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ABSORPTION OF METHYL IODIDE BY
AQUEOUS HYDRAZINE SOLUTIONS

WITHIN SPRAY CHAMBERS

I. INTRODUCTION

Methyl iodide is one of the important chemical species in which

radioiodine may exist following postulated loss-of-coolant accidents

in water-cooled nuclear reactors (8, 21, 29, 1). Radioiodine (iodine -

131) is formed as a result of fission of the uranium-235 nucleus. This

isotope is extremely toxic, and hence its release from a reactor build-

ing must be controlled.

Under ordinary reactor operating conditions all fuel materials

and fission products are contained within the fuel element cladding.

If the fuel cladding is ruptured as a result of heating due to acci-

dental loss of coolant, radioiodine would escape from the fuel ele-

ments. A fraction of this iodine would enter the reactor containment

system if the primary coolant circuit was breached during the accident

cycle.

Although the probability of an accident of serious consequences

in nuclear power plants is very low, safety facilities have been

incorporated into reactor designs to assure protection of the public

if an accident should occur in which fission products are released

from overheated fuel. One of the safety features employed in existing

and planned water-cooled nuclear power plants is a spray system. This

emergency water spray system is designed to condense steam released to

the containment vessel, and to remove airborne fission products from

the containment atmosphere.
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Due to its abundance, biological significance, and volatility,

iodine-131 represents the most hazardous fission product present in

uranium-fueled nuclear reactors. Fortunately, elemental iodine,

which is expected to represent the most abundant chemical form of

iodine-131 in the post accident containment atmosphere, is relatively

soluble in water, and undergoes rapid chemical reactions in aqueous

solution. Theoretical calculations and experimental measurements

(24, 25, 13, 7) indicate that elemental iodine will be absorbed rapid-

ly by spray drops. Within a period of minutes, the elemental form of

iodine-131 would be scrubbed from the containment atmosphere to a con-

centration level of a fraction of one percent of the initial concen-

tration. After the elemental iodine has been removed by spray absorp-

tion other chemical forms such as methyl iodide will become the domi-

nant species containing iodine-131.

The iodine-131 bound chemically as methyl iodide would not be

expected to be removed rapidly by non-reactive water sprays. This is

because of the low equilibrium partition coefficient of methyl iodide

in water. The addition of a chemical to the spray solution which

reacts rapidly with methyl iodide, offers a potential means for in-

creasing the methyl iodide absorption rate.

The objective of this thesis is the evaluation of the absorption

of airborne methyl iodide by sprays of hydrazine solutions under con-

ditions expected to exist in post-accident nuclear reactor containment

atmospheres. A quantitative understanding of the absorption rate for

hydrazine solutions will permit washout predictions for full scale
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reactor containment buildings, and for solutions of other reactive

agents.
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II. ABSORPTION OF A GAS BY A REACTIVE LIQUID

The transfer of a solute from a gas phase to a liquid phase is

termed absorption. Absorption occurs where there is a difference in

chemical potential between a gas and a liquid phase. At equilibrium,

the chemical potential of the solute gas is the same in both phases,

and no net transfer occurs.

The rate of transfer depends on the magnitudes of the chemical

potential gradients in both phases. Within a single phase, the

transport rate may be related to the concentration gradient, diffusiv-

ity, and fluid velocity in that phase. The transport equation within

the single phase may be derived on the basis of diffusional and con-

vective flow through an infinitesimal spatial element. If a chemical

reaction occurs within the phase, allowance may be made in the form of

a production term within the spatial element.

The transport equation for a binary mixture allowing for a chem-

ical reaction may be written (9) as

ac ac 3C ac 92c 32c 32c
+ V;t x ;)( vz D -I- 71-77 R (1)

in which C = concentration of component A,

t = time,

vx = fluid velocity in x direction,

v = fluid velocity in y direction,

v
z

= fluid velocity in z direction,
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D = diffusion coefficient of A in mixture ,

R = rate of generation of A per unit Volume.

This equation applies for constant material density and-constant

diffusivity, D. A numerical solution of equation (1) can be carried

out only after the velocity components are known as a function of space

and time. One simple case which is of interest in this work is for a

stagnant fluid phase, For this case the convective terms in equation

(1) vanish, giving

aC

at

D
2C

(

3 2C 32c

D + -7---T. + ---1 + R.
ay az

(2)

The interfacial compositions of the solute are related according

to the relation

Cti = H Cgi

where Cki = concentration of absorbed component in liquid at

interface,

H = gas-liquid partition coefficient,

Cgi = concentration of solute gas on the gas side of the

interface.

