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CHAPTER 1

INTRODUCTION

The combustion of coal is accompanied by the two major sources
of environmental pollution, sulfur dioxide and ash. Considerable
research and development efforts have been spent to make use of the
vast resources of coal available in the states and to meet the
enviromental limitations.

Two alternatives being considered for protecting the environ-
ment from the consequence of an extensive use of coal are:

(A) Reduction in sulfur dioxide and particulate emissions
from new and existing power plants and other facilities.

(B) Conversion of coal into a pollutant-free and usable
liquid or gés which is convenient to handle, transport, and

utilize in the final energy consumption stage.

1.1 Processes for Desulfurizing the Flue Gas

Of more than 50 gas desulfurization control concepts (Nelson
1974) which have been proposed and studied, the major routes can be
classified into three categories: amines, metal oxides,and alkaline
solutions. Complete descriptions are given by Woodies et al. (1973),
Shale et al. (1971), Strauss (1972), Berkowitz (1973), LaMantia et
al. (1973), MclIlrg et al. (1973), and Nannen et al. (1974).

The lime/limestone wet-scrubbing system is considered to be
one of the viable ways to redute stack gas emission, because it

employs least expensive reactants, is less sensitive to



operating conditions,and requires no complex control or regeneration

equipment.

1.2 Description of the Wet Lime/Limestone Scrubbing Systems

The Environmental Protection Agency (EPA) through its Office
of Research and Development and Control Systems Laboratory, sponsored
a program to test the wet lime and limestone scrubbing system for
removing sulfur dioxide and particulates from flue gases.

A pilot and a prototype wet scrubbing facility for removing
sulfur dioxide are set at EPA Research Triangle Park (RTP) and the
Tennessee Valley Authority (TVA) Shawnee Power Station respectively
to test the reliability and performance of the systems. The
schematics of these facilities are shown in Figure 1.1 and 1.2.

In these wet-scrubbing systems, ‘the particulates (fly ash) are
captured by liquid droplets while sulfur dioxide is absorbed by
the scrubber into the lime/limestone slurry where it reacts with
the dissolved lime/limestone, forming calcium sulfite and calcium
sulfate (gypsum).

The holding tank which receives the scrubber effluent provides
enough time for the precipitation of calcium sulfite and calcium
sulfate. The precipitants are then purged out by the vacuum filter.
For a Yimestone wet scrubbing system, fresh limestone slurry is fed
into the holding tank as the reactant, For a lime wet scrubbing
system, the unslaked residue of lime slurry is discarded and the

slurry is fed into the scrubber-effluent holding tank (Borgwardt
(1974b)).
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1.3 Objective of This Study

In order to analyze data on the scrubbing of flue gas using
lime , a simulation model of the system is very useful. Such a model
can be used to predict the SO, removal efficiency, lime utilization,and
pH values at the inlet and outlet slurries of the scrubber. The
known variables are the lime feed rate, the size of the scrubber,
the recycling liquid flow rate, the composition and the feed rate
of flue gas. The first objective therefore is to simulate the scrub-
ber hold-tank flue gas desulfurization (FGD) process by formulating
the mass balance equations across the scrubber and the whole system.
Each term in these equations, namely, the absorption rates for SO,
and C0,, and the concentrations of total dissolved sulfur plus carbon
minus calcium in the inlet and outlet recycling liquors of the scrub-
ber must be determined separately.

The second objective is to determine the maximal rate of flue
gas that can be treated, as a function of liquid flow rate for a

specified lime feed and SO, removal efficiency, for a given size of

2
scrubber. The achievement of this objective can contribute greatly
to the effort which would be needed in the design of a scrubber unit
for a :specific application,

' In this study, the wet scrubbing system with lime as the
recycled medium is simulated. Data are taken from the EPA inhouse
turbulent contacting absorber (TCA) at Research Triangle Park, North

Carolina and the TCA scrubber located at the TVA Shawnee Power

Station.



CHAPTER 2
LITERATURE REVIEW

The turbulent bed contact absorber (TCA) with movable packing,
first described in 1959 for removing particulates from a dust laden
gas (Douglas et al. (1963)), has been recently used in desulfuriza-
tion of flue gas (Douglas et al 1964, Kielback et al. 1959). It
consists of large diameter uniform spheres of low density placed
between retaining grids sufficiently far apart to permit turbulent
and random motion of the packings. Hollow polyethylene, foam
polystyrene,and thermo-plastic rubber spheres have been found to be
satisfactory for this purpose. Because of the low density and the
counter-current flow of liquid and gas, TCA provides a state of
vigorous contacting between liquid and gas.

This equipment has some advantages over a conventional gas-
liquid contactor with fixed packings, The motion of the packing
prevents' plugging and by-passing which may occur when gases and
liquids containing suspended solid particles are used. Rates of
heat and mass transfer have also been reported to increase owing
to the bed agitation (Douglas 1964). The use of TCA also permits
much greater gas and liquid velocities than are possible in con-
ventional scrubbers. Thus, a smaller TCA tower may be employed for a

given operation compared to other conventional scrubber.



Result of the investigation by Gel'perin (1965) shows a strong
dependence of liquid holdup,bed expansion and pressure drop on the
liquid and gas flow rates. Blykher (1967) has also studied the pres-
sure drop in TCA. However, these investigators did not report the
pressure drop across a mobile bed, but the pressure drop
data reported included the contribution of the bottom grid with the
free cross-sectional area in one case as small as 19%.

Levsh (1968) studied the pressure drop of TCA with low density
packings and found that pressure drop increases linearly with the
gas flow rate. Tichy (1972) correlated the pressure drop data with
the well-known Fanning equations. A substantial wall effect was
observed by Tichy (1972) in his small scale scrubber (0.14-m. dia.).

Epstein (1975) has run a series of experiments by passing air
and sodium carbonate solution through a large TCA scrubber (1.7 m.
square) at TVA Shawnee power station to observe the pressure drop
without the presence of scaling. When lime or limestone slurry is
used, deposition of calcium sulfite and calcium sulfate on the wall
and grids of the scrubber takes place. An empirical correlation of
pressure drop was presented by Epstein (1975).

Liquid holdup was measured and correlated by Groeneveld (1967),

Chen and Douglas (1968), Barile and Meyer (1971), and Kito et al(1975).



Groeneveld ( 1967 ) measured the liquid holdup in TCA. A slow
increase of holdup with increasing gas velocity was observed below
the flooding point. At the flooding point a rapid increase of
liquid holdup was observed. Liquid holdup was found to be nearly
proportional to the liquid flow rate below the flooding point. The
effect of grids on the liquid holdup was not discussed.

In the investigation conducted by Chen and Douglas (1968), the
effect of the packing density and the characteristics of the support-
ing grid on the liquid holdup were not considered.

The results of Barile and Meyer's (1971) study are applicable
only at the minimum fluidization velocity. However, Kito et al
(1975) studied the dependence of liquid holdup on the grid
characteristics, packing density and diameter over a wide range
of operdting conditions. The liquid holdup was found to be independent
of the gas flow rate.

Tichy and Douglas (1973), using the pressure drop as the
criterion, classified the operation of TCA into three hydrodynamic
regimes. They are static, semi-mobile and fully mobile regimes. The
fully mobile regime can be divided into a constant liquid holdup
region, an incréasing liquid holdup region,and a flooding region.

Douglas et al. (1963) also investigated mass and heat transfer
in TCA. From the absorption of CO, and S0, by alkaline solutions
they found that the gas and liquid flow rates could be much greater than

those possible in conventional packed towers,and could greatly

increase the absorption capacity for a given tower size.



Recently, Borgwardt (1972b) and Epstein (1970) studied the
absorption of S0, by alkaline solutionSand limestone/lime slurries
in TCA, venturi scrubbers,and marble bed scrubbers.Their data from the
TCA scrubber demonstrated a significant improvement in SO, removal
efficiency over the conventional packed tower. McMichael et al.
(1975) presented a mathematical model to describe the absorption
of SO, in TCA. Later, Fan (1975) successfully correlated the
data for TCA and spray tower units by considering the combined effects
of spray section and packing section which are affected by the
hydrodynamics, the magnesium concentration and the pH value of the
scrubber.

Kito et al. (1975) measured the gas-liquid interfacial area
and gas mass transfer coefficient in a TCA operated with stagnant
liquid. Further, the specific gas-liquid interfacial area in TCA
was investigated by Groeneveld (1967). According to his study, the
specified interfacial area was proportional to the liquid flow rate,and
increased with increasing gas flow rate. A slow increase was observed
below the flooding point and a rapid increase at the flooding point,

where the interfacial area reached a value of 200 mzlms.



CHAPTER 3

PRESSURE DROP IN THE TURBULENT CONTACTING ABSORBER
In this chapter, an analysis of pressure drop will be made on
data reported by Epstein (1975). Since a large diameter scrubber
was used, the correlation obtained could be used for the design

of commercial sized scrubbers.

3.1 Model of Pressure Drop in TCA Scrubber

Typical TCA configurations to be considered in this study are
shown schematically in Figure 3.1 and 3.2.

The pressure drop data of TVA Shawnee scrubber (1.7 m. square)
for the air/water and sodium carbonate runs and four additional
limestone runs with 0.76 m. static packing height are summarized in
Figure 3.4 and 3.5. Data from the EPA small scale (0.23 m. dia.)
TCA scrubber with lime slurry as the scrubbing liquor are also
presented in Figure 3.4,

For the TCA operating with packing spheres, the column can be
divided into spray, packed,and grid sections as shown in Figure 3.3.
The following equation is proposed for determining the pressure drop
across the TCA scrubber:

AP, = AP + AP  + AP, (3.1)

where APt is the total pressure drop in Pascals, Pa,
APg is the pressure drop across the grids, Pa,
APS is the pressure drap in the spray section, Pa,gng

APb is the pressure drop in the packing section, Pa,

10
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Effect of the Grid:
The pressure drop across the grid, APg, as a function of liquid
and gas flow rates is shown in Figure 3.6. The following empirical

equation is obtained when a first-order dependence on each of the

variables is assumea so as to approximate APg which is a small
part of the total pressure drop.

AP = 0.579 GV N 3.2)
g S g (

where G is the superficial gas mass velocity, Kg/mzsec,

V is the superficial liquid mass velocity, Kg/mzsec,

and Ng is the number of grids.

Effect of the Spray Section:
The pressure drop of the spray section of the Shawnee TCA has been
correlated by Wen (1973) in terms of the gas and liquid flow rates
as
~1.17 0.6

4p_ = 1.79 G LA (3.3)

~

where G is the gas mass velocity, Kg/mzsec,

and Zs is the height of spray section, m.

Equation (3.3) will be used in this study.

Effect of the Packing Section:
A TCA scrubber utilizes very low density packings. The gas flow
rate is increased in a TCA scrubber at a constant liquid flow rate

until the upward force of the gas flow balances. the weight of the

packings plus the liquid holdup, which are both .equal to the total
pressure drop.

The pressure drop of the bed sections, AP,, is thus assumed to
have the following form:
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- 3.4
AP, = 8Py + AP+ AP, (3.4)

where APh is the pressure drop due to the liquid holdup in the
packing section, Pa,

APp is the pressure drop due to the static bed weight, Pa,
and APf represents the pressure drop due to the friction loss as
the operating conditions are close to the flooding point,
Pa_

A few investigators, such as Barile et al. (1971), Chen et al.
(1968) and Kito et al. (1975), have correlated the results of the
liquid and gas holdups of a TCA scrubber. Their investigations have
shown that there is a strong dependence of liquid holdup on liquid
velocities,on the characteristics of the supporting grid, and on
the properties of the packing spheres.

Although Chen and Douglas (1968) presented a correlation for
the pressure drop in a TCA scrubber, the effects of the packing
properties and the characteristics of the supporting grid on the
liquid holdup were not considered. The correlation of Barile and
Meyer (1971) on the other hand is applicable only at the minimum
fluidization velocity.

Kito et al. (1975) studied the liquid holdup by considering
the effects of liquid velocity, diameter and density of the packing
spheres,and the static height of the bed. Since their correlation
includes the effects of packing properties and characteristics of

the supporting grid, it will be used in this study. Their correla-

tion has the following form:
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AP, = 0.024 (£ ) () (Pp) """ 2,7 V oy /oy

+ 147.1 Zp pL/pw (3.5)

where Zp is the static height of the packing bed, m,
f 1is the percent opening of the grid, dimensionless,
d is the diameter of each hole in the grid, m,
D 1is the equivalent diameter for free sectional area, m,
dp is the diameter of the packing sphere, m,

is the density of the slurry, Kg/mz,

p. is the density of the packing sphere, Kg/ms,

and Py is the density of water, Kg/ms.

