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Chapter 1

Introduction

The presence of sulfur dioxide in flue gases occurs in
many common processes such as the combustion of heavy
0il and coal, smelting operations, sulfuric acid manufacture
and metallurgical processes. Because of the current concern over
impending energy shortages fuels with high sulfur content will be
increasingly used as important sources of energy in the future.

As a result, the environmental aspects of the burning of high
sulfur fuel and its associated SO2 emission problems are being
given considerable attention by governments throughtout the
world.

Due to the EPA regulations on sulfur dioxide emissions
associated with stack gas, much effort has gone into studying the
removal of sulfur dioxide from these gases. Several processes for
the removal of sulfur dioxide from stack gases have been proposed
and studied in both small and large scale pilot-plant operations.
One of these processes is the wet scrubbing process which utilizes
recycled limestone or lime slurries as scrubbing liquid. It is
this process upon which the attention of this study is focused

In this chapter, a general description of the wet scrubbing
processes which utilize limestone/lime slurries as the scrubbing medium

is given and the scope of the study is defined.



1.1 Description of Scrubber-Holding Tank Recycle System Using
Limestone/Lime Slurries

A simplified flow sheet for a wet scrubber-holding tank recycle
system is given in Figure 1.1. The absorption of sulfur dioxide is
carried out in the scrubber where intimate contact between the
upward flowing gas and downward flowing slurry is maintained. The
holding tank plays an important role in the recycle system by pro-
viding sufficient holding time for the scrubber effluent so that the
precipitation of calcium sulfite and calcium sulfate which are
produced by the reaction of sulfur dioxide and oxygen with limestone
or lime slurries will take place. These precipitants are then
purged from the system through the clarifier. It is in the make-
up tank that fresh limestone/lime slurries are provided for the
slurry recycle system.

Two of the most promising scrubbers for carrying out the sulfur
dioxide scrubbing with limestone/lime slurries appear to be the
turbulent contacting absorber (TCA) and spra} tower. Several large
scale scrubber-holding tank recycle systems utilizing these
scrubbers have been built and a number of research projects on wet
scrubber systems have been sponsored by the EPA to test the

performance and reliability of these scrubbers.

1.2 Scope of Investigation

In this study, a mathematical model is developed which describes

the absorption of sulfur dioxide by limestone or lime slurries in

a scrubber. Parameters appearing in this model are evaluated from
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experimental data obtained from the large scale turbulent contacting
absorber located at the TVA Shawnee power station and the EPA in-
house turbulent contacting absorber and spray column at Research
Triangle Park, North Carolina. Correlations are developed for the

gas film mass transfer coefficients and the overall coefficients in
the liquid film based on the hydrodynamic and chemical characteristics
of the system.

The scrubbing of sulfur dioxide from flue gas is simulated
utilizing the correlations developed in this study for the gas film
mass transfer coefficient and the ratio of mass transfer resistances.
The results are compared with the experimentally observed sulfur
dioxide removal efficiencies for widely differing size TCA scrubbers
and spray column scrubbers. It is demonstrated that the mathematical
model developed here can be used in the design and scale-up of the
process of absorbing SO2 into limestone or lime slurries in spray
column and TCA scrubbers.

In light of the mathematical model and correlations developed
in this study the complex mechanism of SO2 absorption into the
scrubbing slurry is analyzed and the key liquid phase reactions are
identified.

The rate of CO, transfer between the gas and liquid phases in
the scrubber effluent is also studied. Since the kinetics of
precipitation and dissolution of the calcium salts found in wet
scrubber processes are uncertain at this stage, the differential

material balances for the liquid phase in the scrubber cannot be



solved. However, calculations based on assuming chemical equilibrium
in the liquid phase are shown to approximate the liquid phase analysis

reasonably accurately.



Chapter 2

Literature Review

2.1 General Review of Gas-Liquid Contactors

Gas-1liquid contactors can be classified according to the geometry
of dispersed fluid, the relative direction of flow of two phases, the
type of operation, and the force utilized. A detailed description
of such classification has been shown in Table 2.1. In Table 2.2,
the various types of gas-liquid contactors commonly utilized in the
chemical industries are presented. Explanations for each type of
gas-liquid contactor are based on its hydrodynamic characteristics
and mass transfer behavior. For flue gas desulfurization systems,
various different types of gas-liquid contactors are being used.
Presently, a number of pilot plants are either being planned or under
construction. Summaries of their operations are provided by Devitt
[26]

and Zada » 1974; and Ando[l], 1974. Other references relating

to the application of gas-liquid contactors on the desulfurization
processes are given in Table 2.3. It should be noted that Table

2.3 is provided according to the operational characteristics of

these contactors.

2.2 Review of Turbulent Contacting Absorbers

The turbulent c¢ontacting absorber (TCA), first described
. 55] . . . .
in 1959[ ], is a scrubber primarily intended to remove particulates
from a dust laden gas. TCA is a novel type of gas-liquid contacting

device which consists of non-flooding packings made of low density



Table 2.1

Classification of gas-liquid

contactors.[z’ 44, 45, 62]

Geometry of Liquid drop, Gas bubble,
dispersed phase Liquid film, Liquid jet.

Relative direction

of flow of Cocurrent flow, Countercurrent
two phases flow, Crosscurrent flow
Type of operation ' Batch system, Continuous system
Force utilized Gravitational force, Centrifugal

force




Characteristics of gas-liquid contactors.

Table 2.2
{2, 7, 22, 37, 44, 45, 46, 53, 61, 62, 65, 68]

Flow Mechanism

Power Consumption

Mass Transfer

Type
Phase in Power
of Geometry of |Relative [Liquid which Consumption | Phase in which
Dispersed | dispersed flow surface |Flow power is | effect on resistance
Equipment phase phase direction |renewal |ratio supplied | efficiency | predominates
Wetted Wall | (1iquid) (film) cocurrent |slight variable gas slight gas or liquid
tower or phase con-
counter- trolling
current
Bubble gas bubble cocurrent | slight variable | gas slight liquid phase
tower or controlling
counter-
current
Agitated gas bubble slight variable | gas slight
vessel with
sparger
Packed gas film cocurrent | can be variable | gas slight gas or liquid
tower or or obtained phase con-
liquid counter- | with trolling
current specific
packings
Wooden grid | liquid film counter- | excel- variable | gas slight liquid phase
packed or current lent can be controlling
tower drop or quite
Cross- low

current




Table 2.2 (Continued)

Flow Mechanism Power Consumption Mass Transfer
Type Phase in Power
of Geometry of |Relative Liquid which Consumption |Phase in which
Dispersed | dispersed flow surface Flow power is | effect on resistance

Equipment phase phase direction fenewal ratio |supplied {efficiency predominates
Bubble gas bubble counter-  pxcel- variable | gas slight liquid phase
cap current lent can be controlling
tower (cross- quite

current low

on a

tray)
Perforated | gas bubble counter-  pxcel- variable | gas slight liquid phase
plate current lent can be controlling
tower (cross- quite

current low

on a

tray)
Perforated | gas bubble counter-  pxcel- variable | gas slight liquid phase
plate current lent can be controlling
tower quite
without low
downcomer
Rotational | gas bubble counter-  pxcel- variable | gas slight liquid phase
current current lent can be controlling
tower (cocurrent quite

on a tray) low




Table 2.2 (Continued)

Type Flow Mechanism Power Consumption Mass Transfer
Phase in Power
of Geometry of [Relative {Liquid which Consumption |Phase in which
Dispersed | Dispersed flow surface Flow power is | effect on resistance
Equipment phase phase direction |renewal ratio supplied |Efficiency predominates
Spray liquid drop counter- |excel- variable [liquid significant |gas or liquid
tower current lent phase
or controlling
cocurrent
Centrifugal | liquid drop counter- |[good high gas significant |gas or liquid
spray current phase
scrubber or controlling
Cross-
current
Cyclone liquid drop cocurrent |[slight high liquid significant | gas phase
scrubber controlling
Venturi liquid drop cocurrent |slight high gas significant | gas or liquid
scrubber or or phase
bubble liquid controlling
. Jet liquid drop cocurrent {good high liquid significant | gas or liquid
scrubber phase
controlling
Centrifugal | liquid drop counter- excel- variable | gas significant | gas or liquid
contactor film current lent (or phase
and jet or equip- controlling
cocurrent ment
itself)

01



Table 2.2 (Continued)

Type Flow Mechanism Power Consumption | Mass Transfer
Phase in Power
of _ Geometry of | Relative Liquid which Consumption | Phase in which
Dispersed | dispersed flow surface Flow power is| effect on resistance
Equipment Phase Phase direction jrenewal ratio supplied | efficiency predominates
Turbulent liquid film counter- |excel- variable| liquid significant | gas phase
contacting (gas) drop current lent controlling
absorber (bubble)
Hydro- gas bubble counter- | fair variable| liquid significant | gas or liquid
Filter (in drop current phase
scrubber turbu- and controlling
lent cocurrent
layer)
liquid
(other
portion)

It



Table 2.3

Data on sulfur dioxide reduction using gas-liquid contactors.

Type
Gas Liquid C . K.-a
SO, vol % Liquid {Pressure 0G
of zlquid
Removal 2 flog flog Gas loss |Absorption N (ggmole/
contactor |process |Inlet|Outlet|(kg/m"hr)| (kg/m"hr)| ratio|(mm aq) % 0G| m“hr atm) |Reference Remarks
Packed Ammoniacall 0.3 {0.06 2,100 4,000 1.6 |<25 80 3.3 95 [2] 2" Raschig
tower liquor : : : ring
process 6,700 2.7 250 20 moles NHS/
100 moles H20
Wooden L\mmoniacal 0.15 [0.018 | 4,750 2,800 0.5 <25 75 1.6 100 [2]
grid packed liquor ! ! ! ! . !
tower process 0.038 |10,000 5,500 80 2.3 350
Wooden Ammoniacal 15.5 moles NHS/
grid packed|liquor 0.077(0.017 4,200 55,800 11.6 78 3.4 680 [2] 100 moles H.O
tower process 2
Wooden Lime 0.12810.01 5,000 4,800 0.5 70 30» CaCO3 10%
grid packed |process : ! : ) ! <25 2 J [2]
tower 0.14410.04 10,500 13,600 1.5 92 110 slurries
Wooden Lime
grid packed|process [0.08 |0.006 [11,000 32,000 3.2 76 93 2.4 24 [2]
tower
Wooden Soda 0.1 |[0.05 4,400 0.24 0.75 143 0.5N NaOH
grid packed |[process : : : 3,000 J <25 50 ! ! [45] solu.
tower 0.2 0.1 13,500 0.74 0.9 325

(A



Table 2.3 (Continued)

