013401 4)

RETURN

END

SUBROUTINE ROGOT(XsCARD)
CxAkXXRO0OT I8 A MODIFIED HALVE-INTERVAL METHDD USE TO EVALUATED THE
CkkorxxSOLUTION COMPOSITON ONCE & C0O2 COMROSITION IS CALCULATE RY
CxkkkkSIMPRUT
Clokk X THE INTERVAL OF H+ CONCENTRATION BETWEEN THE RULK & SURFACE
CxokskiokARE USED

COMMON/ENLD/ YO YF

COMMDN/EFS/EFSLyEFS2
COMMON/CONST/ZALPHL » ALFHR » ALFHI s ALFH4 » ALFHS
COMMON/RAD/ROy BETA
COMMON/DIFF/LHCOZ: DCOZ OHy NCO2 2 UCA» DCACDZ
COMMON/DIFF2/0803, DHE03 » DOH s DA s DH24 s THA
COMMON/RATEK/RL s K2y K3 KF vy KAL s KAZ vy KHSO3 y KW
COMMON/CANC/CO2y CO3»HOO3: CACO3yHCA»CACD3S
COMMON/ADD/RD
COMMON/CANC2/803yHS03yOHs A H2A v HA

REAL K1sR2Z:sK3vRKFyKALsKAZyKHSO3 s KW

REAL KI

CO2=CAR0O

E=ALFH3-ALFH1-BETAXX

Hi=Y0 .

CALL FIND(H1,X)
Fi=0HAH1+0CO2%CO2+DHAKXHAF2 . XIH2AXH2A-DOHAXOH-DS03%803-DCACO3I%CATOZ -
1DC03%C03~-E

H2=YF

CALL FINDC(HR,X)
F2=TkH2+DCO2KCO2+ DHAXHASD . KIH2AXH2A-DOHXOH-IS03%803-UCACHIXCACO3~
10C03%C03-E

IF(F1¥F2,6T.0,) GO TO 50
FSAVE=F1

00 20 J=1,30

H=H2-F2% (H2~H1) / (F2~F1)
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H3=H
Call. FIND{H3yX)
F=0HAH+DCO2XCO2+DHAXHA+2  XUH2AKHZA-DOHXOH-DS03%S03~-NCACO3XCACDZ
1-0C03%C03~E
ERR=ARS ((H1-H2)/H1) /2.
IF(ERR.LE.EFSL) 30 TO &0
IFCABRS(FU) LLELEFS2) GO TO &40 -
IF(FWXFL.LT.0.) GO TO 10
Hi=H
Fl=FW
IF(FWXFSAVE.GT.0.) F2=F2r2,
FSAVE=FU
GO TOo 20
H2=H
FR=FUW
IF(FWXFSAVE.BT.0.) Fil=F1/2,
FSAVE=FW
CONTINUE
FRINT 3
FORMAT (1HO» 10Xy %NO SOLUTION IN THE RANGE FOR ROOTXs/)
GO TO 43
HNG=H
Cal.l. FINDC(HNG»X)
YO=H/2.
YF=H¥2.,
RETURN
END

3

5
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PROGRAM IT

MASS TRANSFER MODEL NEGLECTING 002 REACTION
Program IT is a modification of program I. It neglects
the 002 finite rate reaction by assuming [002]

surface

[COZ]bulk‘ This program simulates rate data at low P002
since CO2 reaction is insignificant. It also saves

t computer time and has better convergence,

Input and output as in program I




FROBRAM LIMSDIS(TTYs INFUT=TTYOUTFUT)

CARKFKIKKA KKK KA KR AKR AR KK AK KKK AR AR K KK K A KKK O K ke K K ek ok ok sk
CXAXKKTHIS FROGRAM CALCULATE THE RATE OF LIMESTONE DISSOLUTION BYikiokik
Cxokskekk A MASS TRANSFER MODEL USING SPHERIDAL BEOMETRYXKEKKRKKKKkkK KK
CRAAACRKRAKR AR R KK KK KK AR KA KK ORI KRR KoK K 3 K sk 3 s sk sk ok S ek K
T DIMENSION AFH(L10)»ARCO2(10)

DIMENSION ACTF(10)yBOCTF(10)2ZI¢10) s GAMMACLS)

DIMENSION ACD2(120)

DIMENSION CCO3(120)yCCACOF(120)sCCORCL20)yCOAC120) »CH120)

DIMENSION CHCO3(120)0X(120)

DIMENSION COHC120),CS03(120)5CHSOZ(120)CAACLZ0) yCH2AC120)

DIMENSION CHA(120)

COMMON/LIIFF/LHCO3» DCO3 s UM DCO2 s DCA s ICACDT

COMMON/LIFF2/0803 s THS03 » DOH» DA DH2A » DHA

COMMON/RATEK/KL1yK2s K3y KFyKAL s KAZ» KHSOZ s KW

COMMON/CONST/ALFHL s ALFH2 v ALPHZ s ALFHS v ALFHS

COMMON/CONSUR/HED3S» CO3SyCAS » HS » CORS

COMMON/RAL/RO»BRETA

COMMON/EFS/EFSLyEFS2

COMMONZEND/YO s YF

COMMON/DKRATE/KA s KEyKC

COMMON/COUNT/NJ

COMMON/INDEX/NK

COMMON/END2/Y0Lly YFL

COMMON/SURF/CCO3 s CCACDZ» CCURyCOA Y CHy CHEDS » DX

COMMON/SURF2/COH L3035 CHEOZ v CAA s CHRA » CHA

COMMON/CANC/CO2yCO3yHCOZ s CALDZ s Ho LA CACDES

COMMON/CANCR/803 s HS03 50y Ay H2A s HA

COMMON/RULK/CO2E s CO3RyHOO3Ry CACOIEy HE» CAR

COMMON/EULK2/503B» HSOZ By OHRy ARy H2AR o HAR

COMMON/ADL/RD

REAL KL1syK2sK3sKWsRFsKAL» KAy KHEDS

REAL KDOsKS

CRAACKKBNKKKDIFFUSIVITIES IN CM2/SETN ok ook lor ook dor Yok doksolkseioskok sk ok
CRIKKRKAKRKAKKTACOIE SURFACE CONCENTRATION OF TON FATR ATHRkkkomrk doiokgok
CRERKKKIRE KKK KKKSOLID LIQUID INTERFHASE Kok kst okokok koo ok sk ok ok sksiesk

DATA DCO2sIHCO3,» NCO3 s DCA/ 24 0E-5y L o RE~5+7. 0FE b7, PE-4/
DATA DH»DCACOZ» CACO3S/9 . 3E~557 SE~&v 4, 2044/ .
DATA ESD$;DHSOZ;DDHvDm/3.85E~691019E*5v5+27E—577¢05E“6/
DATA DH2ATIHA/L, L19E~5y1,09E~5/

DATA KA1z KAZ, KWy KHE03/2,02E~590.0s 1 OE~144 6, 24E~8/

DATA EFS1,EFPS2/1.0E-651,0E~25/

Carkkk Rk Rk R KRR ERROR CRITERIA FOR CONVERGENCE Rk dorkorkorskok ok ok Kok
Rk ko EF31 EPS2 Fkckookeck koo koo sk
CHAKKKIKKKKKKKARKKACTF » BCTF ACTIVITIES COEFFICIENT FARAMETERSKKKKkkkokkk
Cxkcorkokiokokk kKK KFOR MODIFIED DERYE-HUCKEL EQUAT IONHrickskfolokkokooksokokoksox

DATACACTPR (I)VI=179)/6909405!405?405?4»5940573#930Vzof
DATA(RCTP (I)sI=1s93/0,450,1504050,90:50:50.390.,350.3/

CokdokskokkkkHK HENRY S CONSTANT FOR COD2 IN WATERNRRskskdokdkokolok ek sk ok Kok
C¥skckokkokskkU T EMFIRICAL CONSTANT FOR UNCHARGED SFECIES IN qeksokAokek ook
Cxokkokskokskok DEEYE-HUCKEL EQUATION Rkkokkkokk
CHAKKKKKKCT IONIC STRENGTH OF SOLUTION Xetokiokolok ok skokok ok g

CHIRRKKAKACONS r B TEMFERATURE CONSTANTS TN THE HMODIF IEDsekkdokkokskokooskskskooks
Cxoorsksk okl okkosk ok koo ok DERY E ~HUCKEL EQUAT IONK ook sk skdokiokdoriolook ok



CHORKRKKKKKZT IONIC VALENCIES ok RkskokokRksokokokskskok
DATA HKyUISCIsACONSsB/C,030550.07600.350.512+0,312/

DATA (ZICI)»I=1vP)/Lev2uislev2e920slovlasRerios

DATA RIyK2sR3vRF/L34E7 54, 45E~7v8.3E~432,6E~-2/

DATA KIt/4.69E~11/

DATA KS/74.0E-4/ -

Cxkspsokokoskkokekkolok kkook R CORKKRINFUT - DA TARICookskoololok kookok kofskolok Kk sk sokoloior K okokok