The static bed weight can be expressed as

APP = (1 - e)pp g Zp (3.6)

where € is the voidage of the static packed bed (packings are
randomly arranged), dimensionless; and g is the gravitational
accelaration, m/sec?
If € is assumed as a constant, Equation (3.6) can be simplified
as

AP, = 5.06 Z; o, (3.7)

The value of APf in Equation (3.4) can be obtained from experi-
méntal data.

Substitution of Equation (3.4) into Equation (3.1) gives

APt = APg + APS + APh + APp + APf (3.8)
or
APf = APt - APg - APs - APh - APP (3.9)
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where AP, is obtained from Epstein's data while APg, ap_, ap, ,
and APp are calculated from Equations (3.2}, (3.3), (3.4), and (3.7)
respectively.

The values of APf obtained from Equation (3.9) are shown in
Figure 3.7 as a function of the liquid and gas mass velocities. The
result shows that APf is negligible for all the gas mass velocities
tested in the experiments if the liquid mass velocity is less than

8.0 kg/m2 sec.

3.2 Simulation of the Pressure Drop across TCA Scrubber

Table 3.1 gummarizes the correlations which can be used to
simulate the pressure drop across a TCA.Based on the model presented
in this study the pressure drop across the TVA Shawnee TCA can be
computed fairly accurately, in most cases within 10% accuracy. A
comparison of the calculated and observed pressure drop is shown
in Figure 3.8 for TCA units. Data for EPA's small scale TCA
scrubber are excluded since they varied over a large range at the

same gas and liquid velocity as shown in Figure 3.4.
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Table 3.1
Summary of Equations Necessary for Simulating The Pressure

Drop Across a TCA:

AP = AP+ P & OP, + BP + AP (3.8)
&P, = 0.579 GV N (3.2)
&P = 1.79 Ggt-17 06 Z (3.3)
a8, = 0.024 (f%)‘°'84(dp)-o.84 pp0.18 zp°'6 Q"’L"’w

+147.1 2 /b, (3.5)
8P = 5.06 Z, o, (3.7)

APf is given in Figure 3.7
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Table 3.2

Range of Data Used in Testing the Validity of the Pressure Drop
Correlation

Data are for TVA Shawnee TCA Using Water-Soda Ash and Limestone as

Scrubbing Media (Epstein (1975 a,b))

Gas Flow Rate (kg/mzsec) 1.5 to 4.2
Liquid Flow Rate (kg/mzsec) 0 to 34
Packing Height (m) 0 to 0.76
Number of Grids (-) 0 to 6
Equivalent Diameter of the

scrubber (m) 0.084 to 0.0925
Packing diameter (m) 0.0097 to 0.029
Diameter of the Hole in

the Grid (m) 0.002 to 0.012
Packing Density (kg/m?) 170 to 1250

Fraction Free Opening of the
Grid (-) 0.5 to 0.84
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CHAPTER 4

ABSORPTION OF SO2 AND CO2 IN TCA

Flue gas containing SO2 and CO2 passes through the EPA scrubber.
Upon absorption of SO2 and CO2 from the flue gas, sulfite, sulfate

and carbonate salts of cdlcium begin to form and the pH of the scrub-
bing lime slurry drops rapidly greatly reducing the amount of CO2
absorbed.

In this chapter, the effect of pressure drop on SO, scrubbing

2
efficiency and the effect of CO2 absorption in flue gas scrubbing

are studied.

4.1 SO, Absorption--Effect of Pressure Drop on the SO2 Absorption

Efficiency
McMichael et al. (1976) reported a procedure by which the sulfur

dioxide removal efficiency of a TCA scrubber can be calculated from
the specification of the scrubber characteristics and inlet slurry

composition. This procedure is based on the following equation?

in
Pso Ka z xa z
S n—_2- g s _ . g P (4-1)
P, " pout 330Pin 330Pgoin
SO2 As e 2 A e 2
1+ 1+ L X
A P

s
Correlations for the parameters appearing in this equation are given
in Table 4.1.

Equation (4.1) can be simplified by converting the height of
spray section into an equivalent height of packing. The equivalent
packing height, Zpe, is defined as the height of packing which gives

the same amount of absorption of SO, as the absorption in the spray

2
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Table 4.1

Summary of Equations Nessary for Simulating the SO, Absorption of the TVA Shawnee TCA and
Spray Column and the EPA In-House TCA (McMichael &t al. 1976)

k:a - 0.1586 %8 04 KPa = 1.188 6047 y0-51
As‘1= exp(-1.35 pH + 7.82)- 0.15 A;l = -0.417 pH + 3.41 ; for pH 2 6.0
A;l = 0.308 ; for pH < 6.0
a_=50.1 Mg %2 gor g 2 350 ppm b, = 2.2x 107 Mg~2:065 . £or Mg > 3600 ppm
As = 1.0 ; for Mg < 350 ppm Ap = 1.0 ; for Mg < 3600 ppm

where the pH refers to the log mean hydrogen ion concentration across the scrubber,
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section at a height of Zs. Thus,

A 330P in
s S0,
e k"a 1+ KE e
Z, =2¢ (89 P (4.2
p S 4P - .2)
ka 330P.~1in
g A SO
S 2
1+ ' e
S
Equation (4.1) can then be written as
P..in P
SO kaZ
T
T PSO SSOPSO
2 EE 2
1+ A e
P

a e
where ZPT = ZP + ZP

Equation (4.1) was derived from the data of flue gas desulfuriza-
tion (FGD) in TCA and spray columns (see McMichael (1976)) without
regard to the effect of the pressure drop across the columns. It is
known that as the scale is formed the pressure drop across the column
increases and the sulfur dioxide removal efficiency increases. Pre-
sumably, this is due to the increase in the interfacial area available
for mass transfer as a result of an increase in the liquid hold-up.
Equation (4.3) can be corrected to take into account the effect of
pressure drop across the scrubber on the sulfur dioxide absorption
efficiency. Figure 4.1 shows this effect based on Borgwardt's data
(1974b,d) . From Figure 4.1 the scrubber equation (Equation (4.3)) can

be revised to include the pressure drop effect as follows:

28



in

P P
G SO2 _ AP 1.1 5&? ZpT
2 1n = 0.6 [— . - (4.4)
P out AP in
T Pso N SSOPSO
2 EE. 2
1+ A e
%

The normal pressure drop without scale formation, APN, (Equation
(4.4)) is difficult to calculate as discussed in Chapter 3. The
values of APN used in calculation of the data points in Figure 4.1
and in formulation of Equation (4.4) were based on the lowest pressure
drops reported by Borgwardt (1974 b,d) at a given set of flow

conditions.

4.2 COp Absorption

In TCA, carbon dioxide is absorbed from flue gas into the
scrubbing medium, lime slurry, and in turn is precipitated in the

holding tank as CaCO, according to the following reaction:

3

CO2 + Ca0 = CaCO3
Calcium carbonate is then purged out from this wet-scrubbing system
with solid calcium sulfite and calcium sulfate as a waste. As a
result of the recarbonation of lime and precipitation of calcium
carbonate, the utilization of lime, is reduced.

The lime utilization is defined as follows:

moles S02 absorbed
moles Ca0 fed

Utilization of lime =

moles 502 absorbed

=‘SOZ absorbed + CO2 absorbed + slaking loss

In the desulfurization scrubbing system, the absorption of carbon

dioxide into the scrubbing medium is undesirable since the precipitation
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of calcium carbonate lowers the usage of lime. For the purpose of
designing a scrubber,the utilization of lime must be predicted. This
in turn requires that a model for the absorption of carbon dioxide

from flue gas be developed.

4.2.1 CO2 Absorption in the absence of 502

The absorption of carbon dioxide into an aqueous alkaline solution,
such as KOH and NaOH, is a process which has been studied by a
number of investigators.

When carbon dioxide is absorbed in the absence of 802 in an
alkaline solution, it reacts according to the following reactions

as proposed by Payne and Dodge (1932).

Co,(g) = €0,(1) (a)
C0,(1) + H0 = H.CO, (b)
+ —_
H,C0, = H™ + HCO (c)
- + =
HCO;” = H' + CO, (d)
H' + OH = H0 (e)
€O, + OH™ = HCO, €9
HCO, + OH = CO, +HO (8)
CO, + 20H" = CO; + H,0 (h)

Although the ionic reactions are known to be very rapid, the
rates of the other reactions are not well known.

Various assumptions as to which of these reactions may be con-
trolling lead to different mechanism of the absorption process.
Hatta (1928) assumed that the reaction (a), (f), and (g) are con-

trolling and that (g) is much more rapid than (f).
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Eucken and Grutzner (1927) concluded that the following
reaction:

CO, + 20H = c03" + H0 (h)

2
was the major reaction.

Tepe and Dodge (1943) have reported their experimental study
of the absorption of carbon dioxide by sodium hydroxide solutions
in a 0.15 m.-diameter colum filled to a height of 0.91 m. with
0.0127 m.(0.5 in.) carbon Rashig rings. The overall mass transfer
coefficient KGa was found to be a function of concentration of

sodium hydroxide. Changes in the gas flow rate was found to have

a negligible effect on KGa. The value of K_.a increased in propor-

G
tion to the liquid temperature.

A comprehensive investigation of CO2 in an alkali solution has
been carried out by Nijsing (1969). He used two different absorbers,
a laminar jet and a wetted-wall column, to study its mechanism. The
gas phase was pure CO2 at pressure from 20 KPa (0.2 atm) to
101 kPa (1 atm) and the liquid phase consisted of concentrated
hydroxide solutions (0.5 to 2.0 gmole/liter).

From the studies cited above,Astarita. (1967) has drawn the
following . conclusions:

. (1) The absorption of Oozinto an alkaline solution is a process
of chemical absorption.

(2) The overall absorption coefficient is rather insensitive

to the gas flow fate, which clearly indicates liquid-

side mass transfer control.
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(3) The overall gas absorption coefficient increases with
liquid flow rate.

(4) The overall gas absorption coefficient increases with
increase jn the bulk-liquid concentration of the reacting
solute, namely of OH ion.

However, the absorption of co, in the liquid medium accompanied with

the absorption of SO2 has not been investigated to date.

4.2.2 002 Absorption in the presence of SO2

The absorption of CO2 into recycled lime slurries in TCA
scrubbers is a complex problem for several reasons.Firstly,the liquid
film mass transfer coefficients for TCA scrubbers have not been
reported. This fact makes the analysis of co, absorption difficult
in that mass transfer and chemical effects cannot be isolated from
each other. Secondly,upon a.bso::'pt:ion,CO2 hydrates can participate in several
reactions. Absorption of CO2 into recycled lime slurries, which
contain various sulfur, magnesium, chlorine and carbon compounds,
is not simple , even though the studies on absorption of CO2 into
water or sodium hydroxide solutions have been well documented in
the literature.And finally,detailed data on the absorption of 602 into
recycled lime slurries in TCA scrubbers have not been reported.

Only qualitative information on the inlet and outlet streams of
the scrubber and the scrubber-hold tank system is available.

In this section experimental data reported by Borgwardt
(1974p,d) , on a TCA scrubber at the Research Triangle Park,

are analyzed. A mathematical model describing the absorption of (202
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from flue gas in the presence of 802 into lime slurry in a TCA

scrubber is developed.

Model of CO2 Absorption in TCA:

Both SO2 and CO2 are absorbed in a flue gas scrubber by the
recycling lime slurry. It is a competing reaction for a common
liquid phase reactant, OH . The pH values along the TCA scrubber

may decrease more drastically compared to the case of CO2 absorption

in the absence of SO,.Based on the experimental observation reported
by Borgwardt (1974b,d), the reduction in the value of pH is usually

from about 10 "at the top to about 5.0 at the bottom of a TCA.
The significant drop in pH value as a result of the presence of
SO2 in flue gas greatly reduces the rate of absorption of CO2 or
the value of its mass transfer coefficient. In addition, the
following assumptions are made in developing this model.
(1) Negligible precipitation of calcium carbonate in the scrubber.
(2) Negligible slaking loss which was experimentally shown to be
only about 5% of the total lime feed.
(3) In the bulk liquid phase, the following reaction is at
equilibrium:
H,C0, = H' + HCO;~
The concentration of carbonate ion is appreciable only when pH
is greater than 10,
(4) The change in the partial pressure of CO2 (approximately 30 Pa
(or 0.0003 atm)) in the bulk gas phase can be ignored since the
amount of CO2 absorbed by the scrubbing liquid is very small

compared to the CO2 content in the bulk gas phase. Even though
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the change in the partial pressure of CO, in the bulk gas phase is
small,the CO2 absorption can not be ignored since it is critical in
determining the calcium utilization.
A schematic drawing of the scrubber and a depiction of the
driving forces for carbon dioxide transfer across the gas liquid
interface are shown in Figure 4.2. For this sketch, the following

nomenclature are employed.