Type s s K. .a
0 Gas Liquid - 0G
of 302 vol % flow flow Liquid |Pressure . (kgmole/
Removal gas loss [Absorption
2 2 P N 3
contactor | process Inlet|Outlet |(kg/m hr)| (kg/m hr)| ratio |(mm aq) % OG |m"hr atm) |Reference Remarks
Perforated | Ammoniacal 7,900 2,500 0.26 200 84 1.3 220
plate liquor 0.3 1{0.05 ' : 2 ‘ : ! [2] 6 stages
tower process 9,400 3,200 0.37 260 2.7 260
Spray Ammoniacal 1,300 1,700 1.3 15 [46]
tower liquor 2 )
process 2,600 35
Spray Lime 0.3 [0.03 | 1,460 | 7,600 |5.5 90 2.3 11 (537 |¢@(OH),
tower process . )
% slurries
Cyclone Soda 0.08 j0.01 3,000 0.26 47 0.64 240 0.6N Na2503
scrubber process ! : ) ! <50 ' ' ' [44)] ol
0.17 [0.03 |10,000 1.52 94 3.4 750 solu.
Venturi Ammoniacal 0.1 0.01 40 145 82 1.8 1,400
. : [2]
scrubber liquor ? : n 0.4 2 : ' )
process (0.17 |0.02 |70 ec 380 94 3.5 | 4,300
Venturi Ammoniacal|1.4 (0.13 |40 0.9 300 75 1.9 550
scrubber liquor : : Con : : ' : ' [68]
process (1.6 0.3 50 rrve 2.2 500 92 2.6 700
Venturi Lime 0.13 |0.02 o 0.4 330 36 0.5 500 [2] CaCO3 10%
scrubber process : : 60 Sec : : : ' :
0.14 [0.08 2.1 620 86 2.0 2,200 slurries

¢1



Table 2.3 (Continued)

Type L K~-2a
Gas Liquid L 0G
SO, vol % Liquid [Pressure
of zquid
Removal 2 flgw flog gas loss |Absorption N (ggmole/
contactor |process |(Inlet{Outlet|(kg/m hr)|(kg/m hr)|ratio |(mm aq) % 0G |m"hr atm)|Reference Remarks
Venturi Soda 40 0.26 300 520
scrubber process |1.5 |0.15 v ! : 90 2.3 : [68] Na2C03 solu.
50 — 0.74 500 650
sec
Rotational | Ammonia C.2 0.39 621
[61]
current -water : ¢ !
tower Oxygen 27.8 1.79] 1,732
-water
Packed Lime- 0.2 0.04 1,995.8 7,308 2.8 2.54 45 0.6 55 1/2" intalox
tower stone : ! : : : : ! ' ) [6] packing
slurry 0.23 |0.16 2,620.8 11,232 5.6 50.8 97 3.5 425
TCA NaZCO3 0.09 | 0.001 7,459 48,060 3.2 53.34 90 2.3 104 [29] 3 stages
scrubber luti H : ! ? ? : ? ! ! ? 5" packing/
solution |4 12 |0.012 | 14,918 101,196 |13.6 | 317.5 99 4.6 417 [38] |[stage
‘Hydro- Na,CO, 0.0012| 4,787 Bottom Bottom| 114 81 1.7 301 [29] ]3/4" glass
filter solution | 0-12 : : 0-~33,969 | 0~7.09| : : , ' packing
scrubber u 0.023 | 7,196 Top Top | 312 99 4.6 | 1,228 [38]
0~12,071 { 0~2.52
Venturi Na,,CO3 0.06 | 0.005 1,794* 7,962* 1.60 61 66 1.1 16 [29] *only con-
and after Sqution ! ? ? : @ ! : ? ! ! sider that in
scrubber 0.12 ] 0.041 4,971 24,840 13.8 330 92 2.5 101 [38] after scrubber

VI



Table 2.3 (Continued)

Type Gas Liquid . K.-~a
of S0, vol % flow flow L122:d Pressure . k Ogle/
Removal 2 2 loss | Absorption N ng
contactor| process Inlet|Outlet| (kg/m hr)| (kg/m"hr)| ratio|(mm aq) % 0G| m"hr atm] Reference Remarks
TCA Lime- 0.19 |0.019 5,816 49,428 3.6 45.7 70 1.2 42 [10] 2~3 stages
scrubber stone/ ! ! ! ! ' ! ! ! ! ! 10" packing/
Lime- 0.31 |0.093 | 13,658 119,520 |20.55 254 99 4.6 382 [22] stage
stone
-MgO
slurries
TCA Lime 0.24 {0.017 113,400 | 8.27 152 60 0.9 75 [10] 2~3 stages
scrubber slurry ! ! 13,709 ! . ! ! . ' ! 10" packing/
0.28 | 0.112 136,800 | 9.98 | 381 93 2.7 225 [22] |stage
Hydro- Lime- 0.18 | 0.032 | 3,812 Bottom Bottom| 167 20 0.2 28 [29] | 3/4" glass
filter stone/ . , . 0~34,248 | 0~8.98 ! , . . ! packing
scrubber Lime- 0.36 | 0.288 | 9,149 Top Top 381 82 1.7 577 [38]
stone 0~11,509 {0-3.02
MgO
slurries
Venturi Lime- 0.2210.026 2,509* O* 0 15.2 24 0.3 6.1 [29] *only con-
and after | stone/ , ! ) : : ' ) 1 N ! sider that
scrubber Lime- 0.3410.26 6,490 23,888 | 9,52 330 88 2.2 115 [38] in after
stone scrubber
~-MgO
slurries
Venturi | Lime 0.15 | 0.009 84 73 L3 57 [29] conly con-
fter | slurry . , 5,408* | 47,776% 8.83 ! ! ! e | stder that
and a : 96.5 94 2.8 122 [38] | in after
scrubber 0.35] 0.09 scrubber

ST



Table 2.5 (Continued)

Type K.~a
Gas . . 0G
S0, vol % Liquid Liquid|Pressure
of Removal 2 flog flow2 gas loss |Absorption N (ggmole/
contactor| process | Inlet|Outlet|(kg/m hr)| (kg/m"hr)| ratio |(mm aq) % 0G |m"hr atm)| Reference Remarks
Weir Lime 0.02 )0.002 ;30,000 2,400 0.08 | 25.4 S0 2.3 [66] |Horizontal
scrubber slurry t : gal/ Module
0.3 |o0.03 |SCFM gPm | geF 4 stages
273 stages
Counter- | Lime- | 0.079[0.0011| 5,581 | 36,534 | 2.3 | 25.4 58 0.9 °>° (60] 28
current stone ! ! ' ' ' ! : 891
tray slurry 0.24210.1 15,859 109,589 [ 19.64 |254 99 4.8
absorber

91
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spheres placed between retaining grids. Due to the counter-current
gas and liquid flows, the spheres are forced upward in a random,
turbulent motion, promoting intimate mixing between gas and liquid.
The effect of the turbulent action is two fold. First, gas and
liquid are brought together for a thorough interfacial contact.
Second, the moving spheres are continuously cleaned by the tumbling
action which effectively prevents solids build-up and thus eliminat-
ing channeling, plugging and fouling. 1the use of TCA permits much
greater gas and liquid velocities than are possible in conventional
scrubbers. Thus, a smaller tower may be employed for a given
operation.

In recent years a number of studies relating to hydrodynamic,

mass and heat transfer in TCA have become available. (Kulbach[49],

[27], 1963; Douglas[ZS], 1964; Gel'perin et al_[39],

, 1966; Blyakher et al.[8], 1967; Levsh et al.[so], 1967,

[41]

1961; Douglas et al.

1965; L[40]

[51] , 1968; Chen and Douglas|?3), 1968,

47]

, 1968; Gel'perin et al.
[24]

2

, 1971; Barile and
[57]

1969; Balabekov et al.[3], 1969; Khanna[

, 1972; Tichy

, 1972; Tichy and Douglas[64], 1973; Epstein[zg], 1973;

[52] [48]

Meyer[s], 1971; Borgwardt[lol, 1972; O'neill et al.
et al.[63]
Barile et al.l ), 1974; McMichael et al.l>?! 1975; Kito et al.
1975). However, the information on operational characteristics are

still fragmentary and the data reported are, in many instances,

contraditory.

In studying hydrodynamic phenomena of TCA, Gel'perin et al.[40],

(1966) reported that liquid hold-ups, bed expansions, flow behavior
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and pressure drop are significantly affected by the liquid and gas
flow rates. Contrary to the usual practice of TCA grid arrangement
which provides large free area to allow large flow rate, in their
study, the free area of grids are rather small. Consequently the
pressure drop data which include large pressure drop across the
grids are not of practical interest. Levsh et al.[so], (1967)
presented a correlation for the low density disk packing and found
that pressure drop increases linearly with the gas flow rate.
Blyakher[s], (1967) studied the pressure drop and separated the
effect of total pressure drop into components of contributions.
They are contributions due to the dry grid, the dry packing of the
bed, the liquid hold-up on the grid and the liquid hold-up of the
packing. Similar analysis for pressure drop was later presented by
Gel'perin et al.[4l], (1968).

Liquid hold-up, bed expansion and minimum fluidization velocity
in TCA were measured and correlated by Chen and Douglas[23], (1968).
The 1liquid hold-up was found to be independent of gas flow rate.
However, the effect of both liquid flow rate and packing diameter
appear to be similar to that reported for the conventional fixed bed
absorbers. The minimum fluidization velocity was observed to vary
with packing diameter and liquid flow rate. In addition to these
variables the bed expansion correlation is also a function of gas
flow rate Chen and Douglas[24], (1969) studied the liquid mixing

behavior for TCA. Liquid mixing data in terms of Peclet number was

correlated as a function of the Peclet number in fixed bed, the ratio



of packing diameter to column diameter and (u-umf)/umf . Experimental
study for similar hydrodynamic parameters was also carried out by
Khanna[47](1971). In his investigation, wider liquid and gas flow
rates than that reported by Chen and Douglas[zs’ 24], (1968, 1969) were
examined. In addition, the gas-liquid interfacial area composed of
liquid drops, liquid film and gas bubble was considered and correlated
in terms of hydrodynamic properties.

C'neill et al.[57], (1972) classified the mode of gas-liquid
contacting operation in a tower containing fluidizing packings into
two types: type 1, fluidization in the absence of incipient flooding
and type 2, fluidization due to incipient flooding. TCA scrubber
utilizes very low density packings, hence, is classified as type 1.

In this mode of operation, the gas flow rate is increased at a
constant liquid flow rate until the upward force of liquid flow
balances the weight of packing plus the liquid hold up which is
equal to the total pressure drop. The gas velocity at this point is
identifying below the flooding velocity.

Static pressure within the expanded bed in TCA was measured by
Tichy et al.[63], (1972). They reported that the static pressure was
linearly proportional to the height of the bed. Using the pressure
drop as the criterion, Tichy and Douglas[64], (1973) later classified
the TCA into three hydrodynamic regimes. These are static bed,
semi-mobile bed and fully mobile bed. In fully mobile bed, it is

divided into three regions, i.e., constant liquid hold-up region,

increasing liquid hold-up region and flooding region.
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[27]

For the mass and heat transfer studies in TCA, Douglas et al. s

(1963) investigated the absorption of CO2 and SO2 from dust-laden gas

by alkaline solution. The condensation of steam from the gas mixture

containing steam, air and H,S emitted from pulp digesters was observed

2
to significantly increase the mass transfer coefficient over that in
packed tower. Subsequently, the gas absorption data of NH3 by boric
acid solution was reported by Douglas[28], (1964). The experimenta-
tion was conducted for a dehumidification and cooling of hot air
saturated with steam. It was found that the height of overall mass
transfer unit for the NH, absorption was approximately 1/2 to 1/3 of
that obtained in a packed bed. Furthermore, significant increase in
mass transfer was observed for the dehumidification and cooling system.
TCA used as a cooling tower for heated power-plant cooling water was
dcveloped and analyzed by Barile and Meyer[ss], (1971) and Barile et
al.[4], (1974). They revealed that a 20°F cooling range can be
casily achieved in a one foot packing bed.

