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VII. INTRODUCTION

With the ever increasing demand for an economical and reliable
energy source, environmentally availabie and acceptable to produce
‘electrical energy, methods for efficient COntrolvof SOx from combustion:
processes associaﬁed with power generation must be deveioped.-

Sulfur dioxide (SOZ)-is the p:e&ominate oxide of sulfur formed
v By the combustion of fuels containing sulfur compounds. Even when

‘oxygen is present in large stoichiometric exCess? sulfur trioxide (803)
'isvseldom found in amounts greateftfhan a few percent of sulfur

© dioxide [1]. These constituents are usually denoted collectively by

© the term SOX. | |

AtmoSpherié pollutioﬁ caused by sulfur oxides and flyash emitted
from coal-fired power plénté is experienced aimost universaily.and,
‘with the present state ofAsulfuf oxides emission conﬁrol, seriously
limits exploitatiOn of coal energy resoﬁrces. As‘aACOnsequence, fﬁe
deménd for low sulfur gas and oil has increased leaving»the high sul=
" .fur coal reserves unused. ThiS-represents”aicénsiderable amount of,‘
.‘available energy. Table 1 shows the estimatedvréﬁaining bituminous
ﬁoal reservés By rank, éulfur cdntent and state. .

: several control methods have been broposed for reducing SO#
emission. Usualiy, these control methods aré grouped:
| 1) fuel seiéction - use of low sulfur fuel

'2) coal gasification - conversion of high—sulfur‘coal to low-

sﬁlfur‘oil an& gas

3) fluidized-bed combustion - removing 80, within the boiler



Table 1. Estimated Remaining Bituminous Coal
Reserves, Million Short Toms [2]

- Coal - . Sulfur content, percent K o Total
oal rank and State 07orless] 081.0 | 1.11.5 | 1.620 | 2125 | 2630 | 3135 | 3640 | Overdo| '°°
‘Bituminous coal: : : T ' .
AlabaMA. .. eeveeeaneneannaeananns 889.2 1,189.3 | 54217 65,1828 458.8 4174} . - - 18.6 13,577.8 B
Alaska..... ... | 202874 11000] - - - - - ‘ - - | 21,3874 o
-Arkansas.. - - 1,128.4 293.1 154.0 - 403 - - - 1,615.8 o
Colorade.......euns... . -] 25,1783 | 37,2372 -~ [ - - - - - - - 62,4155
Georgia...cceeeivnnnnnns T . 76.0 - - - - - - - 76.0
MINOISZ veuvenrnnnennn. . — | 5737 | 49424 2615.1 809.6 | 16,583.8| 33,650.4 | 57,652.2| 19,062.0 | 135,889.2
Indiana........c...... . 197.5 | 173.0.| 3,645.2'| 4,2488 | 3,543.4| 4,1105]| 10,8728] 5,1059| 2,944.0 34,841.1
lowa......c....e.. . -] - - - - -] 117.1 - 6,405.4 | 6,522.5 | o :
KaNSES..eiieieeiaeeeaarananane - - |- s19.9{ 5197| 1,0387| 20706| 4,1480]| 8,287.3] 4,153.8| 20,7380. | e
Kentucky: ! : . : : : : : S U
WeStreiiiireaieaeaeeananes - I 1,1196 | 1620 336.3| 3,793.6| 12,759.3 | 13,643:3] 50813 -36,895.4
East..... ceeens .. | 13,639.9 | 84919 22868 °1,658.8 ] 1,158.3| 2,154.4 24.7 - - | 29,4148
Maryland R - |l - 1246 191.8 208.2 | 378.6 56.4| - 2204 1,180.0
Michigan - - - - - 1 - - .- 205.0 - 205.0
- Missouri ] - - - - - - | 64567 | 20,669.2| 51,634.1 | - 78,760.0
- Montana.. O . 51.2 | 218.2 205.0 397.2 400.0. 175.0 4001 . 27.0 591.0 2,104.6
New Mexico.. .. 52120 | 5,474.0 - - - - ] - - | - 10,686.0
North Carolina. o - - - - | IR 110.0 - - - © 1100
Ohio....... . - 611.0 369.0 | 2,110.2 | 2,750.4| '7,8105| - 9,785.3 | 10,148.2| 8,439.4 42,024.0
Oklahoma. ..} 2506 ] 7722 | . 825.0 368.1 ] : — = 577.2 | 19.1] 4906 3,302.8 |
Oregon..... - ) ‘140 | - 1 - - ] - | ] - - .. 140 |
Pennsylvania....... ) - as0.] 11544 | 76244 | 12,4249} 19689.5] 9,995.6 | 5,287.6| 1,150.5 '580.6 | 57,951.5
Tennessee.. . 33 { 1609 715.9 258.7 178.2 1905 - 2197} - 438|: 685]| " 18395
Texas........ . - R - c— | 79780 -~ . - R .= | ‘79780 }:
Utah..c.ccveenenrnnenn. . 85514 | 13584.0 | . — | 15249 - }. - 1 - - 3,997.7 27,658.0. . |
Virginia....... ens S foo19815 | 607751 16371 =~ 12391 - | - - - 9,820.0 |
~Washington.......... . 8989 | 6721 - - - S - - ‘ - - = 1,571.0 ]
West Virginia........... .. | 20,7610 | 26,7106 | 21,819.7 | 13,2906 | 8,496.1{ 2,491.8| 3,1474 5949.2 - ' 102,666.4.
-. Wyoming.... 6,222.2 | 6,596.6° - - ] = - - - S 11} 12,8199
©Total......... .. ...{ 104,168.4. [111,502:6 | 52,260.1 | 45,179.5 | 47,307.0 | '50,111:9:| 87,505.1 {122,957.1{ 103,688.5 | 724,680.2 |
* Percent of total....c........... 144 . 154 . 7.2 62| 65 - 6.9 121} 17.0 14.3 . 100.0




immediately after combustion

4) flue gas scrubbing - removing S0, before the stack.

Fér this study, the gas scrubbing method was chosen.

A basic‘division in scrubbing procesées is thfowawéy versus re-
covery which refers to the end product resﬁ1ting.from gas scrubbing.
«.‘Throwéﬁay processes produce a sludgé which must either be storéd at
'the‘plant or transported to an environmentally acceptablé'diéposal’ ’

site. Recovery processes produce a mafkétab1e product, usually sul-v
furic acid or elemental sulfur, in an effort to offset the gas tréat4‘
'.mént cost. | |
0f the éeveral scrubbing mefhods aVailable;'1ime—1imestoné wet
..vgcrubbipg is consideréa to exhiﬁit tﬁe most promise. quevef, some
major ptobléms'associated‘with lime-limestone énd ofhef‘typesfof '
.séfubﬁing devices havé not been SOlVed; |

In order to meet émiséion control Standgfds not only for air pol-,
g lﬁtion but‘aiso water pollution (zérp effiqent);'the‘ﬁollﬁtion contrbl ‘
System muét be designed agcordingly._fPOWeg plants presently operaﬁing‘:
 are allowed to discharge cooling tqwer.blowdown and.diluted éshpond -
and aéh transport water, but eventual éontrdl deviges mﬁst'be imble_‘v"'
vmented wﬁich meaﬁs, in some cases, treating large amounts of water. |
In an éffort‘to approach a zero.effluent plant with SOx ééntrol,‘fhg
 use of cSQIing tower blowdown and flyash pond water were considered

'”aSZPbSSible scfﬁbber liquors for SOx removal. The advantage ofxéuch
a»system could be Subsfantial since the SOx sorbenf‘islprdvide& by

- -the power plant waste and the waste water volume treated reduced.



‘Therefore, the object of this research was to design a scrubber proéess

and system utilizing plant waste for SOx control.
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VIII. REVIEW OF THE LITERATURE

1. Introduction

" The removal of”sﬁlfur oxides is not a new prbblem; Inhabitants
of areas closé to ore smelter operatibns have coped with unwanted fumes]
résultihgvfrom sulfur oxidation‘fbr,more thaﬁ'a century. It'ﬁas not -
~“until the disastroﬁs incideﬁts in Belguim, London_aﬂd Do#ora, Pg. that
v‘tﬁe hazafdous,effects of air pollutidn were realized. R
”.ihe.physioiogical effécts fromﬁekposure ‘to‘SO2 may'be acute or

. chronic. Aggravation of systems in asthmatic and cardiopulmonary

'1evels‘belowf ’

Sufferérs has been demonstrated repeatedly for daily 802

- the threshold for excessive mortality [3].

2

with regard to the toxic effects on plant life accepted.

Effects of SO, on vegetation has been studied and the results

Presently, little disagreement occurs over the potential hazafds

which can result from exposure to 502.

Howeﬁér,‘thefe is cdntroversy
‘over'réalistié values for‘concentrations and times df exposure.

In an effort to acéelérate implemenfation_of»air pollution contfol, -
Congress amended the Gleaf Air Act in 1970 to establish strict re—‘
quireﬁents and timefableé‘for air pollution control. As a,resﬁlt,‘the' 
Us EnVironmental_Protection Aggncy (EPA) has publishéd,primary ané
sécondary ambient - air - quality standards as shown in TaBle 2.

- Limits for SO, emission from new stationary sources were .set at 1.2 -

2 .
1b 50,/million Btu for coal firing and 0.8 1b sozlmillidﬁ»ntu for oil

. fired plants.



Standard

';Primary

Secondary

Table 2. National s0,

" Concentration

3
u g/m” ppm

80  0.03

365 0.14

60 0.02
260 0.1

1300 0.5

Ambient Standards [4]

Description
Annual arithmetic mean

24-hr maximum not to be exceeded
. more than once per year

Annual arithmetic mean

' 24-hr maximum not to be exceeded
more than once per year

* 3-hr maximum not to be exceeded
more than once per year




2. Evolution of Alkaline Scrubbefs

' The earliest wofkkon an alkaline scrubbing process was perfofmed  ‘
by London Power Co. around 1930 [5]. Flue gas scruﬁbersyWere installed
in the Battersea and Bankside power stations‘using Thames River Wéfer
on a once through basis. -Analysis of the water revealed that the
primary absorbents were dissolved calcium carbonate (Caco3) and mag-

. nesium carbonate (MgCOB).

