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ABSTRACT

Increasing public demand for pollution control, coupled
with the strict standards set by the government, has made the
use of emission control devices such as the venturi scrubber
and the jet-venturi scrubber commonplace in industry. Venturi
scrubbers are being used for a wide variety of jobs. The
steel industry uses venturi scrubbers to remove hydrogen chlo-
ride (HCl) gas from stack emissions. Electrical utility com-

panies use venturi scrubbers to remove sulfur dioxide and par-
ticulate emissions from flue gases.

In industrial use, efficiencies of operation for these
venturi and jet-venturi scrubbers are determined either from
past experience with identical or nearly identical situations

or with experimental data from pilot plant studies. This is

4 due to the fact that there are, at bresent, no satisfactory

correlations for mass transfer or particulate removal in venturi
scrubbers. Pilot plant projects are expensive, so the develop-

ment of correlations would certainly be a money saver, as well
as a time saver.

This study involves an examination of mass transfer to

see if a suitable theory can be found for venturi and jet-venturi

% scrubbers. Experimental data from an 8 inch jet-venturi scrubber

C
4

{ System, in which HCl was scrubbed from air with water, is used

A
I
&

q
Bl

f
F

to confirm or reject the theories examined.

Several mass transfer theories were examined, and the
Penetration theory was selected as the theory to be studied.
The relationship between the liquid-gas contact time and the
residence time in the scrubber throat was selected as the para-

meter to be examined. The results indicate that there is a
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definite\relationship between the contact timé to residence
time ratio and both the liquid flow rate through the scrubber
and the gas cleaning efficiency. The results also indicate,
however, that the penetration theory, applied in this manner,
does not adequately describe mass transfer for the system

studied. Further examination of the problem is clearly indi-
cated.




THE JET-VENTURI SCRUBBER

AT o

The engineer, when deallng with objectional fumes dis-

'#harged from 1ndustr1al processes,

has four major types of

g@nission control equipment to choose from: filters, inertial

pystems such as cyclones, electrostatic precipitators, and wet

bcrubbers. Of these four types, wet scrubbers are the most ver-

‘§atile, and probably the closest to a universal answer to emis-
‘Rion control problems.

L e e e = e

4 Wet scrubbers, including venturi and jet-venturi scrubbers,
49

‘s well as wet Ccyclones, spray towers and packed towers, all oper-

i
R

Ate according to the same principles. Their scrubbing action is

hroduced by passing the gas stream past the liquid stream, or vice

Iersa,'and spreading the liquid out so that it has sufficient sur-

:ace area to contact all parts of the gas and insure rapid mass
yransfer

3 Venturi scrubbers utilize a high velocity section (at the

éna contracta or venturi)

; for bringing the gas and liquid into
?tlmate contact with each other. They fall into two groups:
f?) The standard venturi scrubber uses a mechanical blower to
:'eate a hlgh velocity gas stream that pPasses by a slower moving
flquld surface. The faster moving gas hits and disperses the
sllower moving liquid. (2) The ejector or jet-venturi scrubber
udled in this work uses a mechanical pump to impart a high vel-
v lty to the liquid stream. The high velocity energy of the llquld
*-ream acts to break up and distribute the liquid into a multitude
j? small drops, giving a large surface area for the liquid. The
’ Bgh velocity liquid stream also acts ‘to pump the gas stream through
f € scrubbing system and the connecting duct work.

I 1
; Venturi scrubbers have many advantages over the other types
ﬁ. wet scrubbers, as well as the other types of emission control
PVices, Versatility is a prlme attribute of venturi scrubbers,

! that they can handle solid particulates, liquid particulates

Y=




r aerosols, and soluble gases, all with high efficiencies. The
enturi scrubber is also convenient in terms of size. It occu-
Sies the smallest area for comparable jobs of any of the wet scrub-

ﬁ.ers, and is smaller than most other emission control systems.

“)esplte the small area it occupies, the venturi scrubber can
RJandle great volumes of effluent gases with top efficiencies.
:ﬂ final advantage of the venturi scrubber is that it can be used

go collect many highly corrosive materials that other systems -
'%annot handle; it has no moving parts.

i

f Along with these advantages, there are several disadvantages
_;hat must be considered before a venturi scrubber can be selected
.?o handle a particular problem. Only one of these, however, is
fnherent to the venturi scrubber, while the other disadvantages
Ere common to all wet scrubbers. The problems common to all wet
écrubbers stem from the use of a ligquid stream, usually water, to
io the scrubbing. The first and most important problem with the
{se of water as a scrubbing medium is that the water must then be
}leaned and clarification costs can run very high. Climatic con-
gtralnts must also be considered, and freezing water lines can be
; problem. Vapor plumes, caused when small amounts of the scrub-
ﬁlng liquid exit the stack with the effluent gas stream, arouse
:fubllc concern, and therefore are also a disadvantage of wet
fzrubber use. Power costs are a problem for the venturi scrubber,
; t not for the other wet scrubbers. Because of the pumping re-

f’lrements for both the standard and jet-venturi scrubbers, power

}-sts can run three or four times the costs for other wet scrubbers.

Should an engineer select the venturi scrubber, he must then
ecide which type of venturi scrubber to use, the standard or the
#t. Each has its own particular advantages. 1In the standard
lr'.""nturl scrubber, a much smaller quantity of liquid (scrubbing
| dlum) is required, because of the greater gas stream velocities

Oduced by the gas pump or fan. The smaller quantity of liquid,
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ften from five to eight times less than with the jet-venturi unit,
f equires less expenditure for clarification and treatment. With

{ he lower liquid stream flow rates, a smaller pump is needed to
«ove the liquid through the unit. Also, due to the use of the

as fan, the standard venturi can handle greater gas flow rates
&lan the jet-venturi scrubber can.

] The jet-venturi scrubber, however, has many advantages as
f}ll. The high velocity liquid stream eliminates the need for a
%‘ P to move the gas stream. With no gas pump, there are no moving
:*rts in contact with the gas. This makes the jet-venturi unit
$:perlor for dealing with highly corrosive materials. The high
;~loc1ty energy of the liquid stream is also advantageous in that
i) is a much more efficient atomizer of the liquid stream than
;e lower velocity energy in the standard venturi scrubber. The
D) tter the atomization of the liquid stream, the greater the num-
ber of liquid droplets passing through the scrubber throat, and
t € greater the surface area with which to contact and scrub the
-‘s stream. There are other advantages in using the jet-venturi
s rubber that are related to the high velocity action of the
quld and the lack of a gas pump. First, there is a much lower
'erall pressure drop in the jet-venturi scrubber, making it more
.eful for systems requiring scrubblng between other process steps,
»d hence, the smallest pPressure drop possible. Also, the over-
a 1 power expended in operation of the jet-venturi scrubber is
:ually less than in operation of the standard venturi scrubber.
Modifications can be made on venturi scrubbers to improve
“81r efficiencies. A simple modification on the scrubber system
i§ to change the scrubbing medium being used from water to some
' her medium. Caustic is a very popular alternative. Examples
%3 the efficiencies attainable using caustic in jet-venturi scrub-
"rs as reported by L. S. Harrlsl are: 38% for SO, removal, 993

2
r Cl,, and 99.9% for I, removal (maximum efficiencies).

;-- L. S. Harris - "Fume Scrubbing with the Ejector. Venturi System"
: - Chemical Engineering Progress, April 1966, page 55,

i
:
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A second modification of the venturi scrubber system in- |
/M volves the use of scrubbers in series. The electrical operating R

@ costs at the higher scrubbing efficiencies can be reduced con-

'@ siderably at the €xpense of higher equipment costs. Harris re- ‘g
‘ ports that for a given HC1 fume, similar to the gas stream studied f@
f; in this report, at a rate of 1000 cubic feet per minute, and with ﬁ
4 a collection efficiency of 98%, the switch from a one stage jet- ¢ h
venturi unit to a two stage unit would result in the decrease of X
theoretical horsepower from 9 hp to 2 hp. This may be sufficient f?

to justify the increased equipment costs required by the second i
stage.