The absorption of SO2 by alkaline solutions and slurries in TCA

has recently been studied in a small scale scrubber (Borgwardt[10~22])

and a large scale scrubber (Epstein[29~38]). A significant improve-

ment in SO2 removal efficiency was observed for TCA compared with
that using conventional packed tower and venturi scrubber. The
extensive data reported from these units were analyzed. Meanwhile, a
mathematical model was presented to describe the SO2 absorption
process using limestone/lime slurries. (McMichael et al.[sz], 1975).

[48]

Kito et al. > (1975) measured the gas-liquid interfacial area
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and gas side mass transfer coefficient is a TCA with stagnant liquid.
However, the liquid side mass transfer coefficient for TCA has so

far not been investigated.

2.3 Review of the Chemistry of SO
Slurries

Scrubbing Using Limestone/Lime

2

2.3.1 Chemical Reaction in 802 Absorption

Perhaps, the most difficult problem in SO

9 scrubbing by limestone/

lime slurries is associated with the understanding of the chemical
reactions in the liquid phase. In addition to the presence of a number
of solid constituents numerous ionic and neutral species are also

present in the liquid phase. Examples of the major components present

are HSO3 s SO3 , CaSOS, HSO4 s

5 HSO, , H,S0., SO,”,

- + = + - + ++
HCO3 s MgHCO3 R CO3 R HZCOS’ CaOH , OH , H , Mg , CaC03, etc. An

attempt is made here to determine the key ionic or neutral reactions

MgSO ca’”, CaHC03+,

associated with the 802 absorption in the overall scrubbing analysis.
Several reaction mechanisms have been proposed. However, considerable
additional information is needed to determine the key mechanism.
Boll[g], (1970) found from his mathematical model study that the
chemical reaction was approximately of the first order with respect to
both the partial pressure of SO2 in equilibrium with the bulk liquid

and the surface area of the limestone. In view of the com-

plicated equilibrium phenomena involving multiple phases and chemical

[58]

reactions, Potts et al. , (1971) presented schematically the

interrelationship between gas, liquid and solid for the system



containing CaO, SO,, SO,, CO, and HZO' The complex processes of

37 72
chemical and diffusional steps, including gas diffusion and solid

[59]

2’

dissolution, were explained by Slack et al. (1972). Experimental

performance of SO, absorption in limestone slurry in a laminar jet

2
absorber was studied by Bjerle et al.[7], (1972). It was shown that

the controlling reaction mechanism in the pH range between 8 to 9
was the irreversible and instantaneous reaction between total SO2

and HCO, . In addition, it was observed that the SO

3 absorption

2

rates were practically equal for different scrubbing solutions

including 0.1 M HCO
[65]

3 with pH of 8.3 and 0.1 M NaOH. However,

Vivian , (1973) conducted an experiment in a short wet wall

column revealing that the chemical reaction was governed by the

irreversible and instantaneous reaction between 502 and the hydroxyl

ion forming bisulfite and sulfite ions. The liquid employed in his

experiment was lime slurry with pH ranging from 12 to 13. Deducing

from the mathematical model analysis, McMichael et a1.[52] (1975)

3

recently concluded that the absorbed 802 in form of HZSO3 reacts

instantaneously and irreversibly with OH, HCO, CaHC03+ and MgHC03+

ions as it diffuses into the liquid phase. This view was shown to

be, in part, consistent with previous investigators (Bjerle, et al.[7]

3

(1972); Vivian[65], (1973)) and can partially explain the 802

scrubbing data using limestone slurries. However, more studies are

necessary to clarify this conclusion.

22



2.3.2 Oxidation and Solid Precipitation in the Slurries

One of the most important factors in optimizing the performance
of 502 scrubbing systems using limestone/lime slurries is control of

the slurry pH (Borgwardt[10~22] [29”38])_

, Epstein Differences in pH
affect the operation of a limestone/lime scrubber in two ways
(Cheremisinoff and Fellman[zs], (1974)): (1) Operating at a low pH

decreases the solubility of CaSO,, therefore, promotes the formation

4,
of calcium sulfate dihydrate, gypsum, precipitation. (2) Operating

at a high pH decreases the solubility of CaSO,, therefore, promotes

37
the formation of calcium sulfite precipitation. Apparently, there
exists an optimum pH at which the precipitation of both sulfate and
sulfite becomes minimum. However, it should be noted that the solid
precipitation produced by calcium sulfite are soft and delicate and
easily altered mechanically, while the precipitation formed by
gypsum is characterized by hard and stubborn scale. The scale
seriously hinders the continuous operation of the tower by plugging
the surface of the grid. The source of gypsum is the oxidation of
calcium sulfite by dissolved oxygen. This reaction occurs in an
aqueous solution and is favored at low pH (Borgwardt[zzl, (1974)).

Only recently it was realized that subsaturation of calcium
sulfate dihydrate in the scrubbing liquid could be achieved in a
closed system. Although this finding was first reported by ICI (Imperial
Chemical Industries) in 1935. The results of ICI's experience were
recently confirmed in pilot tests conducted by Borgwardt[zz], (1974).

Operation with the scrubbing liquid unsaturated with respect to

dissolved calcium sulfate dihydrate presents an opportunity to reduce
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gypsum scaling. The subsaturation mode is achieved by the precipi-
tation of calcium sulfate occluded by the precipitant of calcium
sulfite. A solid solution formed by this mode is being identified.
(Borgwardt[zzl, (1974)). It is also found that the quantity of
calcium sulfate that can be occluded is directly related to the
sulfate activity in the scrubbing liquid and the sulfite precipita-
tion rate. Experimental data also show that C£ ion has the effect
of suppressing the sulfate activity while Mg++ ion could raise its
activity. Fly ash was found to have no significant cffect on the

operations of SO, scrubbing using limestone/lime slurries.

2



Chapter 3

Mathematical Model for 802 Absorption in Spray and TCA Scrubbers

3.1 Introduction

Among the wet processes using limestone slurries in scrubbing
S0, from flue gases, two of the most promising scrubbers for
carrying out the limestone scrubbing appear to be the turbulent
contacting absorber (TCA) and the spray column. Several large
scale scrubber-holding tank recycle systems have been built and
sponsored by the EPA to test the performance and reliability of
these scrubbers.

In this chapter experimental data from the large scale TCA
scrubber and spray column located at the TVA Shawnee power station
and the EPA TCA scrubber at Research Triangle Park, North Carolina,
are analyzed to obtain equations and correlations which can be
used to design and scale-up spray column and TCA scrubbers which
utilize limestone slurries to scrub SO2 from flue gases.

In subsequent sections a mathematical model is developed which
describes the absorption of SO2 by limestone slurries in a scrubber;
parameters appearing in this model are evaluated from experimental
data and correlated in terms of the operating parameters; and the
experimentally observed SO2 removal efficiency is compared to the

cfficiency computed from the model.

3.2 Mathematical Models of Spray and TCA Scrubbers

In the analysis and design of contacting devices used for the

25



26

scrubbing of SO2 from flue gas with limestone slurries the mass
transfer coefficients which describe the 802 fluxes in the gas

and liquid phases should be known. The gas film mass transfer
coefficients for physical absorption are relatively easily obtained
from experimental data; on the other hand, the liquid film coeffi-
cient for physical absorption is difficult to determine due to
chemical reactions (such as dissociation) which will occur upon

the absorption of a gas molecule into a liquid phase. In the
present case, where the mechanism of the absorption of SO2 into
limestone slurry is not well understood, it does not appear possible,
at the present time, to determine the liquid side mass transfer
cocfficient for physical absorption for large scale scrubbers from
experimental data on scrubbing SO2 from flue gases with limestone
slurries.

In this section a mathematical model for the spray column and TCA
scrubbers is developed. Gas side mass transfer coefficients which have
been previously reported in the literature or obtained from experi-
mental data in this study are presented for each column. The liquid
film resistance to the transfer of SO2 into limestone slurries,
determined from experimental data, is correlated in terms of the
ratio of the gas and liquid film resistances. This ratio of the
resistances appears to be only a function of the magnesium concentra-
tion, pH of the slurry, SO2 partial pressure in the gas phase and

type of scrubber within the accuracy of the experimental data.



3.2.1 Scrubber Model

Scale drawings of the scrubbers to be considered in this study
are given in Figures 3.1, 3.2 and 3.3. In the TVA Shawnee TCA
scrubber, as shown in Figure 3.1, the scrubbing slurry is sprayed
from a single arrangement of nozzles at the top of the column and
falls through a series of grids and areas filled with 'ping pong"
balls. Actually the TCA hasalso been operated without the spherical
packing pieces and in this situation the column is refered to as
the "TCA without packing spheres'. Flue gas containing 802 in
concentrations up to 4500 ppm passes counter-currently to the
limestone slurry. The spray- column with four spray headers shown
in Figure 3.2 is slightly more complicated than the TCA without
spheres in that the scrubbing slurry is sprayed at four levels.
However, as will be shown later, this situation is easily handled
and the column can be described mathematically in terms of the
mass transfer coefficients for the TCA without packing spheres.

In Figure 3.3 a scale drawing of the EPA/RTP TCA scrubber is given.

The TVA Shawnee TCA and spray column treat flue gas at a rate
equivdalent to a 50 MW power station and have cross-sections which
are square (5 ft. edge) and circular (8 ft. dia.), respectively.

The EPA/RTP is approximately 9 inches in diameter.

For the TCA operating with packing spheres, the column is
divided into packed and unpacked sections; and mass transfer coeffi-
cients are used to describe the respective sections.

The molar flux of SO, across the gas-liquid interface of a packed

or unpacked section of a wet scrubber can be written in terms of the
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gas or liquid side resistance as

= - 1 = o
Nso, = Xg (Psoz Pso,) = kPCh G

(3-1)

where kE is the liquid film mass transfer coefficient for physical
absorption, (cm/sec),
k is the gas side mass transfer coefficient for physical
absorption, (gmol/cmzatm sec),
NSo is moles of 802 absorbed per unit time per unit interfacial
area, (gmol/cmzsec),

o) is the enhancement for mass transfer in the liquid film due

to chemical reaction, (dimensionless),

P is the partial pressure of SO2 in the bulk gas phase, (atm),

P is the :nterfacial pressure of the SOZ’ (atm),

CAi is the HZSO3 concentration at the gas-liquid interface,

(gmol/cms),

and CA is the H2803 concentration in the bulk liquid phase,

(gmol/cms).
The enhancement factor, ¢, takes into account the reaction of the
diffusing H2803 with components found in the liquid phase.
The concentration of H2803 at the gas-liquid interface, CAi’ can
be related to the partial pressure of SO2 at the interface, P_.1 by

SO2

Henry's law

i
Pso2 = HCpj

(3-2)

3
where H is the Henry's law constant, (atm cm /gmol).