To avoid the water pollution problem encountered from using once
through methqué Imperial Chemiéalulndustrieé and JémeskHowden and
',106.fcombined>an§,deveioped a cloéed loop process that produced‘bnly a‘

:361id Waste end product (célcium sﬁlfate and éalcium sﬁlfite). Since  f
vthis éérlier WOIk; seﬁeral new prbcesses have been designed and tésted

in the US, USSR and Japan.

3. Operation of the LimejLimestone Scrubber

Cﬁrrentiy, 1ime-limestone scrubbing isbbeing adopted as the basicub
method for controlling sulfur &iOXide emission froﬁ'§OWér plants [6];: 
Typicél lime-limestone scrubber systems. are shoﬁnvin Figs. 1 and.2(v>

Thé sérubbérfsystem is'composed‘of three mainbcomponents-—the |

‘scrubber, pump tank and thickener. The purpose of the scrubber is

. to allow intimate mixing of the flue gas with a lime or limestone

b'slurry that'contains 5-15% solids by weight. The effluent from the
7 scrubber is transported to the pump tank where ¢hemica1 reactionS‘gd
to completion producing a disposable precipitate. Makeup lime or

limestone is added to the tank and the remaining solution returned to



_ ‘ o T GAS.
_BOILER - e S | " | REHEATER

COOLER:

HUMIDIFIER] | [SCRUBBER

COAL->
AR

ASH TO J ’
DISPOSAL [
] SETTLER
- ‘ o

CoS03+CaS04
~ TO WASTE

3 V‘F:'FLgure 1. Flowsheet of Typical Limestone Scrubber ' o , “ '
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. BOILER

. 6AS. |
* | REHEATER]

‘COOLER
| KUMIDIFIER
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SCRUBBER|

. COAL=
) AlR -

- ASH TO
DISPOSAL.

— -} lseTTLer] o .
CALCINER f il I I A 3 :
«1 B | , NK Lo » __1> - _—
L CaO : ‘ . CoS03*CaSOy _ |
o s o . .TO WASTE o ‘

'cdcgi

uiflfigufe 2.  F1qwsheet of Typical Lime Scrubber‘:‘
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' the scrubber. The thickener or clarifier is used to concentrate the

precibitate from the pump tank. The suspended solids are concen-

ttated‘by the clafifier and then removed to a pond or disposal site.

- 4, Problems with Lime-Limestone Scrubbing

- The major problems associated with lime-limestone scrubbing are

numerous and are best described by summary:

1)

25

3)

4

5

Gas-liquid distribution: for treating large volumes of

gas, obtaining the proper distribution of gas to liquid

over the cross section of the scrubber is difficult.
Independent scrubber operation: provisions must be made

for taking a scrubber(s) out of service-withqut‘a plant

- shutdown or affecting other scrubbers in operation.

Corrosion: conclusions of the ICI - Howden work indicated _7

that mild steel is a satisfactory construction material if

the pH does not fall below 6.2 [7]. However; pH instébility

has been a problen.
Deposit buildup: at the Wethry interface located,at the
scrubber inlet and exit, a'deﬁosit forms which can»eventually 3

restrict gas flow and lead to excessive pressurevdrop.

Mist elimination: in an attempt to prevent low pH and

therefore to reduce scaling, a high rate pf slurry recir-

culation is used. Combined with high turbulence, this pro- .
motes mist-fbxmation. Effective mist control is important

since excessive carry over may cause deposition of solids on



6)

1))

8)

9)

11

the reheater and fan surfaces with subsequent component

- failure.

Gas reheat: reheating of the gas after écrubbing is presengly '
the accepted method for restqring gés buoyancy and to avoid
condensation of corrosive liquids in the breeching and stack;
Scrubber type: the typés and problems associated wiﬁh the
type of scrubbers are varied and have been summarized by

Slack [8] in Table 3 for the scrubbers shown in Figs. 3

‘through 8.

Scaling: scale formation in flue gaé scrubbers has‘been .
the main problem throughout lime—limesfone scrﬁBﬁing studies.
The problem occurs because the liquid phaéé reﬁurned to the
scrubber is saturated wifh calcium sulfite and calcium sul-
fate which tends to crystallize in the scrubber after SO2 is
absorbed., 'The best resiétance.to scaling haé been obtained.‘
with low pressure drop type scrubbers ﬁith a high solids
content (12-15%) in the slurry. The scrubbers that have had
the mbst‘successful'(no—scale) operation are the spray and |
mobile bed ("ping-pong ball pécking") type scrubbers.

Waste disposal: the end product from 1ime~liméstone scrub-
bing is calcium sulfate (gypsum) and calcium sulfite. This
adds to the already considerable ash disposal problgmw Cal-
cium sulfate occurs in abundance in nature and calcium éul—'
fite is known to occur in high pH areas. ‘Becausé both are

relatively insoluble, disposal by dumping appears to be the



'v'.Téble'S; Comparison of Scrubber Types [8]

- ',Cdﬁnter- Piugging  Turndown | Pressﬁre ’ Dust
TIype Holdup current = Resistance ~ _Ratiol Drop = Removal
Fixed Pécking ‘Fair , " Yes . Fair ‘ » . Good vMédium _ : Poorv
Tra&z' Good ‘ No - :éood; : Poor ’ Médium Good
Mobile Béd3 Fair No Good - Poor Medium Good
Venturi - , Poor' Yo _ Good Good® High | Good
‘Spray » Podr”‘ ._Yeé | rvGoéd, — Good ‘Low | _?qor S
Doyle | | .Gdodvj; ~ No ~ Good | Poor | ~ Medium Good

1For operability rather than scrubbingvefficiency.
2

With,glasé spheres on the tray.
3Hollow plastic balls.

4With variable throat.
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‘ 'acceptahle solution. The main problem for most utilities

is obtaining the real estate for the disposal site.

10) Scrubber chemiStry and kinetics: chemistry‘of lime-limestone ,n_:.

scrubber ~systems is most complicated due to the large number
of specles,present,in the system. The main reaction in the :
scrubber are assumed to be:

2

,2)_fhydroly31s to form sulfurous acid (H2303)

1) 'absorption of SO

3)_ reaction of sulfite 1on from the H2503 with cal-

- cium ion from calcium carbonate or calcium hydroxide.

A mOSt‘thoroughlstudy of the equilibrium chemistry has been performed

hy thefRadian<Corporation [9]. 1In their work, a computer ‘program was

;:* developed to calculate partial pressures of 802 and CO2 above aqueous

o Whenvthe system'is assumed to be composed of H SO

S0, and Cl .

“solutions containing Ca s Mg Na R NOB’ 002, SOZ’ 4

'Results were then compared to experimental data. In addition, thermo-.ﬁv'

. dynamic data for the dissociation constants of CaCO3 and MgSO, and the G

3
J_ .solubillty product constant for CaSO3 '»%HZO were determined‘experif: e
mentally. :‘ ' ‘ o . hh_ L -

| The klnetics of 11me-11mestone scrubblng arebnot fully understood. o
3 formation with
“:‘subsequent reactionvnith liue or limestone, then the‘follow1ng are

' resistances to the overall reaction rate:

l) SO2 diffu31on from the bulk gas through the gas film at the

liquid surface



v i55 jiﬁabsorbent 1s added in- the scrubber. . ;
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. 2) Dissolution of SO

. 2.
e3)v Hydration of 80, to H2803 :
- 4) Dissociation of HSO3 to form 803 '
5) DiffusiOn,of H2803 from the 1iquid;filmvto the interior of

the droplet v
-6) Hydratiou of CaO to Ca(OH)2 (when lime is dsed).:
'v7). Dlssolution of Ca(OH) or CaCO3

8) -Formation of-Ca++ by reaction of Ca(OH) or CaCO3 with ﬁ+

9 'FormatiQn‘°fjcaso3 by reactlon of,Ca+T with Sbsg.‘

. The reaCtibns of steps 3, 4, 8 and 9 are rapid [le;.vTherefore;,’
’depending'bn‘the type scrubber, the edntrolling mechanisms-are gas .

'diffusion, 11quid diffu31on, hydratlon of Ca0 (lime) or dlssolution

'?Jfrate of CaCO (limestone) In order to determlne which of the above~;'¥ffe

‘"5jis controlling, 1t is necessary to know if CaCO3, CaO, or Ca(OH)

5. UsegofiFiyash’Pond,Water as a5Scrubbing Liquor

No eV1dence of the use of flyash as an absorbent of SO2 appears
_in the llteratureo The only investlgatlons have prlmarlly been to
5eXamine'the'uses of flyash as a construction material.

The areas of flyash study fall into two main categories;ff”ii"

1) extraction of valuable substances

' 2) deﬁelopment of uses of ash itself.

A considerable amount of researeh has been performed on the extraction



: of»ﬁaluable euBStances«[ll] However, the practical'importance has
" not been demonstrated. Success has been achieved in making use of theff’”'
it self-hardenlng characterlstics (stablllzatlon with 11me and cement),

| j:xand‘the ability to produce a lightweight aggregate., -

: j6sv ﬁse of Cooling Towef:quwdown as a Scrubber Liquor for SO

2

qu evideﬁce of the use of eooling tower biowdqwn aé;a scrubber

‘iiquorxeouldrbe fbﬁndg In several scrubber systems, the cooling tower

5 vblowdown is'used for makeup to replece the Waterﬂ1ost'due‘to‘eVaperation_ef»e"

f-in the scrubber}' Slnce closed loop operatlon is de31red, a means of

‘utilizing blowdown and ash pond water were con81dered. ;.