CREKKXRAT TOTAL EUFFER CONCENTRATION(GMOLES/LITER) Sokksokk
ChEKRKRSO3T TOTAL SULFITE CONCENTRATION(GMOLES/LITER) Fekowckkk
CR¥&GKOKKRXBETALBETAZ TRIAL INTERVALS FOR THE DISSOLUTION FLUX ekokkok
Ceskskokok (GMOLES-CM2/LITER-SEC) Kok koo
CksckokkskiNT NUMEER OF FH AND FCD2 DATA FAIR sekokoksk sk
CkskkokarCO2 APH FH & PARTIAL PRESSURE QF CD2(ATM) ok
CxkkkckkRO FARTICLE DIAMETER(MICRO-METERY Rk sokoek
CRekkkkkCA CALCIUM COMCENTRATION OF RULK SOLUTION ook
Gk (GMOLES/LITER) Hkkckk

Cheskiokiorolokslokkekolorkokoloksk kol ko ok ook ok skeksiololorksiokorsksek ok sksolok kokkok

REAL» AT » SO3T
READYRETAL s RETAR
REALs NI

READ yCASRO

0 2 K=1sNI .
REAL sAFCO2(K) s AFH IR
CONTINUE

00 21 I=1s9
Wa=ACONSXZI(IIXZI(I)
WC=8ART(CTI)

WE=1, +EBXACTE (L) KW

81

T Okl okskicollorsiololoksk selofokskokoksk ok kil R doloksasololor sk skokokskok okt ki sk ok ok selol ok ek

CHRRRRKXKKACTIVITY COEFFICIENTSKRKAARRKAKKIORKTCOMPDNENT Skskskok ek sk sk kol sk s e

C GAMMA (1) H+

G GAMMA(2) Cat+t
C GaMMa(3) HCD3~
co GAMMA(4) Co3~-
¢ GAMMA (5) 503~~~
C GAMMA (6) ‘ HE03~
[ GAMMA (7)) OH-

C GAMMA (8) A-—

C GAMMA(S) HA-

¢ GAMMA(L10) ’ co2

C GAMMA(11) HZA

[ GAMMA(12) CACO3{ION FAIR)

Cxkdoksciokkokokorksokookk ook o kokekiookorsolokkok ok ook ook ook ok

21 GAMMA(I)=10.**(Nﬁ*(—WC/WE+CI*BCTF(I){)
D0 22 I=10s12
22 GAMMAC(I)=10.%k(UIXCI)
00 3 J=1sNI
FH=AFH(J)
FCOZ=AFCO2(d)
3 CONTINUE
AH=L10 kX (~FH)
H=AH/GAMMA (1)
COZ=HKXFCO2
HE=H
CO2E=C02
AACO2=CO2%XGAMMA (10)
AHCO3=RK2%AAC02/AH
HCO3=AHCOZ/GAMMA ()
 HEO3E=HCO3

102



ACO3=KI%kAHCD3/AH
CO3=AC03/GAMMA(4)
CO3E=C03
ACA=CAXGAMMA(R)

CAR=CA
ACACO3=ACAXACO3/R3
CACO3=ACACO3/GAMMA (1R
CACO3R=CACO3

CHokXkORKKREDEFINE EQUILIRRIUM AND RATE CONSTANT IN TERMS OF okdoksokiokksk
Cogoksoksekekokoksok ok ook ok ok X COMCENTRAT TONS ok sk sk skesiok skokoskokskok ok koskoiooiokosioksoksk sk
CRAKKKKKEQUILTIBRIUM CONSTANTRKKKKKAKIKICRREACT L 0Nk koo sdofok ok skeokk sk siorsk

c K1 CACO3(ION PAIR) + H+ = CA++ + HCO3-
C K2 Co2 + H20 = H+ + HCD3-

(™ K3 CACO3(ION PAIR) = CA++ + CO3--

(o KHS03 H803~ = H+ + S03--

c KW H20 = H+ 4+ OH-

C Ko HCO3- = H+ + CO3-—

C K§ CASO3CION FAIR) = CA+t + S03~-

c KAl H2A = H+ + HA-

c Kaz2 HA- = H+ + A--

ChRKARKRATE  CONSTANTCkokk ook ok kokk ok kREACT TOMsokskskokskk ok sfoksioloksiokokk
(4 KF co2 + H20 = H+ + HCO3-

Cockesoksokorskokskokokokoekskokorskook ok skokoksoksoksokekoksor ok ok ok ok ok skoksorsoksiokokeskoskokskokokoskskok ok sokek

KF=KF¥GAMMA(10)
K1=(RK1XGAMMA (L) XCAMMACL2) )/ (CAMMA(2) XCAMMACIZ))
R2=(R2KOGAMMA(L0) ) /(GAMMA (1 IXGAMMA (3 )
R3I=KIKGAMMACLR) / (BAMMA (2)XGAMMACA)) -
RKH803=(KHEO3XGAMMA(6) )/ (GAMMA (5) kGAMMA (L))
KHS03=RKHSO03X (L. +EAMMA (2) XGAMMA (5 XCA/ (GAMMA (12)%KS))
KW=KW/ (GAMMA (1) XEAMMACZ)) .
KD=KIXGAMMA (3 / (GAMMA (1) XBAMMA(4) )
OHRB=KW/HE
HAB=AT/ (1 tHB/KAL+RAZ/HR)
H2AR=HARXHE/KAL
ABR=AT-HAR~H2AR
SO3B=KHS03%XS03T/ (HE+RHSO3)
HEO03R=803T-503k
FRINT 234
234 FORMATC(LIHL,6XyXINFUT DATAYy// 36X ¥DIFFUSIVITIES(CHM2/SEC)Y %y /)
FRINT 235 :
233 FORMAT (10X XCO2Kr L1XpHHCOZ X 11Xy KCOJ~~Ks 11X s KCA++Xr 13X s KM s 9X v
1XCACO3(ION FAIRYk»/)
FRINT 102y0C02sOHCO3yICO3yLCA M ICACOS
FRINT 236
236 FORMATCLOX s XOH-Xy 11X r %503 ~~%r 11Xy XkHSOZ—%ks 11Xy KA——%» 11X s XH2A% v 11X
LkHA-%y /)
FRINT 102:D0H,0S03»DHS03 DA DH2A s IHA
162 FORMAT(3Xs6E1S5.3+/)
FRINT 237
237 FORMAT(L1OX»kK1ke L1AXkRK2%» 14X XKIXs 14Xy RKKF K5 /)
FRINT 103»K1sK2¢K3sKF
FRINT 238
238 FORMATC(LOXsXKALky 14Xy XRKARZK» 14Xy XKW s 12X 5 KKHSO3%5 /)
FRINT 103yKALlsKAZ:RKWsyKHSD3
103 FORMAT(3Xs4E1S5.45/)
FRINT 251
FORMAT (10X kP HX s 11Xy XFPCOR(ATM )Xy SX v XFARTICLE DIAMETER(CMI%» /)
FRINT 105sFHsFCO2RO
1035 FORMAT(3Xs3EL15.3)
FRINT 239

e}
t
fary
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239

188
241

37

36

11

i2

FORMAT (7Xs ¥OUTFUTX s // » 6Xy XBULK CONCENTRATIONS (G-MOLEAL Y% /2
PRINT 235

FRINT 1029CDQByHCUSE9CO3B?CﬁByHByCACDBB

PRIMT 234

FRINT 1039DHB;SDZB?HSU3ByﬁBvH2ﬁByHAB

CALL SURCONE(BETAL)

caAaLL PHI(CGCOB»CACO3SvSIDE1)

CALL SURCONE(BETAZ)

cal.L FHIC(CACO3»CACO3SSTINED)
TE(SINELIXSINER.BT.1.) GO TO 187

M=0

BETA=(RETAZ+RBETALI/2.

CALL SURCONE(BETA)

call FHI(CACO3yCACO3E»SIDEND

IF(SIDELXSIDEN.LT. 1) RETAZ=RETA

IF(SIDE2XSIDEN LT+1:) BETAL=RETA
DELT=ABS((BET91~BETA2)/BETQ1)

IF(DELT.LT.0.0003) 6O T0 183

IF (M.EQ.25) GO TO 187

M=M+1

GO TO 120

FRINT 241

FORMAT (13X %xSURFACE CONCENTRATION(G-MOLE/L)%» /72
FRINT 235

FRINT 102 CO2»HCOZ O3 CA#HCACO3

FRINT 236

BFRINT 102y0HyS03+HS03 A H2AHA

FRINT 37 RBETA

FORMAT(//s3XrE15,4)

RATED==RETA/ (1000, %R0

FRINT 36sRATEDR

FORMAT (/s 3XsXRATE OF DIQSDLUTIDN=$¥E15;59$G”ﬁDLEfSQvCM&SEC$¥/)
nCCOR=C02-CO2E )
NCHCOZ=HCO3~HCO3R

DCCA=CA-CAR

TICH=H-HRE :

NCCACO=CACO3~CACO3E

ICC03=CN3~-CO3R

DCOH=0H-0HR

LCs03=503-503k

LDCHS0Z=H803~HSO3R

nCCAA=A-AR

DCH2A=HZA-H2AR

DCHA=HA~HAR

DICO2=0C02xnceo?