This equation holds for sufficiently dilute solutions.
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The Henry's law constant, H, as a function of temperature has
been given by Vivian[65], (1973) as

3175.2

In H = 17.360 - T

(3-3)

where T is the liquid temperature in degrees Kelvin.
An expression for the interfacial concentration of HZSOS’ CAi’

can be obtained by substituting Equation (3-2) into (3-1).

L *
p i k Pso2 TR Pso2
o) (3-4)
k + L ¢
& H

where P_.* is the partial pressure of SO, which could be maintained in

SO

2 2

equilibrium with the bulk liquid phase, (atm).

Substitution of this equation into Equation (3-1) gives
-1

_ 1 H
Neo. = & * %oe)  (Pso
g L

2 2 2

The rate of 502 absorption in a differential height of the scrubber,

dz, can be written as

dP_
-G 592 - (L + H )_l(p P (3-6)
P, dz ka ' ¥kia 50, ~ 'so,

*
In Equation (3-6) both ¢ and PSO are functions of position in

2
the column and both depend on the mechanism of SO2 absorption into
recycled limestone slurries. For a calcium carbonate, calcium sulfite,
carbon dioxide, sulfur dioxide and water system at equilibrium and a

pH greater than 4.7, the equilibrium 802 partial pressure of the

aqueous system will usually be much less than the SO2 partial pressure
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*

found in the flue gas (i.e., PSO >>p ¥ for pH>4.7). Thus P can

2 802 SO2
be ignored relative to PSO in Equation (3-6) to give.
2
-G dpsoz 1 gt
— = ( + -——) P (3-7)
PT dz kga ¢kLa SO2

Equation (3-7) can be integrated over the height of the column

section (from Z, to 22) to give

1

G PSOZ(ZI) ZZ 1 H -1 ZZ
T)-' In —“(Z— = (k a + ¢k_°a) dz = KGa dz (3—8)

T l)soz 2) . g L ,,
1 “1

-1
5;%;- is the overall gas side mass transfer
L

_ 1
where KGa = (k 2t

coefficient, (gmol/cmsatm sec).

Applying the mean value theorem to Equation (3-8) yields

G Psoz(zl) — 1 H -1
1n = Xa = (s + —1) (3-9)
AZP, pso2 (z,) G kg2 Fk7a

where ¢ and KGa are the 'average' enhancement factor and the "average"

overall mass transfer coeffigient, respectively,
and AZ = Z2 - Zl'
Large values of the enhancement factor, ¢, correspond to the gas
film being the dominating resistance to the transfer of SOZ; and
o Small values of the enhanc?ment factor indicate that the liquid film
resistance is important. If the gas and liquid film mass transfer
coefficients for physical absorption can be calculated, it is

possible to separate the liquid film mass transfer coefficient, kla,

into a chemical reaction term (i.e., the enhancement factor, ¢,)and



the liquid film mass transfer coefficient for physical absorption, k;a.
However, for the Shawnee and EPA scrubbers being analyzed in this
study, it does not appear possible to calculate the liquid film mass
transfer coefficients for physical absorption from the data reported.
Thus, the separation of the liquid film mass transfer coefficient into
chemical reaction and mass transfer effects cannot be made at this
time. It is obvious that such a separation is desirable since it
may result in a simplification of the data and lead to a general
mathematical model for various scrubbers.
The second equation of Equation (3-9) can be arranged to give
Ekza XKa

_ _ G
" Hk a -—
g kga-KGa

R

(3-10)

The overall coefficient, KGa, can be calculated from experimental
data using the first equation of Equation (3-9). The gas film
mass transfer coefficient, kga, can be calculated by methods to be
discussed below.

The left hand side of Equation (3-10) (or the definition of R)
can be interpreted as the ratio of the gas film resistance to mass
transfer and the liquid film resistance. The larger this ratio the
more the SO2 transfer in the column is controlled by the gas film.
As will be shown below the ratio of resistances appears to be an

effective method of correlating liquid film resistances.

3.2.2 Mass Transfer Coefficients

The gas side mass transfer coefficient for physical absorption in

34
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the Shawnee TCA operating without packing spheres has been reported by

Epstein[37] as
kZa = 0.00134 c0-8 (0-4 (3-11)

where a is the interfacial area available to mass transfer per unit
volume of the column, (cmz/cms),
G is the molar gas flow rate, (gmol/cmzsec),
and L is the mass flow rate of the liquid phase, (g/cmzsec).

This correlation is based on experiments on SO, absorption into sodium

2
carbonate solutions which had pH's in the range from 6.75 to 9.5.

At these high pH's the transfer of SO2 into these solutions can be
assumed to be gas film controlled. (Epstein[37], 1973)

The gas film mass transfer coefficient for the Shawnee TCA
operating without packing spheres can also be applied to the Shawnee
spray column. Epstein[sg] has reported data for a limestone deple-
tion run in the Shawnee spray colummn in which the initial pH of the
scrubbing slurry was 7.30. The Shawnee spray column with 4 spray
headers can be divided into 4 sections. The top section of the
column has a liquid flow rate of 1/4 L, the next a liquid flow rate
of 1/2 L and so on until in the bottom and fourth section the liquid
flow rate is equal to L. Assuming the same liquid flow rate

dependence (i.e., L0'4) in the Shawnee spray column as in the Shawnee

TCA without spheres, Equation (3-9) can be written as
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p in
G ) .4 .4 .4
=— 1n 2 _ m.0.4]1 1. 3. 7
& ST A [(Z @ @ 3ty
Pso
2
4 . .4
= 1 ) 3-12
kga(G,L)E (4) Z, ( )

i=1

where Z1 is the length of the iEh-section and m and C1 are constants.
Using Epstein's limestone data at a pH of 7.30 and the above equation,
the gas film coefficient for the Shawnee spray column is calculated
to be kga = 1.65 x 10_S gmole/cmsatm sec at a gas flow rate of
G = 0.00548 gmole/cmzsec and a total liquid rate of L = 0.652 g /cmzsec.
The gas film coefficient calculated using Epstein's correlation
(Equation 3-11)) would give'kZa =1.75 x 10-5 gmole/cmsatm sec at the
same flow conditions. It can be seen that Epstein's correlation for
the gas film coefficient in the Shawnee TCA operating without packing
spheres can predict the gas film coefficient for the Shawnee spray
very accurately; and in the absence of more data it is assumed that
the gas film coefficient for both the Shawnee spray column ‘and the
TCA without packing spheres can be given by Epstein's correlation
(Equation 3-11)).

The ratio of the mass transfer resistance of the gas film to
that of the liquid film can be calculated for the Shawnee TCA
without packing spheres and the Shawnee spray column with 4 spray
headers from the data of Epstein[37’38]. The values of R obtained-

for these scrubbers are shown in Figure 3.4 as a function of the

inlet pH. The range of operating conditions for the data shown in

Figure 3.4 are given in Table 3.1.
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Table 3.1

Range of Data for the Shawnee Spray Column and TCA Operating Without Packing
Spheres Used in Constructing Figure 3.4

G L Inlet Inlet Mg
. (gmole ) g ) Slurry PSO Copcentration
Equipment emisec cmzs Temperature 2 AP (i H.0) in slurry
and References pH ec (°F) (ppm) T (ppm)
Spray Column 5.30 . 1750 not less
4 spray to 0.00548 0.652 97 to 113 " to - reported than
headers 138! 7.30 3187 350
TCA without 5.85 0.00687 0.886 1850 1.0 less
Packing to to to 58 to 119 tp to than
spheres [37] 6.4  0.01378 2.86 3300 5.8 350

8¢



For some of the data used in Figure 3.4 very high pressure drops
along the length of the column with respect to the pressure drop which
would normally be expected at the same gas and liquid flow rates were
observed. This high pressure drop was probably due to scaling and
its effect on increasing the liquid hold-up in the scrubber. Also

at these high pressure drops a higher than normal SO, absorption

2

efficiency has observed. It was found that the high pressure drop
data could be made to agree with the normal pressure drop data in
Figure 3.4 if the gas film mass transfer coefficient was given by

. 0.4
s 0.8 0.4 AP °°
kja = 0.00134 67 L7 (5

N

(3-13)

where quis the pressure drop without scaling of the column,
(in. HZO),

and AP is the observed pressure drop, (in.HZO).

This equation is exactly the same as Epstein's correlation (Equation
(3-11)) for the gas film coefficient for the spray column except it
includes the pressure drop correction.

[67]

The pressure drop without scaling, APN, can be correlated

in terms of the gas and liquid flow rates as

aPy = 0.481 106 ¢ 7 (3-14)

where ZT is the total height of the spray section, (cm).

The ratio of mass transfer resistances, R, was correlated in terms
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of inlet slurry pH for several reasons:
1) The inlet slurry pH was readily available.

2) The amount of SO, absorbed per liter of slurry is relatively

2
small and the slurry residence time fairly short and therefore, the.
average condition of the slurry in the scrubber could be reflected

in its initial pH.

3) The inlet pH was used because this pH is more easily determined
in a recycle system than the pH of the outlet slurry from the 'scrubber.
In a recycle system with fairly large holding tank residence-times.the
liquid phase will approach equilibrium and under this condition the
composition of the liquid is fixed at a given pH, temperature and
partial pressure of CO, above the holding tank. Many species in
limestone slurries are insensitive to the CO2 partial pressure and
very sensitive to the pH.

The effect of SO2 partial pressure on the scrubbing efficienéy

of limestone slurry has been recognized by Gleason[42]

Nannen et al.[54], (1974). These authors have noted that as the

, (1971) and

partial pressure of SO2 in the flue gas decreases the 802 transfer
becomes more gas film controlled. In accordance with this observa-
tion the ratio of the mass transfer resistance of the gas film to

that of the liquid film should increase with a decrease in SO2 partial
pressure in the flue gas. For the spray type devices discussed above,
the dependence of R on the SO2 partial pressure could not be
distinguished above the scatter of the data; nor could a dependence

of R on the hydrodynamics be established for the spray devices.

The scatter in the data in Figure 3.4 could be due in part to the



fact that the raw data used to calculate the ratio of resistances, R,

was reported in ranges and the average of the reported ranges was used

to calculate the value of R.
In Figure 3.4 it can be seen that the extrapolation of the
straight line through the data points to a value of Rs/(RS+1) equal

to one given a pH of 7.2 as the pH above which the SO, absorption

2
is gas film controlled. This is in agreement with the assumption
that the SO2 absorption was gas film controlled at a pH of 7.3 in the
case of the limestone depletion run for the Shawnee spray column.

For the TCA operation with packing spheres the column must be
divided into two sections: one corresponding to the section filled
with packing spheres, and another where there are no packing spheres
and the column behaves much like a spray device. This situation is
illustrated in Figure 3.5. The reason for this separation is that
the packed and spray séctions will have significantly different
contacting mechanisms and consequeﬁtly different mass transfer
coefficients. Also this separation is desirable so that columns
with different packing heights can be compared.

An actual TCA scrubber can be made up of several stages such as
the one shown in Figure 3.5. In the development to follow it will be
assumed that the overall gas side mass transfer coefficients for the
spray sections and the packed sections are constant regardless of the
position of the section in the column and that the height of the
packed section in the fluidized state can be characterized by the

height of the packed section without gas flow. Chen and Douglas[zsl,
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(1968) have reported bed expansion for TCA scrubbers; however, their
data was taken for gas velocities substantially lower than the gas
velocities of interest in this study.