~IX., UTILIZATION OF FLYASH AND COOLING TOWER BLOWDOWN

1. Utilization of Flyash as an‘SOk Absorbent

The use of flyash as an absorbent has three main advantagés:

-1) available at”planﬁ site - no cost incurredbfor absorbent or
transporﬁation,to site

2) small speqific surface - enhances reagtivity

3), no need fo: gfindingb- 1imestone mﬁst be_ground when uséd in

scrubbers,

To evaiuate'ﬁhe possible speéies that would be,avéiiable:for re-
:actidnrwith SOZ, afstudy was.made of a typiCAi coa} ash.
The,anélysis of ash‘varies with the typé'and,location df the_cdal,.
A ﬁypical ash anﬁlysis for sevgral‘US coals is\shoﬁn in Table 4,
| Silica (sioz) usualiyipccurs in the‘g;eatest proportiqh offleasﬁ;‘ 
'] Because the flame temperaturé.of a power béiler is”in.the range of"'
~1500°C + 200°C,‘m§st of the silica preéentnin the coal ash is in the
- .ceramic phase [13]. ﬁThe only substaﬁce that‘ﬁould feact ﬁith Silica
;is aistrong ﬁineral acid which formé orthosilicic acid. |
Alumiﬁé‘(A12Q$) is also found in,abundanceiin leash;; Becausé éf
its relatively unreactive properties, élumina“Was not considefed as,a 

 possible absorbent for SOZ.

Iron oxide (Fe 03) is the next most abundant element usually fdund"bn

in flyash. In studying the possible use of iron it was found that

research by Newman and Goebel [14]35howed that oxides of irom are

22



P

Table 4. Ash Analysis of Seven U.S. Coals [12]
. Rank: ’é?{’:’, x‘?;a.}::: High Volatile Bituminous bitusrgibn. ous | Lignite
| Seam Pocahontas No.3 | No.9 _Pittsburgh No.6 L »
Location West Virginia " Ohio West Virginia - - -lllinois - Utah | Wyoming Texas -{
Ash, dry basis, % T 12.3 14.10 10.87 ©17.36 6.6 6.6 ‘128 |-
Sulfur, dry-basis, % 0.7 3.30 3.3 4.7 0.5 ‘1.0 1.1
Analysis of ash, % by wt. - —— I -
TS0 e e 60.0 47.27 37.64 47.52 48.0 240 418
ALOs. 30.0 2296 - 2011 17.87 115 20.0 13.6
TiO,. i 1.6 1.00- - 0.81 | 0.78 0.6 0.7 1.5
=71 0 P 4.0 22.81 - 29.28 - 20.13 7.0 11.0 - 6.6
Cal.........i......... 0.6 © 130 425 - 5.75 25.0 26.0 17.6
MgO. ..o 0.6 - 0.85 1.25 1.02- 4.0 4.0 2.5
Na,O..........c.co... 0.5 0.28 0.80 - 036 1.2 0.2 . 06
KO oo 1.5 197 1.60 1.77 0.2 0.5 0.1
Total. ... 988 98.44 - 9574 9520 975 86.4 843
Ash fusibility
Initial deformation ‘
temperature, F . } e : - - v
Reducing. ... ........... 2900+ 2030 2030 2000 - 2060 - 1990 1975
Oxidizing. ... ... ...... .. 2300+ 2420 2265+ .~2300 2120 2190 2070 . |
Softening temperature,.F : ‘ o S P
‘Reducing.............. 2450 . 2175 2160 - $ 2180 . 2130, -
‘Oxidizing. . ., .~ e S 2605 2385 2430 2220° 2190 |
Hemispherical temperature, F o ’ '
Reducing. ... ... A 2480 2225 2180 2140 2250 © 2150 1
, Oxidizing . . .. .... S 2620 2450 . .2450 2220 2240 2210 -
Fluid temperature, F - . i - : - B . o o
Reducing.............. 1 2620 12370 - 2320 2250 2290 1 2240
. Y’Oxidizing. B E 2670 - 2540 2610 2460 2300 1 2290 -

€z
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- catalyst for the ox1dat10n of gaseous sulfur dioxide. Oxidationgof SOza
' to sulfur trloxide (SO3) Would be most de31rable because the 803 could
ibe removed in 'a simple HZSO4 Spray tower. However, the work of |
L Johnstone [15] found the maximum conver51on of 802 to SO3 to have been
~1.8% of the 802 /

" In further studies, the strong catalytic properties of solutionS‘
ontaining iron were noteda Ferrous sulphate is a known catalyst in
the oxidation of dlssolved sulfur dioxide. 1In experiments.performed
by Johnstone [16] 95% of the 802 iqxa‘gas containing’o,BZSZ S_O2 Was'
removed with only 1.galloo'of water per 4000 eubic,feet of gas. The“
1iquid'film resistance was reduced to such an e#tent that,absorption '
vof oxygen, not 802 was controlling. |
The process appeared promising until phenoiic oompounds, resulting:i:ﬂ
from combustion, were'found to inhibit the catalytic-aetion. Atteﬁots
| were made by Johnstone'tovoffset the inhibitor buteiittlehsuecessiwaski:1'
:‘obtained. The remaining cOnstituents of the fl&ash are Céo, NaZO aod
:KZO. Of these, CaO,usuaily occurs in the greatest-proportion as S‘to-‘ 
25% of the ash. When dissoiVed in water, these compounds wili'react
with solforous aeid'Which is formed by absorption of:SOz,
'~ The amount of.CaO?vNaZO, aod K20_that is soluble in water,for‘a‘
’ogiveo:ash Sampleois‘not known [17]. Some. of these’wiil’apoear in the
free state while the remainder is in,combinatioo with‘otﬁer constitoents.
v,:of the ash (siliea,balomipa, iron, solfates, etc.). |
&he only source of information obtained was of ash pond water.

"The analysis for a power boiler is shown in Table 5. To estimate the ",v



' Table 5. Ash Pond Analysis

' ' Samp1e~_

: .Detérmine&‘ppm

Calcium (Ca)

g  LMaghesiumiﬂﬂg)

Sodium (Na)
Potassium (K)

Nitrate (NO3)

807.2 |
5.8 |
235

45.0

4.0

160.6
3.6 |
22.0

”‘4§;0'”

2.0 |

 443.6

. 26.0

”125.0

.Q;l,

12.5

1.7 |

. 12o2 .
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sulfur dioxide remo#ai capsbilities of the ash pond, the concentrstioh ‘{".
of calcium only‘was used. For a plantvburniug 531,000 1bs/hr of coa;;
with a 4% sulfur content, the sulfur dioxide produced uoulu\be 42,480
1b SOZ/hr. On a’stoiChiometric'basis, 26,550 1b Ca/hr‘or,65,780 gpm
of ash pond water with a ca't concentration of 80?.2 bpm would be‘re-
quired to scrub the gas.v If the sulfur_contentbof the eoal’was 17, then.
16,450 gpm of ash pon& water would bebrequired, |
If the pond was saturated with Cs++ from the ash, then the concen;b
tration would be 1314 ppm. Then, for the same fuel feed rate and 4%5
sulfur in the coal the requlred flow of ash pond water to the scrubber
would be 40, 400 gpm compared to 65,780 gpm for a concentratlon of 807 2
pm. |

The use of ash pond water will be feasible if:

1) there is enough Ca0 in the ash to react with 50,
2) the solubility of Ca0 is such thatithe amount of Ca0

required for reaction with SO2 will be dissolved.

» To determine the amount of calcium oxide'(lime) required frombthe.u
ash to reduce the'302 emission, the,foilowing:enalysisswas made: Coalsu
’ havingb4%, 3%, 2% and 1% sulfur content were considered. ‘The. Ca0 re—»b .
quired from the ashbwas cslcuiated in Section XIIbsnd,the results are
shown in Fig. 9. The results of,Fig; 9 are based on the CaOAthat is

‘available for reaction'with 502 in the'water and not the total CaO conﬁsi'

vteut of the ash. The advantage of using ash pond effluent may be real=- lff-

ized by noting that a 1000 mega—watt plant burnlng 531 000 1b/hr of 4%
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sulfur coal produces 509 tons of SO2 per day and requires 446 tons of
CaO (lime) or 797 tons of 1imestone 1n the scrubber.
For some coals, the Ca0 content is low and the ash is almost totally

insoluble in water. One method to produce an ash pond effluent w1th

"1f”sufficient Ca0 to scrub the SO would be to'burn two types‘of‘coal-—one'

2

"lehigh sulfur coal w1th low Ca0 content in the ash and one low sulfur coal

 with high CaO content in the»ash. There Would be three main advantages i\;.

'""h to this'method: -

"1) ;SOé fromfthelhigh sulfur‘coal‘uould‘be‘renovedpbylash pond ‘h‘
. water o . | 3
Zj'dflyash from the low sulfur coal that usually could not be
removed in an electrostatlc preclpitator due to its low }“‘
’gisulfur content is removed |
l;3)? utillzatlon of both hlgh and low sulfur coalso

o aThls method would not present any problem to. the boiler proper

““t since pulverizers are designed to handle a large varlety of coals.v How%(:fj_fﬂ

Vl;hhuever, implementatlon of the "two coal system Would depend on the eco-.f1v*gf‘

"nomics of burnlng another ‘coal as opposed to purchasing 1ime or 1ime- ‘jfﬁzp”

N
'

stone for the scrubber.
Carbon.is[not a'constituent‘of'coal aSh_but,is present in flyash
" in amounts that varvaith combustion efficiency. Ash fron most'modernf, :

~ power boilers usually contains'less than 37’carb0n.: Carbon is of inter¥

. est because of its absorption properties. Experlmental work has been I

perforuediusing‘activated‘carbon aslan absorbent‘of SO2 In studies
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»f'.with»coal as an absorbent,lthe abSorptiwe capacity‘was reported to have-‘li
*lbeen'ZES to 3,O‘gv502/1000'g coal compared to 140 ggvSCéZlOOO g for
:”activated'carbon. No mention of theﬁcarbonucontent‘Of tbe coal Wasd

‘given. The absorptive properties of carbon in the ash may be enhanced,f“

by the catalytic;action of FeSQA, Mgo,‘ethvthat would be present.