DIHCO3I=DHCOIXLCHIOS

DICA=UCAXDCCA

DIH=DHXDCH

DICACO=DCCACOXDCACOSE

DICOZI=NCO3XNCCO3

DIOH=D0HKXOCOH

NISON3I=0803%XNCE03

NIHSO3=IHS03IXDCHS3

OIAA=NCCAAXDA

DIHZ2A=TIH2AXDCH2A

OIHA=DHAXDCHA

FRINT 11

FORMAT (// v &X s XDIFFERENCE BETWEEN SURFACE AND BULK CONCENTRATION
1FOR EACH CHEMICAL SFPECIESX»//)

FRINT 235

PRINT 1029DCCUE;DCHCUZyDCCD39DCEA:DCHvDCEACU
FRINT 236 .
FRINT 1029DCUHyDCSU3yDCHSU39DCCﬁAyECHQQ;DCHﬁ
FRINT 12

FORMAT(// 56X s %FLUX CONTRIBUTION FCR EACH SFECIESX:/2
FRINT 235
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105

PRINT 102yDIC02yDIHCO3sDIC0Z,0ICAsDIH,DICACO
FRINT 236 _
FRINT 102yDI0H,DIS03,UIHS03y HIAA DIH2AITHA

187 STOF

10

END

SUEROUTINE FHI(CACO3,CACO3SsSINE)
IF(CACO3.LT.CACO3S) SIDE=1
IF(CACD3.GT.CACO3S) BINE
RETURN

END

SUBROUTINE SURCONE (BETA)
COMMON/CONST/ALFHL y ALFH2 » ALFHZ » ALFH4 s ALFHS

COMMON/CONSUR/HCO3S» CO3S,CASyHE,CO2S

COMMON/CANC/CO2yCO3 5 HCO3, CACO3 y Hy LA CACD3S o
COMMON/CANC2/803 5 HE03» OH s A H2A Y HA :
COMMON/DIFF /DHCO3y DCO3 » IHy BCO2 » DCA» DCATDS
COMMON/DIFF2/0S03y DHE03, DOH, DA » BH2A s IHA
COMMON/BULK/CO2E s CO3Ey HCO3E » CACDBE s HE » CAR
COMMON/BULK2/S03Ey HSOBE » DHE » AR » HRAE y HAR

COMMON/EFS/EFSLsEFS2

COMMON/RATEK/KL K2y K3 KF yKAL s KAZ»KHS03 s KW

COMMON/ADI/KD

REAL KI .
REAL K1yK2sK3vKALsKARyKHSO3 KUY
ALPH1=DCO2%COZE+IHCDZKHCOSEHICACOIKCACOS R+ ICOIXCOZE~BETA
ALFH2=0CACAB+ICACOIXCACO3E-EETA
ALFH3=DHKHE+IHCO3KHCOZES2 » KDCORKCO2B+DHAKHARS2 s KIH2AKH2AR~DOH
1KOHE~DSO3%XS03H ‘
ALPHA=DIH2AXH2AE+IHAXHARHIAXAR

ALFHS=IHS03XHS 03B+ DS03XS03E :

H1=HE : ;
H2=HE/1,0E4 s :

Bu

CALL FINDCRETAyH1vF1) ¥
CALL FINDCEETAsH2/F2) H
IF(F1kF2,GT.0.) GO TO 50

FSAVE=F1

Do 20 J=1,25

H=H2~F 2% (H2-H1)/ (F2-F1)

CALL FINDCCORsHyFW)
ERR=AES ( (H1-H2)/H1) /2,

IF(ERR,LE,EF51) 80 TO 60

IF (ABS (FW) L LE,EFS2) GO TD 60
IF(FWKFL.LT.0.) 60 TO 10

Hi=H

Fl=Fu

IF (FWKFSAVE.GT.0.) F2=F2/2, -
FSAVE=FI

G0 TO 20

Hz2=H

F2=Fl

IF(FWKFSAVE,GT.0.) Fi=F1/2,

FSAVE=FN

CONTINUE

FRINT 3

FORMAT C1HO» 10X, %FIND 0 NOT CONVERGEky/)
CALL FINDCEETAvHyF)

CACOZ=CAXHCO3/ (K1XH)

CO3=KIKHCO3/H

RETURN

END

SUBRQUTINE FIND(RETAsHYS»F)
COMMON/DIFF2/0803y OHS03 T0Hy DA OH2A » THA
COMMON/DIFF/DHCOZ» D03 OH DEO2y DCA» DZACOZ



COMMON/CANC/CO2, COBs HCOS s CACOZ v My CA» CACD3S
COMMON/CANC2/803 s HEOZy OMy Ay H2A s HA
COMMON/RATER/RL s K2y K3 KF o KAL » KAZ» KHEQZ v Kl
COMMON/CONST/Z7ALFHLy ALFH2y ALFPH3 » AL_FH4 s ALFHS

COMMON/ATD/KD

REAL K1yR2yR3yKD

REAL KAlsKAZyKHE03vKlW

H=HYS

OH=KW/H

H2A=ALFH4/ (DH2AX (1, +DHAXKAL/Z COHZAKH) +KALRRKAZK DA/ (DH2A%HKH) Y )
Ha=RKALXH2A/H

A=KALXRKAZXH2A/ (HxH)

HS03=ALFHS/ (DHSO3+DS0IRKHEDI/H?

S03=KHB03%H503/H ’
HCO3=(ALFH1~-0C02:4C02) / (DHCOZ+DCACOBRCAXKD/ (HRRI) +0CO3%KI/H)

F=DHKH+IHCO3XHCO342, % 0C02KCO2+DHAKHA+2  XDH2AXHEA-DOHXOH-DS03%E03

1-AaLFH3
RETURN
ENI
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PROGRAM III
MASS TRANSFER MODEL FOR CALCULATING SURFACE

CaCO°3 and CaSO"3 CONCENTRATIONS

Program III is the same as program II, except that an
experimental é is used te backcalculate the [CaCOS]

and [Casog] at the limestone surface.

Input and output same as in program ITI
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FROGRAM LIMSDIS(TTY s INFUT=TTYsQUTFYT?
CHARKKAKF KKK KRACK KKK KA AR HOK R KA AAOR KR AR SR AR KR KK KoK Rk ko ok ootk ok sk

b3
CX)¥%XXTHIS FROGRAM CALCULATE THE RATE OF LIMESTONE DISSOLUTION BYsokkkk
X
Cxxxx A MASS TRANSFER MODEL USING SFHERICAL GEOMETRYKKKokskkokgk
X
CREKBAKKKR KKK KKK KAKAKAKRR AR KRR KR KK KA A K KOO0 R KR KKK K AR KKKk K
X
DIMENSION AFH(10)sAFCO2¢10)
DIMENSION ACTP(10)sBCTF(10)»ZI(10) sGAMMA(LS)
DIMENSION ACO2(120)
DIMENSION CCO3(120)sCCACO3(120)yCC02C1L20)sC0ACLI20)CH(120)
DIMENSION CHCO3(120)»0X(120)
DIMENSION COHC(120)yC803(120)yCHSO3(120) yCAACLR0) s CHRACLIR0)
DIMENSION CHAC120)
COMMON/DIFF/DHCOZ DCO3 DH» ICO2» DCA Yy ICACDS
COMMON/DIFF2/0803 s IHSO3 s TOH » UA » DH2A s DHA
COMMON/RATEK/K1s K2y K3y KF v KAL »KA2y KHS0Z v Kl
COMMON/CONST/ALFHL s ALFH2 s ALFHI » ALFH4 » ALFHS
COMMON/CONSUR/HCO3S,CO3S+CAS HE s COR
COMMON/RAD/ROsBETA
COMMON/EFS/EFS1yEFS2
COMMON/ZEND/YOs YF
COMMON/DKRATE/KAsREyKC
COMMON/COUNT/NJ
COMMON/INDEX/NK
COMMON/END2/Y01»YF1
COMMON/SURF/CCO3y CCACO3,CCO2,CCA»CHy CHCOZ s IX
COMMON/SURF2/C0H»C803yCHSO3»CAA Y CH2A CHA
COMMON/CANC/CO2yCO3yHEDZyCACOZ» He LA CACDZS
COMMON/CANCR2/803yHE03 s 0MHsAs H2A Y HA
COMMON/RBULK/CO2Es CO3R» HCO3ZR » CACOZR s HE» CAR
COMMON/BULK“/SO?B?HqU3ByUHBrAPyH°QBvHﬁP
COMMON/ATID/KI
REAL K1sK2yK3yKWsKF»KALsKARy KHS03
REAL KIsKS