4 Another modification of the venturi scrubber system is
4 the flooded-disc wet scrubberz. The disc is positioned in a ‘
é;tapering duct section. The shearing action of the gas at the @
giedge of this disc acts to atomize the liquid scrubbing medium (
lﬁ;‘:very effectively. Optimum pPressure drop at different gas flow ;ﬂ
iirates can be maintained easily with the flooded-disc. This is g
qdone by raising or lowering the disc as required. This acts to ﬁ
§ increase or decrease the annular area through which the gas must
?gpass, and increases the range of gas flow rates over which the

§ scrubber can operate at peak efficiencies. _ |

The jet-venturi scrubber is generally used in series with ﬁ

gsome type of separation device. The job of the separator is to
Eremove the scrubbing medium from the exhaust gas stream. An ef-

%ficient separator can remove the contacting liquid from the gas |
;fto within a value in the range of 5 x 10_7 to 5 x 10_8 gallons

ﬁiof liquid per cubic foot of gas. Various types of separators
i f?are used, including gravity separating chambers, inertia impact |
| gSeparators and cyclonic mist eliminators. W

R
Py -

2 -~ Bulletin R-C 1000, Research-Cottrell, Inc.

i
Ill I
i
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From the discussion of venturi scrubbers, and the jet-

venturi scrubber in particular, it ig clear that these scrubbers

combine efficiency,

ent emission control problems. At the present time, however,

dict the performance of these

scrubbers without actua] experimentation with the effluent to
be scrubbed.

there is no way available to pre

In the following sections of this report, we will
examine several theorjies attempting to predict the performance
of a jet-venturi scrubber, and compare these theories with ex-

perimentally collected data for the removal of HC1l from air in
an 8 inch jet-venturj SCrubber.




fcan be derived from similar equations involving heat transfer.

{ One of the most important equations for which this is true is

é NA = kox [Acdriving force]

y

fwhere NA = the rate of mass transfer, as a mass flux, in

é units of the mass of the transferred component
g "A" that is transferred per unit time per unit
'a area over which the mass is being transferred

awheré "h" is the heat transfer coefficient. For the case of
Tmass transfer, the equation is as follows:

i

OUt the driving forces for mass transfer.

\."
5
|
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MASS TRANSFER THEORY

Many of the basic equations describing mass transfer

of the following form:

Flux = Coefficient ¥ Driving Force

where the driving force is generally some concentration differ-

ence. For the heat transfer case, this equation takes this form:

?
[
ﬁ

b

Cav . = the mass transfer driving force
driving force ;

defined as the difference of concentrations of

L

the transferred component between the phases
which provide the mass transfer; this can be

expressed as AC, Ap, Ax, etc.

The following dlagrams show the system used andg point




MASS TRANSFER DRIVING FORCES

Driving force at the top of

' GAS IN tWO-film thGOI‘y.

L,in
r:E;:~*~7 ejector, as visualized by the

the

1 LIQUID PHASE 6Ag PHASE Cg,1n
| |

\Q\x

e c

[

L : i
Gi,in‘f-KCLi,iq) CLi,107%Cgq 1 0)

———

i INLET DRIVING FORCE DIAGRAN
Fhere 'f' is an equilibrium relationship.

. -1
] In terms of the gas_phase; CG,in - f (CL,in)
E In terms of the liquid phase: £(C

G,in)' CL,in)

En a similar manner, the picture at the outlet position can

also

. » ,

“L,out | *Ca1,0ut
' C

P e s =E1 out

fCLi,out’f(pGi,ou ) |

¢

OUTLET DRIVING FORCE DIAGRAM
gverall driving force at the outlet is;

-]
In terms of the gas phase; CG,out - f (CL,out)

In terms of the liquid phase: f(C

&,out) = €1, out)
FIGURE 1

l i,out” Li,out)
l -
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The driving force for mass transfer calculation should
‘M be an average, (specifically the log-mean average), between the

"inlet" and "outlet" driving forces. Therefore, the driving
4§ forces for mass transfer are: "

§ GAS PHASE: (CG, in—f—l(CL, in)) - (CG,out—f_l(CL,out))
i = AC, . .
8 ol - driving
3 -1
' CG,out f (CL,out)
4 L1outD
E' PHASE: (f(CG,in)—CL,in) - (f(CG,out)-CL,out) -
] f(CG,in)-CL,in ~ “Ydriving
¢ lOge f(C.,out)-C.,out force, L
G L
.f The equation for mass flux, "NA", can also be written as:
N, = (dm/dt)/A
3 A

;;where dm/dt = the rate of transfer of mass,

as mass transferred
gdper unit time; and A =

the interfacial area over which the mass
”fis transferred. =~

The two equations for NA are -combined to produce a single
;ﬁequation for the mass transfer coefficient:

k_ = (dm/dt)/A(A

e Cdriving force)

; The equation refers to the mass transfer coefficient as
jlke since the equation provides a means for calculating the mass

§transfer coefficient from experimental measurements.

" The uses of experimentally determined mass transfer co-

fefficients are somewhat limited with respect to circumstances

#and situations, as well as to the range of fluid properties.
g
_10_

force, G




To accomplish this, there are several theories which try

to relate the behavior of mass transfor coefficients to funda-

4 mental system parameters. These include the film theory, the

penetration theory, the surface-renewal theory and others. All
of these are speculations, attempting to simulate and deal with

situations that are not completely understood, and are continu-~

| ously being revised. FEach has its own merits, and each approxi-
j mates certain cases of mass transfer better than others. There-

E fore, we should examine each of the mass transfer theories, and

; select the one that best fits the mass transfer mechanism that

g occurs inside the jet-venturi scrubber.

After choosing a mass transfer theory to apply to the

;}jet-venturi scrubber, the theory will be used to calculate a

fkt (theoretical mass transfer coefficient) to compare with the

fke (experimental mass transfer coefficient). 2 good correlation

4 between the experimental and theoretical values would indicate

;ﬁthat the theory is a good approximation for the mass transfer
gémechanism in the jet-venturi scrubber. A poor correlation would
Zsuggest that we either modify the theory used further, or try
fanother theory altogether.

The three major theories to be considered are the film

itheory, the penetration theory, and the surface-renewal theory.

§The first theory we will consider is the film theory. This is

A the oldest and simplest picture of mass transfer coefficients.

4The theory states that when a fluid moving in turbulent flow

frasses a solid surface, the fluid velocity at the surface it-

3Eself being zero, a viscous layer or "film" must be formed.

g§The film theory assumes that the entire concentration differ-

dence, C2—Cl, is described by molecular diffusion, and that an

geffective film thickness, 'z', can be defined such that the




ftheory.
-?to the film theory because there are many situations in mass

ﬁtransfer where the time of exposure of a fluid to mass transfer
:gis short,
%Which is characteristic of steady state operation, would not
3¥have.sufficient time to develop.
42 theory to describe short contact systems, and,

Mthe case where a gas bubble rises through a liqui
f?the gas.

P A

| :
! ;‘/EFFECTIVE FILM THICKNES

e e e ————

2y,

DISTANCE. (z)

FIGURE 2 THE FILM THEORY MODEL

;gresistance to molecular diffusion in the film of thickness 'z!'

{ is equal to the actual resistance to mass transfer in the true
y system,

comprised of the true viscous or laminar layer, the buf-

fer region and the turbulent core. Using this theory the follow- ‘

i ing equation for the mass transfer coefficient can be derived:
k=D./2

fwhere Dab is the diffusivity of the transferred component

the medium in which the transfer takes place
and z

in

£ is the effective film thickness as specified by the i
film theory. _ 1

The second theory to be considered is the penetration

This theory was proposed by Higbie as an alternative

so that &he concentration gradient of the film theory,

Higbie, therefore, developed

in particular,

d which absorbs




éfThe following boundary equations are then applied: ?
-% 1) = C,at 6 =0 for all z 5
' 2) = C,at z =0 for all g | §

3) ¢ = C, at z = 0 for 6 greater than 0 b

A__:-';‘.,;:,q?’;’:,:—if"- B

GAS l

LIQUID

1 PENETRATION THEORY MODEL

1 FIGURE 3

% A particle of the liquid, initially at the top of the
3 bubble,

is in contact with the bubble for a time, '6', which is
4 equal to the time for the bubble to rise a distance equal to

4 its diameter while the liquid particle slips along its surface.
4 In this theory,

the time of exposure or contact is taken to

be constant for all such particles, or eddies for the case of
turbulent flow.