'

liquid flow rate, liter/m sec
Z = height of the scrubber, m

dZ = differential tower height, m

C = concentration of the total carbon dioxide in the slurry,
gmol/liter,

in = concentration, C, at the inlet slurry of the scrubber,
gmol/liter,

Cout= concentration, C, at the outlet slurry of the scrubber,
gmol/liter,

CB = partial pressure of carbon dioxide in the bulk gas phase,

atm,

Poo. ; = partial pressure of carbon dioxide at the gas-liquid
2° ‘

interface, atm .

The molar flux of carbon dioxide across the gas-liquid interface

of the scrubber can be written in terms of the overall gas phase resis-

tance.
b *
Nyw =Ka (Pog - P ) (4.5)
@, 6 "%, 0
where N., is the molar flux of carbon dioxide across the gas-liquid
2

interface, gmol/m?sec,
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KGa is the overall gas phase resistance, gmole/atm.sec.m3
Pgo is the partial pressure of carbon dioxide in the bulk
gas phase, atm,
and P _* is the partial pressure of carbon dioxide in the gas

phase that is in equilibrium with H,CO., in the bulk

273
liquid phase, atm;
*
For adilute system PC0 can be defined by the Henry's Law as
2
*

PCO2 =8 C° (4.6)

where S is the Henry's Law constant, atm/gmole/ liter

C® is the concentration of HZCO in the bulk liquor phase,

3
gmole/liter.
Astarita (1967) concluded in his work that the absorption of

CO2 into alkali solution is a liquid phase controlled reaction. Thus,

Pgo may be related to the interfacial concentration of HZCO3 by the
2
expression
b (-]
PGOZ =8 Ci 4.7

where Ci° is the interfacial concentration of HZCO3 in gmole/liter;
The Henry's Law constant, S, as a function of temperature has
been given by Lowell (1970) as

S = EXP (11.215 - 2%7'5—) (4.8)

where T is the liquid temperature in degrees Kelvin.

The molar flow of carbon dioxide through the gas-liquid interface
can be obtained in terms of liquid phase concentration by substituting
Equations (4.6) and (4.7) into Equation (4.5).

Nc02 = KGa S (Ci° - C% (4.9)
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By applying the mass balance on carbon dioxide across a differen-
tial height of the scrubber, dZ, the rate of CO2 absorption can be
written as;

dc o oy _
Var+ Kas (ci -C% =0 (4.10)

where a is the interfacial area per unit volume of bed, mz/ms.

Since equilibrium between carbon dioxide and the bulk liquor
phase is assumed and since the concentration of the carbonate ion
is negligible, the following reaction is the key reaction that takes
place in the bulk solution:

+ -
HZCOS =H + HCO3

Hence, the concentration of bicarbonic acid is given by
_ K (HZCOS)
HC03 =z — (4.11)
+
(H)
where K is the equilibrium constant in liter/gmol.
This equilibrium constant, K, has been given by Lowell (1970) as a

function of temperature as follows:

K = EXP (- 1%51 - 0.075506 T + 34.183) (4.12)

Thus, the total carbon concentration, C, in the liquor can be obtained
in terms of H2C03 and H' by employing Equation (4.11)

H,CO, + HCO,

C = H)CO, 3

K (H,C0.)

H,CO., + "
23 W)
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After rearranging,

+
H,C0, = kal%.)l (4.13)

In terms of the nomenclature defined in Equation (4.6), Equation (4.13)

is rewritten as

c° = ) (4.14)

K+H+
Substitution of Equation (4.14) into Equation (4.10) gives

K.a$S K.aS

dc _ 6 Ce8 "o (4.15)

dz V(E;Q +1 v 1
H

The overall mass transfer coefficient, KGa, in this equation is a
function of pH value, liquid flow rate, and partial pressure of COz.
When integrating Equation (4.15), KGa and H' are taken as constant

and are designated as Ka and H respectively.

Kas Kas
dc G c? o
= . =2 C+ c.°=0 (4.16)
dz ‘Vdé'* 1) \J i
H

The boundary conditions associated with Equation (4.16) are

-
(]
1]

0 C= Cout

(4.17)

2. Z = Zo C-= Cin

Since the magnitude of the change in the partial pressure of
carbon dioxide along the tower is in an order of 0.0003 atm, Pgo
2

can be treated as a constant. This, in turn, assures the constancy

of Ci° in Equation (4.16). The integration, from Z, to Z, of

0
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Equation (4.16) satisfying Equation (4.17) is

Kas

0. o K G
C, = (C,%in - C;° (= + 1)) EXP(—p— (Z - Z.))
Z R v+ 1 °
H
+C.° (§+ 1) (4.18)
1 H

where C; is the concentration of total carbon dioxide at a height of
Z, gmol/liter.

Based on the assumption (1) carbon dioxide absorbed per unit
volume of scrubbing medium can be obtained

C =C

abs C;

out in

C,2=0 - C,2=Z

(4.19)

where C,, . is CO, absorbed per unit volume of scrubbing medium,
gmole/liter;
Substituting Equation (4.18) into Equation (4.19) gives

KGa S (K :
= (1 - EXP(- —————— Z)) (C.° (=+1
abs = ( Vég*-l) o i F
H

C
- Cin) (4.20)

In this equation, Cin is the concentration of total carbon dioxide

in the effluent of the holding tank and is very small compared to the

other term, C.° 05 + 1). Equation (4.20) can be rewritten in a
i

simpler form;

Kas

G K °
= - - —_ 7z —+ 1) C. (4.21)
(,:abs (1 - EXP( & °))(H+ ) €,
H
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The interfacial concentration of H,CO3, Ci°, can be obtained by use
of Equation (4.7)
° b
= * 4-22
C;" = Pgo, /S (4.22)
Substituting Equation (4.22) into (4.21) leads to

Kas K b
Cps = (1 - B —E—2z nNE 1 p) /s (4.23)

V(= + 1) H 2

H

This equation is used to obtain the amount of carbon dioxide
absorbed from the flue gas. Kg;a and H can be estimated by the method

described in the following section.

Mass Transfer Coefficients:

Equation (4.23) can be arranged to give

K
V(_H-+ 1) cabs S 4.24
a= - In(1l - ) (4.24)
X6 SZ, PCOBZLHE + 1)

In the case of lime slurries the pH variation across the
scrubber is substantial, ranging from 8.0 at the
inlet to 4.8 at the outlet. With this large change in pH it is
not reasonable to assume that the inlet slurry pH characterizes
the behavior of the scrubber as usually done by previous investiga-
tors. As shown in Appendix B,it has been found that the overall mass
transfer coefficient of the lime scrubbing system can be correlated
fairly accurately by the model developed in this chapter when the

mean hydrogen ion concentration is calculated based on the following

arithmetic mean pH value:
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PHy = (pHjy + PHy,.)/2
- (4.25)
H = EXP (-2.3 pHy)

The results are shown in Figure 4.3. The data were correlated
by the following equation

Kga = V673 EXp(22.3 + 11.11 pH ) (4.26)
The power of V is apparently much higher than the usual 0.7 power for
a packing tower. This may be explained as follows!

Since Borgwardt's data (1974 b,d) available for the investiga-
tion of CO, absorption were obtained from a rather small scale
scrubber (0.229 m.-dia), a study of its pressure drop is conducted
in Chapter 3. Figure 3.4 in Chapter 3 displays the pressure drop
reported by Borgwardt (1974 b,d) along with Epstein's data from a
large TCA scrubber. As seen in Figure 3.4, the data were possibly-

in a regime near the loading point due to the steep slopes obser-
ved.

Groeneveld (1967) observed a rapid increase in the specific
point, and from the observation of Groeneveld (1967), it is not sur-
prising that the value of KGa increased in proportion to the 6.7

power of the liquid rate under the experimental conditions corres-

ponding to Figure 4.3.

Although Equation (4.26) shows that the overall mass transfer
coefficient is extremely sensitive to the liquid flow rate, the
magnitude of the CO, absorption compared to SO; absorption does not

vary greatly because of the extremely low solubility of CO; in the

scrubbing slurries.
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CHAPTER 5

SIMULATION AND DESIGN OF RECYCLED LIME

SCRUBBING SYSTEM

A simplified schematic of a scrubber-hold tank system is shown
in Figure 5.1. Flue gas loaded with SO2 passes counter-currently to
recycled lime slurry flowing downward in a TCA scrubber. At the top
of the scrubber the slurry has a pH value in the range of 6.0 to 10.0.
The slurry effluent from the scrubber passes to the hold tank where
lime and make up water are added, and the high pH of the scrubbing
slurry is recovered. The solid loading in the scrubbing slurry is
approximately 10%. A portion of this slurry is fed to the solid
separation system from which a waste sludge is discharged. The clear
liquor produced in this step is recycled to the system.

In essence, the SO2 absorbed from the flue gas is converted
to calcium sulfite and sulfate which are extremely insoluble in the
slurry. The precipitation of calcium sulfate is one of the problem
areas in lime scrubbing in that calcium sulfate forms a hard, stubborn
coating on the process equipment. Methods of preventing sulfate
precipitation include reducing oxidation of sulfite to sulfate and
éperating the system in the sulfate unsaturated mode. In this mode
calcium sulfate is incorporated into the crystal structure of calcium
sulfite. Borgwardt (1974 b) has discussed the sulfate unsaturated mode

of operation in lime scrubbing systems.

5.1 Material Balances

Given the inlet conditions of the slurry and flue gas, setting

the operating parameters for the scrubber and neglecting the small
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change in the magnesium concentration across the scrubber, Equation
(4.1) (or equivalently Equation (4.4) represents a relationship between
two unknowns: 1) 802 removal efficiency and 2) outlet slurry pH.

To provide a second relationship between these variables, McMichael

et al. (1975) proposed that sulfur and carbon balances around the

scrubber could be subtracted from the calcium balance to give

MSOZ ’ MCO2 =Lt Boye - 80 (5.1)

where Ain and Aou are the concentration of total dissolved sulfur

t
plus carbon minus the concentration of total dissolved calcium in the
inlet and outlet slurry of the scrubber, respectively,in gmole/liter.
It is observed that the coz absorption and the "A'" concentration can

be related to the pH in lime systems through equilibrium calculations

(Nelson (1974)). Equation (5.1) becomes

Msoz/L' = Boue - 440) (5.2)

By solving Equations (4.4) and (5.2) simultaneously the SO2 absorption
efficiency and outlet pH of the scrubbing slurry can be predicted with
reasonable accuracy.

Taking material balances around the entire scrubber-hold tank
system and subtracting the calcium balance from the sum of the
cérbon and sulfur balances gives

- 5.3)
Msoz * Mcoz Feao * PAPE (

The second term on the right hand side of this equation is usually
extremely small compared to the lime feed rate, F. .- Thus, Equation

(5.3) can be reduced to

M + = F, (5.4)
co, * ¥s0, = “ea0
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Equation (5.4) ignores the losses which experimentally have been found
to be only about 5% of the total lime feed.

A comment is needed at this point to explain why the rate of CO2
absorption can be ignored in the development of Equation (5.2) but
not in Equation (5.4). Equation (5.2) was developed to provide
estimates of the SO2 removal efficiency. Since the rate of absorption
of SO2 is much larger than that of C02, we may neglect the CO2
contribution in Equation (5.2) for convenience and still obtain
reasonable estimates. However, in Equation (5.4), the Co, absorption
cannot be ignored because it is critical in determination of the
calcium utilization.

The equilibrium calculations used in Equations (5.1) and (5.2)
are those of Nelson (1974). In this calculation several variables
must be specified. These include pH, CO2 partial pressure and the
total concentration of dissolved magnesium and chloride. The total
sulfate concentration must also be specified. The procedure for

the specification of the total concentrations of magnesium and

chloride in the slurry are discussed in the following section.