CREBRKKKKAKKKKKDIFFUSIVITIES IN CMR/SECKRRRKKKARIRRE KKK K KKK C ok dok XKk %
X
CREKHRRAKKKICKKRCACOZS SURFACE CONCENTRATION OF ION FAIR ATXkksolkiokksk
X
CAokRRFAARKRICEKKKUKBOLID LIQUID INTERFHASERRICKKKRKEE KKKk gk Kk sk koo koK
%

DATA DCORyDHCOZsUCO3 s NCA/ 2. 0E-5,1 . RE~55 7 s OE=dy 7, 9E~4/
DATA DHyDCATOZyCACO3S/9 ., 3E~557 2 5E~61 6, 204E~67"

DATA TS035IHS03» DOH» DA/ 3, 85E~6y 1. 19E 5;b.~7L—qp7 05E-6/
DATA DH2ADHA/L 19E-59 1, 09E-5/ :

DAaTA héiyhﬁﬁvlthHSD3/3.q48E-5yO.O&1.0E—1416;24E—8/
DATA EFSL,EFS2/1.0E~6+1,0E-25/

CRrskkokoik Rk kb k X ERROR CRITERIA FOR CONUEthNCF****X****k#*K*K koK
%

- Cxrskosoksoksorkkokk ok sokskok EFS1 EFS2 ) - kekkokoskekoksdckaorkokskek ko ok

¥

CRAKKKKKLRKAKKKKRXACTP y BCTF ACTIVITIES COEFFICIENT PARAMETERSN KRRk

*
CRIXKRKKEKKAKKKKAKFOR MODIFIED DERYE~HUCKEL ERUATIONK(IKKKIRKK kKKK
X

DATACACTF (I3sI=199)/64094.554.554,.5+4.554.5:3,.53.53./
DATA(RCTF (I)VI=1??)/Ooﬁ9OQJ!Og01OQ?Of?Ob70039043!0}3L‘
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ChrxORKHK HENRY ‘S CONSTANT FOR CO2 IN WATERXXkkskkskokkkkkskkskioksok
'g**x***XXUI EMFIRICAL CONSTANT FOR UNCHARGED SFECIES IN Xkkksotokiok
é#******* DERYE-HUCKEL EQUATION keksokskelorskek
*XXXX*X*XCI IONIC STRENGTH OF SOLUTION *#**#*#**************
¥

CookskkkkkACONS y B TEMPERATURE CONSTANTS IN THE MODIFIEInckkckokkkiokkksokiork
X
Cxkoksokekeksoiokkksokok ook DERYE-HUCKEL  EQUAT LONkskokskeksoiekfoksoksokskokstok ko k

X
CokskkorkokkZ T IONIC VALENCIES sekoisksksokskoeksoksookkkokskdek

*

DATA HKyUI-CIvACONSsRB/0.030570,07620.370.51250,.312/
DATA (ZI(I)sI=199)/0 723504352, 92s91luvlss2.9l./

TATA KLIsRR2yK3sKF/1+34E7 54, 45E-796.3E-4:2,6E-2/

IATA RU/4,69E~11/

TATA KS8/74.0E-4/

Casksoorsioksiekorkekookskorkeookickokk INFUT - DATAokiokskslooksksokkskorkesokskokokkkok ok ko k

g******AT TOTAL BUFFER CONCENTRATION(GMOLES/LITER) Xk
ﬁ******SOST TOTAL SULFITE CONCENTRATION(GMOLES/LITER) sekskox
g******BETﬁiaEETQZ TRIAL INTERVALS FOR THE DISSOLUTION FLUX KRk
g****** (GMOLES~CM2/LITER-SEC) Yokdekek
g#****#NI NUMEBER OF FH AND FCO2 DATA FAIR - KKK
g******ﬁPCOE;APH FH & PARTIQL FRESSURE OF CO2(ATM) Kook
é******ﬂo o FARTICLE DIAMETER(MICRO'METER) Kkokk
g******CA CALCIUM CONCENTRATION OF RULK SOLUTION ok ERoK
é***#** (GMOLES/LITER? h2 288 4

Casokkadoksiokskekoksorkokosoksioklekeskok i or ook Rk Rokekokok ok skokskakokk ok ook ook sokoksok ek
X

READIsAT»503T
READ» RETA

REATs NI

REAL +CAYRD

00 2 K=1,NI

REAL  sAPCOR2(KY y ARHCKD
CONTINUE

00 21 I=1s9
WA=ACONSXZICII%ZI(I)
WC=SART(CI)
WE=1,+BXACTF (I I %WC

r)

Cxackickicokkokksorisrkssrkobbkekok ok ko sk kok sk fiolololookaiorsosiksksolookiorcsriorerkok
Kk
CRXKRRKKKACTIVITY COEFFICIENTSXRRKAEAREROKRCOMPONENTSR¥kkkkkk sk Rk Rk %
34

c BAMMA (1) H+

C GAMMA(2) catt
C GAMMA (3) HCO3-
c BAMMA (4) _ S - CO3—-
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c GAMMA (3) 503--

[ GAMMA (&) H803~

c GAMMA(7) OH-

[ GAMMA(8) A

C GAMMA(9) HA-

C GAMMA (10} coz2

[ GAMMAC(LL) H2A -

c GaMMA(12) CACO3(ION PAIR)

Caeoksekorsksksoksoksksksosoksokok ok ok ko sk ok ok koo skorok sk okokskskoksok ok ok skok soksolokok
%X

21 GAMMAC(I) =10, %X (WAX(-WC/WRBH+CIXRBUTF(I)))
ng 22 I=10y12

22 GAMMACI)=10.%X(UI%CI>
0 3 J=1sNI
FH=AFH ()
FPCO2=AFCO2(0)

3 CONTINUE
AH=10. %%k (~FH)
H=AH/GAMMA (1)
CO2=HKXFCO2
HE=H
CO2E=CN2
AACOZ=COIXEAMMA(LO)
AHCO3=K2%AAC02/AH
HCO3=AHCD3/8AMMA(3)
HCO3E=HCO3
ACO3=RIkAHCO3/AaH
CO3=ACR3/GAMMA(4)
CO3R=C03
ACA=CAXGAMMA(2)
CaAR=CA : )
ACACO3=ACAXACO3/K3 o
CACO3=ACACO3/GAMMA(L2)
CACO3R=CAC03

CRARKKAKKRREDEF INE EQUILIBRIUM ANI RATE CONSTANT IN TERMS OF skkdokksiokkk
¥

CRARAAR KK KRKKACKKAOKHIOR KK FOKR KKK K CONCENTRAT TONSH R lokskoksksokoskskor ok sk sk sk sk skokox

X

CRAokkk(KEQUILIBRIUM CONSTANTRKERRKKIIXKRKREACT TONMKKR KR ko skotokorkdokor
b4

C K1 CACO3(ION FAIR) + H+ = CA++ + HCO3Z~
c K2 CO02 + H20 = H+ + HCO3-

C K3 CACO3(ION FAIR) = Cat++ + CO3--

C KHS03 HSO03~ = H+ + S03--

C Ki H20 = H+ + OH-

C KIi HCO3-~ = H+ + CO3--

€ K& CASO3(ION FAIR) = CA++ + S03-~

[ KAl H2A = H+ + Ha-

c KA2 HA- = H+ + A--

CRREXKAAAKRATE CONSTANTRRKRICKKKK KR KRR KX KKLRREACT TONKkoioksoksolsieksksokskskokoksk
®

[ KF Co2 + H20 = H+ + HCO3-

Cxsksookkskiaook kR ik RoR KRRk ROR Rk kR kKK KOk skskskok kR skskokokok
X

KF=KFXGAMMA (107
Ki=(R1XGAMMA (L) XGAMMA(L12))/ (GAMMA (2)XGAMMA(3))
R2=(K2XGAMMA (10) ) / (GAMMA (1) %GAMMA(3))

e R3=K3XCGAMMA (12} / (GAMMA (2 XGAMMA(4) 2 |



234

37

36

RKHS03=(KHSOIXGAMMA (4) )/ (GAMMA (T)*CGAMHA (L))

KHS03=RKHS0Z% (1 .+GAMMA (2) XGAMMA (G)XCA/ (GAMMA(L2)%KSE))

KW=KWK/ CGAMMA (1) XGAMMA(Z))

KO=KIXGAMMA (3) / (GAMMA (L) XGAMMA(4))

OHR=KW/HE

HABR=AT/ (1. +HE/RKAL+RAZ/HE)