2. ;Use'of,Cooling Tower Blowdown in the Scrubber

Cooling tower blowdown utilization is of interest bECause of the

(billimpending EPA Water Pollution Standards. In 1972, the Federal. Water

Pollution Control Act was‘passed After the amendments of 1974, rules

‘and’ regulatlons were issued through the Federal Register describing ways A

-efor utillties to comply with regulations for waste water discharge.
_Reference to Table 6 shows the increased need for waste Water recycle:

: tespecially to meet the 1985 zZero effluent goal. -~

In the early stages of thlS design,.it was pronosed to use cooling‘

p tower blowdown as a scrubber liquor for 802 However, in the treatmentj»

“of COOllng water,'Sulfurlc‘acid (H2804) 1s‘added to.control’and'prevent'ﬂ‘ -

>Precipitation of calcium carbonate‘scale. Calciumbcarbonate is:the
Tmost common’ type scale found in cooling water systems [19] _ Because it l;
fis 1n the bicarbonate form, it does not present a problem until break—
down‘to‘the.carbonate»occursa This can occur w1th aeration, heat-or

increase*nH;€ The*chemicalireaction for the‘fornatiOnrofrcalcium carbonf“'i

ate is: .

' " Heat
. Ca(HCOs) ———--*-CaCO3 + HZO + CO2
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" Table 6. Condenser Cooling Water Regulatlons - 500 Mega-Watt-
and Larger on Line After 1970 [18] ‘

Effective Date 7/1/77

' Discha’rg‘e Limitétions'
Free Available Chlorine Limited to 0.5 mg/1. (Dauly Max.) and 0.2 mg/1 (Danly Avg. )
: No D;sch.nr;,c of Polychlorm.ncd Buphcnol Compounds is Permitted

Duscharge of Either Free Available Chiorine ot Total Residual Chlorme From Any Onc Umt is lened to
. Two Hours Per Day Wuh Not More Than One Uml in Any Plant D'schargmg at Any One Time. '

Momtor Requnrements
 Daily — 2_4 Hr. Cont. = Chiorine
Daily.— 24 Hr. - Total Flow
- | Effective Date 7/1/81
Di_scharge Lilﬁitations
" No Discharge of Polychlorinated Biphenol Compounds is Permitted

~ No Disohar.gev,of Heat Except in Biowdown From Recirculated }Cooling Water 'Systeni

Pollutants I Maximum Concentration  Average Concentration

" Free Available . 0.5, mg/ ‘ S 0.2mgt
Chlorine \ : R : e »

Zinc . 1.0 mg/1 (Daily) . 1.0 mgf1 (30 Day Avg.)
Chromium - 0.2mg/1 (Daily) . S 70.2mg/1 (30 Day Avg.) N
- Phosphorous - ' 5.0 mg/1 (Daily) . 5.0mg/1 (30 Day Avg). .

Other Corrosion - Limittobe - : . o LT

“Inhibitors : - Established.on a

Case by Case Basis .

Momtor Requurements

Daoly 24 Hr. Comp — Chlorine S T Daily — 24 Hr. Comp'. —"Phosphorous
. Daily — 24 Hr. Comp. — Zinc ' L ~ Daily — 24 Hr, Comp - Other Corros:on :
' ' . C o Inhibitors

: Daily ~ 24 Hr. Comp.'-%?_Chron'ium ' : | Daaly 24 Hr ~ Total Blowdown Flow
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“The addition of sulfuric‘aCid causes formation of the more‘soluble
calcium sulfate while the concentratlon is controlled by blowdown. Pre—“
‘:;cipitation of calcium sulfate will not occur until a concentration of
E approximately 2000 ppm is attained. However, the level of concentratlon"‘
is usually kept at about 250 ppm because the concrete cooling tower baeln
-';is endangered. Above this level of concentration,‘voluminous calcium-’“:
"“l”alumlna sulfate are formed whlch can cause the concrete to crackt
| ‘ Another method‘used to slow the rate of scale_fOrmetion is the use
of oolynhosphate."Polyph0sphateSAWill delay\tne rate‘of.precipitation
until cooling water has pessed,through the equipment. The‘uselof blow-
-down‘conteining polypﬁosphetes was not considered.

Since clOSed loop operation is desired, it was”n%oposed to use

ethe SO2 and SO3 available from the flue gas to supply the acid requlredjb
‘to form the more soluble calcium sulfate in the coollng water. Also »b
foecause thevflue-gas must be cooled before;enterlng»the“scrubber itl
‘was decided that the makeup water to the cooling towerbcould'elso'be ‘l )
o ueed‘for:thié purposel | |
~ The design;pf_the gae.cOOler ebsorber:is:preeentedlin‘theifn1

~ next section. .



X. SYSTEM DESIGN

1. Design Considerations

A 1000 mega-ﬁaﬁt‘unit size was selected as'ﬁhe base case for the E
" study. From the chart of power plant sizes, Fig. 10, it‘can be seen
tﬁat’this'wiil‘Be a midrange boiler sizé in»the>1980's.

N The steam generator wés assdmed to be a‘Balanéed draft pulver-
ized coal-firedvtypevhaving a capacify of 6.5 xth6 1bm/hr ﬁith'S
:stages of féédWater heating. A gg?ematic diagram of’the plant is shown
R in fig- 11;“Téble 7 is é suﬁmaryvgf'the»design daﬁa used ingthe¢i
‘énalysis,A |

implementation of the gas scrubber system &aé aésumed to be a

:etrofit operation. The’plant was assumed to»have #n_eiectrostatic«
-précipator in oﬁération. ‘Figure 12 isba diagram bf the proposed system

for_SOx control and reduction of plant Wéste'Water discharge.

2. Operation .

Flue gas from the induced draft fan is passed ‘through a cooler -
shown in Fig. 12. Makeup water for the cooling tower iS’sprayeﬂ in

the cooler where some of the 502 and SO, is absorbed and the flue gés

3
temperature reduced. bThe:SOZ and 863 absorbed by the»watér from the
_flue’gasiwill reéct ﬁith the calcium bicarbonate in the cooling towerf !
makeup.water and.férm calcium sulfafev(CaSO4). 1f aﬁ‘excess of SO2 is_
' rab96rbéd, proVisions are made for adding lime,for’pﬁ ébﬁtrol.. The

»disSoIvéd solids*concentrétion (CaSO3.and CaSOA).ﬁill be controllédi

‘32
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Table 7. Summary of Design Déta_

‘:":Boiler

Steam flow‘rate - , o 6.5 x\106 lbm/hr 
Steam flow through condenser | : ' 3.9 x.106 1Bm/hr':»
Flué gas temperature aﬁlgas -
" cooler inlet B - o ‘QOOF_
V.,vFiue gas humidity fatiq atv B - .IE’HZQ o
: v o . : ‘_0.059 b dry sas .
cooler inlet - :
 F1ue gas flow‘raée o 5,841,006 1bm/hr
Fuel coﬁsumﬁtion rate '»>~531,000‘1b'coa1/hr"
Sulfur content B 1 <> 4% S/1b coal
Higher heatigg vélue , | ' : 12,000 B/lbﬁ_ |
:vSteam temperature at turbine exit | v.'101F»
Steam pressure at turbine‘exit:'» . ,: 1 psia
-Steam qﬁality‘at turbine exit ‘v | “ ld%v

Cooling water temperature at

condenser inlet SSF
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.:fby cooling tower blowdown.
| The. cooled gas then flows through the scrubber. In the scrubber,
) ;pressure nozzles are used ‘to spray recycled ash pond water on the
scrubber packlng. , The objective of the packing is to prov1de intl-‘
rmate contact between the gas and 11qu1d over a large interphase sur— :
’ face; However, packed beds, which provide high surface area, used in
B dllmefllmestone scrubbers do not offer good resistanCe to Scale for-
matibn; The scrubber for the proposed system would con31st of several
cells" or. banks of tubes mounted perpendlcular to the dlrection of

‘ "gas flOWa Due to scallng and plugglng tendency in scrubbers, prov1s1ons_l

_would be made to facllitate remov1ng the tube banks or cells from the ,“V

21,_'scrubber while the scrubber is operating. The pressure dropvacross»""lv

R each scrubber cell should be monitored. During‘times afféxceséivé"
*pressure drop warnlng should be g1ven in order that the cell may be ;

‘piremoved for malntenance or addltional manual cleaning.‘.v'r

'1th celladesign consisting of removable tube banksrwas.seiectedv“ hd

because:

l 1) Tubes are a standard construction nateriél;
'l.;;z) ‘Siﬁple fabricatlon. | o
13)v Cells‘can beirapidly cleanedbwhile‘the scrubber*is in_:-3i'
".»operafibﬁ;p Therefore, plant‘dOWn'tlﬁe is‘reduced.b
' 451.The partlclelcollectlon will 1ncrease due to the venturlfef

"T'effect produced as the gas accelerates between the ‘tubes.
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_ The proposed removal techniques con31st of three steps shown inh~v
'l"Figs. l3a, 13b and 13c.‘>In Step 1, high pressure,drop‘31gnals cell_
QliShould:be'remOVedr ‘The access dooriis opened andvthe lift mechanimm L
' attachedQ Step 2bshows the cell removed from the scrubber and the:.
uéccesszdoor’closed. In Step 3, the clogged cell is pulled out for
o cleaning, Seals are located around the ‘top of the, cell to prevent
tercessive'leakage.of flue gas while the cell is being removed. By .