. Initially the concentration of the dissolved gas in
4 the liquid is C,-

At the surface between the liquid and the
:%gas, the concentration of the dissolved
i%the unsteady state diffusion process,
;Ecan be applied:

gas is Ci’ During

the following equation fﬁ

aC 32 ¢

38 - Pap 377

Using these boundary conditions, the following equation can be

{
Bderived for the mass transfer coefficient: ‘

. {,
k = 2 /b;g7ne L}




The final theory that we shall look at is the surface--
renewal‘theory, which is a modification of the penetration theory.
Dankwertz, who developed the theory, pointed out that the assump-
tion that all of the eddies were exposed for the same length of

time at the surface is, at best, a special case of what may be

a much more realistic Picture, where the eddies are exposed for

@ varying lengths of tinme. His equation for the mass transfer co-

efficient was:
k =¢Dabs

@»where s is defined as the rate of production of fresh surface
3 and is assumed to be constant

ngankwertz then attempted to solve for this term mathematically,

# and found :

4 = se-se
_?where ¢ is defined in terms of ¢dt being the area of surface
i elements having residence times between t and t + dt

4 and 0 is the average residence time of an eddy at the surface.

The penetration and surface renewal theories are probably

gthe best approximations to the mechanism of mass transfer occur-

-fring in the jet-venturi unit. First, they are most applicable

ﬁto cases in which there is turbulent flow, as in the scrubber,

;‘lso, they were designed for short contact time systems, and the
Yjet-venturi scrubber can certainly be classified as g short con-
;tact time unit since the residence times in the scrubber of both

the liquid and gas phases are always very small (less than one

ASecond for our experimental range). The penetration theory is

;gthe simplest of all of the theories based on the short contact

S g

e

‘Atime approach, and therefore, the easiest to apply to experimental

Ystems.

-14-




Having selected the Penetration theory, two major factors

must be

known for the determination of the theor

fer coefficients, the contact time '9', and the diffusivity 'Da
The diffusivity can be found in many dat
of temperature.

etical mass trans-

!
b .

a sources as a function
The contact time cannot be found
fence, nor can it be calculated directl
i;of mass transfer rates.

l“
P
;
r

|

i

|

|

1}

!

in any refer-
Y to use in the prediction

We can, however, calculate the residence
,Etime inside the scrubber throat, and use this as an initial ap-
iproximation for the contact time.

Residence times for all runs
#and all phases are shown on Page 16.

(Residence times are calcu-
glated by dividing the length of the scrubber throat

by the velocity
Studies on mass transfer in venturi scrub-

Because of this, the ability of the theory to predict

&:ass transfer rates using residence times instead of contact

gtimes is suspect. Clearly, the relationship between these resi-

4dence times and contact times is an important one.
elating them would be as follows:

An equation

t/

n

where 6 is the contact time (seconds)

t is the residence time (seconds)

n is the contact time ratio, or number of

contacts during a single pass

The value for 'n' can be calculated for each set of ex-
ﬁ'erimental conditions.

The way that 'n' varies with liquid flow x
Fate and gas flow rate through the scrubber,

Fetermined from experimental data.

therefore, can be

This term, therefore, will

#pe the focus of our experiments and calculations, If 'n' can
o 1

liquid flow

it can then be used to predict mass
fFransfer rates for other systems in the jet-venturi scrubber.

gP¢ shown to be a function of either gas flow rate,
! Fate, or scrubber throat size,

& - Atomization and Cloud Behavior in Vehturi Scrubbin
1 Howard E. Hesketh, Journal of APCA, July, 1973

~15-



RESIDENCE TIMES

4;UN IN TERMS OF LIQUID RESIDENCE GAS RESIDENCE
ALINE PRESSURE TIME IN SCRUBBER TIME IN SCRUBBER

g

fp in psig t; in seconds t, in seconds

14 0.217 0.220
1 1 0.211 0.196'
18 0.206 0.183
20 0.202 0.161
23 0.195 0.161

% 25 0.190 0.155

| 4 28 0.183 0.148

1 30 0.179 0.144
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&s alculation of flow conditions,

interfacial areas, and contact
‘@ ime ratios (calculated from the

first two parameters) for a
;f,iven system in a given scrubber, should then be sufficient to
’i.redict mass transfer rateg, '

The particular System chosen to study is important

Pecause the System chosen may have its primary resistance to

Fass transfer in either the gas Phase or the liquid phase.
fftudies of the HCl system being

i

used in this report are unclear
The location of the mass trans-

properly apply the penetration
zheory to venturi Scrubber systems.

gbout mass transfer resistances.

Jer resistance must be known to

Diffusivities, residence
jimes, and concentrations used in the calculations are different
for liquid phase and gas phase based systems. Because of the

gncertainty about the HCl system, both cases (gas and liquid

ihase resistances to mass transfer) will be examined in the cal-

?ulations and a determination will be made.

For the gas phase case: ke = dm/dt
G A(A

Cdriving force’G)

f‘d the theoretically determined mass transfer coefficient:

ki

tg = 2 Dyc1-atR

1o .
f.en the diffusivity used is the diffusivity of the transferred

E'mponent in the gas phase, and '6', the contact time, = ¢ _,

i G

‘We gas phase contact time, where 6, = ts/ns, and t; is the resi-
‘®nce time of the gas stream in the scrubber throat,

:
I
44.
1

i For the liquid phase case: k = dm/dt

1 : °L  A(AC.— )
Tw driving force,
Wd the theoretically determined mass transfer coefficient:




et e

-fequations are outlined in the following sections. The results
;Of the experiments, including contact time ratios, are presented

ffollowing the experimental sections.

Using D

_ -4 _ 2 * _
HCl-Air — 1:63 x 10 * ft“/sec and DHCl-HOH =
8

1.78 x 10

* &
ftz/sec, the values at 70°F, the following equa-

tions are found for liquid and gas phase based contact time
ratios:

2

jo
]

L dm/dt
.544xAx (AC

L

driving force,L)

2

o}
]

G dm/dt
51:9xAx (AC

t

driving force,G)

gwhere dm/dt is the mass transferred, measured experimentally,
--in units of 1lbs HCl/hour,

A is interfacial area in units of ft? also experi-
mentally determined,

tL and tG are residence times in units of seconds,

Concentrations are in units of 1bs HCl/ft? (where the t

driving forces have been defined earlier) and

nL and nG are dimensionless

The methods for obtaining the data to use in the above

4 -- Progress in International Research in Thermodynamics and
Transport Properties - ASME, Academic Press, 1962

5 -- Gas--Liquid Reactions - P. V. Dankwertz
McGraw-Hill, 1970 -




THE OXYGEN-SULFITE PHASE OF THE EXPERIMENTS

I
g
5

| Before we can try to predict the outlet concentration
4 of an effluent in air for a given inlet concentration, using
2 the jet-venturi scrubber as the emission controller, certain

? things must be known about the system being studied. These

g g include: the effluent being studied; the scrubbing medium

% being used; the particular scrubber (dimensions and flow rate

_ g ranges) being used to clean the air stream; the operational
i 5

4 flow rates of the liquid and gas streams; the interfacial areas

| 4 for mass transfer as a function of flow conditions; and the mass

4 transfer theory being used to calculate outlet effluent concen-

trations.

é Hydrogen chloride (HC1) has been chosen as the effluent
i % to be studied. Water will be the scrubbing medium. The scrubber
: ? being used for the experimentation is an 8" jet venturi fume
| @ scrubber provided by Croll-Reynolds Co., Inc of Westfield, New
: g Jersey. A diagram of the experimental apparatus is shown on
§'the next page. Liquid flow data has been collected up to 45
é'psig liquid line pressure, defining the range under which we
%émay operate. The penetration theory has been selected as the
é Mass transfer theory to be used, and the reasons for this choice
! ;Ahave been discussed in the previous section.
'
fi The only parameter, therefore, that has not been speci-
| E:fied is the interfacial area for mass transfer. Therefore,
f before we can apply the penetration theory to the HC1 system,
] é We must determine interfacial areas, which are a function of
| é liquid flow rate through the scrubber. To do this, we must make
) i d separate set of experimental runs, using a system other than
i? ; HCl in air, and measure the interfacial areas, or calculate them,
}f : élsince they cannot be measured directly. ’
! e

; The system that has been chosen is one that uses sodium

i

Sulfite in water as the scrubbing medium to absorb oxygen out

-19-
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of air. Oxygen reacts with solutions of sodium sulfite in the

presence of catalysts such as cobalt ions, to produce sulfate:

This system has been chosen to determine interfacial areas for
two reasons. First, it is a system in which the resistance to
mass transfer is well defined. Liquid phase resistance domi-
nates with gas phase resistance being negligible. Second, much
study has been done on the system, and a reliable method has _

been developed to calculate interfacial areas for mass transfer.