H2AR=HARXHER/KAL

AR=AT-HAR~H2AR

SO3E=KHS03%S03T/ (HE+KHEN3)

HSD3R=503T-S03R

FRINT 234

FORMATCL1HL » 6Xs XINFUT DATAXy// 16Xy XDIFFUSIVITIES (CMR2/SEC) %5 /2
FRINT 239

FORMAT (10X 002Xy 11Xy XHCOZ %+ 11Xy XCO3~~X» 11Xy XCA++K» 13Xy kHX s Xy

1X%CACO3(ION FAIR)YXs/)

FRINT 1020002y BHCO3LCO3sDCAIHDICACO3

FRINT 236 ’
FORMATC10X» ¥OH—%» 11X s K03 —~%» L1 Xy kHEOZ~K s 11X ¥A——¥» 11Xy kH2AX 11X

1%HA-Xy /)
PRINT 102,D0HyDS03s0HS03 DA, DIH2AOHA
FORMAT(3Xs8EL15+3¢/2 .
FRINT 237
FORMAT (10X s kK1ky 14Xy XK2% s 14X s kK3K 9 14Xy kKF Xy /)
FRINT 103sR1sK2yK3sKF
PRINT 238
FORMAT (10X sy ¥RKALK L4X r XKARNK » 14Xy RKUXy 12X XKHE03X 9 /)
FRINT 103sKA1sKAZsKWyRKHS03
FORMAT(3Xy4E1S, 49 /)
FRINT 2351
FORMAT (LOX s XPHX s 11X s XFPCO2(ATH. )X SX s XFARTICLE DIAMETERCCMIXe/)

FRINT 105sFHsFCOZ»RO

FORMAT (3Xs3EL1G.3)

FRINT 239

FORMAT (7X s KOUTFUTXR s // 96Xy XBULK CONCENTRATIONS(G-MOLE/L)%»/)
FRINT 235

FRINT 102yCO2RsHCO3E,CO3RsCARyHEyCACO3R
FRINT 236 .

FRINT 102;0HEsS03E,HSO3R» ARy HRARHAR
CALL SURCONE(BETA?

FRINT 241

FORMAT (13Xs%SURFACE CONCENTRATIOMC(G-MOLE/L)Xy//)
FRINT 233

FRINT 102,C02sHCD3sCO35CA»HCACO3

FRINT 236

FRINT 102:0HyS03,HS03,AsH2AYHA

FRINT 37»RETA

FORMAT(//»3X7E15.4)
RATEN=-RETA/ (1000 . %R0O)

PRINT 36+RATEL

FORMAT (/s 3X»%RATE OF DISSOLUTION=%:E15.5s%G-MOLE/SR.CM.SECKy /)
NnCCco2=Ccoa-Coln N
DCHCO3=HCO3-HCO3R

ncta=CA~-CaAR

LCH=H-HE

DCCACO=CACO3~-CACD3R

nCCO3=C03-CO3E

DCOH=0H-0HE

NCs03=503-503k

DCHS03=HS03~HSO3R

NCCAR=A-AR

NCHZA=H2A-HZAR

ICHA=HA-HAE

DICO2=DCO02%0CCO2
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DIHCO3=NHCO3XDCHCO3
DICA=LCAXICCA
DIH=DHXDCH
DICACO=DCCACOXICACO3
DICO3=0nCO3%nCcco3
LDIOH=00HXNCOH
DISO3=0S03XNCE03
DIHS03=DHSO3%NCHS0X
DIAA=NCCAAXDA
DIH2A=IH2AXDCHZA
DIHA=LHAXICHA
PRINT 11
11 FORMAT(//» 6X» XDIFFERENCE BETWEEN SURFACE AMD BULK CONCEMTRATIOM
1FOR EACH CHEMICAL SFECIES%»//)
FRINT 233
FRINT 102,0CC02»DCHCO3,RCCO3»DCCA»ICH DICCACD
FRINT 236 ’
FRINT 102-,0COH,DCS5035 DCHSO03 DCCAAsTBCH2A DCHA
FRINT 12
12 FORMAT(//»6Xs %FLUX CONTRIRBUTION FOR EACH SFPECIESX:/)
FRINT 235
FRINT 102,DIC02s0IHCO3»DIC03,0ICA»DIH-DICACO
FRINT 236
FRINT 102y0I0H,DRISO3yDIHS03sDIAADIH2AIIHA
STOF
END

SUBROUTINE SURCONE(RETA)
COMMON/CONST/ALFHL yALFH2yALFPHI s ALFHA s ALFPHS
COMMON/CONSUR/HCO35,CO3S»CASHE, COR2E
COMMON/CANC/CO25sC0O3sHCO3»CACO3yHCA»CACD3S
COMMON/CANCR/803yHE03sOHe A H2A» HA
COMMON/DIFF/DHCO3,yCO3»DH» DCO2» HCA» DCACOS
COMMON/DIFF2/0503 5 IHS03» IOH ¢ DA » IH2A » THA
COMMON/RULK/CO2ZRsCO3ByHCO3R» CACO3RyHE» CAR
COMMON/BULK2/503E» HSO3ZER » OHRy ARy H2AR » HAR
COMMON/EFS/EFSLyEFS2
COMMON/RATERK/KLy K2y K3y KF s KAL s KAZ2y KHSO3 s Kid
COMMON/ALRL/KD
REAL KIn .
REAL K1sK25yK3sRNALsKAZyKHE03 KW
ALFH1=0CO2%CO2B+IHCAZIKHCOIRFLNCACOIXCACOIR+UCOIXCOIR-RETA
ALPH2=NCAXCARLICACOIRCACOIE~-RETA
ALFH3=IHXHRB+DHCOZHHCOZB+2, X DCO2% CORB+DHAYHARER » XDH2AXHRAR~TI0H
1%0HR~-DS03%XSNOZR
ALFHA=DH2AXM2AR+IHAXHAREIAXAR
ALFPHI=IHSO3%HS03B+NS03%503
H1l=HR
H2=HR/1.0E4
CALL FIND(BETAsH1,F1)
CALL FIND(RETAyH2:F2)
IF(F1%F2.GT.0.) GO TO 50
FSAVE=F1
0o 20 J=1,25
H=H2~F2% (H2~H1)/(F2~F1)
CALL FIND(CORsHyFW)
ERR=ABS( (H1-H2)/H1) /2.,
IF(ERR.LE.EFS1) GO TOD 6¢
IF(ABS(FW) .LE.EFS2) GO TO 40
IF(FW4F1.LT.C.) GO TO 10
Hi=H
Fl=FW
IF(FWXFSAVE.GT.0,) F2=F2/2.
FSAVE=FI
- B0 70 20
10 _H2=H.



20
S0

40

10

F2=Fu

IF(FW%FSAVE.GT.0.) Fil=F1/2,
FSAVE=FY

CONTINUE

FRINT 3
FORMAT (1HO» 10X» %FIND [0 NOT CONVERGEXs/)
CALL FINIDC(EBETAsH,F)
CACO3=CAXHCD3/(K1%H}
CO3=KO%HCO3/H

RETURN

END

SUBROUTINE FINIDCRETAsHYS»F)
COMMON/DIFF2/0803 5y DHS03yDOH » A s [IH2A » DHA
COMMON/TIIFF/IHCO3» DCO3 s DMy BCO2 s DCA s DCATDS
COMMON/CANC/CD25C0O3+HCO3sCACO3 s Hs CA»CALDIS
COMMON/CANC2/S03 s HSU3sOHs Ay HR2A HA
COMMON/RATER/KL s K25 K3»KFyKAL s KAZy KHSOZ s KW
COMMON/CONST/ALFPHL s ALFH2 » ALFH3 s ALFHA » ALFHS

COMMON/ALD/RD

REAL RK1sK2:K3sKD

REAL KALlsKA2yKHSOZsKW

H=HYS

OH=RW/H

H2A=ALFH4/ (IH2A%X (1 +DHAXKAL/ (OH2AXH) +KALXKAZXDA/ (OH2AKHEHY )
HA=KA1XH2A/H

A=RALAKA2XHR2A/ (HXH)

HS03=ALFHS/ (IHSO3+D503%KHS03/H)

S03=KHS03XHSO3/H
HCO3=(ALFH1-DCO2%C02) / (DHCO3+LCACO3IXCAKKE/ (HXK3 ) +0NCOZXKI/H)
F=DHXH+DHCOZXHCO3+2 K ICO2XCOR+IHAKHAFR « XDH2AXHR2 A~ DOHKXOH~DS03% 803