- using seVeral cell sections, the overall efficiehcy of the scrubber

'-vshould not be effected greatly if only one cell has been removed.

As the recycled ash pond water strikes the tubes of the cell, the
cell becomes wetted and gas pa331ng over . the tube surface is scrubbed. |
f As the gas flows between the tubes, it is accelerated and scrubbing

:Vsimllar to;scrubbing,in a venturi scrubber should occur. In a venturi"

' sffscrubber,/relatiVe velocitv betweenfthe gas and the'liquid'ontthefWalls"' o

1'of the venturi causes the liquid to be atomlzed._ SubseQuently, vigorous '

*',scrubbing action occurs. In addition, if a staggered tube arrangement

”-f'ls used the partlcle removal efficiency will be increased due to

_ impact1on on tube surfaces in the tube bundle.
Since counter flow 1svdes1red 1n,absorptionidevices,_the recycledpd

' ash pond water is°sprayed in the top of-the-scrubber‘andvflows down‘;'

8 fithrough the cells as shown in Fig. 14. 'The ash'pond water sprayed”atf‘7'd"‘

"’,the scrubber cell inlet 1s used not only for scrubblng but also to L‘

"u} keep the cell tube’ surfaces clean. Blowdown from the cooling tower

55?'is sprayed on the walls of the scrubber 1nlet to help keep surfaces

: clean and to supply water lost due to evaporation in the scrubber. The:
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: mist éiiminétor ié kept‘c1ean also by wéshing with coolihgvtoﬁef Blow-u
‘ &own.;.Guidé vaneé‘ére used gt'the scrubber inlet to assﬁre properv
distribﬁtion of fiﬁe gas over the scrubber cfbss—sectionf A monitor =
iszplaéed éftér the 1ast cell éection fo signal coﬁtrol of tﬁebgmduntf'> )
i of ash pond watér recirculation which will depéné on:the éoucentration"
- of 50, allqwed tébleave the scrubber. | .
'Thé éfflueﬁf from the scrﬁbbet is pumped to a clarifier and thé} o
‘:overflow‘returned for reuse in the scrubber.: Underflow from‘the‘ .
Qlarifier is transporfed to the'Wasée settling‘pond wherg reactions
‘go,to éompletion‘and precipitation Qf calcium éulfité (Ca$O3)‘and_
.,éaltiumvsﬁlfate (CaSOA) occur. Cbolipg tower blowdown iéiused~to 
"slﬁiée'flyash from tﬁe“electrostatic precipitétor and bdéfom éSh from
.the‘bdiler. -Ash siuice water is then mixed with the scruﬁber effluent.
i WatEt‘from the flyash-scrubber efflﬁent settling‘poﬁd”isvrecyc1¢d £6 ,U
the scrubber. | N
Boiler Blowﬁéwn,aﬁd water treatmentiwéste arevreceived iﬁ avreé._

]‘véction tank Whére’lime'(CaO)'is added for pH control.. Effluent from
"' the reaction ténk'is traﬁéported to the flyashfscrﬁbﬁér.effiuént»-.

"'seftling'pond.

3. Chemistry of System

The basic system cirtuitry was shown in Fig. 12. The main re-
. actions that would occur in the flue gas cooler if reaction with
"caléium‘bicarbonate from the cooling tower makeup water only is con-

. éidéred are:
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’SOZ(gas) F==:Sdz(§°1uti°n)”' o (1)7,“ 

80, + HOT=H' + HS0,~ R 2

o ' -+
- Ca(HCO,), + HSO; +H

———+CaS0, -.l-vlzuzco3v T (3)

CaSO3 + 402--4>Ca804 | _ | (4)

The reactions that would occur in the scrubber are similar except -
~calcium oxide (CaO) from the aSh ig supplied réther:thén the bicarbonate
form. The reactions that would occur in the sérubbéf;:assuming reaction

: With the‘CaO,from’the ash only, are:
SOz(gas) ;223802(splution)‘”v R '_1- q (5)

SOZ‘+_H

P TE B (8

Ca0(s) + H2

0-—--;*-Ca(OH)2 _ ‘v“ 'l ‘: ; ;(75‘ :~

Ca™ + HSO,” + 2,0 — CaSO, * w0} +H o

o - The only unknown reaction rate would be reaction (7)vbecause the

hjdration’rate of Ca0 from coal ash could not be found in the liter= =
ature.
" When reﬁsiﬂg,ﬁhe ash pond water, the water returned for use in

the'écrubberrwouldkbe’saturated With,diséolved solids. Céqtrol of



45

‘*{scéliﬁg could be controlled by\recycling a portioﬁ of thé cooling tbwerf‘
lg blowdoWﬁ with the scrubber ?ecifculatibn.wﬁter_which would tend to di¥
lute it; Aération might be necessary to convert the calcium sﬁlfite A‘
(CaSO3) to calcium su}fate (CaSO4) which will‘preCipitate much mdrg
‘frapi&iyo Settling:of calcium sulfite and caléium»sﬁlfate will be éidéd
‘fisinéé'flyash{prOmptes coagulation and éettling [21];‘,  |

i

4, Deéign»of‘Direct-Contact Coolét

- 4.1 Calculation of Cooligg Tower Losses

- To determine the amount.of makeup water for the cooling tower énd
v:therefore the flow to the gas cooler, the evaporation loss ftom fhe
. tower was calculated. For a known plant heat rejection 1pad Qp,,
‘a heat‘BalanCe&-of‘the tower yields
: . ’ ii ' . R ’
Q =My by~ gy mmp O, | 0
 ’Thé%energy transferred to the air is

g =m -k an.

‘and the evaporation is -

He

“Epme G

- The abbve equations were combined and two equations were obtained in

" terms of the unknown makeup water flow:

Be

= ma(w2 - ) o | n (13)
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 and

Qp - : ( jv .
mue (haz - hal) : .’ -

1-nh
mue

Wy = Wy

-The 6n1y unknown of Eq. (13) and (14) are the humidity ratio and en-

thalpy:of air leaving the tower. By assuming that the airileaving the
 coQ1ing.tower is saturated, the Eqs. (13) and (14) could be solved

' by triel and’ertor to deiermine the mekeup water flow rate. At design
- condifions.ﬁhe]éﬁaporatioﬁ loss was calculated to have ﬁééh'z.sz of:

" the circulating water flow. A summary of design conditions for the

S cooliﬁg-tOWer'iS“given in Table 8.

The total makeup requirement was then caleulated with'the following

 additiqn losses considered:

~(a) drift loss was 0.1 perceﬁt of circulating water flow

(b) blowdbwn was based on 10 levels of concentration.

Therefore, the total makeup requirement for the tower was calcu-
lated to be 7272>gpmiat 75F. The next step in the analysis was to
‘,‘determine the losses in the flue gas cooler, SO

Z'aBsdrbed and an

L EStiﬁation‘of the size.

“_;4.2 Direct-Contact Gas Cooler

The principle objective of the spray chamber is to reduce flue
- gas temperature before the gas enters the scrubber. Reducing the

stack gas temperature is necessary because if the flue gas temperature '
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Table 8. Summary of Cooling Tower Data

Cooling tower: Mechanical draft type

Liquid to gas ratio
Circulating water temperature rise
through condenser
Condenser terminal difference
:»Inleflaif température
‘Inlet air humidity ratio
& -Mékéup Wafer temperature from
. " flue éasbcooler |

>~Atmospheric‘pressure

1b H,0

1.6 1b “air
. 25F
10F
" 80F . :
ui.lbvﬂzo X
0013 5 dry éirv
120F

. 14.7 psia
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is much greater than the wet bulb temperature of the gas, the tempe:aﬁ R

~ ture of the liquid film will be raised and the solubility ofv802 will

_be deCreésed.

w{453_vBasic Equations for Simultaneous Heat and Mass Transfer

' For the direct-=contact spray chamber, Fig. 15;‘the basic éduatiéﬁs, -
-'_fbr-par311él flow as derived in referencé [22] were: |
‘ o Mass Transfer .
f'lfdGL,= GFde =_KGaM(wi‘_7w>dz- v " (a5 -
"'31Heat Transfer
GFG CPFG dTFG = hFG gH(Ti - TFG)d&. . :(16)
Total Energy Transfer to Flue Gas
Gpedh = Kgay(h, - h)dr : L an

) which assumes the interfacial area for heat transfer, ays is equal to
‘thé_interfacial area for mass transfer, ays Lewis‘nﬁmber is 1, and
-variatibns in;hfg ére‘neglected..
,'Energy Balance
GFGdh = - GL‘cL dTLf i : (18)-

Heat transfer to water

G e 9T, = By, ay (T, - Ti)dz'. 49
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Three equatlons may . be extracted from the above equations [22]
-“T]_The equations areifb o

e = - (20) -
- K =% ’ f
;and
B ey
FG FG i o C Sl
and

and from Eq. (18),“:

dh__ L e
ar =~ S/ . @)
bwhere' has= llquid volumetric heat transfer coefficient, B/hr F ft R

3

flue gas volumetrlc mass transfer coeff1c1ent lbm/hr ft

'»Kbé.