The integrated mass balance on SO2 in the TCA scrubber can be

written as

Pin
G S0, _P s
P In out - KGa Zp + KGa ZS (3-15)
T PSO
2
_P s
where KGa, EEE are the overall gas side mass transfer coefficients in

the packed and spray sections of the TCA, respectively,
(gmol/cmsatm sec),

and Zp and Zs are total height of the packed and spray sections of the
TCA scrubber, respectively, (cm).

In terms of the ratic of the mass transfer resistance of the gas film

to that of the liquid film, Equation (3-15) can be written as

P
SO R R
G 2 _ P, (P S, (S -
fr-ln out - k'a (R +1) Zp + kga (R +1) ZS (3-16)
T P P s
SO2

This follows from Equation (3-10).

Equation (3-16) will be applied to the data reported by Borgwardt
(see Table 3.2 for references). These data were obtained from a
relatively small TCA scrubber which is shown in Figure 3.3 Only data
where the pH of the inlet scrubbing slurr; is greater than or equal
to 6.6 were considered. At this pH the transfer of SO2 in the packed

section is assumed to be gas film controlled. Examination of Figure
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Table 3.2

Range of Data for the EPA/RTP Rescarch TCA Scrubber Used in the Estimation of the Gas Side
Mass Transfer Coefficient for the Packed Section of the TCA Scrubber.

G L Inlet
. ( gmole ) ( g ) 7 PSO Mg .

Equipment 2 2 2 Concentration
and References pH cm sec cm sec (cm) (ppm) (ppm)
EPA/RTP Research 6.6 0.00577 1.373 ~2520 less

to to to 50.8 than

TCA Scrubber 6.8 0.01355 3.150 350

(Borgwardt[lz’ls'lsl)
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3.4 shows that this is not the case for the spray section at a pH of
6.6, however, the value of the liquid film mass transfer coefficient

in the packed section will be much higher than in the spray section;

and thus, the ratio of resistances in the packed section will, in all
likelihood, be significantly larger than in the spray section.

Under the above assumption Equation (3-16) becomes

Pin
G S0, p s . s
7 In out = kga Zp + kga (1+R ) ZS (3-17)
T P [
SO2

Thus using Borgwardt's data for pH 2 6.6, the gas film mass transfer
coefficient for physical absorption, kga, can be computed from
Equation (3-17). This coefficient as a function of the gas and
liquid flow rates is given by

kga - 0.0352 G L0°%° (3-18)

The Trange of data from which this coefficient was obtained is given
in Table 3.2. It was assumed in the above calculation that the gas
film mass transfer coefficient for the Shawnee spray column given
by Epstein (Equation (3-11)) was applicable to the spray section

of Borgwardt's TCA column.

Epstein has made several reliability runs for the Shawnee TCA
scrubber. In these long term tests the pH of the scrubbing slurry,
temperature and the liquid and gas flow rates are held almost constant.
However, the inlet partial pressure of SO2 varied. As can be seen
in the example of Epstein's data given in Figure 3.6, a decrease

in the partial pressure of SO2 causes a corresponding increase in



PERCENT

INLET

2 S0
85

>
8‘2 80
v oA 75
1 4 70

3500
3000
2500
2000

L ] i e e b i ol A

6 20 40 60 80 100 120 140 160 190 200220 240
TEST TIME, HOURS

SOQ
CONC,ppm

Figure 3.6 Typical Operating Data for the TVA Shawnee TCA Showing
the Dependence of the SO, Removal %ggiciency on the
Inlet SO, Concentration. (Epstein Run 525-2A).

46



the SO2 absorption efficiency. These data can be utilized to determine
the dependency of the ratio of resistances on the 802 partial pressure.
The ratio of the resistances is computed for the overall TCA column
with the spray and packed sections un-segregated using Equations

(3-9) and (3-10). The value of the gas film mass transfer coefficient
for physical absorption, kga, used in Equation (3-10) to calculate

the overall ratio was calculated from the following relationship:

overall s Zs p YA
k a =ka=>+ka=L (3-19)
g g8 i 8 I

where kZa and kga were evaluated from Equations (3-11) and (3-18)
respectively.
The results of these calculations are shown in Figure 3.7. Here

R, the overall ratio of resistances for the Shawnee TCA, is shown as

a function of the inlet SO, partial pressure. It can be seen in

2

this figure that the ratio of the resistances can be expressed as

R = ApH) e P50, (3-20)

Equation (3-20) shows that the overall ratio of resistances is the
product of a pH function and a function of the SO2 partial pressure.
The exponential term in Equation (3-20) follows from Figure 3.7 and
the pre-exponential pH function has been assumed; although, it is
not apparent in Figure 3.7 that the function A is a function of pH.
This relationship will be shown below.

In what is to follow it will be assumed that the ratio of the
mass transfer resistances of the gas film to that of the liquid film

has the form of Equation (3-20) for both the spray and packed
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sections of the TCA. For the Shawnee TCA operating without packing
spheres and the spray column with four spray headers the pH function,
A, is shown as a function of pH in Figure 3.8.

A new value of the gas film mass transfer coefficient for physical
absorption for the packed section of the TCA, kza, can be calculated
based on the A function for the spray section given in Figure 3.8.

The following equation can be used to calculate the gas film

coefficient for the packed section, kga

in
Pso
S 1n oui = kl;a Z, + kZa -1 Z (3-21)
T P 330p,
2 . 2
148
As(pH)

Again Borgwardt's data (see Table 3.2 for references) for thes scrubbing
of SO2 with limestone slurries having a pH greater than or equal to

6.6 can be used in conjunction with Equation (3-21) to obtain kga.

This coefficient can be expressed as a function of the liquid and

gas flow rate as:

47 .51

kZa = 0.00220 G~ L’ (3-22)

Since a new value of the gas film mass transfer coefficient has been
found, the functional dependence of the ratio of resistances on the
S0, partial pressure should be re-evaluated in a manner similar to
that used to obtain the data in Figure 3.7. However, if R is
recomputed using the value of kZa given by Equation (3-22) the slope

of the line through the plot of log R versus SO2 partial pressure is
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approximately the same as that given in Figure 3.7 where R was computed
based on kga given by Equation (3-18). The magnitude of the two
values of R are slightly different however.
The pre-exponential pH function, A, for the packed section of
the TCA scrubber can be determined from the data reported by
Borgwardt and Epstein (references are given in Table 3.3) using the

following equation:

. s -
Psén f kga kga
G 2 _ Z o+ Z {(3-23)
5—»1n out - 330PSO P 330?50 s
T P 2 2
502 1+ e 1+ e
A A
P S

The gas film mass transfer coefficients for the packed section, kZa,
and the spray section, kZa, of the TCA can be determined by Equations
(3-22) and (3-11) respectively. Other quantities appearing in
Equation (3-23) are evaluated from the experimental data.

The pre-exponential function for the packed section, Ap, is
shown in Figure 3.9. Although there is a substantial degree of
scatter, the trend of Ap as a function of the slurry pH can be seen.
Apparently, within the scatter of the data the function Ap is not
dependent on the gas and liquid flow rates. The scatter in Figure
3.9 is probably due in part to using the average value of data,
which is reported in ranges, as well as to the normal experimental
error associated with data taken from large scale equipment where
operating conditions and purity of reagents cannot be carefully
controlled. Also in the recycle scrubber-holding tank systems small

impurities introduced into the system, such as chlorine, which



Table 3.3

Range of Data for the TVA Shawnee TCA and EPA In-House TCA Used in Determining Ap in Figure 3.9.

G L
(gmole ) ( g ) Inlet Slurry Inlet Pgg Total Height of
Equipment cmzsec c c Temperature (atm% 2 Packing Spheres
and References pH m se (°F) x 10 (cm)
TVA Shawnee TCA 5.2 0.00692 1.382 78 1.775 38.1
[29,30,31] to to to to to
Epstein 32,36,37] 6.3 0.01256 2.835 127 4.4
EPA In-House TCA 6.6 0.00577 1.373 50.8
to to to 110 to
Borgwardt[12,13,18] ¢.8 0.01355  3.15 2.52 76.2

¢S
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originates from the coal and is absorbed in the scrubber, have a
tendency to build to very high concentration levels thus making a

complete analysis of the scrubbing system extremely difficult.

3.2.3 Effect of Magnesium on SO, Scrubbing Efficiency

2

The addition of magnesium oxide to the scrubbing slurry has two
major benefits to the operation of limestone wet scrubbers: 1) the
addition of magnesium can allow the scrubbing system to operate in
the unsaturated mode which prevents calcium sulfate scale formation
(see Borgwardt[zz]) and 2) the addition of magnesium improves
scrubbing efficiency of the system.

Since the composition of the slurry effects the scrubbing
efficiency of the scrubber only through the pre-exponential terms,
Ap and AS, in the expression for Rp and Rs (see Equation (3-20)),
it was assumed that the effect of magnesium in the slurry on the
scrubbing efficiency could be associated with a change in the pre-
exponential factors, Ap and AS. Thus correction factors, AP and As’
which would take into account the effect of magnesium on the pre-

exponential functions, AP and As’ respectively, were defined as

Ai (without magnesium present)

Ai - Ai (with magnesium present) (3-24)

where i = s or p for the spray and packed section, respectively.

These correction factors to the pre-exponential term for spray and
packed section are given in Figures 3.10 and 3.11, respectively.
The value of the pre-exponential factors without magnesium, As and

Ap’ used in Equation (3-24) were calculated using the solid lines
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Table 3.4

Range of Scrubber Operating Data Used in Calculating the Effect of Magnesium on the
Pre-Exponential Factor, A.

G L Inlet Inlet Height
. gmole g Slurry P of Magnesium
Equipment ( 2 ) ( 2 ) Temperature SOZ Packing Concentration
and References pH cm sec cm sec °
("F) (ppm) (cm) (ppm)
EPA/RTP Research 5.3 0.0094 1.535 2520 470
TCA Operating
without Packing to to to 125 to none to
Spheres 15:16:201¢ 4 5. 0107 3,320 2880 16,700
TVA Shawnee 5.6 0.0094 2.835 116 1900 38.1 450
TCA[33’34’35] to to to to to to to
EPA/RTP Research
[10,11,16,17 6.1 0.0107 3.320 126 3100 76.2 15,000
tca 201

LS



through the data points of Figures 3.8 and 3.9 respectively. Examina-

tion of Figures 3.10 and 3.11 reveals that the interphase transfer

of 802 from the gas to the scrubbing slurries becomes gas film con-

trolled at high magnesium concentration.

3.3 Simulation of SO2 Scrubbing With Limestone and Lime Slurries

Table 3.5 summarizes the correlations which can be used to
simulate the performance of the TCA and spray column in scrubbing
SO2 from flue gases with limestone slurries. Based on these
correlations and the model presented in this study the SO2 removal
efficiencies of the TVA Shawnee TCA and spray column and the EPA/
RTP TCA column can be computed fairly accurately and in most cases
within 5% accuracy. A comparison of the calculated and observed
SO2 removal efficiencies is shown in Figures 3.12 and 3.13 for the
spray and TCA devices, respectively, for limestone scrubbing of

SO2 from flue gases.