5.2 Prediction of the Concentrations of Magnesium and Chloride in

the Scrubbing Slurry

The flue gas may contain chlorine compounds which are absorbed
in slurry of the TCA scrubbers. Magnesium is fed to the system in
the form of magnesium oxide along with lime. The concentration of

chloride and magnesium will build up and will not reach a steady state

46



until the losses from the purge can be balanced.

Since chloride and magnesium have high solubilities in the slurry,
it may be assumed that their concentrations in the solid phase of
purge from the system are very low. Based on this assumption, the
followiqg mass balance is formulated

P M Cx = F (5.5)
where P is the solid purge rate, Kg/sec,

M is the liquor content in the purge, based on the dry solid,
liter of liquid/Kg. of solid,
Cx is the concentration of magnesium or chloride in the
liquor phase, gmole/liter,
and F is the feed rate of magnesium or chloride into this system,
gmole/sec;
If we make an assumption that the solid purge rate is proportional to
the lime fed (FCAO (gmol/sec)] and since more than 95% of calcium in
the feed will be purged out as solid, Equation (5.5) can be written

in the following form

K'™ FCaO Cx (5.6)

K" Feao Cx (5.7)

where K' is the proportionality constant defined by Equation (5.6),

F

Kg/gmol,
K" is defined as the product of K and M, liter/gmol.

Rearranging Equation (5.7),

irli' = K" C, (5.8)
Ca0

is shown in Figure 5.2. The line can be corre-

F
A plot of Cx Vs. §

Ca0l
lated by the least square fit of data.
= 5.9
Cc1 or Mg = 2+8 Feao (5.9)
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Equation (5.9) can be used to predict the concentration of magnesium
in the slurry of a TCA and the venturi scrubber as shown in Figure

5.2.

5.3 Simulation

Using the procedures outlined above,the operation of a scrubber-
hold tank FGD system using lime slurry can be simulated according to
the following sequence of steps:

1) Specify values of the independent variables,such as PSOZ,
pCOZ’ gas and slurry flow rates, lime feed rate, size of the scrubber,
etc.

2) Assume the inlet pH to the scrubber.

3) Calculate SO, removal efficiency and the outlet pH of the
scrubber by solving Equations (4.4) and (5.2) simultaneously.

4) Use Equation (4.23) to calculate the CO; absorption.

S) Determine whether Equation (5.4) is satisfied. If it is not,
assume another inlet pH to the scrubber and proceed from Step 3. If
Equation (5.4) is satisfied, then the simulation is complete.

The flow diagram for this simulation is given in Figure 5.3.
This simulation procedure has been applied to the Borgwardt's data
(1554 b,d) ,which were obtained from the TCA scrubber hold:tank .system
utilizing lime slurry to desulfurize flue gas. The results of
simulating Borgwardt's data are given in Figures 5.4 and 5.5. It
can be seen from the Figure 5.4 that the SO, removal efficiency can
be predicted within 5% of the observed value. As shown in Figure 5.5

the inlet and outlet pH of the scrubbing slurry cannot be predicted as
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accurately as the removal efficiency.

In preparing Figures (5.4) and (5.5) the calculated concentra-
tions of chloride and magnesium were used in the equilibrium calcula-
tions. The concentration of the components are calculated by
employing Equation (5.9) assuming that the precipitation of the
magnesium and chlorine can be ignored. It is also assumed that
at the steady state, all chlorine in the flue gas is eventually
absorbed in the scrubber and can be balanced by the losses from
the purge. The sulfate concerdtration in the slurry is assumed as
the saturated value. Since the degree of saturation of the observed
sulfate concentration varies on average around its saturated value to

within 20%, the assumption of saturated sulfate is quite acceptable.

5.4 Design of Lime Slurry FGD Systems Using TCA Scrubbers

Using the simulation procedure discussed in the previous section
charts can be prepared with which lime slurry FGD system utilizing
spray or TCA scrubbers can be designed. In the remainder of this study
it will be assumed that there is no chlorine or magnesium in the
slurry to keep complications at :a minimum.However, the methods
discussed here can easily be applied to cases where the scrubbing
slurry contains chlorine or magnesium compounds. The sulfate
concentrations in the slurry are determined by assuming sulfate
saturation. In a commercial application the sulfate levels will
probably be maintained only slightly below saturation because of the
expense of adding magnesium to the system to reduce the saturation.

Therefore, the saturated concentration of sulfate should be a
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reasonable approximation to the sulfate concentration in an actual
system.

The procedure, by which design charts can be constructed, is
given below:

1) Specify SO, removal efficiency, slurry flow rate, lime feed
rate, equivalent packing height, inlet SO, partial pressure and
pressure drop above the normal pressure drop.

2) Assume a gas flow rate.

3) Compute the SO removal efficiency by the five step simulation
procedure given in the previous section.

4) If the SOz removal efficiency calculated in Step (3) does
not agree with the SO, removal efficiency specified in Step (1),
go to Step (2). If the calculated and specified SO, removal
efficiencies agree reasonably well, then the simulation is complete.
The result of carrying out this procedure is shown in Figure 5.6.
It can be seen from this figure that for a given lime feed rate
there exists a maximum in the amount of gas that can be treated.
The locus of these maximum points is presented in Figure 5.7 as
solid lines. Thus for a given slurry flow rate and equivalent
packing height the maximum amount of gas that can be treated (at
90% efficiency) and the lime stoichiometry can be read directly
from Figure 5.7.

A significant observation concerning the operation of a lime
scrubbing FGD system, which can be drawn from Figure 5.7 is that

for a given gas treatment rate a decrease in the specific flow rate
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of the lime slurry in the TCA scrubber decreases the "system stoichio-
metry' (i.e.,increases lime utilization) but increases the equivalent
packing height necessary to achieve the prescribed S0, removal
efficiency (e.g., 90% in Figure 5.7. Thus decreasing the lime

slurry circulation rate decreases operating costs (increases lime
utilization) but increases capital costs (i.e., larger scrubber
volume). It can be seen from this observation that the possibility
of having an optimal slurry circulation rate exists. This optimal
rate will be also dependent upon the effect of gas and liquid flow
rates on the pressure drop across the TCA (or the power requirements).
The power requirements will be minimized at low values of the slurry
and gas flow rates.

In the design of TCA FGD systems,operating costs will likely be
more important than the capital cost requirements of the TCA scrubber.
Hence, the preferred region of operation of a lime scrubbing FGD
system, which uses a TCA scrubber, will be at the lower left hand
corner of Figure 5.7.

For purposes of illustration, suppose that the economic evalua-
tion is carried out on the lime-TCA FGD system and that the optimal
liquid flow rate and stoichiometry are found to be 27.8 liter/mzsec and
1.12,respectively. Thus,from Eigure 5.7,the gas rate should be
2.4 m/sec and the equivalent packing height should be 0.88 m. For
a scrubber treating the flue gas of a 50 MW train of a power station
(89,000 SCF/min or 42.01 mssec.) a scrubber diameter of 4.72 meters
would be necessary. The actual height of the scrubber would have

to be determined by mechanical considerations; however,the equivalent
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height of packing represented by the spray sections plus the height
of the unexpanded packing pieces in the TCA would have to total to

0.88 meters.
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5.5 Effect of Variations in the Parameters of the Models for SO, and

992 Absorptions on the Outcome of the Simulation

In the simulation procedure, the parameters, such as the mass
transfer coefficients for the C02'and SO2 absorptions, were correlated
from experimental data (Borgwardt 1974b,d) by the least square method
as a function of flow characteristics, pH values and the concentration
of magnesium in the recycling slurries. Thus, it is expected that the
result of the simulation may deviate from the actual performance of the
scrubber due to the uncertainty of the parameters. In this section,
the variations in the results of the simulation due to the changes
in the model parameters are studied. The parameters investigated
include:

1) the mass transfer coefficient, kia, for S0, absorption in
the packing section.

2) the mass transfer coefficient, kZa, for SO, absorption in
the spray section.

3) the overall mass transfer coefficient, (KGa)COZ, for CO2
absorption.

4) the magnesium effect factor, Ap, in the packing section.

5) the magnesium effect factor, As’ in the spray section.

6) the pH effect factor, Ap’ in the packing section.

7) the pH effect factor, A_. in the spray section.

8) the coefficient, o, On the exponential term relating to

the inlet partial pressure of $0,, exPG’PSOZ,in)‘
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Perturbation of a given parameter at +10% of the estimated value
was made to test the sensitivity of the model performance. The #10%
perturbation of each parameter is chosen because it is the approximate
average error of the correlation value of each of the parameters. The
remaining parameters were kept constant at the best estimated values.
The result of the perturbation test at the equivalent packing heights
of 0.75m. and 0.95m. are shown in Figures 5.7 through 5.15. From
these figures, it is clear that all the parameters tested are not
sensitive with respect to the liquid and gas flow rates required for
90% absorption of S0, in flue gas.

The effect of variations in these parameters on the SO2 removal
efficiency is also tested. The results are listed in Table 5.1. The
operating conditions selected are similar to those used by Borgwardt
(1974b). From this table, it is seen that the most sensitive parameter
is the overall mass transfer coefficient for CO, absorption, (KGa)Coz.
A perturbation of +10% of this value results in approximately +3.8%

variation in the SO2 removal efficiency while the same amount of

perturbation in other parameter changes the removal efficiency by less

than +2%.
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Sensitivity of Parameter Accuracy on the SO,

Table 5.1

Removal Efficiency

Perturbation of the Parameter

from the Estimated Value

SO, Removal Efficiency Based on the
Es%imated Values of the Parameters

Gas Flow Rate

Liquid Flow Rate

Equivalent Packing Height

Negligible Mg and Cl in the Slurry

o

+10

90%

2.8 m/sec
30 liter/m?sec

0.95 m.

SOZ Removal

Efficiency (%)

Estimated Value of

+10% Perturbation

-10% Perturbation

Parameter the Parameter of the Parameter | of the Parameter
kga 110.922 91.7 88.1
(gmole/msatm sec)
gmo 1
kga 1.409 91.0 88.9
(gmole/msatm sec)
.127 93.6 86.1
(KGa)C02 0.1 ’
(gmole/m"atm sec)
Ap 1.954 90.6 89.3
(Dimensionless)
A - 16.78 90.1 89.9
S (Dimensionless)
A 1.0 89.2 90.5
P (Dimensionless)
A 1.0 89.5 90.4
S (Dimensionless)
« 330 89.3 90.6
(atm‘l)
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CIHIAPTER 6

CONCLUSION AND DISCUSSION

In this study, a mathematical model which can simulate the
pressure drop across a large scale TCA used for the scrubbing of SO2
from flue gas has been proposed. It includes the effects of spray,
packing and grid sections. The pressure drop across a grid with
more than 50% opening is very small compared to the pressure drop
across the spray and packing sections. It accounts for about 5%
of the total pressure drop across the TCA scrubber. A correlation
for the pressure drop of a large TCA has been developed and is
compared with experimental data covering wide ranges of
packing heights, types of grids, and flow conditions up to the loading
zone. The calculated pressure drops were in agreement with experi-
mental data for a large TCA within 10%. However, the correlation can
not be used to calculate the normal pressure drop in a small scale
TCA scrubber with lime slurry. Due to the lack of the experimental
pressure drop data taken under no scaling in the small scale TCA,
further development of a better correlation could not be undertaken.
The scale formation in the small TCA scrubber may be a possible reason
for the inadequacy of the pressure drop correlation developed to
provide better agreement with the experimental data.

CO, absorption from flue gas in the presence of SO; was also
studied. The CO, absorption rate was reduced drastically due to
the presence of SOz in flue gas. The extremely sensitive nature of

its mass transfer coefficient to the liquid flow rate revealed that
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the operation of the EPA/RTP scrubber was near the loading zone.Thus
it is evident that the CO, absorption has been examined only in a
narrow range of gas and liquid flow rates. A more reliable mass
transfer correlation could have been obtained if data in other
operating conditions were available. The temperature dependence of
the mass transfer coefficient has not been determined since the
experimental data were available only in a narrow range of temperature.
However, the variation in the temperature of the recycled slurry was
very small, ¥2°C;thus,the temperature effect*on the €0, mass trans-
fer coefficient can be neglécted.

A procedure by which a complete scrubber-hold tank system for
FGD using lime slurries can be designed has been presented. The
procedure relies on equilibrium calculations to determine the state
of the inlet and outlet conditions of the TCA slurry streamsyand semi-
empirical methods for determining the extent of SO, and CO, absorption
into the lime slurry in the TCA.