- h:‘#:flue gas enthalpy in differentlal length dz, B/lbm ;p”;j? -

]

1 h enthalpy at the liquld-gas 1nterface, B/lbm
TFG”=’f1ue gas temperature in dlfferential length dl,v't"
T, = temperature at 1iqu1d-gas 1nterface v |
o , , 1b H20

w .=’humidity ratlo, m :

' , 1b HZO

= rat t l id~ ——

o humldlty atio a iquid-gas interface, lb dry gas

To facilitate the use of Eqs. (20) through (23), the equations were

._solved on a digital computer. For inlet condltions and know1ng«the

3
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5‘exitfliquid femperatufeffrom the chamber, the exit gasxtemperétuie‘
v’€ and humidity, can be calculated. Also using the equation’

outlet s o
FG I __dh 24)

L‘E;; (h; - h)

inlet

,where‘ L =:1ength of spray chamber, ft

G, = flow of flue gas per. unit area, 1bm/ft2hr

FG
v KD = flue gas volumetric mass transfervcoeff1c1ent;‘
1bm/ft3hr | |
‘hy =‘enthalpy of the liquid-gas interface, B/lbm‘
h"=‘enthalpy of-flue-gas, B/lbm

the lengﬁhjof the spray chamber coulu be determined.~ The majdrvdif—;
- ficulty is the determinefion of the gae volumetric mass and heat
-_'transfer‘coefficient and. the liquid volumetric heat treuefer coeff’

,fieient; Equauions for'the gae side coefficient do exlsf:in the

literature [23]. However, data on the liquid side.eoefficient is‘

"':sperse-[23] For estimation, a typ1ca1 value for hLa and KDa were

used based on values given in reference [24] for a spray nozzle
voperatlng 1u,air;

The cooling tower makeup was‘7272 gpm at 75F and the flue gae
mass floﬁ was 5,841,000 1bm/hr. The inlet gas to the.eooler was -at’
Q‘BOOF uith e.dewpuint temperature of 110F. ‘Usihg these design con-:
~ ditions and the heat and mass trausfer coefficieuts fiom refefenee

»[24] the exit gas temperature'was calculated/ko have been' 134F and



_ bumidity ratio was 0.073
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1b HZO

} igfgg§—§;g . ihe water evaporateo‘in,the

””:cooler‘Was
mFG(QZw-'ml) 5,841, 000 (0. 073 - 0. 0594)

= 79 400 lbm/hr.

';{ The chamber length was calculated to have:been 12 ft.

At the cooler exit the saturatlon temperature 1s 116 SF. There-~7v’

fore, by u31ng the makeup water from the cooling tower, the flue gas

‘ f'was lowered to w1thin 17 5F of the saturation temperature of the gas.

:311’424 Absorption szso'

. "Thls is des1rable because the lower ex1t temperature should increasef»v

scrubber efficiency as shown in Flg. 16 [25]

zzinvthe Flue GaS'Cooleru‘

The problem in calculatlng 802 absorptlon in the flue gas coolerv

'1s that no data on SO2 absorption could -be found in the 11terature for B

’f7absorptlon of.SO2

' f;'To estlmate the max1mum absorption the follow1ng ana1y31s was made.;' B

with heat transfer~1n a parallel‘flow spray chamber.f"7'

' 1‘Assuming the 11quid temperature at the spray chamber 1nlet is constantjif,f'

;b.;.and the tower height is - inflnlte, then the 802 absorbed was calculated 7f“

~'from

50, mL» o, 7

iR

‘where G, amount of SO, absorbed, 1b/hr
WREE® Tso, e

y
V5o

1iquid mass £low rate, 1b/hr

= welght fraction of solute in solvent, 1b SO /100 1b HZO'
2 _ . ;
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‘ figure 16. Scrﬁbbér Effiéiency Variation with
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At design conditions, the SO2 absorbed as a function of sulfur

content of the coal was calculated. The results are shown in Table 9.- o

A,From Table 9‘it may be seen that the maximum SO2 absorbed‘was for‘the“ -
B highest SO2 concentratlon.

e

This estimation of maximum absorption was conservative because._l'

. 1) the liQuid temperature increases through the gas cooler

and the solubillty of SO decreases, ‘and

, 2
v 2) the tower has finite length.

By using a perallel flow cooler, heat transfer is accomplished'

but thelmass transfer is'limited. If the cooler did absorb the-amouhtsil_-_‘ﬁ‘

shown in Table 9, this would cause scaling problems.
If 2574 1b S0 /hr were absorbed and lime (CaO) was added for pH

control, then 5470 1b CaSO /hr wauld be produced. ’If the makeup flow »‘

:.rate through the»tower wasv3.63 x l06'1bm/hr, then,the concentrationbﬁ‘”
'i;; of CaSCl4 would be 1510 ppm. The solubility of CaSO4 is approximatelyﬂg;v;
2200 ppm at 70F and decreases as temperature increases therefore, X
‘after less than 2 levels of concentration in the coollng tower pre— .
_cipitation,of'CaSOA would occurg Therefdre, prov181ons must be made;;ﬁ
tor'sdding,sodium hydroxide (NaOH) or soda ashd(NaéCO ) during v | |
péfio&s of high'SOé.absorption; The solubility«otha2503 and Na,S0,
?_are 139 000 ppm at 32F and 194, 000 ppm at 68F. respectlvely. Also both:
Qsolubilities 1ncrease with temperature.

Summarizing, the use of cooling tower makeup water appears to be o

a‘feaslble method for:



Table 9. Maximum S0, Absorbed in Flue Gas Cooler

“ Sulfur content R _SOZ'produced o - .80

absorbed
of coal o '

2

~1b- SO

1b SOZ 2

hr . ’ o hr

s 42,480 2574

3% 31,860 TN 2132

1

2% o 21,240 S 1570

1 10,620 g 817

*_ — - ~
- Plant burning 531,000 1b coal/hr



»kjl) reducing flue gas inlet temperatﬁ:e to the scrubber and
possibly increasing scrubber efficiency, and
2) eliminating the need for sulfuric acid addition to the

cooling tower makeup water.

The use of sulfur dioxide for control may cause changeé in makeup

'.i water cﬁemiétry.: 1f ihe 802 is absorbed in amounﬁs greéﬁer than ﬁhat

:requiréd to react with the calcium bicarbonate,.then lime‘(Ca0) pr."

;’éodé ash (Na2003) must be added depen@ing on-tﬁe»lé?gliof calcium
SQLféte»(CaSOA) concentratiqn‘thafjis(allowed ih thé'cédling-tqwér

" water circuit.

LS. ZérofBIOWdeﬁ System

" The proposed system of Fig.‘12 could operate_én'a zero blowdown

» basis if

1) the evaporation from the ash pond was sufficiénf to dffsét
“';cooling tbwer blowdown

2) the settled solids of the ash pond-scrubber effluent ﬁoul&
| constitute a water bleed from‘tﬁe systém,if these wastes

were being transported away from the plant.

- 'During times of adverse weather conditioné, (rain, etc.) pro-
vision must be made for preventing overflow of the concentrated ash
~ pond into the adjacent water course and adding an 80_ absorbent (lime,

soda ash, etc.) when the pond becomes diluted.
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When insufflcient pond evaporation was occuring, some type of
chemical or physical wate treatment must be performed and the treated
'Water recycled if zero blowdown is to be obtained. A diagram for zero

blodeWn operation is shown in Fig. 18.

GJlVComparison of Flue Gas Reheating to Fan Power Energy Cost

tOne»of the major problems of wet scrubbing,prdceSses is,that the'
flue gas is'cooled which results in 1oss:of'staek gae BuoyanCy. Under
’periode‘ofllow turbulence, the cooled plume will return to the'ground‘:
without‘sufficient dilution and,'theréby,_increaeelthelground level
concentration of objectional‘stack gaebconstituentSa,5Currently,re—
heating'of the gae is. considered neceSsary to reduce pOSSible plume
formation and to restore buoyancy to the gas [26] |
For purposes.of comparlson, the use of an 1nd1rect flue gas re—
heater~was considered. In thls ‘type reheater, steam or hot water is
passed through the reheater and the flue gas is reheated.
Applying the First Law to the reheater, the energy requlred waslzf
.calculated from ' |
Qg = Tipg Bhyg s R 26)
o . . : - |
QRH = g ch g R €
G :
' - nhere. 6F¢' flue gae mass flow rate, lbm/hr

"Cé = spec1fic heat of the flue gas, B/lbm F
FG
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”:ATFG =»temperatdfe rise of flue gas across the teheéter, F

fiQRH energy:require§;:3/hr.

Av To>ca1culate tﬁé energy réquired as a function of réheat temperaQ
'ture,‘the teﬁperature‘rise across the reheéter was ﬁaried_iﬁ_ZSF‘in-
_crements. The flué’gas was assumed to be 1eé§ing the scrubber at 100F
and,saiurated.’ Tﬁe‘maximum temperature rise acfoss thé féheater‘wés |
_set at 150F since 250F is the temperature atVWhich power §oi1ers,

r'équipped With110w 1eve1 etonomizefﬁhare now exhaustihg’fiue gas.‘ A
hiéhef temperature rise Wbuld‘notiﬁe practical.

v»To estimate the énergy costfiﬁ.was assumed:that'thé‘reheatéf Was‘
éubpligd with steam from the steam generatof;‘

. For a kqown temperature_rise'acrOSS”the feheétet;iﬁhe eﬁgrgkaOStisfv

_cbﬁid,bé calculated from the expressionv

EC =~(QRH/HﬁV)(Pc/ZOOO)(1/sczj"‘  'af5-;;f‘;(285,‘},f'* .

 where EC

‘energy cost, dollars/hr .
QRH'=1enérgy supplied to reheater, B/hr
PC

price of coal per ton, doliars

HHV = higher heating value of coal, B/lbm

SGE

|

efficiEnty of steam generator, percentlloo;

For a gteém genetator operating 8760 hr/yr Wi;h 90% efficiencyfandf

~ burning coal with a higher heating value of 12,000 B/1bm at the present
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cost of $23/ton [27], the energy cost per year as a‘function reheat
temperature was calculated. ‘lhe results are shown in Fig. 17.

ln order to compare the energy cost.of a fan to thedreheater,:thev;“
' ‘pressure rise required across the fan must be known.i'For‘this study

it\waswaasuﬁedvthatfthe.fan wouldvsupply the same,pressure'rise as the

o ri_draft produced across the atack in addition to the flow losses of the

i'"»fstack.