Figure 3.14 shows a comparison of the calculated and observed
502 removal efficiencies for SO2 scrubbing with lime slurries.
In the case of lime slurries the pH variation across the scrubber
is substantial ranging, for example, 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 slurry composi-
tion. However, it has been found that the lime scrubbing system
can be simulated fairly accurately by the model developed in this

study if the characteristic slurry pH is calculated based on the

log mean hydrogen ion concentration:
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Table 3.5

59

Summary of Equations Necessary for Simulating the Performance of the
TVA Shawnee TCA and Spray Column and the EPA In-House TCA

Spray Section

Packed Section

kea = 0.00134 6% L7 (3-11)
A in
_ Ms -330p
RS = (A )e 802

S
A given by solid line in
Figure 3.8 or by Equation

Al exp(-1.35 pH+7.82)-0.15

A given by solid line in
Figure 3.10 or by Equations

A = 50.1 Mg_0'6682; for Mg>350

AS = 1.0; for Mg<350

P

kga = 0.00220 G'47 LO'Sl

(3-22)
A in
_ (. Pyn.-330P
Rp (A Je SO2
p
A_ given by solid line in
Figure 3.9 or by Equations

Ap‘l =-0.517 pH+3.41; for pli>»6.0

Ap‘l - 0.308; for pH<6.0

A_ given by solid line in
Figure 3.11 or by Equations

7 . -2.065

AP =.2.2 x 100 Mg ; for Mgz23600

Ap = 1.0; for Mg<3600

U
K = k aRr 1+R
e g p/( p)

=5— .S
KGa = kga Rs/(1+Rs)
in
P
G In 302 =
P.. out G
T PSO

+ XaE Z, (3-15)

G
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Table 3.6

Range of Data Used in Constructing Figure 3.14. Data is for the EPA In-House TCA Using Lime

Slurries as the Scrubbing Medium

G L Inlet Inlet  Height Magnesium
(gpole ) ( g ) Slurry PSO of Concentration
Equipment PH emlsec cmzsec Temperature 2 Packing in Liquid
and References inlet outlet (°F) (ppm) (cm) (ppm)
EPA In-House TCA 5.7 4.4 3.15 2430 50.8 12
to to 0.0136 to 125 to to to
[19,21] 9.5 6.0 3.8 2800 76.2 1150

Borgwardt

€9



E“H (3-24)
p out

pH = 0.502 + log10 ‘pHin
10 - 10

A procedure may be developed by which the pH of the outlet
slurry from the scrubber may be calculated from knowledge of the
inlet conditions of the scrubber. Then, the model developed in this
study for limestone systems may possibly be used to predict the
scrubbing efficiency of lime systems. A development of this
procedure is presented in Chapter 5.

As shown inFigures 5.12, 3.13 and 3.1!, the correlations
summarizsZ in Table 3.5 are capable of predicting fairly accurately
the scrubbing efficiency of SOzscrubbersusing limestone slurries

as well as lime slurries. These correlations can also provide

some insight into the mechanism of SO2 scrubbing.
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Chapter 4
Mechanism of SO Absorption In

Limestone Slurries

4.1 Introduction

Considerable discussion of the overall mechanism of SO, absorption
into limestone slurries has appeared in the literature and has been
recently reviewed by Nannen et al.[54](1974). Most of the studies
reviewed by these authors were concerned with the overall reaction
by which SOZ reacts with limestone (CaCO3z) to form CaSO3 and CaSO4.
More detailed studies of the absorption of SO2 into alkaline solutiomns
have been carried out by Bjerle et a1l7)(1972) and vivian[®5](1973).

Bjerle et 21171 experimentally studied the absorption of SO2 into
calcium carbonate slurried with pH's in the range of 8 to 9 in a
laminar jet absorber and found that the S02 absorption in calcium
carbonate slurry was greater than in water due to the instantaneous
reaction between absorbed SO, and the HC03' ion. Furthermore Bjerle
et al.[7] observed that the SO, absorption rate into a slurry with a
pH of 8.3 and having HCOS' jon concentration of 0.1 Molar was equal to
the SO, absorption rate into a 0.1 Molar NaOH solution. Vivian[65]
studied the absorption of SO, into lime slurries with pH's in the range
from 12 to 13 in a short wetted wall colummn. He concluded that the
S0, absorption was enhanced by the instantaneous reaction between
absorbed S0, and the hydroxyl ion. Based on the observations of Bjerle
et al[7] and Vivian[65] it can be hypothesized that there would be a

point at which both hydroxyl and bicarbonate ions could have the same
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relative importance in the absorption S0, into a slurry.

4.2 Reaction Mechanism

By analyzing the correlations presented in the preceding chapter
possible mechanism for SO, absorption into limestone slurries, which
is consistant with the observations of Bjerle et al.[7] and Vivian[65]
be identified. In this development, absorbed SO, as H,SOz is assumed
to react instantaneously and irreversibly with some unknown species
which has concentration of Cg in the bulk liquid phase.

HZSO3 + YB - Products .(4—1)

For this case, the enhancement factor, ¢, for S0, absorption in the
liquid film can be written as (see Hatta[43](1932)).
D,C

$-1+ BB (4-2)

where DA and DB are the molecular diffusivities of H2503 and the unknown

species B in the liquid phase, respectively, (cmz/sec),

and Y is the stoichiometric factor.

Assuming the diffusivities are equal and the stoichiometric factor is

one, Equation (4-2) becomes

C
p =1+ B (4-3)
' Cai

Substituting this equation into Equation (3-10) gives
[+]
kLa

—— [1 +
Hkga

R =

.ﬂ‘wl

(4-4)

)
>
o]

where the bar over the concentration indicates an average concentration.



An expression for the concentration at the gas-liquid interface
can be obtained by substituting Equation (4-3) into Equation (3-1)
and utilizing Henry's law given by Equation (3-2):
Pso

.= 2 4-5
CA H(1+R) ( )

where 5502 is an average gas phase SO, partial pressure.

Substituting Equation (4-5) into Equation (4-4) and subsequent

rearrangement gives
1 Hkga kp aCgH
R+1 kpa + Hkga (kLa + Hkga)pso2

(4-6)

Equation (4-6) shows that an estimate of the average concentration

of the unknown species, Eé, can be calculated from the slope of

a linear plot of 1/(R+1) versus 1/5502. In the discussion to follow
the average gas phase SO, partial pressure was chosen as the arithmetic
average.

In Figure 4.1 the data reported for the Figure 3.7 for the TVA
Shawnee TCA scrubber has been re-plotted in manner suggested by
Equation (4-6). The liquid film mass transfer coefficient for physical
absorption kZa calculated from the intercept in Figure 4.1 is 0.0403
sec'1 and the concentration of the unknown species, Eh, calculated
from the slope is 0.00053 gmol/liter.

As shown previously the presence of magnesium in the scrubbing

slurry has a significant effect on the SO; scrubbing efficiency (i.e.,
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an increase in magnesium in the limestone slurry increases SO, scrubbing

efficiency above that for limestone alone with both slurries having the
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same pH.) The high magnesium concentration data from the TVA Shawnec
TCA used in the construction of Figure 3.11 is presented in terms of
Equation (4-6) in Figure 4.2. Calculating the liquid film mass transfer
coefficient in the absence of chemical reaction, kia, from the intercept
of Figure 4.2 gives a value of 0.0400 sec”l. It can be seen that the
agreement between the kEa calculated from the two sets of data (high

and low magnesium concentration) given in Figures 4.1 and 4.2 is
amazing. The concentration of the unknown species, Cg» for the high
magnesium case is found (from the slope given in Figure 4.2) to be
0.00145 gmol/liter.

It is of interest to compare the calculated concentrations of
the unknown specie, Cp, to the selected concentrations predicted from
equilibrium. The equilibrium calculations for limestone slurries
are based on Radian Corporation Equilibrium Program and have been
described in detail by Nelson[56](1974). In order to utilize the
equilibrium assumption the CO, partial pressure in equilibrium with
slurry and the pH must be specified.

In the absence of experimental data the CO, partial pressure
in equilibrium with the slurry is assumed to be equal to the flue
gas partial pressure of about 0.12 atm. The specified pH was chosen
as the inlet slurry pH to the scrubber.

Table 4.1 gives a comparison of the calculated value of the
concentration of the unknown species, Eﬁ, (i.e., concentration of the
species which reacts instantaneously with H250z) and the equilibrium
concentration of the bicarbonate ion. The agreement between the

two for the case of low magnesium is excellent. For the high magnesium
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Table 4.1

Comparison Between the Calculated Concentration of the Species Which is Hypothesized to Instantaneously
and Irreversibly React with Absorbed SO as HSOz in Limestone Slurries and Selected Species Concentra-

tion Predicted from Equilibrium.

Scrubber Type TVA Shawnee TVA Shawnee TVA Shawnee
and References TCA TCA .. Spray Column
Epstein[31’32] Epstein[s‘)] EpsteinT38]
” L(g/cn’ sec) 2.835 2.835 0.652 0.652 0.652
a0 =
5 g G(gmol/cm’sec) 0.0094 0.0094 0.00548 0.00548 0.00548
o
g’g Total Mg < 350 4000 to 4500 < 350 < 350 < 350
Q
pH inlet 5.60 to 5.85 5.80 to 6.00 5.20 to 5.4  5.60 to 5.8  6.20 to 6.40
S
»o S Figure Number 4.1 4.2 4.4 4.4 4.4
3 é 5 -1
Aaa kja (sec) 0.0403 0.0400 0.00544 0.00544 0.00544
&S & Cy(gmole/liter)  0.000532 0.001450 0.000140 0.000430 0.00188
3 ’
>
8% Coon 0.000530 0.001160 0.000220 0.000530 0.002000
5§58 THOOg
ERD C * 0.000028 0.000084 0.000009 0.000028 0.000075
8T CaHCOS
=89 C ¥ 0.000015 0.000258 0.000005 0.000014 0.000043
225  MeHCO,
8T c. =z, 0.000573 0.001502 0.000234 0.000573 0.002118

(¥4
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case value of Eﬁ is considerably higher than the equilibrium bicar-

bonate ion concentration. However, if the value of Eﬁ is compared

to the sum of the bicarbonate and magnesium bicarbonate ion con-

centrations, good agreement is obtained. The calcium bicarbonate

ion would be expected to be chemically similar to the magnesium

bicarbonate ion. Therefore, the concentration Eé is hypothesized

to consist of the sum of four concentrations: (See Appendix B for comments)
Cr = Con- * Chcoz~ * CmgHCOo% * Ccancos+ (4-7)

As can be seen from Table 4.1 the agreement between this total concen-

tration, Cp, and the calculated value of Eﬁ is very good. As defined

by Equation (4-7), Ct is also consistant with the observations of

[65]

Bjerle et al.[7] and Vivian An idealization of the concentra-
tion profiles in the vicinity of the gas-liquid interface is given
in Figure 4.3. The parallel, instantaneous irreversible reactions
occurring in the liquid phase would have the form:

H,S0; + OH™ ~ Hy0 + HSOs~

HS0 + HCOz~ - H,CO, + HSOs-

3
+ +
H,S0; + MgHCOz* > H,CO; + MgHSO4

H,S03 + CaHCO5" » H,CO; + CaHSO3"

The data from the TVA Shawnee spray column used in constructing
Figure 3.4 has been re-plotted in Figure 4.4 in the manner suggested
by Equation (4-6). A comparison between the concentration, Eﬁ,
calculated from this figure and the equilibrium total concentration,
CT’ is given in Table 4.1; and it can be seen that two concentrations

are in fair agreement. One source of error in the agreement could

be that the liquid is sprayed into the spray column at four levels
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rather than all the liquid at the top of the column. Since both of

the mass transfer coefficients, k{a and kga, will vary with liquid

rate at the various stages of the scrubber, the slopes and inter-

cepts of Figure 4.4 are not strictly correct.