The reaction was studied by Reith,7 who ran his- experi-
ments using a .8 molar solution of sodium sulfite. A cobalt
chloride catalyst was used because the reaction is normally very
slow. Cobait chloride concentrations used ranged from 3 x lO_5
to 5 x lO_3 gm-moles/liter. Using the data collected, rate con-
stants for the reaction were calculated as a function of solu-~

tion pH, cobalt chloride concentration and temperature. The

3§ rate expression obtained from these calculations was as follows:

1'5((2/3)k 0.5

R = (A¥) 2Da)

4 Where Da.is‘the diffusivity of oXygen in the reacting solution,

4 and k2 is a reaction rate constant. A* is the saturated con-

centration of oxygen in the solution, and is given by Dank-
wertz6 as a function of temperature. Combining this equation
and the data collected by Reith, the reaction rate 'R’ can be

Calculated in units: gm—moles/ftzsec. After calculating 'R',

4 V¢ experimentally determined (RA)avg., the product of 'R’ and

'A', the interfacial area. We, then, divide (RA)avg by 'R' to

get the value for the interfacial area at the particular oper-

& ating conditions.

6 -- Gas-Liquid Reactions - b. V. Dankwertz, McGraw-Hill, 1970

7 =- T. Reith - Physical Aspects of Bubble Dispersions in Liquids,
Thesis, Delft Technical University; Delstsche Uitgevers
Maatschappij, N.V., 1968

=22~
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& (RA)avg is determined in the following manner. The
ff scrubber is run with a recycling sulfite solution and liquid ,
| # samples are taken at specific time intervals (a detailed descrip- |

! 4 tion of the experimental procedure follows). The initial rate {

i g of decrease in the concentration of sulfite ions in the solution ;
;1 ; is determined graphically by plotting sulfite concentration ver-
| 1 sus time, and the resulting slope, having units of gm-moles/
liter sec, or gm-moles/sec, is (RA)avg. In other words, although

{ we cannot measure 'A’ directly, we can measure it indirectly.

| i Eight runs were made, each one at a different liquid
1 4 flow rate. The range of line pressures for liquid flow that were
used varied from 14 psig to 30 psig. The lower limit was chosen
because we cannot expect the scrubber to be effective to any degree
§ much below this flow rate. The upper limit was chosen because 4
4 great difficulty was experienced in attempting to run the sul-
! 4 fite solution through the scrubber at rates higher than at 30
| psig. For each run, liquid samples were taken every 5 minutes

; 4 over a 1 hour period. The sulfite concentration used for each

R

. 4 Tun was .8 molar, and the cobalt chloride concentration used was
! H

i i 1072 molar. The procedure for operation was as follows: !

1) Prepare the nhecessary analytical solutions: }
] (a) 0.21 M KIO, é
q (b) 0.60 M HCI |

4 (c) saturated starch indicator solution

SRR i

¥ %‘ 2) Dissolve 45 lbs. of sodium sulfite (NaZSO3) into
; buckets of water and pour into the separator tank; |
) § 3) Add water to the separator tank until the level is at g
J 1 the mark. This will give 196 liters of solution, and |
a E a sulfite concentration of 0.8 M; J
ff | i 4) Fill the draft manometer to the zero level g
ﬁ’ : {§ 5) Turn on the pump and open the ball valve until the (
l

B : Zf line pressure gauge is at the desired setting

. E 6) Adjust the butterfly valve to the desired draft

-23-




1 7)

f: After several minutes to allow the solution to

Yﬁ mix itself thoroughly, add 25 grams of cobalt
h Ev  chloride to the solution in the tank. This is
1; g the amount for ; concentration of 10~ pm
L fﬁ 8) Take liquid samples every 5 minutes, starting at
| {g 1 minute after the addition of the catalyst
?' % 9) Titrate the samples with the KIO3 solution, after
1 -% adding 15 ml of the HC] solution and 7.5 ml of

% the starch solution to 15 ml samples

i % 10) After 1 hour of samples have been taken, turn off
- 3 the pump
] 5 11) Empty the Sseparator tank immediately and flush the
; 3 System to prevent the build-up of sodium sulfite
] é Crystals inside the unit
i ; 12)  Wash the equipment thoroughly
| 1
| E The data obtained from the eight runs isg presented in
) EAppendix I. The graphs used in the determination of (RA) avg
; gand interfacial areas are on the following bages, followed by
f ﬁa chart showing the determined values of (RA)avg and 'A using
é- ﬁthe Dankwertz® data of
E Jg R=5.42 x 107° gm—moles/cmzsec
?'
I ='¥."
Ll E:
0 3
E
Sy 4
Qfl i
i
- '
?f. é -~ Gas—Liquid Reactions ~ p. v. Dankwertz, McGraW-Hill, 1970
@ﬁ! ; .
.
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THE HCl PHASE OF THE EXPERIMENTS

After having calculated the 1nterfac1al areas for mass

ke,
!

fl,ansfer over the appropriate range of flow rates, we should be

.gle to calculate the theoretical mass transfer coefficient for

'me HCl system, and then run experiments with the jet-venturi
f,rubber and the HCl system to determine an experimental mass
ansfer coefficient with which to compare the theoretical value,
a d thus, examine the validity of the theory. However, because
o the difficulties in measuring the contact time, '0', we will
ue the experimental data to calculate contact times, and relate

t em to the residence times inside the scrubber throat as described

ﬁ~the section on mass transfer theory.

ﬁ Eight runs were made using water to scrub HC1 gas out of

é%r. The runs took 45 minutes each, and were limited to this time

t minimize the use of HCl. Inlet and outlet gas samples were

t gken, and liquid samples were taken every 15 minutes. The gas
Iples were taken to determine inlet and outlet concentrations,

a #d to determine the gas cleaning efficiency of the scrubber at

e fch set of operating conditions. The liquid samples were taken

t make a mass balance to compare HCl into the scrubber with the

Hd.leav1ng the scrubber. Because the liquid samples are easier

t take, and more accurate than the gas samples, this should be a

g‘od Check on the accuracy of the gas samples.

. The following is the experlmental procedure used in making

t ¢ HC1 runs:

1) Prepare the following solutions:

3 .02 M NaOH, .05 M NaOH, .10 M NaOH, .01 M NaOH,

, .10 M HC1, .01 M HC1l, and .05 M HC1

2) Fill the separator tank to the mark, at which point

ﬁ
e
1 .
E there will be 196 liters of water in the tank

N
-
‘

3) Fill (2) 500 milliliter erlenmeyer flasks with 400
milliliters each of the .0l M NaOH; Fill (1) 500

L]




milliliter erlenmeyer flask with 250 milliliters of
the .01 M NaOH; these will be the vessels used to

1 take the gas samples with, the first two for the

 ? inlet gas sample, and the third for the outlet sam-
1 ple (a diagram of the gas sampling apparatus is
shown on the next page)

4) Fill the draft manometer to the zero level, and check
the level on the carbon tetrachloride manometer used
to measure the flow rate of the HCl gas

L ' } 5) Turn on the pump and adjust the ball valve until the

! : desired liquid line pressure is achieved

, ; 6) Adjust the butterfly valve until the desired draft

f E ; is achieved

; K 7) Open the HCl cylinder and adjust the regulator until

i

the carbon tetrachloride manometer gives the desired

i | % reading

! ;i 8) Check the time - this is the start of the run

, é 9) Turn on the vacuum pump to evacuate the pressure ves-
; ;é sel used to take the gas samples

; 55 10) Set up the outlet gas sample apparatus

'y i 11)  Fifteen minutes after the start of the run, take the

| first liquid sample (three samples will be taken to
i "f . Protect against any errors in liquid sampling)

1l »E 12) Collect the gas sample from the outlet:

’ % This is done by drawing 1 £t of gas throughla

250 ml solution of .01 M NaOH

\ 5? 13) Evacuate the pressure vessel to prepare for the inlet
: ] gas sampling

_% 14) Thirty minutes after the start of the run, take the

second liquid sample

SRt

) f? 15) wWhen the pressure vessel is evacuated, collect the
AN 4

inlet gas sample from the pitot tube:

|
I
1 b This is done by drawing 1 ft3 of gas through

g
i

3

i

(2) 400 milliliter solutions of .01 M NaOH
16) Take the final liquid sample 45 minutes after the
start of the run
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g 17) Turn off the HCl cylinder and close the Hoffman clamp
that is between the reqgulator and the carbon tetra-
chloride manometer to prevent damaging the requlator