It is found that the simulation procedure could estimate the
S0, removal efficiency within 5% of the observed efficiency and
that the calculated inlet and outlet pH of the scrubber are within
10% .of the observed values. The procedure is believed to be good
enough for engineering estimatioms.

Using the simulation procedure developed in this paper, an
optimal operating regime can be identified where a maximum amount
of gas can be treated for a given lime feed rate. However, this

optimal regime is calculated based on the limited experimental values
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of the mass transfer coefficient for CO, absorption. The mass trans-
fer coefficients for CO, absorption in the regime other than for that
of the experimental conditions are obtained by extrapolation. More
experimental values are needed within the operating regime to
estimate the optimal operating conditions more accurately.

An optimal scrubber size which minimizes SO, removal costs
can be estimated. However, these costs are intimately tied to the
power requirements associated with pressure drop across the TCA
scrubber. Based on the simulation procedures given in this study,
it should be possible to design an optimal TCA scrubber-hold tank

FGD system.
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APPENDIX A.

SIMULATION COMPUTER PROGRAM

The following program and subroutines were used to simulate the
lime scrubber-hold tank system. Flow diagram for the computations

have been given earlier in the thesis (Figure 5.3).
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C SIMULATION COMPUTER PROGRAM.

COMMON/ALIN2/PH2(12),PLT(12),NDPTPH
COMMON/REEF/PMG,SKGA, PKGA,PSO2,2S,2P,G,P
COMMOM/ALINL/DLTL,DLTY, PHY
COMMOM/ENEL/AMG,CL, S03, ANK
coMMON/CCO2/SOF, CAF,VV,AK,C00,S,2Z,V,C02,A5S3, MM
COMMON/SOLU/MM, GPM, CAO, EFFSP
COMMON/PRINM/TITLE(1R),C0OBS(7),PHORS,ITS, PCSR, PPCC,STNI
COMMON/SYPLX/ SO02,UTI,PHIN,PHOT,EFFCY

C FEREFERCRARRIAZARARFBERIIRERRAAARABNLRELFLBRERBABR RS

co XN QA. e o 0 e .CPOSS SECT'OH AREA,C“**Z

C-lo-o\-’.o-n. .L/SEC.CM**Z, L'ﬂ FLO\'J

C...o-AMG....MMOL/L

C.....PMG..,..PPM,USEl IN THE CALCULATION OF SC2 REM EFF

C.....CAC....FFED,#/HR

C.....CAF....LIME FED, MMOLE/L

Coveeo GPM.,..LIO0 FLOW RATE,GPM

C.....S02,,..FEED,#/HR

Ceee..SOF....S02 FED, MMOLE/L

C..oooePHIN,..PH AT INLET OF TCWER

Civoee s PHOT, .., PH AT OUT LET OF TOWER

C.oee..EFFCY..S502 REM EFF

CoveeoDLTI,..DLT AT PH IN FROM EOLM PROGRM

CeeeeoDLTO,, .DLT AT PH OUT FROM EOLM PPOCRM

C.....ABS1...S02 ABSORRED,MMOL/L

c I 222222222222 R 2R AR R R AR R R 2 X R 2 2 R X XSS X R Y XY X
MM=0
MM=MM+ 1

c IF(MM™,.GT.1) GO TO 12n
MPiM=2

C A2 2R 22X 222X IR R AT R R LS XN
A=410,
Z=285,
ZP=60,
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PSN2=.N0243
S02=0,
P=9.5

AR ERRRERERRRRRRRRRARRANTARR AR AR R AT AR AR ARk hd®

MN=5

NN=6

NDTPH=12

NPDM=12

CONT I NUF

AMC=15,

StLan,

CL=0,

503=27,6

PPCC=,12

T=51,6

READ (MM,700) TITLE
READ(MM,701)PPCC, T, AMC,CL, ANK, SL
IF (T.EN.N.) STOP
READ(MN,702)G,V,Z,ZP,P,PS02,CAF,SOF
CPM=A*V/, 06308
S02=SOF*CPM/31,93E5
CAO=CAF«RPM/35,A99

AL=1050.*V

CALL SUFAT(S03,CL,AMG)

WRITE (NN,815) TITLE

[ ZX XTI INIATTLLEEII IR R EX R X X N X X R X J
IF(MMM,LE,1) GO TO 150
VIRITE(6,72)

WRITE(G,2)

WRITE(6,5) AMG,CL,S03
WRITE(6,10)P,PS02, PPCC
WPITE(E,B) CAF,SOF,T,Sl

WRITE (6,11)G,V,Z,2ZP



08

c

72 EORMAT(//,"' TEST EPA  SCPURRER SI17€.')
8 FORMAT(//, uX,'™MG',16X,'CL',11X,'S0O3")
5 FORMAT(1X,F10.4,5X,F10.4,5X,F10,4)
10 FORMAT(/,6X,'P',14X,'PS0O2',10X,'PC02",/, 3X,F5.2,10X,F10.6, €X,
C Fu4.2)
6 FORMAT(/,6X,'CAF',12X,"'SOF',11X,'T',15%,"'sL',/,1X,F10.3, 5X,F10.3,
/ SX,F10.3,10%X,F10.3)
11 FORMAT(/,6X,'G',14X,'V', 13X,'2"',15X,'ZP",/,2X,F7.5,10X,F7.4, RX,
/ F7.1,10X,F10,3)
700 FORMAT(1BAL)
701 FORMAT(G6F10.Uu)
702 FORMAT(8F1D.6)
815 FORMAT (///,10X,18AL)
[ TYITTITIIYITEIR I ZIATEY TN X IR L X X0 XX XYY
CALL ENELS(T)
WRITE(6,7)
7 EORMAT (//," PH DLT')
DO 2 1=1,NDDD
WRITE (6,4)PH2(1),DLT(1)
L FORMAT(1X,2F10.4)
2 CONTINUE
150 CONTINUE
BHERRFLFRRRARRBGEBAEREREBRIRRRARESRLEBAFELRRLLIBEHE R
PO 3 1=1,NDDD
IF(PH2(1).6T.4.0) GO TO 41
DLT4=NLT(I)
PHL=PH2 (1)
41 IF (PH2(1).GE,.9,) DLT9=DLT(I)

3 CONTINUE
FRERRBURLELEDBARENRPRETURRRREBEGHENBER MG BB G RB U
AK=,0005125
€0N=2,1676
S=,05536
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VV=Vax(-,4157)
28=2-7P
PMG=AMG*24 .3
C e N Y L 2 3 R ISR IS I
120 CONTINUE
S02=452,35%A*G*PS02
SOF=31,2365*SC2/GPM
SKCGA=0,00134+(Cx»0,8)~(AL**0 4)
PKGA=,00132%(Guw L7)*(AL** 51)*((P/6,1)*%1,1)
21 CALL PHEFF (CAF,SOF,PHIM,PHNT,EFFCY)
UT! =SOF*EFFCY/CAF

STOI=1,/UTI

c AR RR IR AR R AR AR R AR R h R AR AR R AR AR AR AR AR R AR ARk
WRITE(6,71)V,GPM ,CAF,CAOD,SOF,S02
WRITE(6,73)Z,2ZP

WRITE(6,500) UT!,STOI
WRITE(6,20) ABS3,C02,G
WRITE(6,9) PHIM, PHOT,EFFQY
500 FORMAT(/,5X,'UTI =',F5.2,5X,'STO0I=",F6.3)
20 FORMAT( 5X,'ABS =' F5.2,5X,'C02 =',F5.2,5X,'G =',F7.5)
9 FORMAT(  5X,'PHIN=',F5,2,5X,'PHOT=',F5.2,5X, "EFF=",FA. 1)
73 FORMAT(SX,'Z =',F6.2,5X,'ZP =',F7.2)
71 FORMAT(/,5X,'V =',F9.6,2X,'CPM=',F7.1,/,5X, 'CAF=",F6,2,
C 5X,'CAO=',F7.2,/,5X,"'SOF=",F6.2,5X,'S02=",F7.2)
STOP
END
SUBROUTINE PHEFF (CAF,SOF,PHIM, PHCT,EFFCY)
COMMON/ALIN2/PH2(12),DLT(12),NPTPH
Covso.INPUT:CAF,SOF, OUTPUT:PHIM,PHOT,EFFCY,
C SHGCRBNIRERREPRIPRERRYRRBLANEHBELRPRBBERREVEEBS SR BARE
NTT=0
PH11=7.5
ABS1=,9#CAF
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60
61

53

50
51

SHRBLLBRABRAHRALRRPURRRPLAPERBRRPLT PP ERRBLB R PR R4S
CALL PRDIT(PHI1,ABS1,CAF1,CAFD1,EFF1,PHDL)
IF(ABS(CAFD1/CAF),LE.,0005) GO TO 63
IF(CAFD1.CT.0.) GO TO 62

Pl 2=5.5

CALL PRDIT(PHI2,CAF1,CAF2,CAFD2,EFF2,PHO2)
IF(ABS(CAFD2/CAF),LE,.0005) G0 TO 64
CONTINUE

IF(ABS(CAFD2-CAFD1).GT..00001) GO TO 50
PHI3=(PHI2+PHI1)*,5

NTT=NTT+1

WRITE(6,53) PHI1,PHI12,CAFD]1,CAFD2
FORMAT(//,4F10.6,/,5X, "IN SUB PHEFF ')

GO TO 51

PH!I3=PH11-CAFD1+{PHI12-PHI1)/ (CAFDR2-CAFD1)
A=PHI3

B=CAF2

CALL PRDIT(A,B,C,D,E,F)

CAF3=C

CAFD3=D

EFF3=E

PHO3=F

IF(NTT.GT.0) GO TO 65
IF(ABS(CAFD3/CAF).LE..0005) GO T0 65
PH11=PHI2

CAFD1=CAFD2

CAF1=CAF2

PHI2=PH!3

CAFD2=CAFD3

CAF2=CAF3

GO TO 61
REBGIREBLFADBAREIRBRBRAPERERBIBERSRHBHN PSPPI PRRBEPRL 28

62 PHI2=10.2



£8

GO TO 60
63 PHIM=PH|1
PHOT=PHO1
EFFCY=EFF1
RETURN
B4 PHIN=PHI2
PHOT=PHO?2
EFFCY=EFF2
PETURN
65 PHIN=PH!3
PHOT=PHO3
EFFCY=EFF3
70 RETURN
END
SUBROUTINE PRDIT (PHI,ABS1,ARS2,CAFD,EFF,PHD)
COMMON/ALIN2/PH2(12),DLT(12),NPTPH
COMMON/ALIN1/DLT4,DLTS, PHY
COMMON/CCO2/SOF , CAF, VV, AK,COC,S,Z,V,CN2, APS3, N
C.....ABS1...GUESS S02,ABS , MMOL/L
C.v...ABS2,..502,ABS CALC'D
C.....CAFD.. .DIFFERENCE BETWEEN CAF DATA & PPEDICTER VALUE.
CoeesdPHI PHO...PH AT IM & OUT.
SF=0.
(=0
c FRRRBRFABHSRIABEHREFRRRRERDPRFERRF AN HHARR LR ER RN A E0H
IF(N.LE.4) GO TO 90
IF(PHI.LE.10.2) GC TC 90
WPITE(6,62)
WRITE(E,R1)SOF,EFF,PHI, PHO,ABS1,C02,DLTI,DLTO
62 FORMAT(//,' PHIN>1N.2,1M SUP PPPIT')
STOP
90 IF(PHI.GE.9,) GO TO S&
IF(PFI.CT,PHL) GO TN €3



ve

WRITF(6,R1)

WRITE(6,81)SOF,EFF,PH!,PHO,ABS1,C02,DLTI,DLTOD
61 FORMAT(' PHIN IS TDO LOW.IN SUR PRNIT')

STOP

***********************************‘*******************
63 CALL AL!NE(NDTPH,PH2,DLT,PHI,DLT!)
GO TO 51
EERRR R PR R R PR R R R P AR PR B AR R PERE R R R NP PR BB
56 FLT!1=DLTO
51 DLTO=PLT!+ABS]
I=1+1
IF (1.GT.30) GO TOQ 50
IF(PLTO.CT.DLTL ) GO TN 58
CALL ALINE (NDTPH,DLT,PH2,DLTO,PHD)
GO TO 54
RERERBRERAFRRAARBIRRRBGREGABIBBIPREGHLEDRGFRBIBESEPEPPnp
58 WRITE(6,80) ’
WRITE(6,81)SOF,EFF,PHI, PHO,ARS1,C02,DLT!,DLTO
80 FORMAT(//,"' CALCULATED DLT OUT IS TOO HIGH.',/,' PROPABLY 1.DLT 1S
/ NE@?LY CONSTANT. 2.DLTOUT 1S HEIGHEP THAM THE DLT AT THE LOWFST P
/H2.