1-ALFH3

FRINT 10sF .
FORMAT(3XsE15,3)
RETURN

END
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PROGRAM IV
MASS TRANSFER MODEL WITH EQUILIBRIUM SHIFT

¢ °
OF CaS0O, ON CaCO
a 3 a 3

Program IV is similar to program II with the additien of

o ©
[Ca003] as a function ef [CaSOB] at the limestone surface,

Input and output is the same as in program IT
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FROGRAM LIMSOISCTTY s INFUT=TTYOUTFUT)
CRKKAK KKK KK KKK KKK KKK KKK E KK A A KK KK IR KKK KA KK KK KKK KAk K K K

X
L THE PHYSICAL CONSTANTS USED IN THIS PROGRAM I8 AT 53 LEGREE C
CROKKKRKIOR KOk kRSO Kk okok sk sk ok skekokok ok skekok sk sksoksiolokskaolok ok kol soksok ok sokkskokk

X
Gk sdksorsoksoroksokok R skokskskoksksokskoksorsoksksk ok soksok sorsoksk sokskorsok soksokoksokskekokeskok doksox
X
CHXX(XTHIS FROGRAM CALCULATE THE RATE OF LIMESTONE DISSOLUTION EBYXkkX¥k

b3
Ckkorskk A MASS TRANSFER MOREL USING SPHERICAL GEOMETRY:HKkskorkkioksork

*
Cxokxkokkoksskokkekokkokk kR ok okokskiokksoRrsksoksokorekokorkokiokoiorsioksksiok ook ook soksolor ok
*
DIMENSION APH(10)AFCO2(10)
ODIMENSION ACTF(10) sBRCTF(L10)»ZI(10) yGAMMAC(LS)
DIMENSION ACO2(120)
DIMENSION CCO3(120)+CCACO3(120)»CCO2(120)CCACL20)»CH(L20)
DIMENSION CHCO3(1203,DX(120)
DIMENSION COH(120)2CS03(120)CHE03(120)CAAIL20) sCHZACLZ0)
DIMENSION CHAC120)
COMMON/LIIFF/DHCO3y DCO3 s IH s DNCO2» DCA DCACO3
COMMON/RIFF2/0803y THSO3» DIOH s DAy IH2A y IIHA
COMMON/RATER/RKL s K2y K3 s KF s KAL s KAZy KHEQ3 s KW
COMMON/CONST/ALFHL y ALFH2y ALFHZ s ALFH4 v ALFHS
COMMON/CONSUR/HCO38y CO38yCASyHE» CO2S
COMMON/RAD/ROy BETA
COMMON/EFS/EFS1 sEFS2
COMMON/END/YO» YF
COMMON/DKRATE/KAs KB RC
COMMON/COUNT /NJ
COMMOM/INDEX/NK
COMMON/END2/Y0L s YFL o
COMMON/SURF/CCO3yCCACO3y CLORyCCAYCHy CHCO3y IX
COMMON/SURF2/C0OH CSO3» CHEOE y CAaAy CH2A» CHA
COMMON/CANC/C02,CO3sHOO3 s CACO3 v M CAY DACDES
COMMON/CANC2/503y HS0Z s OH s Ay H2Ay HA
COMMON/RULK/CO2E»CO3R, HCO3Ry CACO3RyHE CAR
COMMON/RULK2/S0ZRy HEQ3R» OHRy AR HZAR Y HAR
COMMON/ALID/KD
REAL K1sK25KIyRKWsKF KAl KAZ»KHSOZ

REAL KD¢KS
CHIOKKKKANCRKXKROIFFUSIVITIES IN CH2/SECHksksekoksksoksksokokskoksoksksoriockorskoskokoskskekdok
X
CREXKACCER KKK XK KCACO3S SURFACE CONCENTRATION OF 10N PAILR ATHRsockskkskokkk
%

Csksrskoioksookciokkiok ok SOLID LIQUID INTERPHASERkdokscorskioksksoksooioisookioriok ok
X

DATA DCO2yHCO3»0C03,DCA/3.89E-5-2,33E-5,1,38E-5+1.54E-5/
DATA DH,TCACO3/1.81E-4y1.46E-5/

[ATA DSO3sDHSD3D0OHY DA/ 7. 49E~621 . 46E-5,1,03E-451.37E-5/
LDATA DH2A,THA/2,32E~5y2.12E-5/

DATA KALyRAZ:KWyRKHS03/0450,97,26E-143.99E-8/

DATA EFS1yEFS2/1.0E-6+1,0E-25/

CHRERARRAKRKKAKHRKACKKERROR CRITERIA FOR CONVERGENCESckkcksksksksksoreksksokksotksksk

X
CRENRRRK KRRk Rk ORK K EFS1 EFS2 seketoksgeoksksksokskkokoksoiokksk
b 4

CRIKAKAKKKKRACKKKKACTF Yy BCTF ACTIVITIES COEFFICIENT FARAMETERSHkkdckiokskok
X
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CRIKKHKKAKKKAKKNKAOKFOR MODIFIED DERYE~HUCKEL EQUATION)kkoksksksksokkekskok sk
X

DATACACTF (I)»I=159)/64074,5+4:5r4.5+4.524,593.+93,93./
DATA(RCTF (I)vI=1¢P)/0.,4v0.150.090,20:70,90:320:3+0.3/

CRskpkRKAOKHR HENRY’S CONSTANT FOR CO2 IN WATERScKRRkckkkksokkrkkk
g*#******UI EMFIRICAL CONSTANT FOR UNCHARGED SFECIES IN Xskkkkdokkk
g******** LDERYE~HUCKEL EQUATION Fokdokorkskek
i********CI IONIC STRENGTH OF SOLUTION Sorsolskoksorsiokokskokkelokkeok
g********ﬁCONSvB TEMFERATURE CONSTANTE IN THE MODIFIEDkksokiokkskokskokdokkk i
g**#***************#****#***DEBYE*HUEKEL EQUAT IONRRkkck¥okkokkkfokookkgkk -
é*********ZI IONIC VALENCIES Rk scksoksoroksoelskokelorkk

DATA HKsUI»CI ACONSyE/0.016850.07490.370.54350,336/
DATA (ZICIdvI=L1eP)/Ler2erlas20s2iplovlss2erl/

DATA K1sRK2sK3sKF/ 643655, 12E-7+4.51E~4,0.127/

DATA KO/7.02E-11/

DATA K&8/72.81E-4/

Ckkorskskokekok koo ook INFUT - DATAKkolorsokk ok kkok kokkoksk ook sok ek
X

CRKKKKKAT TOTAL BUFFER CONCENTRATION(GMOLES/LITER) KKk
g*****#sosT TOTAL SULFITE CONCENTRATION(GMOLES/LITER) Kook K
. .

CHKKAKKBETAL, BETAZ TRIAL INTERVALS FOR THE DISSOLUTION FLUX KRk
g****mx .« (GMOLES-CM2/LITER-SEC) . skolok
g****x*NI : NUMBER OF FH AND FCO2 DATA FAIR Kook
g******APCOQ,APH _FH.3 PARTiAL_PR%SSURE OF CO2(ATH) fokokskok
g******RD . .Péﬁftctﬁ“ﬁEEQEfER(ﬁICRD—METER) ook ok
g*x****ca " CALCIUM CONCENTRATION OF BULK SOLUTION skl
E**mx** (GMOLES/LITER) Kkkk

Crorskook ko koo sok kol ok Rk ok ks skolokiorokkokr ook solokskskekoskaksokokek
X

READAT»SO3T

READs RETAL s BETAZ
READy NI

READ »CAYRO

D0 2 K=1,NI

REAL yAFCO2(K)Y s APH KD
CONTINUE

Do 21 I=1+9
WA=ACONSXZI(I)%XZI(I)
WC=8QRT(CI)
WE=1,+BXACTF (I)%WC

8]

Cxroxksokkkkokkoorkksk kool kR R ok ok ioR R ok kskokokkolokookr koo ioksk ok sk
X%
o CERRRRKKKKACTIVITY COEFFICIENTSRAckkRREL LKk kAR COMFONENT SRRk kokdok ko dokkkok



OOOaOaOQaOaao X,

3¢

GAMMA (L)
GAMMA(2)
GAMMA (3}
GAMMA(4)
GAMMA(S)
GAMMA (6}
GAMMA(7)
GAMMA(8)
GAMMA(S)
GAMMA(10)
GAMMA(LL)
GAMMA(12)

Cacksoxssoksksioloksokskeokokoksoksksksokkoksioioksioiok ook soksksorsksoksorsk koo sokk ok kok ook

XX

i8]
iy

00 22 I=10s12
GAMMACI) =10, %Xk (UIXCI)
00 3 J=1sNI
FH=AFH(J)
FCO2=AFC02(.J)

3 CONTINUE
AH=10, X% (~FH)
H=AH/GAMMA (1)
COR=HKXFCO2
HE=H
CO2R=C02
AACOR=CO2KGAMMACL10)
AHCO3=K2%XAAL0R/AH
HCO3=AHCO3/GAMMA (3)
HCO3ZEB=HC0O3
ACO3=KIKAHCO3/AH
CO3=ACO3/GAMMAC4)
CO3R=C03
ACA=CAXBAMMA (2)
CAR=CA L
ACACO3I=ACAXACDIZK3