Equation (3) is based on the assumption that resistance to mass trans-

fer at the interface is negligible.

A schematic representation of concentration profiles close to

an interface is shown in Figure 1. Concentration gradients are pictur-

ed in Figure 1 to vanish beyond a finite distance from the interface.

This behavior is assumed in models of mass transport and is known to

(3)
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be a good approximation for many real systems. The specific shapes

of concentration profiles depends on the gas-liquid partition coef-

ficient, the contact time, the rate of the chemical reaction, and

the diffusivities within each phase.

The effect of a chemical reaction is to increase the concen-

tration gradient by destroying the solute gas in the liquid phase.

This in turn increases the mass transfer rate since the flux into the

liquid is equal to the liquid diffusivity multiplied by the concentra-

tion gradient at the surface, The gas-liquid partition coefficient

is expected to be influenced to only a small extent by the presence

of reactive material in solution, This is because the mole fraction

of water is not far from unity for solutions of interest in this study.

If the reactive material comprised a relatively large mole fraction,

i,e, 0.1 or more, the partition coefficient could be appreciably dif-

ferent than for pure water, The magnitudes of the solubility changes

--pected as a result of "salting out effects are discussed by Lynn,

et 19), For the hydrazine solutions used in this study, the reduc-

solubility of methyl iodide due to the increased ionic strength

of solutions compared to pure water is expected to be less than 20%.

The effect of dissolved ionic substances on the solubility of methyl

iodide have not been measured, hence in this work the gas-liquid par-

tition coefficient for the reactive solutions is assumed to be equal

to that measured in water alone.
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III. ABSORPTION IN A SPRAY CHAMBER

Absorption in a spray chamber occurs at all gas-liquid inter-

faces. The overall absorption rate is the integral of the absorption

rates per unit interfacial area. The several kinds of interfacial

exposures are shown schematically in Figure 2. Liquid enters the

chamber through spray nozzles where it is broken into drops. A frac-

tion of the incoming spray drops impinges against the chamber wall

and other exposed surfaces within the spray chamber. At the bottom of

the chamber, drops and surface film liquid are collected for disposal

or recycle.

For convenience, the liquid surfaces are classified as being sur-

face films or drops. A material balance on the solute gas within the

spray chamber may be used to relate the rate of the washout to the

absorption rates per unit interfacial area and the volume of the cham-

ber. The input rate, G, of solute gas to the gas phase includes gen-

eration, and input terms. For the cases studied in this work, G is

zero for all times of interest. The output rate of gas by absorption

is

output rate = kgA (C g
C gi drops

+ kgA (Cg- Cgi)wall film (4)

where kg = mass transfer coefficient based on gas phase,

A = interfacial area for mass transfer,

Cg = solute concentration in bulk of gas phase,

Cgi = solute concentration in gas phase adjacent to the gas-

liquid interface.
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The rate of accumulation of solute gas in the gas phase is

accumulation rate = (CgV)
dt

where V = volume of the gas phase.

The material balance equation, resulting from equations (4) and

10

(5)

(5), allowing for a gas phase volumetric generation rate of G, is

G = (kle (Ce-Cei)) drops + kgA (Ce-Cei) wall film
dt

(6)

For the experimental conditions used in this study, G = 0, and V is

constant. Based on these simplifications, equation (6) becomes

0= kgA ( C1 g")
,

]
C g drops

kgA (1- 4- V
dC

(7)
dtCg

-wall film

The quantities k _A 1- ,° for the wall film and drops may be
5 ug

expected to vary with time, but should not vary appreciably with

the as concentration, Cg. Equation (7) may be integrated to give

the gas concentration as a function of time

= exp
V

C,

cgo 0

ELI)kgA (1 kgA
Cgi

-
C )

gA 1- F--)

g drops g wall film

where C go = solute gas concentration at time t = 0.

dt

(8)

If the mass transfer coefficients, interfacial areas, and ratios
Cg

remain constant with time, the washout is exponential, with a half-

life of



0.693 V

t
1/2

k
g
A (1-

g)] drops
g g)] wall film

C2i
k A (1-

11

(9)

The washout rate of methyl iodide thus depends on the mass transfer

coefficients, interfacial areas, and
C

ratios. The primary goal
o_

of this work is to evaluate the numerical dependency of these control-

ling factors on the basic physical and chemical parameters of the spray

system. In the next section absorption by falling drops and by wall

films is studied from a theoretical view to establish a model with

which experimental results can be compared.