81 FORMAT(//,' SOF EFF PHIN  PHOT ',/ ,8F7.3,//," ABRS1
/C02  DLTI DLTO ',/ ,4F7.3)
STOP

FREREHELRPIRERAIRABCRBORRDHRIREGORERBPPULBHAPPARRIRRAS
54 PHLM=,362+ALOG10((PHI=PHO)/(10.**(=PHN)=10,#*(-PHI)))

RFECRARRERRARRERRNBIRAB LRI AR RRBRSRRRORGLEPRRRAN R AR Y

CALL REMEF (PHLM,EFF)

ABS2=EFF*SOF

SPER=ABS1~ABS2

IF(ABS(SPER) +LE..001) GO Tn 50

ABS1=SF*SPER+ABS2

CoveesSF.o..SCALE FACTOR
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GO To 51
C RORRREETIHERERRARRRIBRBLRRRABERREHVRARHTIRARRIRERE RSP
CeveeaCO2 PORTION
50 PHM=(PHI+PHO)/2,
H=100**(3.—PHM)
CKGA=EXP(1,108*PHM-1.50L%VV)
AKH=1.+AK/H
CO2=CNO*AKH* (1. ~EXP(-CKGA*S*Z/AKH/V))
G (2222222 X222 2222 XXX 232222 A2 2R 2222 2 a i A Rl R
ABS3=ABS?2
CAFD=CAF-C02-ABS2
IF(N,LE.2) RETURN
WRITE(G,81)SOF,EFF,PHI,PHD,ARS1,C0O2,D1TI,DLTN
60 RETURN
END
SUBROUTINE REMEF(PHLM,EFF)
COMMON/REEF/PMG,SKGA, PKGA,PSN2,25,2P,G,P
COMMON/RRR/AS,RS,RP,AP,SPRAY, PACK
CeeeeoAL.. .. .GM/SEC,.CM#*%2
CieeeeGeooes o AMOLE/SEC,CM%22
cooc-ePooc.o-'N OF WATEPR
CoeeeoPMG,,..PPM
C-ooooPSOZ'o-ATM
Cevee.2S ZP..CM
IF(PMG.GT.350.)GC TO 3
SDELT=1.
PDELT=1.
GO TO 6
3 SDELT=50.1/(PMG**n 6682)
IF(PMG,CGT.3600,)G0 TO 5
PDELT=1,
GO Tn 6
5 PDELT=22./(0.0012L29+PM)*%2 NE5
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6 CONTINUE
PHS=PHLM
IF(PHLM ,GE,.7.19)PHS=7,18
AS=1./(EXP(-1.35%*PHS+7,.82)-0.15)
IF(PHLM,GT.6.,) GO TO 1
AP=1./0.308
GO TO 2

1 CONTINUE

Ceseos IF PH VALUE 1S GREATER THAN £,59 , AP VALUE WILL PE NEGATIVE

G

PHP=P{LM
IF(PHLM,GE.6,59)PHP=6,59
AP=1,/(-,.517*PHP+3.41)

2 E=EXP(-330,*PS02)
RS=(AS/SNELT)=*E
RP=(AP/PDELT)*E
PACK=PKGA*ZP*RP/G/(1.+RP)
SPRAY=SKGA*ZS*RS/G/(1.+RS)
EFF =1,-1,/EXP(SPRAY+PACK)
RETURN
END
SUBROUTINE ALINE (N,X,Y,XX,YY)
DIMENSION Y(12),X%(12)
BRERRDRAPRERBRNEBDLERBEHRRDRPHBPLF BB OHBHERPRBROREE RS
M=N-1
no &4 1=1,M
X1=X(1}=-XX
X2=X(1+1)~-XX
X3=X1»X2
IF(ABS(X1).LE..0002) GO TN 5
IF(ABS(X2).LE..0002) GO TD 6
IF(X3,LT.0.) GO TO 7

4 CONTINUE

5 YY=Y(1)
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302

GO TO R
YY=Y(1+1)
G0 TOQ @
SLOP=(Y(1)=-Y(1+1))/
YY=SLOP*(XX=X(1))+Y
RETURN

END
SUBROUTINE ENELS (T)
DIMENSION C(35),EK(25),CONS(10)
COMMON/ALIN2/PH2(12),DLT(12),NDTPH
COMMON/PPINM/TITLE(18),CORS(7),PHORS, IT5,PCSP,PPCC,STOI
COMMNN/NFFU/DELTR

COMMON/ENEL/AMG,CL,S03, ANV
COMMOM/TESTS/TEST,TEST2,TFST3, TESThH
MN=5

MN=6

CORS(1)=0,

COBS(k)=0,

CORS(6)=0,

COBS(2)= AMG

COBS(3)= AMK

COBS(5)= SN3

COBS(7)= CL
TT = T + 273.16

CALL ENCON(FK,TT)
FERRERDARERRREERNERRRABRORERNIRUPRIRERIBRERRRIIRS
K=n

COMTINUE

KeK+1

PHaPH2 (K)
FRBROBPRUBOEBARNBEDPNE IR ARIRERBRIPEPPRERE RIS
CONS(1) = 0,6 « CORS(S) / 1000,

COMS(2) = 0,9 » CCBS(2) / 1000,

(XC1)=X(1+1))
)

nonn3nnn
noensnoo

noe1I7000

nan37o0n0
non3gnon
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201
413

203

L1y
415

CONS(3) = COBS(7) / 1000.
CONS(L) = COBS(3) / 1000,
CCNS(5) = PPCC

CONS(6) = 10,*+(-PH)
CONS(7) = 0.0

CONS(8) = CONS(1)

COMS(9) = CONS(2)

CONS(10) = CONS(5)
ERRBEARRIRREHERURIRRRIRERIHIRRLRDRBE AR RRPRAR B
CALL EQUIC(C,EK,CONS,TT,PH)

QSMG = CONS(1) + CONS(2)

IF(QSMG LT, 0.001) GO TO 415

CHECK FOR SPECIFIED SULFATE BEYONP SATUPATION

IF (CONS(1) ,LT. 0.001) GO TO 413

IF (TEST .EQ. 0.) GO TO 201

IF (CONS(1) .GT. €(33)) GO TO 413

CONS(1) = 0,001 * COBS(S5) + C(1lu) / C(33)

CHECK FOR SPECIFIED MAGNESIUM ABOVE SATURATIOM

IF (CONS(2) ,LT. 0,001) GO TO L1y

IF (TEST2 .EQ. 0.)GO TO 203

IF (CONS(2) .GT. €(35)) GO TO Llh

CONS(2) = 0,001 * COBS(2) + C(19) / C(35)
FRIRERBEFIRIERAIRSILRLRRPHRRRIRIRER AR LRER LSRR A8
CALL EqQuUIC(C,EK,CONS,TT,PH)

CONT!INUE
FERLEERRRBRRRPRABARBIBHRIREERABLERNBENPER AR L 22444
DLT(K)=(C(32)+C(33)+C(34)~C(31))*1000.
IF(K.,LT.12)GO TO 302

RETURN

END

SUBROUTINE SUFAT(S03,CL,AMG)

Coesws INPUT:CL,AMG . OUTPUT:SO3

c

S03 CONC PRFCICTION AT CL ANI Mr

00039000
00040000
enos1000
00042000
nooL3000
nooLL4000
000L5000
00046000
nooL7000
oo0L8000
00050000
00051000
00052000
00053000
00054000
noos55000
nnos56000
npos7000
00058000
nnos59000
00060000
00061000

nana3000

00081000
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MG...AMG ,MMOL/L
CL...CL,MMOM/L
S03, , AMO4+X, MMPL/L
CA...CL/2+X , MMOL/L
FIND X BY ITERATIOM,.,..ASSUME SAT'P SP3 SALUTIOM

Yy R A R R A R R A R R X X R X A X R AR XA RIS R IR AR R RS R R R R 20 R R A R0 & A2
SFT=-,2
43 ¥=10,
¢ INITIAL GUESS
(o SFT...SCALE FACTOR
1=0
Coeeeeleeea..MO, OF ITERATION
L2 I=1+1
IF(1.GT.100) GO TO 45
U=(3.*CL+8,*AMG+8,+X) /2000,

OOODHIO0

C Uso o 1OMIC STRENGTH
SQUA=SORT (V)
AL=EXP(-L4,651+SOUA/(1.+,7*SNUA))
c AL..ALFA

IF(U,LE..18) GNP TO &0
C=EXP(-1.091-,49+ALCR(YD))
GO TO 41

LN C=EXP(-.6253-,2257+AL0C(L))

41 CLMG=CL/2.+AMCG
XX=,5%(~CLMG+SNART(CLMG*CLMG=2 , #CL*AMG+128 82/ /L/AL))
AXX=X=XX
X=SFT*XXX+XX

c MEVW GUESS VALUE
IFCABS(XXY ).GE..N01) €N TO 42
GO TO L6
45 WRITF(6,1)

1 FOPMAT(//,1%,"ITEPATICN |IM SURPOUTIME SUFAT 1S NYEDP 10p,')
LE SN3=AMC+XX
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o o Ne’

OO o (g} o

[y}

- O

100

S03..MMOLE/L

(22X A X222 X2 A2 R AR X222l 222 22l XX Rl 2 2 R XXX XXX YRS SRR R X X

RETURN

END

SUBROUTINE EQCON (FK,TT)

DIMENSION EK(25)

CIVEN THE TEMPERATURE, THIS RETURNS THE ENUILIPRIUM COMSGTANTS

P = 1,9872

EK(2), EK(1h4), AND EK(17) ARE FILLEN IM BY THE EOUIC SUPPOUTINE
DEPENPING ON SATURATION IN CACO3, CASNL, AMD *GRSO3

EK(2) = 0,

EK(14) = 0.

EK(17) = 0,

FIRST GROUP IN STANDARD FORM FOR FNTHALPY AND ENTPGPY

KSP FOR CASO03

ER(1) = EXP((4933.5/TT=-46.27)/R)

KB FOR 42503

EK(3) = EXP((2900.8/TT-42.71)/R)

KA FOR H2503

EK(5) = EXP((3861.1/TT=21.54)/R)

KN1SS FOR 10N PAIR CASO3

EK(7) = EXP((2310.2/7T7T-23.30)/R)

KDISS FOR 1ON PAIR CACO3

EK(8) = EXP((2176.1/7TT-21.94)/R)

KDISS FOR ION PAIR CAHCN3+

EK(9) = EXP((1381.2/TT=10.40)/R)

KDISS FOR 10N PAIR CAOH+

EK(10) = EXP((1250.4/TT-10.45)/R)

1/HW FOR S02 (H=P/C)

EK(12) = EXP((6269.8/TT-20.6L4)/R)

1/H FOR 02 (H=P/C)

EK(13) = EXP((u6L45,2/TT=22.29)/R)

KP1SS FOR JON PAIR MGOH+

00203000
nn204000
n0206000
nn2n70no0
N0208000
n0209000N
no21000n
n0211000
nN212000
00213000
0214900
00215000
00216000
00217000
NN218000
00219000
N0220000
00221000
nn222000
N0223000
00224000
n0225000
nn226000
N0227000
n0228090
0Nn229000
n0230000
01231000
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EK(16) = EXP((2370.6/TT-19.78)/R)

KSP FOR MGSQ3

EK(25) = EXP((=3671,3/TT=-7.24)/R)

KDISS FOR 10N PAIR MGHGO3+

EK(18) = EXP((1075.9/TT- 8.00)/P)

KNISS FOR 10N PAIR MGSN3

EK(19) = EXP((1979.3/TT-20.00)/R)

KPISS FOR 10N PAIR MGSOL

EK(20) = EXP((4PL1.5/TT-26.52)/P)

KPISS FOR 10N PAIR CASOL

EK(21) = EXP((1940.6/TT-17.N08)/R)

KN1SS FOR 10N PAIR MGCO3

EK(22) = EXP((2310.2/TT-23,30)/R)

KSP FOR CACO3

EK(23) = EXP((7597.0/TT-63.52)/R)