&
[¥]

CACOZ=ACACU3/GAﬁMQ(12)

'CAQOEB?QQQQ3:TT

C**i*x****REDEFINE EQUILIERRIUM AND RATE CONSTANT IN TERMS OF k&kokkskokiksk

b
CRERKKKAKKKKAAKK KKK KK IORKKKRCONCENTRAT T ONSsktoksokkskoksokskrsiokokskkokiok ok skskok skok

X

CxAORKKEQUILIERIUM CONSTANTRRREREREKKRKKKAREACT TONokkoksiooksksokkkeolok ook

K1

K2

K3
RH803Z
KW

Kn

KRS
Kal
KA2

OaooaooOa0noe

CHAXKKKKKRATE CONSTANTRERKEHKKKKEKKKKKKKKKKKREACT TONKKKIKK KKK KKK KKK Aokok

X
c KF

CRMAAARIKAK K KRR AR AR KKK KR KRR KRR KKK AR K KRR KKKk ok R KKK KKK KoK

*

H+
CAt+
HCD3-
CO3~-
503--
HS03~
OH-
A_._
HA-
coz
H2A

CACO3(ION FAIR)

GAMMA(I) =10k {WAX(~WC/WRH+CIXRCTF (L))

CACOZ(ION FAIR) + H+ = CA++ +
CO2 + H20 = H+ + HCO3-

CACO3(ION FAIR) = CA++ + COJF—-
HSO3~ = H+ + S03~-

H20 = H+ + OH-

HCO3- = H+ + CO3—-

CASO3(ION PAIR) = CA++ + 503--
H2A = H+ + Ha-

Ha- = H¥ + A—-

i o

C02 + HR20 = H+ + HCO3~
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234

r3
o
4]

234

120

46460

188

118

KF=KFXGAMMA(10)
K1=CK1KGAMMA (L) XGAMMA (12))/ (GANMA (2) XGANMMA(3))
K2=(K2XGAMMA (10 )/ (GAMMA (1) XBAMMA (3))
KI=KIXGAMMA (12)/ (GAMMA (2) XGAMHA (4))
RKHS03=(KHSO3XGAMMA (43 )/ (GAMMA (5) XGAMMA (1))

KHSO3=RKHSO3% (1, +GAMMA (2) XGAMMA C5)KCA/ (BAMMA (12)%KS) ) -

Ki=KW/ (GAMMA (1) XGAKMA (7))

KI=KIKGAMMA (3)/ (GAMMA (1) XKGAMMA (4))

OHE=KW/HE

HAB=AT/ (1, +HE/KA1+KAZ/HE)

H2AR=HABXHE/KAL

AR=AT-HAER~HZAR

SOZR=KHS03XSDZT/ (HE+KHS03)

HSO3E=S03T-503E

FRINT 234 7
FORMAT (1H1 56Xy XINFUT DATAX»//y 46X XDIFFUSIVITIES(CH2/SEC) %5 /)

PRINT 235

FORMAT (10X s XKCO2% » 11Xy ¥HCOB—K5 11X s KCO3=—K» 11Xy KCA++Ky 13X s XHE» X5

1%CACO3(ION PAIRIXs/)

FRINT 102,0C02sDHCO3-NCO03yUCA»DH HCACO3

FRINT 236

FORMAT (10X s kOH-%» 11X X803~ 11X s kHSO03~%X» 11Xy XA~~%y 11X v XHZAX s 11X

1¥%HA-Xs /)
FRINT 102sD0HyDS03»UHS03 DA DH2A» IIHA
FORMAT(3Xy6E15.3+ /)
FRINT 237
FORMAT (LOX»kK1ky 14Xy KK2K» 14X e kRIK» LAX v RKF X%y /)
FRINT 103yK1yRK2yK3sKF
FRINT 238
FORMAT (10X s kKALX» 14Xy XKARK» 14X s XKWWK » 12Xy XKHE0Q3% 7 /)
FRINT 103+KA1sKAZsKWyKHSEOZ
FORMAT(3Xy4E15,4+/)
FRINT 251
FORMAT (10X » XFHX» 11X XFCO2CATM DK » SX» XFARTICLE DIAMETER(CHM)Y %»/)

CUFRINT 1059 FHs FCO2y RO

FORMAT(3Xs3E15,3)

~FRINT 239

FORMAT (7Xs%X0UTPUTXy // v Xy XBULK CONCENTRATIONS (G-MOLE/L) ¥ /)
FRINT 235

FRINT 102sC02ByHCO3EyCO3EyCARyHECACOIR
FRINT 236

FRINT 102-0HRsSO3EsHS03E»ARsH2AE HAR
CALL SURCONE(RETAL)

CALL FHI(S0O35CACO3,8I0EL)

CALL SURCONE(RETA2)

CALL PHI(S03,CACO3,SIDER)
IF(SIDE1%SIDE2,.6T.1.) GO TO 187

M=0

BETA=(RETAZ+RETAL1) /2,

CaLL SURCONE(BETA)

FRINT 640,803,CAC03
FORMAT(4Xy2E15.4)

CALL PHI(S03,CACO3sSIDEN)
IF(SIDE1XSILEN.LT.0.) BETAR=EETA
IF(SIDERXSIDEN.LT.0.) EBETAL=RETA
DELT=ARS((RETAL-BETAR)/BETAL)
IFC(DELT.LT.0.0003) GO TO 188

IF (M+EQ.25) GO TO 187

M=M+1

GO TO 120

FRINT 241

241 . FORMAT (13XyXSURFACE CONCENTRATION(G-MOLE/L)%s//)
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37

36

11

187

FRINT 235

FRINT 102y C02sHCO3»C03sCArH»CACDS

FRINT 236

FRINT 102y 0H»S03yHE035ArH2A s HA

FRINT 37sBETA

FORMAT(// 9 3XsE15,4)

RATED=—KETA/ (1000, XR0)

FRINT 34yRATED -

FORMAT(/»3XsXRATE OF DISSOLUTION=XsE15.5,%G-MOLE/SQ.CM.SECKs /)
LCCOR=C02~CORE

OCHCO3=HCOZ~HCO3E

LCCA=CA-CAR

DCH=H-HE

ICCACO=CACO3~CACOZE

NCCO3=C03~C03E

LCOH=0H~0HE 7
[CS03=803-S03E : :
DCHS03=HS03~HS03 K

DCCAA=A-AK

[CH2A=H2A~H2AR

DCHA=HA-HAR

ICO2=DC02%X0NCCO2

DIHCO3=0HCO3XNCHCOS

DICA=NICAXDCCA

DIH=DHKOCH

DICACO=DCCACOXDCACOS

DNICO3=0CO3%XICCO3

DIOH=00HKDCOH

NIS03=0S03XNCS03

DIHSO3=DHSOIXNCHSO3

DIAA=DCCAAKDA

DIH2A=DH2AKICH2A

D IHA=DIHAXDCHA

PRINT 11 — -,

FORMAT(//»6X+¥DIFFERENCE BETWEEN SURFACE AND RULK CONCENTRATION

1FOR EACH CHEMICAL SFECIES%y//)

FRINT 235

FRINT 102,DCCO20CHCO3»TICCO3sDICCA ICH ICCACO
PRINT 236

FRINT 102,0COH»ICS03yDCHSO3 s BCCAA ICHR2Ay ICHA
FRINT 12

FORMAT(//+6Xs XFLUX CONTRIBUTION FOR EACH SFECIES)s/)
FRINT 235

FRINT 102,DIC02,DIHCO3,DICO3,0ICANIHyDICACD
PRINT 236

FRINT 102DI0H-DIS0O3,DIHSO3,0IAADIHR2ATITIHA
STOF

ENID

SUBROUTINE FHI(S03,CACO3Z,SIDE)
IF(S03.LT.4,96E-5.ANI.CACO3, LT, 6,2E~4) SIDE=-1,
IF(S03.,LT,4.96E-5,AND.CACO3.G6T.6,2E-6) SIDE=1,

IF(S03.GE.+4,26E~5) SIDE=ALOG10(CACD3Y+10.76+1.29%ALOG10(S03}
RETURM

END

SUEROUTINE SURCONE(EBETA)
COMMON/CONST/ALFHL s ALFHR s ALFHI3 s ALFPH4A s ALFHS
COMMON/CONSUR/HCO3S,C03SyCASHE»CO2S
COMMON/CANC/C025C03,HCOZ»CACO3HyCAYCACOZS
COMMON/CANC2/803,HS03 50y Ay H2A HA
COMMON/DIFF/DHCO3 s CO3 s IH» ICO2 s ICAy DCALOS
COMMON/DIFFR/0S03, DHSO3» I0H s DA s TH2A » IHA
COMMON/RBULK/CO2E s COZRyHCOZE » CACO3R s HE » CAR
COMMON/BULK2/503Bs HS03Ey OHE s AR s H2AK » HAR
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120