B For stack heights of 400 600 and 800 feet the draft produced for._

a flue gas at 250F was calculated from the equation

SD = 7.84() (0.00179 —%)-3/30.* (29
where SD = stack draft, in. of HZO
B =aatmosoheric,pre33ure, in. of HZO A
. Tg = average flue gas‘temperature, R
L =‘stack'heigkt;‘ftb

iTﬁe exit velocity of the fluevgae‘from the stack'uas selected to

have been 80 ft/sec. At thls velocity, the gas Wlll penetrate the
turbulent wake created at the stack ex1t in high w1nd condltlons [28]
Since this was a retrofit operation, the stack diameter 1s ‘too large f N
- to allowvan ex1t.velocity of 80 ft/sec. Iherefore,rltywasvproposed

vthat a-Canergent‘noazle could be placed at thebstack exit torincrease.;
_fflug;ga's‘e}‘;it veloclty A |
u'lfForia;60° noazle‘the‘flou lose was calculated to'hare,Been O.Iiin;a'

of H20 from the expression:obtained from reference 29
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Hge = (0.07) czéggl BT @0

where Hge = flow‘lossg in, of H20

V. = exit velocity from nozzle, ft/sec.

The pressure rise.requirements for the fan were calculated
for stack heights of 400, 600 and 800 ft.

The shaft horsepower was then determined assuming a fan efficiency

of 60£ At these design condltmons the shaft horsepower was calculated

from

- (cm/6350) (ap/.60) . (31)

- where Hp_ shaft horsepower, Hp

i

”iipcfm' ‘flue gas volume flow rate; ft3/min

pressure rise across fan, in. of HZO'

Ap
If. the energy convers:.on efficiency for the plant is 30/ and the
fan motor losses are neglected, the energy requirements may be calcu=.
'»lated.‘ U31ng the same design condltlons that were used for the re-
l.‘heater, the energy requlrements per year were calculated as shown in
Section;Xa The comparison in energy cost per year for the fan and
“reheater are shown in ‘Table 10..
: Because of the environment that ‘the fan must operate 1n, it must
s he kept clean to avoid‘solids dep081tion which Will cause the fan
. totor to hecome unbalanced. It.ngrecommendcd_that a centrifugal fan -

‘:using_radial blades be used and kept clean by water washing andhsoot-



Table 10. Enérgy Cost Comparisonvof Fan Power Versus

Reheater Temperature Rise, Dollars/yr*

Reheater :
Temperature Reheater Fan Reheater . Fan Reheater Fan
Rise '
25F 327,000 327,000 327,000
50F 654 ;000 654,000 654,000
75F 980,000 980,000 ~ 980,000
A 33,330 46,600 58,900
100F 1,310,000 1,310,000 1,310,000
125F 1,640,000 1,650,000 1,640,000
150F 1,960,000 1,960,000 1,960,000
400 600 800

Stack height, ft

* ' ' - '
- "Based on Flue Gas mass flow rate of 5,841,000 lbm/hr

€9 -
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blowing. Also, the blades.must be covered with baked phenolic or
plasma sprayed alumina coating to prevent erosion of the fan surfaces.
Corrosion in downstream equipment should not be a_pfoblem since the

current trend recommends using plastic liners in stacks.



‘“v,vif the amount of Na

XI. DISCUSSION OF RESULTS
Thefusebof.ash pond water as a scrubber~liquor will be possibie"

2

”ihto achieve the desired removal of SO2 in the scrubber._ As shown in,

0, Ca0, and KZO avallable from the ash is sufficient V;'w

o Section IX, the ash pond water did contain sufflclent Ca0 to remove.

:'bfthe S0, .. HoweVer, ash compositlons vary and some types of ash will not '

2

{‘be‘Suitable.. Therefore, lime (CaO) or ‘some other type of absorbent ¢5’

"":must be added to the ash pond water. In addition, the pond must be;

designed such thatvit will not release water to the adjacent water j”
cOurses;l

'The advantages of using ash pond water will be,‘“"

1) no cost incurred for absorbent transportation or
preparation and,

- 2) ‘utilization of a usual plant:waste.

The‘proposedbscrubber design should be advantageous from an opera-

bility standpoint; 'Since the scrubber may be cleaned while in operation,f :v‘

'fpiant dOWn time nouid be reduced.

Comparison of energy cost for operatlng a fan versus avreheater has
shown the fan should be less expen31ve. However the fan- blades'must be L
‘ protected to'preVent SOlld dep051tion and‘erosiont Itfis”proposed that:?,
'thls may be accompllshed by Water washlng or soot blow1ng in addition
to’ u51ng a protectlve coating such as baked phenollc or plasma sprayed‘
alumlna. The disadvantage of not reheatlng is that 1f the downstream"

'-equipment is not protected, corrosion can occur. In addltion, the‘“

v655
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cooled gas exhausting from the stack may produce an objectional plume

which when cooled, would settle on the surrounding areas.



XII. CONCLUSIONS .

The possible use of ash pond water and cooling fower blowdowﬂ as .

a scrubber liquor in a sulfur dioxide scrubber were studied. The main

conclusions that may be drawn were:

n

2)

3

)

Blowdown from cooling towers using sulfuric acid for calcium
carbonate scale control do not appear to be an acceptable
scrubber liquor. However,’makeup water to the tower might

be used to cool the flue gas before the gas enters the

. scrubber. This could increase scrubber efficiency and also

replace the sulfuric acid required for cooling tower water

" treatment.

The use of ash pond_wateruis recommended when the calcium'-
oxide (CaO) avaiiable from the ash is sufficient to scrub
the gas. |

The use of a fan to disperseltﬁe flue gés will require less

energy therefore the operating cost will be less compared to

'a reheater.

This me;hod_should be feéSibie and could meet EPA air

pqllutibn standardS'if_the:CaO; Nazo; K203available from

the‘aéh_is sufficient._
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XIII. RECOMMENDATIONS

'viThe'operation'of the propdsed-scrﬁbber~system appears'feasible.>,'ﬂl’

L However, several areas must still be investigated. Further study is

recommended to:

_‘l)‘

3y

)

determine the acid (Sulfurousvand sulfuriC)‘peutralizing 1

capabilities of several typeé of coallash,

~ determine possible catalytic reactions, of sulfur dioxide

'(SOZ) caﬁséd’by the flyash,

in order to avoid operational problems, the chemistry of the

cycle must be studied,

‘measure the mass transfer coefficient for the‘proposed

scrubber‘and'determine optimum tube diameter in cell to yield

maximum SO2 absorption with minimum pressuré drop, and

study the effects of using a high exit velocity at the stack

"to ensure sufficient dilution of gas;without‘exdessi?e'plume'

- formation.
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XV. APPENDIX

»Calculatidn_of’CaO Reguired for a Given SOé.Remqval.

The mass of;sﬁlfur‘diOXide (SOZ) produced pérglb of cleswas L

‘calculated from:

M 502 .
w5 (UA) = ng,
2
where Mgy = molecular weight of sulfur dioxide
MS = molecular7weight of sulfﬁr v
 UA = ultimatg'analysis'value'fér sulfur, 1b S/1b coal

SO

m. =1b SOzkproduced/lb coal.
Yo R

The calcium Qgidgv(CaO) required as'a‘functibn of percent sulfur « -

 f'di6xide'remdved; P

Yeao ") n =m
M., 100 s0, 'ca0

80, 2
‘* where )
MCaO = molecular weigﬁt,of calcium oiide
MSOZ, ='m§1ecui§r weight of sulfur dioxidé 
- R'g = percentage of sulfur'dioiide removed o
mCaé‘ = 1b CgO reqUited from ash/lb coal.

A sample calculation is shown below for a coal'contéining 47

. sulfur. The sulfur dioxide (50,) produced per 1b of coal .is
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é%-(0.04)'=-0;08,1b 50,/1b coal

~

”:vbahdeifeSOZ of‘SO2 is to be removed, then "

(56 ) 80 \ _ |

| is required.

Derivetionrof Design Data

The amount of fuel required was calculated from the design 1nfor-‘

mation of Table 7. At the outlet from the steam generator

T= 1000F
P = 2500 psia
and h = 1458.4 B/lbm.

At the steam generator inlet

T = 550F
P = 2550 psia
and h = 575.6 B/lbm.

If the :equired steam flow rate was 6.5 x 106,1b/hr and the steam

. generator efficiency was 907, then the energy fequired was

qQ = 6.5 % 10 (1458 4 - 575 6)
_ : O 90

to.or

" Q =6,376 x 10° B/nr.
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Asédmingvthé fﬁe1.has a higher heating vaiue olez;OOO B/lbm; then

o 1thé fuel feed‘rate:waé,

. 6,376 x 10°
12,000

531,000 1b coal/hr.