18) After allowing the system to clear (wait about 5 min-

S

utes) turn off the pump and empty the separator tank
19) Carry out the titrations on the various samples
(a) titrate the liquid samples with either .02 M NaOH,
.05 M NaOH or .10 M NaOH depending on the expected
5 outlet concentration of HCl; .02 M NaOH was used
for runs 1 and 2, .05 M NaOH was used for runs 3

through 6, and .10 M NaOH was used for runs 7

R R T

and 8; phenolphthalein was used as an indicator,
with a sharp endpoint shown as the pH of the

titrated solution crossed 7.0

.T (b) For the inlet gas sample bottles: titrate the
a first bottle from each sample (the erlenmeyer
i through which the gas being sampled passed first,
! where the majority of the HCl entering reacts)

with .01 M HCl; titrate the second flask using
.10 M HC1; phenolphthalein is again used as an

indicator

(c) titrate the outlet gas samples with either .01 M
HCl or .05 M HCl; the first two runs (1 and 2)
were titrated with .01 M HCl, and the remaining
runs were titrated with the .05 M HC1

An explanation of the titrations should help explain the
ﬁ;UIts obtained. The liquid samples contained HCl and water, and
:g € titrated with NaOH. When the number of moles of NaOH in the
ﬁkrated solution was equal to the number of moles of HCl in the

B
JR .

"Frle, the endpoint was achieved. Hence, the milliliters of NaOH

rated defined the moles of NaOH titrated, which equaled the

tes of HCl in the sample (all liquid samples were 15 milliliter

Ples), which defined the number of pounds of HCl in the 196

i i3
3
1
i3
i

¢

®r separator tank.

i
i
.
£




The HCl in the gas samples was absorbed in flasks contain-
, fing NaOH. As the HCI passed through these flasks it reacted with
 the NaOH to neutralize it. The titrations were carried on using
?HCl to determine how much HC1 was needed to complete the neutraliza-
itlon of the NaOH in these flasks. Hence, the following equation

I
écan be written to eéxpress the results of these titrations:

moles of HCl titrated + moles of HCl from gas =

: ‘f moles of NaOH in sampling flask
i |

’Therefore, from these titrations, we can determine the number of

i‘ mwles, Oor the number of pounds of HCI in 1 ft3 of inlet or outlet
‘ fbas.

: 3; The data accumulated from these titrations and samples
) appears in Appendix II. The data, including graphical material,
' fused in the selection and determination of operating parameters

f%ncludlng inlet concentration for the HC1 runs is presented in
\Appendlx III.

| ,f The following pages are the results obtained from the data
acollected during the HCl runs. Such data will include: inlet and
putlet concentrations of HCl in the air streams, concentrations of
viCl accumulated in the scrubbing medium, the gas cleaning efficien-
‘;les of the jet-venturi scrubber under each set of operating con-
§,  ﬁltlons, and the mass balance of HCl for each run which strongly

i “ﬁﬁrlfy the accuracy of these experiments.
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HC1 RUN OPERATING CONDITIONS

i
N
i
. V§F
53

f1QuID LINE INLET AIR INLET AIR INLET HC1
foressure DRAFT RATE RATE

e e e

i if psig inches H,0 1b/hr 1b HCl/,
: 14 0.363 1340 4.68

f‘ 16 0.437 1510 5,14
j R 18 g 0.500 1610 5.53
; , L 20 0.575 1700 5.93
;. 23 0.667 1840 6.28 f

25 0.735 1900 6.61

28 0.825 1990 6.94

l ; ‘
r ' !
! {30 0.903 2050 " 6.94 |
;; ; =_
."; ‘ .51
: :
i s‘,:.
ﬁﬁ ﬁ "
L i | (]
n“y' B Z ‘0
b i L
§ | "
b

| \;
' Y
\ it

1 i




i HC1 CONCENTRATIONS IN THE GAS AND THE LIQUID

INLET GAS OUTLET GAS FINAL LIQUID
i' P CONCENTRATION CONCENTRATION CONCENTRATION

ks'f.g 1b HC1 1b HC1 gm-moles HCL
’ £t gas £t gas liter

| - -

i 1 2.60x10"4 1.53x10 4 0.095
5 i

: ]

L It 2.54x10 4 1.07x10~ 4 0.146

1% 2.56x10 4 7.62x107° 0.194

| ! _ _
24 2.60x107 4 5.10x107° 0.234
é -4 -5
23 2.55x10 3.14x10 0.269
i i
§ : -4 -5
. 5 2.59%10 1.85x10 0.291

. 8 2.60x10 4 9.00x10"° 0.316

30 2.52%10" 4 7.20x10° 0.316

i
i
i ;
fn ;
:
:.‘l ' A
R :
.f‘n :
i >
- A
A A
. P
;L‘; 3
S




i HC1 MASS BALANCE , §

% DIFFERENCE |

3 o HC1 OUT |
v ; HCL OUT HC1 OUT HC1 OUT HCL IN RELATIVE TO |
|

(

|

%; SHURE in GAS in LIQUID TOTAL TOTAL HC1 IN

sig 1b HC1 1b HC1 1b HC1 1b HC1 %

14 2.07 1.50 3.57 3.51 +1.68%

|
g 16 1.62 2.30 3.92 3.85 +1.79% :
| | |
: | ]
| | 18 1.26 "\ 3.06 4.32 4.25 +1.62%
5 ; )
5 |
2 20 0.87 3.70 4.57 4.44 +2.95%
| |

23 0.58 4.24 4.82 4.71 +2.28%

23 0.35 4.59 4.94 4.96 -0.45%

28 0.19 5.00 5.19 5.21 -0.39% i

” B 0.15 5.00 5.15 5.21 ~1.173 ;

1 ;‘

5 l

: ;

L : The accuracy of the mass balance, which combines ;

5m q;llqu1q sample data with gas sample data, indicates that i

. 4 the titrations were not a significant source of error. :
. i
, ,'{.
f i1 i

'é:) ; r‘ !

;.’ j( b
i

I8 ? ’
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il LIQUID LINE
| PRESSURE

:% 14
16
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20
% 23
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GAS CLEANING EFFICIENCIES

GAS FLOW

SCFM

300

337

360

380

410

425

445

480

o

GAS CLEANING
EFFICIENCY

¥ EFFICIENCY

41.
58.
70.
80.
87.
92.
96.

97.

d
NOTE:  Gas cleaning efficiency is defined as follows:

Cas Cleaning Efficiency = 1b HCl in Gas IN - 1b HC]

0%

0%

3%

4%

7%

9%

5%

1%

in Gas OUT

1b HCl in Gas IN

X 100%
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RESULTS AND CONCLUSIONS

From the inlet and outlet gas samples taken during the

fscl phase of the experiments, liquid and gas phase driving

! : ,.orces can be determined using the equations previously presented.

¥ over the experimental range used, certain simplifications in the

J@quatlons can be made: H
|

1
|
;
1

. -1 Cy L .
CG’ in-f (CL,ln)—CG, in

-1
CG,out-f (C ,out)—CG, out

L
f(CG,ln)-CL,1n=f(CG,1n)

X : Nl
i . ~ {
k ‘f f(CG,out) CL,out f(CG,out)

Using the above simplifications, the following equations gy

fZ! result for the driving forces:
| ! | *.-
' ; CG,ln—CG,out :

Cdriving force,G :
C.,1n
log G
‘ : ©C out
;. GI

f(CG,ln)—f(CG
f(CG,ln)
f(CG,out

ACdriving force,L rout) l

i ].Oge

o ‘jkiving force values are presented on the following pages.
i ;

Using these values for the driving forces, experimental

4iquid and gas phase mass transfers coefficients were calculated.

n ' %hese values have been presented on page 44. All of the

| *Xperlmental mass transfer coefficients appear to be valid with
E ‘he exception of two determinations: the liquid phase calcula-
;ﬂfy @#ions for the 20 psig and 30 p51g runs. The driving force calcu-
| I ations were a major cause of this inaccuracy, since the equilib-
” | ,lUm data used, although the best available, may be lacking

#1 accuracy. In addition, the gas sampling procedures were a
Probable source of error.
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T D A S

i

130

128

x10"

GAS

DRIVING FORCE

CG,out

1b HCl/ft3

1.