SECOMP GROUP NOT IN STANDARD FORM, TEMPEPATURF NEPENDFNCE

OF ENTHALPY AND ENTROPY HAVE BREEN MERGED

KB FOR 42603

EK(L) = EXP((-13282.9/TT-0.108R88*TT+29.74)/PR)

KA FOR H2C03

EK(6) = EXP((-15581.7/TT-0.150N5+«TT+67.93)/R)

KW

EKC11) = EXP((-20461.6/TT-0.07808+TT+27.86)/R)

KB FOR H2S04

EK(15) = EXP((~= 2174,5/TT=-N,08339+TT+23.02)/R)

KSP FOR CASOCL, 2H20

EK(24) = EXP((=22626.3/TT-75.007+ALOG(TT)+482,12)/R)
KSP FOR ANHYDROUS CASOL, THE STABIE FORI* AROVE 42 DER-C
IF (TT .GE., 315.) EK(24) = EXP((-5405,0/TT+13,213*ALOR(TT)
1 -0,14877+TT=32.42)/R)

RETURM

END

SUBROUTIME ENUIEG(N,EK,CAMS,TT, PH)

nn233000
nn23unnn
nn235n000
nn236000n
nn237090
nn23snon
no239n00
nna24nnan
no2x1000
00242000
on2u3000
nn2u4000
np2450n00
0OnN2LENND
nn2L7000
on2u8000
00249000
onr2sonno
00251000
nn25200n
n0253000
nN25u000
00255000
nn256000
00257000
on2s58nnn
nn259000
np260n0n
nNN261900
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501
504

326

COMMON/PRINT/AC22),XF(22),L,PCC,PCS,PC2
COMMON/TESTS/TEST,TEST2, TEST3, TEST4L

DIMENSION F(70,22),21(22)
DIMENSION C(35),EK(25),CONS(10)

DATA letu'ou'os'os'].-’ 1.’1.’1.'.8'.8'

* os'lwo 08'01"1.' 1.;1.,

THIS SUBRQUTINE CONTROLS THE ADL SET CF EQUILIBRIUM SUPROUTIMES
INITIALIZE VALUES FOR THIS CALCULATIOM

DO 501 J=1,22
A(J)=0.0
FC1,d)=Z1(J)
DO 504 J=1,35
C(J)=0.0

TEST = 0.0
TEST2 = 0.0
TEST4=1,0

15
16 = 0

17 = 0

CONS(6) = 10,%*(=PH)

CONS(8) = CONS(1)

CONS(9) = CONS(2)

C(23) = CONS(3)

C(24) = CONS(L)

COMS(10) = CONS (5)

A(11) = CONS(G)

SET SATURATION SITUATION
EK(2)=EK(23)

IFCTESTE LT, 1.)EK(2)=EK(8)
EK(1h)=EK(20L)

IF (TEST .LT. 1.)EK(14)=EK(21)
EK(17)=EK(25)

IF (TEST2 .LT. 1.)EK(17)=FK(10)

e

.8,.8,.4,.4,.8,

00266000
0N257000
00268000
n0269000
0270000
n0271000
00272000
00273000
00274000
00275000
00276000
00277000
00278000
00279000
0028000n
00281000
nc282000
00283000
0028u000
n0285000N
00286000
00287000
00288000
nn289000
00290000
00291000
nn292000
nN293000
no294000
00295000
002936000
op2a9700n
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o

805

4ol

513

402

503
412

507

17 = 17+1

IF (17 .LE.  10) GO TO 401
WRITE (C,805)

FORMAT (10X, 'TOC MANY CHAMCES
STOP

REPEAT THE CALCULATION UMTIL ALL TESTS ARE MET CR >70 LNOPS
PO 510 L = 1,70

FIRST LNOP PASS USES ESTIMATER ACTIVITY CrEFFICIFNTS

IF (L LEN. 1) GN TN 412

AFTER 15 LOCPS, USE ALTERNATE FORE OF CORRECTIMR ACTIVITY CNEFS
IF (L .LE. 15) GN TN 402

PO 513 JUN = 1,22

DELTA = (F(L,JN)=-F(L-1,JN))/2.

F(L,JdM) = F(L-1,JN)+NELTA

XF(JN) = F(L,JN)

GO TO 412

FRRPERErERER AR RERA PR RAREREERRARRRBPRERRRRRIBRPS

CALL CFUGHL(C,XF,TT,16)

no 503 1 = 1,22

F(L,1) = XF(1)

TEST3=n,

BRRERRERENRARLGBANAPRERAIRPRERIIRIRRRRAUBRHGRERR

CALL CABAL(F,EK,CONS,L,15,16)

A(13) = COMS(7)

IFCTEST? .GT. 0.) GO TO 326
FRARERREBBERNBHEBBERERNRDLRABAFBOARFEEPETBUPHRBESERY

FLI4 = F(1,18)

FL19 = F(L,19)

CALL CONCE(EK,A,CONS,L,FL1L4,FL19)

nO 507 J=1,22

C(J) = A(J) / F(L,J)

IF (L .EN. 1) GO TO 510

DO 505 J =1,22

IM SOLINS PRFSENT')

nn29gnnn
nn299n000
no3Innnne
na3ninon
no3n2nnn
nn3n3nnn
nN3INLNNO
nn3nsann
no3nengn
oe3n700N
nn3ngnon
no3nagnnn
0n3100n00
no311nno
nn312nnn
np313nnn
ne3luo0n
nn3l1snnn
nn3160nn

np3170n0

nnN318000

no319nnn

nn3annnn

nniz2loon

nn3220nn

nn323000

np3annon

on32snnn
nn32600n0
00327000

nn32gnon

nn3aqnnn

nn33innnn
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IF (ARSCC(F(L-1,UM)=-F(L,JIM)Y/F(L,IM)) .GT. 0.,001) ¢CO TO 510 0033100N
505 CONTINUE nn332na0n
TEST3=0, nn33300n
KRPRRRERBDRERRPRRIPOLIRRELEPDREVLRPRPRRBRUPH LRI
CALL TTEST(C,EK,A,CONS,PCC,PCS,PCM2) no335000
IF (TEST3 .NE. 0.) GO TO 326 0033€000
FOLLOWING ARE I10M SUMS, I1ONIC IMBALAMCE, 1NMNIC STPENCTH nn3i37innn
C(25) = C(9) + C(10) + C(11) + CC16) + CC(1R8) + C(20h) nn33gannn
C(26) = C(3) + C(u) + C(12) +C(15) + C(23) nn33aq0nn
C(27) = C(13) + C(19) no3nnnoo
C(28) = C(1) + C(2) + C(1h) nr341000
C(29) = C(25)=C(26) + 2, = (C(27)-C(28)) nnzu200n0
C(30) = (C(25)+C(26))/2. + 2, * (C(27)+C(2¢8)) nO343000
FOLLOWING ARE TOTAL CA, SULFITE, SULFATE, CAPRNMATE, mn nosuuonn
C(31) = C(7) + C(8) + C(9) + C(10) + C(13) + r(21) no3us5000
C(32) = C(1) + C(3) + C(S) + C(7) + C(17) NO3LEOND
C(33) = C(14) + C(15) + C(20) + r(21) cn3u7000
C(34) = C(2) + C(h4) + C(B) + C(8) + C(9) + C(1R) + C(22) no3Lgonn
C(35) = C(16) + C(17) + C(1R8) + C(19) + C(22) + C(20) 00349000
RETURN on3snoon
510 CONTINUE nn3s51000
WRITE (6,806) nn3sannng
806 FORMAT (10X, 'MORE THAN 70 ITFRATIONS IN EOU'IC') nn3s3nng
STOP nog3snnon
ENP np355000
SUBROUT INE CFUGHL(C,FF,TT,I6) 0n356000
DIMENSION C(35),EF(22) ne3s7n0n
DIMENSION CA(22),CB(22),U(22) nn3se000
REAL 12(22) nn3sannn
DATA 12/8,,4.,1.,1,.,0,, O0,.,9,,0,,1,,1., 1.,1.,4,,4.,1,, on36n0000
11.,0.,1,,4,,0., O0.,0,./ nN03R100N
DATA U/0.,0.,0,,0,.,.076,.076,.076,.07F,0n,,0,,0,,0,,0,,0,,0,, 00362000
10,,.075,0,,0,,.07¢,,.076,.076/ nNO3630N0
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501

DATA CA/b4.5,4.5,4.5,4.5,3.,3.,3.,3.,3.,3.,6.,3.,4.5,3.,3.,
13.,3.,3.,3.,3.,3.,3./
RATA CB/O.,0.,0.,0.,.3,.3,.3,.3,.3,.3,.4,.3,.1,0.,.3,
1.3,.3,.3,.3,.3,.3,.3/

TC
ns
PA
N

TT-273.16
87.74 =~

L00N08*TC + 9,.38E~Lx(TCx*2,) -

(1.8248E6)/((NS*TT)**1.5)

50,292/ ((NS*TT)*+,5)

S1 IS THE 10MIC STRENGTH TIMES THO
SI = C(23) + C(24)
no 501 1 = 1,22

S| =

St + 1Z(1

EF(1) = n,0001

no 503 |
IF (C(1)
EF(1) =

= 1,2
.LE.

) = C(1)
2

0.) GO TO 503
EXP(2,303*(U(1)=*S!

1(St+**,5)) + CB(I)*S!)))

IF (EF(1)
IF (EF(1)

.LE.

401 EF(1) = =1,
YRITE (6,801)
801 FORMAT (10X, 'POSSIBLE ERROR IM SPECIES ',12,' |

503

1' CONC =
1€ =16
IF (16 .CE,

+ 1

CONT I MUE
PETURM

END

+ PA=IZ(1)x(=(SI*%x,5)/(1,
LT. 0,001) GO TO 401

10,) GN TO 503

1r,st,c(1)

' F12,6)
8) STOP

SURROUTINE CABAL(F,EK,CONS,L,15,10)

NPIMENSIOM E(35,3),A(13)

NIMENSION F(70,22),FK(25),C0NS(10)
COMMOM/TESTS/TEST, TEST?2, TEST3, TESTH

HM=C

1. L1E-Fx(TCx=%3,)

+ NBaCA(1)*

s= ',F12.6,

no3cLOND
No3E5000
NO3EENQND
nn367000
00369000
na370000
nn371000
np372000
ae3730N00
nn3740n0
ne37snnn
no3760an
nn3z700n
nN378000
00379900
nn38NNNO
nn3xgloonn
nn3R2000
00383000
na3runng
no3850nn0
0N3IBRONN
nn3g7nng
nNn3R8NNO
nn3eannn
ne3anone

314000
nN3950n00
no3agnnn
nn3gq9nnn
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A(11) = COMS(6) ngLnnoon

S = CONS(Q) anLplnnn
T™ = CONS(9) naEnN2000
N = CONS(10) nagn3nnn
no 2290 1=1,35 0oLNENON
ro 220 J4=1,3 noLO7oNn
E(1,Jd)=0.0 anLngnnn
E(1,1) = 1./F(CL,13) : nounanon
E(2,1) = EK(11)/(2.*A(11)«F(L,10)=EK(10)) noLiInNnno
E(3,1) = EK(19)*EK(11)/(2,*EK(2)*FK(16)*F(L,16)*A(11)) nnL11000
E(Lh,1) = EK(19)/(EK(2)*F(L,19)) nNL12000
E(5,1) = E(1,1)+E(2,1) noL13000
E(6,1) = E(3,1)+E(L,1)+E(S5,1) nNL1Looo
E(7,1) = DeEK(B)*EK(13)/ (2, #EK(9)*F(L,9)*A(11)) nNoL1sno00
E(&,1) = E(5,1)+E(7,1) nnL16nNNN
E(9,1) = EK(17)/(F(L,19)+EK(1)) nou17000
E(10,1) = EK(17)=EK(11)/(AC11)*»F(L,1E6)*FEK(1)*EK(L6)*2,) nnuignnn
E(11,1) = EK(17)+EK(R)*FEK(13)*EK(Y)»N/(EK(1)*FK(18)* nNL19N00
1F(L,18)*EK(4)I*A(11)*2,) noL2n0n0
£F(12,1) = E(8,1)+E(9,1)+E(10,1)+F(11,1) nnL210n00
E(13,1) = E(5,1)+E(9,1)+F(10,1) ooL220n0
E(1,2) = EK(11)/(2.+A(11)*F(L,12)) nnL25000
EC€2,2) = A(11)/(2.%F(L,11)) nny2s5000
ADPD IN ANY OTHER NOMCOMPLEXING SIMCLY CHARGER - SPECIFS COMC noL26000
E(1,2) = E(1,2) + CONS(3)/2. nny27000
ADD IN ANY OTHER NOMCOMPLEXIMG SINGLY CHARCEN + SPECIFS COMC noL22000
E(2,2) = E(2,2) + CONS(4)/2. nnu20nNo
E(3,2) = EK(2)*A(11)/(2.*EV (LIXFEK(Q)xF(L,0)) naL3nnne
F(4,2) = S onL31000
E(5,2) = A(11)*S*F(L,14)/(2.*EK(15)xF(L,15)) nOL3I20N0
E(6,2) = TM*F(L,19)*EK(11)/(2.*EK(16)*F(L,16)=A(11)) noL33000
EC(7,2) = TH nou3nnon