B The theoretical air Wta could be calcuiated‘uSing the equation

”]f :“given'ByIPotter.[BO]

Wea = (7.65) (12,000) /10,000
' Wta = 9.18 1bm Air/lbm Fuel
 and with 120% total air

o B :‘1b Adr
Wa(l.2)(9.18) =11 1b Fuel °

Thé'méss flow of flue_gaé was assumed to be equal to the air supplied

fﬁ~ivt6‘thefboiler

a - = 5 841000 1P Flue gas -
mpg = (11)(531,000) = 5,841,000 =20 o,

Plant Heat,Rejection-Load
The heat rejection load of the plant was calculated from

Qg = mlhgy - he)

- where " - heat‘rejectioh load, B/hr‘

o)
R
I

= steam flow rate, lbm/hr

=]
"

=
|

= enthalpy of steam at condenser iﬁletg B/lbm



%o

hg, = enthalpy of saturated nater‘stdCOndenser_odtlet,3B/1bm@t
o The'design'conditionshwere:
1) Steam'enters condenser at 1 psis and 10% moisture
d2) Wster 1eaves the condenser saturated

h3) 604 of total steam flow passes through condenser.,," o
"i-?ATherefore,

1 = (0.60) (6.5 x 10%) (1002.4:~ 69.7) = 3.637 x 10° B/Er.,

Cooling . Tower Circuleting{WaterfFlowlfor Tower:”~

’7For.a 25Futemperéturefrlselfor the'coolingcwaterd -{f-"

o Taar T %/ (g~ Ry

.¢iréﬁ1atihg water £low, Lbm/hr |

~eir

. QR ' plant heat reJection 1oad B/hr

fd fenthalpy of cooling Water at condenser outlet, B/lbm

o
"

B
n

fl = enthalpy of cooling water at condenser 1nlet, B/lbm.; )

‘ITherefore, for a coollng water inlet temperature of 85F and a 25F

”'temperature rise across the condenser

cir 3. 637 x 10 /(77 9 - 53 Ol)

. 146 1x 106 lbm/hr“r

or

cir 1292,300:gpm atd6QF,,
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Calculation of Cooling Tower Losses

" A heat balance of the cooling tower yields

Q = myy By~ By

o

o
”4
[}

and
my(hyp = Byy) = le(hLl hLZ) W L2. 

" The heat .'-rej ection by ‘the plant is

le Ll - m'LZ h'LZ M ue hmu |
-~ and

3 . . L3 ) . . . 3 ‘
Q = L1 by - (m‘le " Moned PLo T Poye My

- Therefore,

Qp + mmu mu le(hLl N hLZ), +'mmu hL23

This may be rewritten as:

- hal) = mmue hmu +va'b

Div1d1ng the above equatlon by the evaporation rate
ma'(ha = h ) mue'(hmu) ' QP‘ ' s
Oy Il ey B oy
a-v'2.>~l - Tat 2 1 a> 2 -

m(hyy =) =y by - ("_lLl " Moge) h'L2 |
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'ﬁ 'aﬁd“noting

. then,

m = : 1.
mpe ha2 - hal \ ..
Wy = Wy - mu
Solution by trial and error yielded

_ 3.637 x 107 = 3,130,000 1lbm/hr.

m
e 77 .4 - 33.8
[(0.0476 = 0.013 ) - 87'9]

The drift'ldss was 0.1 percent of the circulating water'flow,

therefore,

m, = 146.1 x 106 x 001 = 146,200 1bm/hr.
The blowdown‘wés based on 10 levels of concentration, therefore
the blowdown was

m = (=) 3,130,000 = 348,000 lbm/hr.

. The tdtal'makeup'Was

Mge iy F iy = 3,624,000 Lbn/hr

‘or 7272‘gpm at 75F.
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,Maximum.Absorption of.SOZ.in FlueaGas,Cooler,:-

: For a fuel rate of 531,000 1b coal/hr and 4 petoent‘sulfurv'

lb 802 T
hr _.v,

(531 000) (o 04) ( ) = 42, 480

The,peicent”sozlby volume was‘estimated‘from

."‘so2 ..1»{"¢‘.(")'2 ‘
—= —= (100) = percent so,, by volume

mFG '2 o

. _ e v 1bm
Whete ,mso = mess ?gte,Of SO2 flow, hr

@y, = mass rate of flue gas flow, lbm/hr .

£t - 1bf
2> lbm - R

P
[}

= gas constant for SO

gas constant for flue gas, %%5;:l%£

1J45' -
| nv

lthen,l

42,480
(531 ooo’ (53 3) (100)

KR 3277 SO by volume. '

Assumlng pressure in flue gas cooler is 14. 7 psia, then the -

‘partial pressure was’

'(0.327)»760_= 2.48 mm of Hg.

© From Perry [31], the solubility of S0, was

0.071 1b 50,/100 1b 0.



'l"where‘ D
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Therefore, for a makeup water flow rate of 3,625,000 lbm/hr, then

Ib SO

= 2574 —2

hr

0. 071)

3, 625 000 (45— 100

‘negiecting the increase of solubility due to feaction with alkaline

elements in the makeup water.

Calculation of Stack Flow Losses and Fan Power -

To calculate the fan power required, an estlmate for the stack

'idesign is necessary to ascertain the flow losses.

" Determination of Stack Diameter

Inlet gas temperature = 250F. Assume average gas temperature.

= 225?; The stack diameter is given by [32]

11.7 of SreTre)
12 @V

D =

stack diameter, ft

: GFG = mass velocity,“lbm/sec»ft?

» B = atmospheric pressure, in. of Hg
| TFG.= aveiage gae temperature, R
V.= velqcity,’ft/see.

V' D

20 | 41.9

30 | 34.9

40 | 29.7
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'l The stack diameter is determlned such that the flow loss will be;th"

‘<f_‘54 of the stack draft.

(mFG> sy

StaCkfFlOW-LOSS’= (2576 )
whére B = atmospheric pressure, in. of Hg
>.4TFG = average gaé‘temﬁeraturé; R
: Mo =-flué_gaé_ma93 flow rate, 1bm/hr
L = stack height, ft
£ = friction.factor_(eéti;;ted fromb[33])¢

° D = gtack diameter, ft.

Stack .~ |- v . ! » v
Diametery | .. - - . . Flow Loss, in. of Hg
fr | T L e

 ";41:9" p o078 | 0.082;”7\nf. . 0.086

34.2 0.8 | oas | o2

29,7 1 0.32 034 | 0.7

g  'v»’ »"560 ‘_:‘ | 1:t pros
Stack Height, fe

Stack;ﬁfaft
tStgck Draft ; 7.84(L) (0.00179 - from ;3311

1,8
TFG:Y30
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._.Staek Height,rfthtack.Dreft,,in.ﬁof.H‘O

Hy
400 o 1.03
600 1.55
800 ‘ 2.0

The stack dlameter will be. 41 9 ft if the flow 1oss through the

stack is 5% of the stack draft.

, Calculation of Nozzle Flow Loss

For a flue gas exit velocity of 80 ft/sec

80(60) 2 = 0.1 in;'of H,O

Hge = (0.07) Cgp)” = £ H,

1‘-where the factor (0. 07) is from [34]. | Then, for stack heights”of .
- 400, 600 800 ft, the flow losses and pressure rise required by the o

- fan are shown below..

- Stack Height, ft

400 6oo- t’ 800
- :Steck Draft = . 1.03 | 1.55 2.0
‘Nozsle.Loss . , O.l‘ v_ | O.l f. 0.1
© Stack Flow Loss - lowrs | o.82 | 0.0
"gUnaosounted Loss % . | _ | : -
(307 of above total) | 0.06 ‘ 0.086 0.11

Unaccounted losses 1nc1ude loss in breeching,.stack‘entrance; and fen
inlet . ' - - )
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Pressure rise required by fan

Stack Height, ft

400 | 600 | 800

in. of H,0 1.3 l"ji.sz‘[l""z;s .

Fan Power Calculation’

v_ Flue gas conditions at fan inlet

Tre
P

100F

14.7 psia
2

1 685.6 ft

>
I

M. = 5,841,000 1bm/hr

' _‘assuming flue gas may'be treated as an ideal gaé witﬁ thé physicéi ff7""

» préperties of air |

_ (14.7)(144)

(53 3)(560) 0 0709 lbm/ft

a?thelflo&’fatev(cfm) at design condltlons_is .

5,841, 000 l

6 ,
0 0709 60 = 1. 37 x 10 ‘cfm.

: The air horsepower 1s glven by

o =‘¢fm (Ap).
By, =~ %350

"?,.aﬁd the shaft horsepower is

Hpo = FEF

where.HPs. shaft horsepower

’Eff' fan effiéiency.‘
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Assuming the fan has a 60% Eff at design conditions, then the shaft“ |

' hdrsepower could be calculated.

Stack Height, ft

400 600 800
CHp o 281 393 | 496
Hps : | 468 654 | 827

Calculation of Fan Energy Cost

A sample calculatibn is shown below for calculating the energy
cost for operating a fan 8760 hr/yf with'a,planf'energy conversion
efficiency of 30% and.stack‘height of 400 ft.

The energy‘cost is

550 £t-1b 3600 sec 8760 hr (  1bm ) < ton - )(23 dollars)

EC = 33,330 dollars/yr. = o
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CONCEPTUAL DESIGN OF AN SO_

 SCRUBBER SYSTEM UTILIZING PLANT WASTE

‘George Todd“Wright -

(ABSTRACT).

The use of ash pond water and coollng tower blowdown as poss1ble i~‘

hSO scrubber llquors has been studied ' Information on‘analysisvof‘ash.:id;s
-bipond water 1nd1cates that thlS method may be fea51ble. lt'was found‘vk
.'Jthat ash from the furnace contained salts which could be used to absorb }
'ffSO _in the scrubber. This would'SlgnificantlYfreduce the‘cost of’lime '
Vﬁ?f;for limestone addltlon to the scrubber water as presently proposed._.‘,
‘5bBlowdown from cooling towers u31ng sulfuric ac1d for ca1c1um carbonate

;;fscale control does not appear to be an acceptable scrubber 11quor.’,‘

*ffﬁHowever, the makeup water may be passed through a flue gas cooler where

»portlon of the sulfur dloxide (SO ) and sulfur'tr10x1de-(SO ) are

::jfabsorbed ‘and the flue gas cooled before entering the scrubber.

A scrubber design has been: proposed whlch allows cleaning a portion

*fof the scrubber packing while the scrubber 1s operating.lbl

‘ ‘vA;comparison of reheat Versus fan power to a581st 1n flueigas'

'iﬁi renoValbwia the stack was made. A fan which would disperse the flue
‘Htlgas will be more economical if the maintenance costs of the fan and the

‘ j'saturated plume emltted from the stack at a high veloc1ty are compatlble. h
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