1.

x10

-42-
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07

.762

.510

.314

.185

.0900

.0720

Acdriving'force,G

1b HCl/ft3

0.910

0.746

0.690

X10
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MASS TRANSFER COEFFICIENTS
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ft/hr

ft/hr

psig

.139

.96

8

14

.173

.3

13

16

190
.200%*
200

2
.4
4

16.
19
22,

18
20
23

.204

.2

26

25

.209

.4

31

28

.200*

6

31.

30
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Using the calculated driving forces, contact times and

fl contact time ratios were also determined. The results, shown

gon page 46, again indicate that the calculations for the liquid

i
2l

X

SRR

U S SRS

i

}
|
i
B
| i

2
v
§
i
)

phase for the 20 psig and 30 psig runs were inaccurate. The

gas phase contact time ratios range from 0.00619 to 0.0534, and

1 the 1iquid phase contact time ratios range from 0.0142 to 0.0274.
ftln all cases, the contact time ratios are less than 1.0. Theo-

|| retically, mass transfer coefficients are meaningless where the

contact time ratios are less than one. Therefore, either the

experimental data is not accurate, or there is a flaw in the

‘|mass transfer theory being used. The graph of line pressure

versus gas cleaning efficiency closely approximated predicted
results, indicating that the flaw lies in the theory, rather
than in the experimental data. Despite this, several important
relationships develop when the theory is combined with the ex-
perimental data. The following pages show contact time ratios
plotted versus liquid line pressure and gas cleaning efficiency.
The results, particularly for the gas phase case, indicate def-

inite relationships between the parameters in question. Gas

| phase contact time ratios, for example, vary linearly with

liquid rate and parabolically with gas cleaning efficiency. If

{relationships such as these could be developed accurately, this
{would be an important step towards the prediction of mass trans-
| fer rates. One would merely have to select the gas cleaning

'iefficiency desired, this would specify the contact time ratio

to be used, which would in turn specify to liquid line pres-

Sure at which the scrubber would be operated to give the desired

efficiency.
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EXPERIMENTAL CONTACT TIMES AND CONTACT TIME RATIOS

secC.

33.

15.

10.

.20

.35

.91

.13

.70

secC.

15.

.90

.26

.40*

.40

.10

.80

.40%*
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.00619

.0130

.0177

.0242

.0301

.0397

0542

.0534

.0142

.0213

.0250

.0274*

.0266

.0267

.0270

.0243*
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RECOMMENDATIONS

The following are recommendations for future study, as

11 as for optimization of the experimental procedures used

!."

o ﬁ this study.
i G

l ‘f 1) More data should be taken using the HCI system to study
1 ‘fw relationships between n, or n. and liquid rate, gas. rate and

@s cleaning efficiency.

a) Additional runs should be made on the same system
L d:the liquid rates previously used with different gas rates, and

Py at the gas rates used with different liquid rates.

N : b) Less dilute inlet HCl concentrations should be tested.
£ '

“'f ; 2) The experimental procedures should be optimized.

[ ] a) The gas sampling procedure is difficult to accom-

i ?Msh and is a certain cause of some experimental error.
by

. 3 b) Considerable liquid escapes out of the gas outlet
: C@ﬁdng the liquid sample calculations to be of uncertain
i réliability.

c) An HCl rotometer should be used to measure flow

iy fdtes as the manometer employed was inconsistent.

P g 3) Other systems should be studied, some with known mass

v eansfer resistances primarily in the ‘gas phase, and some with
: Own liquid phase resistances, to fully evaluate the applica-
On of the penetration theory to mass transfer in jet-venturi
girubbers

: 4) Pressure drop across the scrubber throat should be
Wecked in future experiments, and should be considered as a

Jor mass transfer parameter.

- =51-




5) The effective length of scrubber throat for mass

g transfer should be examined as a mass transfer parameter.

6) Theories based on the high degree of atomization
jattained in jet-venturi scrubbers should be tested. One way
Eof doing this would be to study the transfer of mass from a
N igas between two liquid drops to the drops, and to calculate

ithe distance between the drops that gives a mass transfer rate

R T

fiequal to the rate found in experimental study. This distance
i x scould then be examined as a mass transfer parameter. The

b fequations used would be the following:

‘ P d’p,
.‘ | dt G/,AB v
! ‘

{

! i
I

1

1

i
!
i

 with boundary conditions: 1) Pp=Pp O@t=0 for all %z

2) dp,
i g7~ = 0 @ 2=0 for all t
ey
i ;
P i 3) dp D. dC
[ ! A L A
! 4 —— == e =
it | T "5, @ @z =26 for all t
b

‘Where A is the transferred component, B is the gas from which
Pif h is transferred (usually air), and 6 is 1/2 the distance
o .

R Ppetween drops.
1t ‘
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APPENDIX I

gt

OXYGEN-SULFITE SYSTEM DATA

Liquid samples were taken for each of the eight experi-

;mental runs. With each succeeding sample, the concentration

of sulfite ions in the solution decreases, as more and more

?of the sulfite reacts with the oxygen absorbed from the air

pa551ng through the scrubber to form sulfate. The concentra-

tlon of sulfite ions in the solution for a given sample is

dlrectly proportional to the milliliters of KIO3 used in the

tltratlon described in the experimental section, where

i

ﬁ ml XI0, x .0158 = Concentration of SO -2 in SE;EQEEE
: 3 3 liter

Graphing the concentration change versus time determines
he interfacial areas for mass transfer, as shown in the ex-

}
t
éerlmental section.

-54-




b
<:Draft =
Alr Rate

!

RUN 2

P =16 psig
:lDraft =

{Air Rate

APPENDIX I -- OXYGEN-SULFITE SYSTEM DATA

14 psig
.363 1in.

437 in.

2

5.000 cfs

H20

5.610 cfs

H,0

ml KIO

Time (min) 3
0 58.0
5 57.4
10 56.9
15 56.5
20 56.1
25 55.8
30 55.5
35 55.4
40 55.4
45 55.3
Time (min) ml KIOB
0 59.5
5 58.8
10 58.2
15 57.7
20 57.2
25 56.8
30 56.5
35 56.3
40 56.2
45 56.2

-55~"

Conc. S0

o O O o o o

.914
.904
.896
0.
.884
.879
.874
.873
.871
.871

890

Conc.

©C O O O ©O O 0O o o o

.937
.926
.917
.909
.901
.895
.890
.887
.885
.885

S0

3

3




APPENDIX I -- OXYGEN-SULFITE SYSTEM DATA

UN 3

T

2 Time (min) ml KIO3 Conc. SO3
- 57: 1o petd 0 52.5 0.827
?. , ?raft = .475 in. H20 . 51'6 0'813
o [Air Rate = 6.00 cfs ) :
o | 10 51.0 0.803
ﬁ 15 50.3 0.792
; 20 49.7 0.783
2 25 49.1 0.773
' 30 48.6 0.765
| 35 48.3 0.761
§ 40 48.1 0.758
ié 45 48.1 0.758
% Time (min) ml KIO3 Conc. SO3
Ié= 20 psig 0 48.7 0.767
ﬁraft = .575 in. H,0 5 47.5 0.748
ﬁir Rate = 6.33 cfs 10 46.8 0.737
¥ 15 46.2 0.727
: 20 45.5 0.717
8 25 | 44.5 0.701
¢ 30 44.0 0.693
{ 35 43.8 0.690
1 40 43.6 0.687
{ 45 43.5 0.686

-56-~




APPENDIX I -- OXYGEN-SULFITE SYSTEM DATA

LG

FRUN 5

P = 23 psig

fbraft = .670 in. H,0

%ir Rate = 6.83 cfs

!

RUN 6

;: 25 psig
raft = .725 in. H,0
Mir Rate = 7.08 cfs

;\
1
§
'
;
W
;:9
i
A
#
:
]

Time (min)

0

5
10
15
20
25
30
35
40
45

Time (min)

0

5
10
15
20
25
30
35
40
45

=57~

ml XKIO

57.8
56.7
56.0
55.0
.0
4
0
2
8
8

54

53.
53.
52.
51.
51.