Another source of disagreement between the concentrations CB
and CT given in Table 4.1 is the assumption of the pH and CO2
partial pressure of the slurry used in the equilibrium calculation
as described above. The use of the inlet slurry pH and the flue
gas CO2 partial pressure gives only rough estimates of these quan-

tities since the concentration CB can be viewed as an average
concentration and it is not known at which position in the scrubber

this concentration applies.
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Chapter 5

Analysis of pH for Lime Slurry at the Outlet of the Scrubber

5.1 Introduction

It has been shown in Chapter 3 that the mathematical model, which
was developed to describe the absorption of SO, by limestone slurries,
can be used to simulate the lime slurry scrubber fairly accurately if
a characteristic slurry pH corresponding to the log mean hydrogen ion
concentration across the scrubber is utilized in the limestone correla-
tions. Hence, in order to be able to estimate the SO, scrubbing
efficiency in the lime system using the correlations developed for
limestone slurries, both the inlet and outlet pH of the scrubbing
slurry in the lime system must be known.

The purpose of this chapter is to develop a procedure by which
the pH of the outlet slurry from the lime scrubber and the SO, removal
efficiency of the lime scrubber can be calculated directly from
knowledge of the inlet condition of the slurry to the scrubber and
scrubber operating conditions. This procedure will make use of the
model developed for the limestone system.

For the TCA scrubber, heat transfer is known to occur very
rapidly (Barile and Meyerl®), 1971; Barile et al.[4] 1974); and
the heat capacity of the liquid phase is much greater than that of
the gas. Therefore, the system can be assumed to operate isothermally.
That is the variation in the liquid and gas temperature throughout the
system can be ignored for all practical purposes when the heat of

reaction generated in the system is negligibly small. Thus, in



what is to follow, only the mass balances in the scrubber are consid-

cred.

5.2 Liquid Phase Material Balance for the Scrubber

The conservation of sulfur, carbon and calcium in the liquid in

the scrubber can be written as:

Sulfur
1 1 ] 1]
M802 + L [S]in + L Ss,in L [S]out -L Ss,out = As (5-1)
Carbon
| ) 1 1
MC02 + L [C]ln + L SC,il’l L [C]out - L SC,OU.t = AC (5-2)
Calcium
L 1 f f
L [Ca]in + L SCa,in - L [Ca]out L SCa,out - ACa (5-3)
where:
MSO2 is the absorption rate of SO, in the scrubber, mgmole/sec,
MCO2 is the absorption rate of COZ in the scrubber. mgmole/sec,
[k]; is the total liquid phase concentration of species k in
the iEh.stream of the scrubber, mgmole/liter,
Sk i is the total concentration of species k as solid in the
izh-stream of the scrubber, mgmole/liter,
Ap is the accumulation of species k as solid within the
scrubber, mgmole/secc,
|
and L is the liquid flow rate, liter/sec.
when:

77

i=in,out the subscript refers to the inlet and the outlet stream

of the scrubber, respectively,

and k=S,C,Ca the symbol k refers to sulfur, carbon and calcium,

respectively.
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The above equations apply to the steady state operation of the
scrubber svstem, that is, steady state with respect to the liquid
concentrations. A rate of scale formation is taken into account
through the use of the accumulation terms, Ay.

Steady liquid concentrations may be inconsistent with the
steady build up of solids in the scrubber system. For example, it
is known that the accumulation of scale in the scrubber can cause
an increase in the SO; removal which in turn can affect the liquid
compositions. However, this process normally takes place slowly
and it can be assumed that Equations (5-1) through (5-3) can be
applied at each small interval of time. This is equivalent to a
quasi-steady state assumption.

Subtracting Equation (5-3) from the sum of Equations (5-1) and (5-2)
gives-

Mso, + Mo, = L (e = Min) (5-4)
where:

Tout = [Slout * [Cloye - [Calgy,

[S]in * [C]in - [Ca]in

Here the fact that the solid calcium salts have a one to one correspond-
ence of calcium to sulfur or carbon has been used to eliminate the
solid concentrations appearing in Equations (5-1) through (5-3). It
can be noted that Equation (5-4) does not contain any solid composi-
tions.

In some cases, solid magnesium salts may also be present in

the scrubbing slurry. However, experimental evidence shows that the
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amount of solid magnesium salts are usually insignificant in compari-
son with the amount of solid calcium salts in the scrubbing liquid.
Therefore, consideration of the magnesium material balance in the
scrubber appears unnecessary.

A further simplification of Equation (5-4) is possible if it
1s noted that the CO, absorption rate, MCOZ’ can be ignored for
lime slurries. This follows from the fact that the magnitude of
the CO, absorption rate, MCOZ’ evaluated from Equation (5-4) is
usually less than 10% of the SO, absorption rate, MSO2 (Borgwardt[lg’ZI],

1974). Consequently, Equation (5-4) for the lime system approximately

reduces to

Mso, = L (Mout - Nin) (5-5)

In utilizing Equation (5-5) to calculate the scrubbing efficiency
and effluent slurry pH of the lime scrubber, this equation must be
solved simultaneously along with the expressions developed in Chapter
3 for computing the scrubbing efficiency and the rate of SO, absorp-
tion, MSOZ' By the methods discussed in Chapter 3, the rate of SO,
absorption, Mso, s in the lime scrubber is determined if the inlet
and outlet slurry pH, inlet SO, partial pressure and operating and
scrubber parameters are specified. In the operation of a scrubber,
which has no recycle loops, only the inlet slurry pH, inlet SO,
partial pressure and operating and scrubber parameters may be
specified. Therefore, the SO, absorption rate can be calculated

a priori if the outlet slurry pH from the scrubber can be found.

Mathematically this may be expressed as



= i 7 5-6
Mso, = Mso, (Pligye) (5-6)

<~

Equations (3-3) and (5-6) give the relationships between the

quantities MSO~’ pHout’ Tin and Tout " Therefore, in order to simulate
the scrubber, two more relationships must be established or the
specification of two variables is necessary. A fortunate circumstance
occurs which makes the establishment of two additional relationships
a simple matter. The value of n can be related to the pH through
chemical equilibrium. Thus,

:n = E(pHjp) (5-7)

and noye = E(pHoye) (5-8)

In these equations the symbol E 1s an operator which relates - to
pH through chemical equilibrium. It remains to be shown that the
vaiue of n calculated by chemical equilibrium using the experimental
pH can closely approximate the experimental value of n. This is
done in Figure 5.1. It can be seen from this figure that the agree-
ment between the calculated value of n(or “ca1) and the experimental
value of n (or Nexp) for the slurry at the inlet and outlet of the
scrubber is fairly good. The equilibrium relationship between n and
pH was calculated using the equilibrium program developed by Radian
Corporation. This calculation has been described in detail by
nelson 8] (1974).

To summar:ize, the lime scrubber can be simulated by the follow-
ing sequence of steps:

1) Inlet conditions and operational and scrubber parameters are

set.
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n, calculated, mgmole/liter
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Figure 5.1 Comparison of the Predicted and Observed Values of n for
Lime Slurry at the Inlet and Outlet of EPA/RTP TCA Scrubber.
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2) The value of N is computed through chemical equilibrium
Equation (5-7) from pHin which is specified.

3) Relationships (5-5), (5-6) and (5-8) are solved simultaneously.
Utilizing the above sequence of steps, the lime scrubber data of
Borgwardt (see Table 5.1 for references) has been simulated. (see
Appendix A for example of simulation). The results of this simulation
are summarized in Figures 5.2 and 5.3. In Figure 5.2, a comparison
between the observed and calculated outlet slurry pH from the scrubber
is given; and in Figure 5.3 the observed and calculated 502 removal
efficiencies are compared. It can be seen that the agreement of the
calculated and observed outlet pH or SO2 removal efficiency is good.
Thus, through simple material balances and the observations that n
can be related to pH of the lime slurry through chemical equilibrium
and that CO, absorption rate for lime scrubber system is negligible

2

compared to the SO, absorption rate, a procedure has been developed

2

by which the SO, scrubbing efficiency and outlet slurry pH of a

2

scrubber utilizing lime slurry can be calculated from correlations

developed for the limestone scrubbing system.



Range of Data Used in Constructing Figures 5.1, 5.2 and 5.3.

Table 5.1

Using Lime Slurries as the Scrubbing Medium

Data is for the EPA In-House TCA

. G L- Inlet Inlet Height Magnesium
b ( gmole) g ) Slurry Pso of Concentration
Equipment pH ' cmésec szsec Temperature 2 Packing in Liquid
and References inlet outlet (°F) (ppm) (cm) (ppm)
EPA In-House TCA 5.7 4.5 3.15 2430 50.8 12
Borgwardt[19] to to 0.0136 to 125 to to to
9.5 6.0 3.8 2800 76.2 1150

£8
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Figure 5.2 Comparison of the Predicted and Observed Outlet Slurry
pH for the Simulation of EPA/RTP TCA Scrubber Using
Lime Slurry as the Scrubbing Medium.
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ChaEter 6

Conclusions and Discussion

In this study a mathematical model which can simulate both large
and small scale TCA scrubbers used for the scrubbing of SO, from flue
gases by limestone, limestone-magnesium oxide and lime slurries has
been proposed. The parameters which appear in this model have been
evaluated from experimental data. The gas film mass transfer coeffi-
cients for the spray and packed sections of the TCA were obtained from
the literature and calculated from experimental data, respectively.
The liquid film resistances for both the spray and packed section
were calculated from experimental data and correlated in terms of the
ratio of the mass transfer resistance in the gas film to that in the
liquid film as a function of''inlet pH, magnesium concentration of the
scrubbing slurry and inlet partial pressure of SO, in the flue gas.
Within the accuracy of the experimental data, the ratio of the mass
transfer resistances appears to be independent of the gas and liquid
flow rates. The temperature dependence of the ratio of resistances
was not determined since the experimental data were available only
in a narrow range of temperature.

For the data analyzed the chloride concentration in scrubbing
liquid ranged from essentially zero to 10,000 parts per million.
There did not appear to be any relationship between chloride concentra-
“tion and SO, scrubbing efficiency except through the influence of

chloride on the slurry pH.
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Although many assumptions were made in the analysis of the lime-
stone scrubbers and scatter of the data can be seen in the derived
correlations, these assumptions appear to have given rise to a satis-
factory method of simulating the performance of both small and large
scale TCA and spray column scrubbers in removing SO0, from flue gases
using limestone, limestone-magnesium oxide or lime slurries as the
scrubbing medium. In most cases the calculated SO, removal efficiency
was within 5% of the experimentally observed efficiency.