£(8,2) £(1,2)-E(2,2) nNoL3s5nn0



L6

£E(9,2) = E(8,2)-E(3

E(10,2)
E(11,2)
E(12,2)
E(13,2)
EQ(14,2)
E(15,2)
E(16,2)
E(17,2)
E(18,2)

) 2)
E(9,2)+E(L,2)+E(5,2)
E(10,2)-FE(6,2)-E(7,2)
E(9,2)-E(6,2)-E(7,2)

EK(19)*A(11)/

E(10,2)-FE(13,

E(9,2)-E(13,2
P*EK(B6)*EK(13)*EK(bL)/(A(11)**2,+F(L,2))
D*EK(6)*EK(13)/(2,+A(11)*F(L, L))

E(8,2)+E(16,2)+E(17,2)

(2,+FK(18)#F(L,18)*EK(L))
2)
)

E(19,2)=EK(19)+A(11)**2,0/(D*EK(R)*EK(13)*EK(L)*F(L,b19))
E(20,2)=EK(11)*EK(19)*A(11)/(2.0+N*F(L,16)*EK(16)*EK(B)*FEK(13)

1+EK(4))

E(21,2) = E(18,2)-E(19,2)-E(20,2)-E(13,2)

£(22,2) = E(21,2)+E(4,2)+E(5,2)

E(23,2)= E(1R,2)+E(L,2)+E(5,2)-E(6,2)-E(7,2)

F(24,2) = E(18,2)-E(6,2)-E(7,2)

E(25,2) = TM*F(L,19)*EK(6)*EK(13)*D/(EK(18)*F(L,18)*A(11)+*2.)

E(26,2)
£(27,2)
E(28,2)
E(29,2)

nonn

E(23,2) - E(25,2)

E(24,2) - E(25,2)
EK(L7)*EK(2)*A(11)/(F(L,18)*EK(1)*FK(1R)*EK(L)*2,)
E(18,2)+E(L,2)+F(5,2)

E(30,2)= E(10,2)-F(28,2)
E(31,2) = E(9,2)-E(28,2)
CR TERMS 1IN CONCENTRATIOM TIMES ACTIVITY OF CALCIUM

£(1,3)
£(2,3)
£(3,3)
F(4,3)
£(5,3)
£(€,3)
£(7,3)
E(R,3)

EK(1)/F(L,1)

ACL1)*EK(1)/(2.*F(L,3)*FK(3))

EK(2)/F(L,2)

EK(2)*A(11)/ (2. *EK(L)*F(L, b))

EK(1h)/F(L,1L)

AC11)*FEK(14)/ (2, *EK(15)*F(L,15))
TM*M(L,19)*A(I1)*EK(2)/ (2. %M (L,18)*EK(I2)*FK (L))
EC(1,3)+E(2,3)

ONL3E000
o0L37000
onL380n0
nnE3onno
nnLLboooo
noLL10n0
nouL2000
NOLK3000
onLLLo00
nnuus000
NOLLEOOOD
nouL7000
00LL8000
nnuLagno
nou50000
nou5100r0
nnL52000
0nL53000
nous4000
noL55000
nOL5€000
onus7000
nnLs8oNn
nousaQo0
NOLAENOOO
NNLRT100O0
noL62000
noLa300N
onkaLa0no0
noLes5000
NNLASNANN
nNLe7000
nNyGceEo0n
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201

202

203

204

205

206

E(9,3) = E(8,3)+E(3,3)+F(L,3)

E(10,3) = E(9,3)+E(5,3)+E(6,3)

E(11,3) = E(9,3)-E(7,3)

E(12,3) = E(11,3)+E(5,3)+E(F,3)

E(13,3) = E(8,3)+E(5,3)+E(F,3)

E(14,3) = E(’,3)-E(7,3)

£(15,3) = E(13,3)-E(7,3)
FERREARENPIRARDERARRAERGRPRRREGRRERHSRPEBIRRPIAS

T
o
AR
BR
CR
GO
AR
RR
CR
co
AR
RR
CR
0
AR
RR
CR
o
AR
BR
CR
t0
AR
RR
cr

= TEST + 2.*TEST2 + L, *TESTL + 1,
T0 (201,202,203,204,205,206,2"7,208),17
= E(R, 1)
= E(26,2)
= E(R,3)
TO 128

= F(?,1)
= F(27,2)
= E(13,3)
TO 128

= E(12,1)
= E(29,2)
= E(8,3)
TO 128

= E£(12,1)
= E(18,2)
= E(13,3)
TO 128

= E(5,1)
= E(11,2)
= E(11,3)
TO 128
F(5,1)
E(12,2)
E(12,3)

noL6Ea000
AOLT70000
neL71nan
noL72000
eNL73000
nou74000
noL750n0
noL760n00
now78nno0
ngu7annn
poLgOO0N
noue1INNO
nOLR20NO
A0LR30N0
nouLRLONO
nour50NN
nnu8e0nNo
00487000
nnLgROND
noLganan
noLanonn
0oLo1nnQ
nnuoz0nn
noL93000
nneaunno
nnyasonn
AOLARONN
0eLa7000
naLa8ONo
nOLANOANN
nnsnnann
nesninno
nnsn2nnn
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e

207

208

128

451

198

421
197

422
199

76
701

O TO 128
RR = E(30,2)
CR = E(9,3)
GO TO 128
AR = E(13,1)

CR = E(10,3)
CR = =-CR
BR = =BR

ARG = BR#*2 - L *AR+CP

IF (ARG .LT. Q0.) CO TO 422

A(13) = (=~BR + ARGx*#*,5)/(2.%AR)
CONS(7) = A(13)

IF (A(13) .GT. 0.) RETURN

IF (A(13) .EQ. 0.) GO TO 421
WRITE(NM,198)

FORMAT(10X, 'THE RODT 1S MEGATIVE',/)
15 = 15+1

IF (15 .0GT. 3) GO TO 76

A(13) = (-BR=ARG#**,5)/(2.*AR)

CONS(7) = A(13)

GO TO 451

WRITE (NN,197)

FORMAT(10X, 'THE ROOT IS ZERD',/)

GO TO 76

WRITE(NN,199)

FORMAT(10X, *THERE IS NO REAL RNCT',/)
RPN NOESN'T UMDERSTAND \Wi'Y ADRL SETS TEST2 = 1, HFRF
TEST? = 1.

WRITE (MN,701)

FORMAT (' PRORLEM WITH RONT IM CARAL')
16 = 16+1

nns503000
nasnuoon
nesnsnnn
nasneEnnn
nesn7009
nosnegono
nosnanon
ons10000
nN511000
nN512000
nn513000
nas14000
nnN515000
nnS516000
nos170nn
0Nns18nno
nns1aono
nns20000
n0521000
n0s522000
nns23000
nns240N0
nns525000
nns526000
0Ns527000
n0S28000
nn529000
00530000
nns531000
00532000
00533000
nos3u000
nn535000
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TEST3 = 1.

IF (16 ,LT. 8,) RETURNM
STOP

END

SURRNOUTINE CONCE(EK,A,COMS,L , FL1L,FL19)
DIMENSION EK(25),A(22),CONS(10)
COMMON/TESTS/TEST,TEST2, TEST3, TESTL
A(11) = CONS(6)

A(13) = CONS(7)

S = CONS(?)

T™ = CONS(9)

0 = CONS(10)

A(1) = EK(1)/A(13)

A(2) = EK(B)*EK(13)*EK(l4)*N/A(11)w=2,
IF (TESTH .EQ. 1.) A(2) = EK(2)/A(13)
A(3) = A(11)*A(1)/FK(3)

A(L) = A(11)*A(2)/EK(4)

A(5) = A(11)+A(3)/EK(5)
A(6) = A(11)*A(4)/EK(6)
A(7) = A(13)*A(1)/EK(7)
A(8) = A(13)*A(2)/EK(R)
A(9) = A(13)+A(L4)/EK(9)

A(12) = EK(11)/A(11) :

A(10) = A(13)*A(12)/EK(10)

A(ly) = FL14 * S

IF (TEST .EQ. 1.) A(1L4) = EK(14)/A(13)
A(15) = A(11)*A(14)/EK(15)

A(19) = TM * FL19

IF (TEST2 .E0, 1,) A(19) = EK(17)/A(1)

A(16) = A(19)*A(12)/EK(1F)
A(18) = A(19)*A(L)/EK(18)
A(17) = A(19)*A(1)/EXK(1D)
A(20) = A(19)*A(1L)/EK(20)

na536000
09537000

nNsSK1ono
nOSL2000
0nsLS0N0
nnsLE000
nosK70n0
nOsLBONO
nNsSL90N0
00550000
00551000
noss52n0n
00553000
nosSS54L0NN0
nnsssoon
nosss000
nass57000
an5580n0
0n559000
nns5600nn
00561000
nnN562000
N0SR3000
MOSELO0N
nnses5000
00566000
ANSE70NN
N0SHRO0N
nNSFANGN
nps70n00n0
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401
402

03
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A(21) = A(13)*A(1L4)/EK(21)

A(22) = A(19)*A(2)/EK(22)

RETURM

END

SUBROUT'INE TTEST(C,EK,A,CONS,PCC,PCS,PCM2)
DIMENSION C(35),EK(25),A(22),CONS(10)
COMMOM/TESTS/TEST,TEST?2, TEST3, TESTL

T1 = TEST

T2 = TEST2

T4 = TESTh

ES = CONS(1)

TMG = CONS(2)
CN3 = CONS(S)
S = CONS(R)

TM = COMS(9)

D = CONS(10)

PCC = 100,%xA(13)*A(2)/FK(23)
IF (TESThH .EQ. 1.) GO TN LO)
IF (PCC .CT. 100.) TEST4 = 1.
GO TO 402

n =A(11)#%2,*EK(2)/(EX(L)I*EK(G)*EK(13)+A(13))
IF (D .GT. CO3) TESTH = 0,

IF (TESTL .EQ. 06.) N = £0O3
PCS=100.+A(13)*A(14)/EK(24)
IF(TEST .EN, 1.) GO TO 403

IF (PCS .GT., 100,) TEST = 1.
GO TO unb

S = C(14)

IF (¢c(14) ,G6T., ES) TEST = 0,
IF (TEST .FN. 0.,) S = ES
PCM2=100,*A(19)*A(1)/EK(25)

IF (TEST2 .EQ. 1.) GO T9 405
IF (PCM2 ,GT, 100,) TEST? = 1.

n0571000
nos5720n00

00576000
nos77000
nns79n0n
nasgonaoce
nns581n0n
nnsg2000
nesK3N00
ONSRLENDN
nns85000
nNOSRE6EN0N
nns587000
nnsg8anaon
nnsanoon
nnsa10nn
NnN592000
nosasoan
nosaunen
nnsasgon
nn597900
nos598000
nes9anon
nngononnn
nneEn1non
nngn2n0n
NOEN3NND
NNENSOND
NOENENDD
ANENT7O0N



(A1)

Lo5
4ne

TO LOG
= C(19)

(T4 .GT. TMG) TEST2 = 0,
(TEST2 .EQ. 0.) TM = TMG
(Tl .ME. TEST) TEST3 = 1.
(T2 .NE. TEST2) TEST3 = 1,
(T4 .NE. TESTH) TEST3 = 1.
CONS(8) = S

CONS(9) = TM

CONS(10) = D

RETURN

END

nNENROON
nneENGaON
00E100N0
nNE1I100N
noe12000
nNeE13000
NNE1ILOOD
0ong1s500n
NNEL1EN00
rPNETIT7000



APPENDIX B.

Plots of the Mass Transfer Coefficient for CQaiAbsorption VS.

Various Average pH Values.
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