3

Conc. 803

OOOOOOOOOO

.913
.893
.882
.886
.851
.841
.835
.822
.817
.817




APPENDIX I -- OXYGEN-SULFITE SYSTEM DATA
§ Time (min) ml KIO3 Conc. SO3
F 26 psig 0 58.0 0.914
ft = .825 in. 11,0 . 56 ¢ 0.891
"E Rate = 7.41 cfs 10 55 4 0.873
, | 15 54.3 0.855
o : 20 53.4 0.841
f /Jf\\\\ : 25 52.6 0.828
L ] 30 51.8 0.816
! 35 51.2 0.806
! 40 51.0 0.803
ﬁ x ‘j 45 51.0 0.803
H
i
1 8
,‘ ' ‘ Time (min) ml KIO3 Conc. SO3
i{g? 0 psig 0 57.0 0.898
?E% ‘ft = .878 in. H20 5 55 5 0.874
i | fate = 7.64 cfs 10 54,2 0.854
1 | i 15 53.1 0.836
ii“ J 20 52.1 0.821
i . 25 51.3 0.808
o 30 50. 4 0.794
35 | 49.7 0.783
40 49.6 0.781
45 49.5 0.780

o
i

i
i

~-58-




APPENDIX II -- HCl PHASE OF THE EXPERIMENTS

RUN 1H
Line Pressure - 14 psig

Draft = 0.363 in. H20

i e D -

| LIQUID SAMPLES (all 15 ml)

, --- titrant used was 0.02 M NaOH

?“ ;i Time (min) ML Titrant

L i 15 22.4

?‘ ] 30 47.7

. ‘ 45 71.3
R :

|-

I | GAS SAMPLES

?3 f——- INLET:

1 g First Flask - 400 ml of .01 M NaOH

i :? titrant used - 96.5 ml of .01 M HCl
iy I Second Flask - 400 ml of .01 M NaOH

i ? titrant used - 38.0 ml of .10 M HCI
52% | NaOH neutralized by HCl in titrant - 476 ml
j%ﬁ i NaOH neutralized by HCl in sample - 324 ml
Iia? E Concentration of HCl in sample - 3.24){10_3 gm-—moles/ft3
il | ~-- OUTLET:

é:: Collection Flask - 250 ml of .01 M NaOH

?ﬁ%' { titrant used - 59.0 ml of .01 M HCl

%ﬂ { NaOH neutralized by titrant - 59.0 ml

e | g NaOH neutralized by HCl in sample - 191.0 ml

% Concentration of HCl in sample - l.9lxlO_3 gm—moles/ft3

~5Q0-




APPENDIX II -- HCl PHASE OF THE EXPERIMENTS

RUN 2H
Line Pressure - 16 psig

o ; Draft - 0.437 1in. H20

§

LIQUID SAMPLES (all 15 ml)
; L - titrant used was 0.02 M NaOH

|

!

’ a
' 1

b1

I

- ; Time (min) ML Titrant
- | 15 34.5

1h ! 30 71.5
i f 45 109.5
1.{

.

ifq jGAs SAMPLES

:; | - INLET:

r

e f First Flask - 400 ml of .0l M NaOH

i f titrant used - 91.0 ml of .01 M HCl
il i Second Flask - 400 ml of .0l M NaOH

y ] titrant used - 39.3 ml of .10 M HC1
NaOH neutralized by HCl in titrant - 484 ml
| ‘ i NaOH neutralized by HCl in sample - 316 ml

5 1 Concentration of HC1 in sample - 3.16x107° gm-moles/ft>

1 | --~ OUTLET:

i i Collection Flask - 250 ml of .01 M NaOH

e “ titrant used - 117.0 ml of .01 M HCl

| NaOH neutralized by HCl in titrant - 117.0 ml
NaOH neutralized by HCl in sample - 133.0 ml

R

Concentration of HCl in sample - l.33x10-3 gm—moles/ft3

4
%
4
Y

-0~




APPENDIX II ~-- HCl PHASE OF THE EXPERIMENTS

% RUN 3H
i Line Pressure - 18 psig
I Draft - 0.500 in. H,0
|
» | LIQUID SAMPLES (all 15 ml)
o --- titrant used was 0.05 M NaOH
?'7 3 Time (min) ML Titrant
- | g 15 19.0
1 | 30 39.5
b | 45 58.0
{:?
: gGAS SAMPLES
o |~ INLET:
I | First Flask - 400 ml of .01 M NaOH
;%é' f titrant used - 91.0 ml of .01 M HCl
;ﬁ?' ] Second Flask -~ 400 ml of .01 M NaOH
’W‘ i titrant used - 39.0 ml of .10 M HCI
iﬁﬁ ? NaOH neutralized by HCl in titrant - 481 ml
%W g NaOH neutralized by HCl in sample - 319 ml
'}ﬁ é Concentration of HCl in sample - 3.19x10 - gm-moles/ft>
i
ﬁi# |~~~ OUTLET:
%{é ;j Collection Flask - 250 ml of .0l M NaOH
LR £ titrant used - 31.0 ml of .05 M HCl
ﬁé ; NaOH neutralized by HC1l in titrant - 155.0 ml
f; % NaOH neutralized by HCl in sample - 95.0 ml
&;’ g Concentration of HCl in sample - 9.50x10 gm-moles/ft>
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APPENDIX II -- HCl PHASE OF THE EXPERIMENTS

RUN 4H
Line Pressure - 20 psig

Draft - 0.575 in. H20

LIQUID SAMPLES (all 15 ml)
|--- titrant used was 0.05 M NaOH

g Time (min) ML Titrant
} 15 22.5

| 30 46.8

| 45 70.3

|

SEAS SAMPLES

- INLET:
I First Flask - 400 ml of .0l M NaOH

titrant used - 91.0 ml of .01 M HC1
Second Flask - 400 ml of .01 M NaOH

titrant used - 38.5 ml of .10 M HC1
NaOH neutralized by HCl in titrant - 476 ml
NaOH neutralized by HCl in . sample - 324 ml

i
i
|
|

]
i

o

Concentration of HC1l in sample - 3.24x10_3 gm—moles/ft3

T—- OUTLET: |
Collection Flask - 250 ml of .01 M NaOH

titrant used - 37.3 ml of .05 M HCl
NaOH neutralized by HCl in titrant - 186.5 ml
NaOH neutralized by HCl in sample - 63.5 ml
Concentration of HCl in sample - 6.35x10_4 gm-moles/ft3

T A S S e £ T TR SR AN A

¥
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APPENDIX II -- HCl PHASE OF THE EXPERIMENTS

RUN 5H
Line Pressure - 23 psig
Draft - 0.667 in. H20

 LIQUID SAMPLES (all 15 ml)

.
}‘ ;——— titrant used was 0.05 M NaOH
@‘ﬁ i Time (min) ML Titrant
- : 15 26.5
%Lf 30 53.5
ﬁéi 45 80.5 \
|
a2
e {GAS SAMPLES
{?  - INLET:
%Qg | First Flask - 400 ml of .01 M NaOH
oy titrant used - 93.0 ml of .01 M HCl
L?% | Second Flask - 400 ml of .01 M NaOH
" : titrant used - 39.0 ml of .10 M HC1
i* j: NaOH neutralized by HCl in titrant - 483 ml
%m ‘; NaOH neutralized by HCl in sample - 317_?1 ,
f§4 ' i Concentration of HCl in sample - 3.17x10 gm-moles/ft
i
At i~~~ OUTLET:
E?“ f; Collection Flask - 250 ml of .0l M NaOH
H%r ? titrant used - 42.3 ml of .05 M HCl
%wd 2 NaOH neutralized by titrant - 211 ml
ﬁ? % NaOH neutralized by HCl in sample 39.0 ml
%l % Concentration of HCl in sample - 3.9x10-4 gm—moles/ft3
! ;
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APPENDIX II -- HCl PHASE OF THE EXPERIMENTS

RUN 6H
Line Pressure - 25 psig

Draft - 0.735 in. H20

)
i, IQUID SAMPLES (all 15 ml)
- titrant used was 0.05 M NaOH

E Time
15
f 30
| 45
{%AS SAMPLES
|-~ INLET:

t

(min) ML Titrant

28.5
59.8
87.3

First Flask - 400 ml of .01 M NaOH

titrant used - 95.0 ml of .01 M HCl

l Second Flask - 400 ml of .01 M NaOH

!
|

-~ OUTLET:

B
¥
§
i
§
3
%
P

- Concentration of HCl in sample - 3.22x10“3

titrant used - 38.3 ml of .10 M HCl

NaOH neutralized by HCl in titrant - 478 ml
NaOH neutralized by HCl in sample - 322 ml

Collection Flésk - 250 ml of .01 M NaOH

titrant used - 45.5 ml of .05 M HCl

NaOH neutralized by HCl in titrant - 227.0 ml
NaOH neutralized by HC1 in‘sahple - 23.0 ml
Concentration of HCl in sample - 2.30x10_4 gm—moles/ft3

-64-
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e s e T e T T

A
i
{
h
e
%
3
4
¥
&

5

E

i .

i Time
é 15
i 30
i 45
|

GAS SAMPLES
| .