The scatter in the data in the figures presented in this study
arise from several sources. Probably the most important of these is
that many of the data are taken from large scale units where the
operating conditions and purity of reagents are difficult to control.
Also a substantial number of the data were reported as averages over
long periods of operation or reported in ranges and the averages over
these ranges were utilized in the analysis.

The liquid film mass transfer resistance was correlated in terms
of the ratio of the gas to liquid film resistance because it did not
appear possible to separate the liquid film mass transfer coefficient
into the enhancement factor and the liquid film mass transfer coeffi-
cient for physical absorption. A possible mechanism for SO, absorp-
tion into limestone slurries has been proposed in this study in which
the absorbed SO, as HyS03 reacts instantaneously and irreversibly in
parallel with OH™, CaHCO5 , MgHCO3', and HCO3™ ions. The physical
liquid mass transfer coefficient can be calculated, as shown invthis
study, by this mechanism. However, sufficient data are not presently

available to make this approach practical.



The discussion of the mechanism of SO, absorption into limestone
magnesium oxide slurries has revealed:

1) that the absorbed SO, as H»SOz could possibly react instantan-
eously and irreversibly with OH™, HCOz , CaHCO3+ and MgHCOS+ in
parallel reactions.

2) a method by which the liquid phase mass transfer coefficient
for physical absorption can be calculated.

The mechanism of SO, absorption reported here, with refinement,
could be used to model the SO, scrubbing efficiency of scrubbers using
limestone-magnesium oxide slurries. However, one complicating factor
is that the physical liquid film mass transfer coefficient must be
known at gas and liquid flow rates encountered in actual scrubbing
operations. However, with all the data analyzed in this study only
one value of kia for one pair of gas and liquid rates could be
obtained for the TCA scrubber.

For a scrubber which utilizes lime slurries as the scrubbing
medium, the SO removal efficiency is shown to be a function of the
log mean hydrogen concentration across the scrubber. Therefore,
efficiency of the lime scrubber cannot be calculated simply from
knowledge of the inlet condition as in the case of the limestone
scrubber. A simple procedure has been developed in this study by
which the lime system can be simulated with only the inlet conditions
being specified. This procedure utilizes the limestone correlations
and is based on the observations that the CO7 absorption rate in the

lime scrubber system is very small and that the value of n can be



related to pH of the lime slurry through equilibrium. The procedure
has been shown to give reasonable estimates of the SO2 scrubbing

efficiency for the TCA scrubber utilizing lime slurries.
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Nomenclature

Ax

Ap, As

Specific interfacial area available to
mass transfer

Pre-exponential factor in the expression
for R defined by Equation (3-20)

Accumulation of species k as solid
within the scrubber

Pre-exponential factor in the expression
for R for the packed and spray sections,

respectively

H3503 concentration in the bulk liquid
phase

Interfacial HyS03 concentration

Average interfacial HSOz concentration
Concentration of species which react
instantaneously and irreversibly with

H»S03

Sum of the OH™, CaHCO3', MgHCO3 and
HCO3~ ions

Molecular diffusivity of specie B in
the liquid phase

An operator, defined by Equations
(5-7) and (5-8)

Molar gas flow rate based on corss-
sectional area of the scrubber

Molar gas flow rate based on the free
projected area of the grid

Henry's law constant
Total liquid phase concentration of
species k in the it® stream of the

scrubber

Gas film mass transfer coefficient for
physical absorption

90

cm™
Dimensionless

mgmole/sec

Dimensionless
gmol/Cm3
gmol/cm3
gmol/cm3
gmol/cm3
gmol/cm3
cmz/sec
gmol/cmzsec
gmol/cmzsec
atm cms/gmol
mgmole/liter

gmol/cmzatm sec



Nomenclature (continued)

overall

kga

APy
Pso,
Pso,

P i
S0,

Liquid film mass transfer coefficient
for physical absorption

Average overall gas side mass transfer
coefficient

Overall gas side mass transfer coeffi-
cient for the packed section of the TCA

Gas side mass transfer coefficient for
the packed section

Overall gas side mass transfer coeffi-
cient for the spray section of the TCA

Gas side mass transfer coefficient for
the spray section-

Gas film mass transfer coefficient
defined by Equation (3-19)

Liquid flow rate based on cross-
sectional area of the scrubber

Liquid flow rate

Absorption rate of CO, in the
scrubber

Absorption rate of SO, in the
scrubber

Molar flux of SO,

Pressure drop over the length of the
scrubber

Pressure drop without scaling

Partial pressure of SO, in the bulk gas
phase

Average partial pressure of SOz in the
bulk gas phase

Interfacial partial pressure of SO,
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cm/sec

gmol/cmsatm sec
gmol/cmsatm sec
gmol/cmsatm sec
gmol/cmsatm sec
gmol/cmsatm sec
gmol/cmsatm sec

g/cmzsec

liter/sec
mgmole/sec

mgmole/sec

gmol/cmzsec

in Hzo

in H0
atm

atm

atm



Nomenclature (continued)

p in
S0,

out
P30,

*
Pso,

Inlet partial pressure of SO, in the
bulk gas phase

Outlet partial pressure of SO, in the

bulk gas phase

Partial pressure of SO, which could be

maintained in equilibrium with the
bulk liquid phase

Total pressure

Ratio of the gas to liquid film mass
transfer resistances

Average ratio of mass transfer
resistances in TCA

The value of R in the packed and
spray sections, respectively

Total concentration of species k
as solid in the itl stream of the
scrubber

Liquid temperature

Gas mass velocity based on cross-
sectional area of the scrubber

Gas mass velocity u at the minimum
fluidization condition

Linear velocity at the bottom of
the scrubber with scale present

Linear velocity at the bottom of
the scrubber without scale present

Height measured from gas inlet
Difference between height Zj and Zj
Total height of the transfer region

Height of the ish-position

atm
atm
atm
atm
Dimensionless
Dimensionless
Dimensionless
mgmole/liter
°K

2
g/cm“sec
g/cmzsec

cm/sec

cm/sec
cm
cm
cm

cm
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Zp Height of the packed section in the TCA

Zg Height of the spray section in the TCA

Greek Symbols

¢ Enhancement factor for mass transfer in
the liquid film due to chemical reaction

ry Average enhancement factor
Y Stoichiometric factor
8s, Bp Magnesium correction factor for Ag and Ap

n; [S}; + [C]; - [Ca]y

cm

Dimensionless
Dimensionless
Dimensionless
Dimensionless

mgmole/liter
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Appendix A

Numerical Example of the Simulation of EPA/RTP TCA Scrubbers Using
Lime Slurry as the Scrubbing Medium

The simulation of the lime scrubber consists of the following
sequence of steps:

1) Inlet conditions and operation and scrubber parameters are set.

2) The value of Nin is computed through chemical equilibrium

Equation (5-7) from pHin which is specified.

3) Relationships (5-5), (5-6) and (5-8) are solved simultaneously.

A numerical example is provided in this Appendix to carry out the
simulation of the EPA/RTP TCA scrubber using lime slurry as the
scrubbing medium. This simulation follows the sequence of steps given
above. The inlet conditions and operation and scrubber parameters are
given in Table B.1. The value of n is computed through chemical
equilibrium computer program (Nelson[56], 1974) by specifying the
following experimental values for parameters:

Temperature = 125°F
Maximum CO2 pressure = 0.12 atm

Total Sulfate concentration in the liquid phase = 37.25 mgmole/
liter

Total Magnesium concentration in the liquid phase = 22.75
mgmole/liter

Total Chloride concentration in the liquid phase = 0.0 mgmole/liter

and desirable pH.

The value of n as a function of pH computed from the above
described chemical equilibrium computer program is shown in Figure
B.1 where the inlet conditions for pH and n are shown. A series

of trial and error procedures are involved in solving



Table A.1

Operating Conditions and Reference for the Example Given in Appendix B. Data for the EPA In-House
TCA Using Lime Slurries as the Scrubbing Medium

G L Inlet Inlet Height Magnesium
(gmole ) ( g___q Slurry PSO of Concentration
Equipment pH emlsec cmzsec Temperature 2 Packing in Liquid
and References inlet outlet B (°F) (ppm) (cm) (ppm)
EPA In-House TCA
[19]
Borgwardt 6.1 4.9 0.0136 3.15 125 2800 76,2 546

00t



Equations (5-5), (5-6) and (5-8) simultaneously to obtain solutions of

M :
M n and pHou

S0,’ out t’

are shown in the subsequent development for this example.

1) Assume pHOut (4.9) to calculate SO, removal efficiency

(86%) via scrubber model as summarized in Table 3.5.

|l

/L (9.52 mgmole/liter) from the

2

SO, removal efficiency as obtained from step (1) and then,

2) Compute the value for MSO

calculate "out (35.52 mgmole/liter) via Equation (5-5). Sub-

sequently, pHOut (4.80) can be found via Equation (5-5). Sub-
Figure B.1. New value of SO, removal efficiency (85.5%)

can, therefore, be calculated based on the new value of

PH . (4.80).

3} Compare pHOut (4.80) with the assumed value of pHou (4.90)

t

"to check if it meets the desirable convergent criterion.
The same check applies to the SO, removal efficiency.

4) If both pHou and SO, removal efficiency meet the

t

desirable convergent criteria, the calculation is completed.
Otherwise, iteration proceeds from step (1) with new

value (4.80) repliaced for pHout'

These procedures reveal the following results for this
example:

pHout = 4.80

9
0.

SO, removal efficiency = 85.5

where the experimental observed values for this example are:

pHout = 4.90

SO, removal efficiency = 81%.

2

These procedures in terms of numerical solutions
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n, mgmole/liter
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pH
Figure A.1 Relationship Between n and pH for Lime Scrubbing System for the

Example Given in Appendix B.
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The agreement between the simulated and experimental values of pH and

SO2 removal efficiency appears fairly good.
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ABEendix B

Some Comments on the Concentration of Reactant, Cp, Calculated Via
Equilibrium Computer Program

[56]

In order to utilize the equilibrium computer program (Nelson ,
1974), three major parameters must be specified. They are slurry pH,
total sulfate concentration in the liquid phase and maximum CO2
partial pressure. For limestone recycle slurry scrubbing system, an
examination of the experimental data reveals that the variations of

slurry pH and total sulfate concentration in the liquid phase across

the scrubber are, in general, less than 15% (Borgwardt[lo] [21],

197271974). In addition, the maximum CO2 partial pressure for the

slurry in the scrubber appears most likely to be the flue gas CO2

partial pressure. Thus, through an equilibrium calculation only a
slight variation of concentration profile for each individual

specie across the scrubber can be expected.

Examining the concentration of total carbonate in the liquid
phase obtained from the equilibrium calculation and the experimental

observation, it is shown that a reasonable agreement can be achieved.

HCO3 which is identified as the major reactant specie contributes

significantly towards the total carbonate concentration in the

liquid phase. Consequently, it appears that the concentration of

HCOS can be approximated from an equilibrium calculation.

It is concluded that only a slight variation of concentration

for the total carbonate in the liquid phase across the scrubber exists.

3’

brium calculation. The use of the inlet slurry condition specified

The major reactant specie, HCO_,, can be approximated from the equili-
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for the equilibrium calculation shown in this study offers convenient
methods in determining the concentrations of reactant species via
equilibrium calculation. (also see page 40 for reasons for using

inlet slurry pH in the correlation of mass transfer coefficient).
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