COMMON/EFS/EFSLyEFS2
COMMON/RATER/KLy K2y K3 s KF v KAL » KAZs KHS03 s KW

COMMON/ADD/KI

REAL KI

REAL RisK2yK3yKALyKAR»KHS03y KW
ALFHL=DC02%CO2B+TIHCO3¥HCOZR+ICACOIXCACOIRHDCOIXCO3IE-RETA
ALFH2=NCAXCAR+ICACOZIXCACO3R-RETA .
ALFH3I=DHXHB+IHCOZXHCOIR+2 . XDCO2XCO2 R+ IHAXHAREZ  kIH2AXH2AR-D0H
1¥%OHB-DISO3IXS03R

ALFH4=DH2AXH2AB+ IHAKXHAR+DAXAR

ALPHS=DHSO3¥HSO3R+LS03%S03IR

Hi=HE

H2=HR/1.0E4

CALL FINO(RETA»H1sF1)

CALL FIND(RETA»H2,F2)

IF(F1%F2.6T.0.) GO TO 30 e
FSAVE=F1 ’
[0 20 J=1-25

H=H2-F2% (H2-H1) /(F2-F1)

CALL FINDC(CO2sHsFUW)

ERR=ARS{ (H1-M2)/H1) /2,

IF(ERR.LE.EFE1) GO TO 60

IF(ARS(FW) LLEL.EFPS2) GO TO 60

IF(FWXF1,.LT.0.+) GO TO 10

Hi=H

Fl=FUW

IF(FWXFSAVE.GT.0.) F2=F2/2.

FSAVE=FU

GO TO 20

H2=H

F2=FW

IF(FWXFSAVE.GT.0.) Fl=F1/2. .
FSAVE=FUW . )
CONTINUE IBY

PRINT 3 Lo :
FORMAT (1HO» 10Xy XFIND DO NOT CONVERGEX»/)

CALL FIND(RETA»HsF)

CACO3=CAXHCO3/ (K1XxH)>

CO3=KUKkHCO3/H

RETURN

END

SUBROUTINE FIND(RETAsHYSsF)
COMMON/DIFF2/0803y DHS03y DOH» Ty BH26A» DHA
COMMON/LDIFF/DHCD3» DCO3 > OH RCO2» LCA DCACO3
COMMON/CANC/C02,C03s HCO3 s CACOZyHe CA»CACDZS
COMMON/CANC2/803»H503s0HyAsHR2A S HA .
COMMON/RATER /K1 K2, K3 KFr KALy KAy KHS03 » KW
COMMON/CONST/ALFPHLy ALPH2 s ALFH3 vy ALFH4 » ALFHS

COMMON/ADI/KE

REAL K1sK2:K3sKD

REAL KALsKAZ:KHS03sKW

H=HYS

OH=KW/H

H2A=ALFHA4/ (DH2A% (1 o +LHAXKAL / (DH2AXH) KA1 XRKAX DA/ (TIH2AXHXH )Y ) )
HA=KA1%H24a/H

A=KALXKAXH2A/ (FHXH)

H803=ALFHS/ (IHBO3+DE03%KHS03 H)

S03=KHS03%HS03/H
HCO3=(ALFH1-DIICO2%CO2) / (MHCO3+DCACOIKCAXKI/ (HXK3 ) +LICOIXKI/H)
F=LHXH+IHCO3XHCO3+2, XxDCO2%CO24+ DHAXHA+2 « XTIH2AXH2A-DOHXOH-DS03%S03

1-ALFH3
RETURN
END
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PROGRAM V
SIMPLIFIED MASS TRANSFER MODEL SUMMING DISSOLUTION

RATE OVER PARTICLE SIZE DISTRIBUTION

Program V calculates kt versus fraction remaining F by

the following eqguation:

For values of (1-

Input

¢i particle size distribution and

di partiele diameter from Coulter counter data
and values of kt
Output

Values of fraction remaining and kt
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PROGRAM MASS (TTY, INPUT=TTY,OUTPUT)
DIMENSION PHI (58) ,DP (50) DPSQ(S@) F(50) ,KT (50) FR(lﬂﬂ),DIFF(lﬁﬁ)
DIMENSION D(58)
REAL KTL,KTH
REAL MN,KT
INTEGER TYPE (2)
DATA(KT(I),I=1,9)/.1,.2,.3,.4,.5,.6,.7,.8,.%/
DATA (KT (I),I=190,18)/1.,2.,3.,4.,5.,6.,7.,8.,9./
DATA(KT(I),I=19,27)/10.,20.,30.,40.,58.,606.,79.,80.,908./
DATA(KT(I)iI=28,36)/l@ﬂ.,2@@.,39@.,4@@.,5@%.,6@%.,7@@.,8@@.,9@@./
DATA(KT(I) ,I=37,45)/1966.,2000.,3000.,4000.,59000.,6080.,7000.,
18000.,9000./
READ 999, (TYPE(I),I=1,2)

999 FORMAT (2A18)
READ,N,DO2
READ, (PHI (I),I=1, N)

PRINT 888, ( (TYPE(I),I=1,2),D02)
888 FORMAT (1H1,2X,*LIMESTONE TYPE *,2Al0,5X,*GEOM MEAN DIAM FO FIRST
1COULTER INTERVAL*,E18.3,//,2X ,*COULTER DISTRIBUTION*,/)
PRINT 666
666 FORMAT (2X,*MEAN SQUARE DIAM%*,9X,*WGT PER CENT¥*)
DO 555 I=1,N
DPSQ(I)=D02*(1.58746)** (1-1)
PRINT 777,DPSQ(I),PHI(I)
777 FORMAT (2X,F15.3, ZQX F8.3)
555 ' CONTINUE -
SuM=g.
KTL=0.
KTH=8.
T580=1.0
PRINT 111
DO 3 J=1,45
DO 29 I=1, N
C EVALUATE THE PRODUCT OF PARTICLE DIAMETERS AT A SPECIFIED
C DIFFERENTIAL PARTICLE SIZE DISTRIBUTION
DP(I)=1.~KT (J)/DPSQ(I)
IF(DP(I).GT.8.) GO TO 390
GO TO 20
38 F(I)=DP(I)**1.5*PHI (I)
C THE ABOVE EXPRESSION CALCULATE THE FRACTION REMAINING FOR A SPECIFY KT
SUMF=F (1)
SUM=SUM+SUMF
IF (I.LT. N) GO TO 20
PRINT 5,KT(J),SuUM

FR(J)=SUM
SUM=0.
20 CONTINUE
3 "CONTINUE
111 FORMAT (1H1,9X ,*KT*,20X,*PER CENT REMAINING*,//)
5 FORMAT (6X,F18.5,22X,F19.5)

DO 48 I=1,45
DIFF(I)=58.-FR(I)
IF(DIFF(I) .GT.-15. .AND. DIFF(I) .LT. #.) GO TO 32

GO TO 99

32 KTL=KT (I)

99 IF(DIFF(I) .LT.15. .AND. DIFF(I) .GT. 9.) GO TO 31
GO TO 4¢

31  KTH=KT (I)



49
96

33

34

79
60

50

212
199

GO TO 96
CONTINUE
CONTINUE
IF(XKTH .LT. 1.8) GO TO 5¢
RKT=KTL
DO 66 J=1,100
RINCR= (KTH-KTL) /188.
RKT=RKT+RINCR
SUM=d.
DO 76 I=1, N
DP (I)=1.-RKT/DPSQ(I)
IF(DP(I).GT.#.) GO TO 33
GO TO 76
F(I)=DP(I)**1.5*PHI (I)
SUMF=F (I)
SUM=SUM+SUMF
IF (I .LT. N) GO TO 78
ROD=SUM-50.
IF(ROD .LT.S.1 .AND. ROD .GT.-f.l1l) GO TO 34

GO TO 68
T58=RKT
GO TO 88
CONTINUE
CONTINUE
IF(TS8 .LT. 1.8) GO TO 50
PRINT 6

FORMAT (// ,8X,*KT/KT58%,21X,*FRACTION REMAINING*,//)
DO 96 I=1,45 ’

DIFF(I)=KT(I)/T50

PRINT 7,DIFF(I),FR(I)

FORMAT (6X,F10.5,22X,F10.5)

CONTINUE

PRINT 8

FORMAT (//,8X,*KT58*,21X,*PER CENT REMAINING*,//)
PRINT 9,T50,SUM - :

FORMAT (6X,F10.5,22X,F10.5)

GO TO 100

CONTINUE

PRINT 212

FORMAT (/,5X,*NO CONVERGENCE FOR KT50%*)

STOP

END
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