{--- INLET:

-~ OUTLET:
Collection Flask - 250 ml of .01 M NaOH

APPENDIX II -- HC1l PHASE OF THE EXPERIMENTS

RUN 7H
Line Pressure - 28 psig

Draft - 0.825 in. H20

LIQUID SAMPLES (all 15 ml)
--- titrant used was 0.10 M NaOH

(min) ML Titrant
15.5
31.5
47.5

3 First Flask - 400 ml of .01 M NaOH

| | titrant used - 91.0 ml of .01 M HC1

] Second Flask - 400 ml of .01 M NaOH

{ titrant used - 38.5 ml of .10 M HCl

E NaOH neutralized by HCl in titrant - 476 ml
é NaOH neutralized by HCl in sample - 324 ml

Concentration of HCl in sample - 3.24x10_3 gm—moles/ft3

titrant used - 47.8 ml of .05 M HC1

NaOH neutralized by HCl in titrant - 238.8 ml
NaOH neutralized by HCl in sample - 11.2 ml
‘Concentration of HCl in sample - l.l2x10_.4 gm-moles/ft3
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APPENDIX II -~ HCl PHASE OF THE EXPERIMENTS

RUN 8H
Line Pressure - 30 psig

Draft - 0.903 in. H20

oK |LTQUID SAMPLES (all 15 ml)

é k ;——— titrant used was 0.10 M NaOH

L Time (min) ML Titrant

L 15 16.0

iy 30 31.8

i J 45 47.5

i E

s |

ij é

5ff ;GAS SAMPLES

f}‘ -~ INLET:

I é First Flask - 400 ml of .0l M NaOH

égé? ; titrant used - 97.0 ml of .0l M HCl

il ! Second Flask - 400 ml of .0l M NaOH

#; ? titrant used - 39.0 ml of .10 M HCl

‘ﬁ; -f NaOH neutralized by HCl in titrant - 487 ml

§§ é NaOH neutralized by HCl in sample =~ 313 ml

‘Lﬁ; 4 Concentration of HCl in sample - 3.13x107° gm-moles/ft3

et 1

i

i f*-— OUTLET:

e ; Collection Flask - 250 ml of .01 M NaOH
% titrant used - 48.3 ml of .05 M HCl
§ NaOH neutralized by HCl in titrant - 241.0 ml
é NaOH neutralized by HCl in sample - 9.0 ml
: Concentration of HCl in sample - 9.00 x lO“5 gm/moles/ft3
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APPENDIX III

DETERMINATION AND SELECTION OF OPERATING PARAMETERS

AIR FLOW RATES

! Volumetric Mass
i Line Pressure Flow Rate Flow Rate

o 1

tt? E psig SCF/hr Air lb/hr Air
L

i

Qit i 14 18,000 1340
%f} ﬁ

| ] 16 20,200 1510
I :

18 21,600 1610

il 20 22,800 1700
i;g 1 23 24,600 1840
it ' | |

I 25 25,500 1900
i |

i i 28 26,700 1990

30 27,500 2050

£ Tl LT e AR Rl i
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APPENDIX III

PRESSURE VS. DRAFT

NOZZLE (LINE)

OPERATING DRAFT

LINE PRESSURE

inches of water

psig

.363

14

et e e e e,

.437

16

.500

18

.575

20

.667

23

.735

25

P A T AT P AP B TS T 03 YO R T oo . "

.825

28

.903

30

e r— VS e Gt o e -
T T T T S e TR N et

!
o)}
V)

1




VS

NOZZLE
PRESSURE
DRAFT ("H,0)

— . —

SESRS S )
T.alh )
foooi \ :
T " "
ot i -
O S s

10

36

S¢

20 12 2% 2 w8 30 22

'8

[PV JOVv

NOZZLE PRESSURE (PSIG)
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APPENDIX IIIX

CALIBRATION OF CARBON TETRACHLORIDE MANOMETER

Manometer Reading HCl Gas Flow Rate

3

g inches CCl4 ft"HC1/hr
]
. :
i % 0.04 10
f 0.16 20
é 0.35 30
ﬁ 0.63 40
j 0.99 50
i 1.19 55
f é 1.33 58
5 : 1.42 60
A j 1.51 62
§; i 1.67 65
3;. 5 1.83 68
H%é | 1.93 70
?ﬁi 2.22 75
15 :
i WOTE:  Calibration calculated from following equation:
1

12 (%1 - 8%
7

(density of HCI)
2
(

inches CCl1

2 (€)% (v) ) (g) (density of ¢Cl

throat 4)

HC1l rate in ft3/sec

q:
B = orifice to line diameter ratio
C = coefficient of discharge (dimensionless) = 0.61
Y = expansion factor (dimensionless) = 1.00
o C e . 2
Athroat = orifice throat area in ft

g = gravity constant
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APPENDIX TIIIX

SELECTED OPERATING VALUES FOR HCl FLOW

Manometer Volumetric Mass
ine Pressure Reading HC1l Rate HC1 Rate

|
;o | psig inches ccl, SCF/hr HC1 1b/hr HC1
.
. - 14 1.0 50.3 4.68
i 5
égi | 16 1.2 55.3 5.14
It ;
| 18 1.4 59.5 5.53
i |
I 20 1.6 63.8 5.93
| |
1 1
et 23 1.8 67.5 6.28

L 25 2.0 71.1 6.61

|

11 f

o 28 | 2.2 - | 74.6 6.94
i |

134 3

i 30 2.2 74.6 6.94
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APPENDIX III

OPERATING INLET CONCENTRATIONS OF HC1

Line Pressure

psig

14

16

18

20

23

25

28

30
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% HC1l in INLET GAS

% by volume

0.280

0.274

0.276

0.280

0.274

0.279

0.280

0.271




T

[
Tt
Al
i
i
M

i
L
i
j‘ll:
o
i

e A e G S Y

!
i
!

APPENDIX III

WATER FLOW RATES THROUGH SCRUBBER

Line Pressure

psig

14

16

18

20

22

24

26

28

30

32

34

Water Rate

gallons/minute

35.7

36.7

37.7

38.7

39.7

40.7

41.6

42.6

43.6

44.6

45.5
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Water Rate

ft3/second

0.0800
0.0820
0.0840
0.0861
0.0883
0.0905
0.0925
0.0947
0.0969
0.0991

0.1013
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APPENDIX III

SELECTION OF LIQUID SAMPLE TITRANT CONCENTRATIONS

Separator Tank has 196 liters liquid = 433 1b H,0

HC1 has a molecular weight of 36.45 gm/gm-mole

: !
!
 § Possible HCl concentrations in separator tank:
f: !’l
@”
" 3 LB HC1 Gm-Moles HC1 Conc. of HC1
i f in Tank , in Tank in Tank
1. ;
;Fi 3 1.0 12.4 0.0633
b f
n ; 2.0 24.8 0.127
I i 3.0 37.2 0.190
i g 4.0 49.6 0.253
i | 5.0 62.0 0.317
e 1 6.0 74.4 0.380
ik ~
i {
dyn 1 7.0 86.8 0.443
hif :
i) g 8.0 99.2 0.507
il !
1 ] - |
1 i Sample size will be 15 ml
7 7
}f” f Want titrant used to be in range of 30 to 120 ml, preferrably
i;k % in range of 50 to 90 ml
i d
i
e § Therefore use:
Flo ;
i a) .10 M NaOH for 5 to 8 lbs HCl expected ,
b) .05 M NaOH for 3 to 5 lbs HCl expected

c) .02 M NaOH for 0 to 3 lbs HCl expected
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