Absorption by Falling Drops

The quantity kgA (1 E8-41)] represents the integral

g drops

absorption rate by all drops in the gas phase divided by the gas phase

concentration. The life time of a given drop is short; hence the

gas phase concentration may be considered constant for a given drop.

A useful dimensionless absorption parameter may be defined by

Lk A (1- Egli, = LDB
g Cg -drops

where LD = volumetric drop flow rate

B = total absorption by drops.
(volume of drops) (Cg)

(10)

The formulation shown in equation (10) could have been written in terms

of the liquid phase concentration, and kL, the liquid transfer coeffi-

cient. The resulting expressions would be equivalent to equation (10).
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Liquid drops formed by spray nozzles result from the collapse of

liquid sheets or jets. The drops oscillate until viscous damping

absorbs the energy of oscillation associated with the collapse of

sheets or jets into drops. For large drops, oscillation and internal

mixing will continue as the result of aerodynamic forces. For drops

smaller than 1000 microns in diameter, the oscillation and internal

circulation is expected to be quickly reduced to low levels. However,

this point has not been explored sufficiently to permit definite

conclusions to be drawn. Initially at least, absorption will take

place into the surface of drops agitated by oscillation and aerodyna-

mic drag.

Due to the flow complexities involved, a rigorous theoretical

treatment of absorption by liquid as it is being formed into a spray

has not been attempted. Fortunately, for large spray chambers or for

small drops, the distance travelled by a drop while coming to its

terminal velocity is small compared to the total fall distance. Thus

the total absorption may be estimated on the basis of exposure under

steady settling, with drop exposure time estimated simply as fall

height divided by terminal settling velocity.

Absorption by a stagnant drop with a surface resistance may be

predicted from a solution of the diffusion equation written in

spherical coordinates

3C
D

1 1

!rte
29

=
at 72 9r r

subject to the surface condition

+ R (11)
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DN C

= kg (Cg Cgi)
a
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(12)

where N = outward directed normal at the surface of the drop ,

D = diffusivity in the liquid.

A solution of equation (11), subject to the boundary condition (12)

and assuming C is initially zero within the drop, has been given by

Danckwerts (5). The total amount of absorption in time t is obtained

by integrating the flux over the area and time. The final equation

for the amount of solute gas absorbed by a drop is

.

Q = 8Trh2C*Da2

n=1

kt(k + Dan2) - Dan2 lexp(-t[k + Dan2] )-1)

where
HD

C* = HCg

(k + Dan2)2 (aan2 + h[ah-l] )

(13)

an = nth root of (aa)cot(aa) + ah-1 = 0,

first order reaction rate constant,

t = exposure time,

a = drop radius,

D = diffusivity in liquid.

The boundary condition, equation (12) has been assumed to apply at all

points on the surface of the drop. If gas phase resistance is small,

h becomes large, and in the limit as h approaches infinity, equation

(13) becomes



Dn272
ka2t +

Dn272

a2

Q - 87aDC

n=1 ka2 + Dn272

1 - exp (-t k + Dn27,T,21 ))
a'

where C
*

= concentration of solute at surface of the drop.

14

(14)

This equation would be expected to apply for absorption of slightly

soluble substances such as methyl iodide unless the reaction rate, k,

were very large. For very large values of the reaction rate, k, gas

phase resistance is appreciable, and the concentration driving force

loss due to surface resistance (gas phase resistance) is not negligi-

ble. A simple test of the applicability of equation (14) is to com-

pare Q calculated from equation (14) with Q predicted for zero liquid

phase mass transfer resistance. If the value of Q calculated from

equation (14) is less than a few percent of the rate limited by gas

phase resistance, it may be concluded that equation (14) is a good

approximation to equation (13).

A limiting case of equation (14) corresponds to the case where

the drop is well mixed at all times, for example by circulation. The

absorption equation for this case may be obtained from equation (14)

by letting D become large, or by letting a, the drop radius, become

small. This case, corresponding to the maximum possible absorption,

is represented mathematically by

Qmax =
4

Tra', (kt + 1)C* (15)

where Qmax = upper limit of drop absorption.



15

Physically, this equation corresponds to situations where the drop

is saturated instantaneously at time zero with respect to the gas

phase, and then continues to absorb at a rate equal to the rate of

chemical reaction within the drop.

Another limiting case of interest corresponds to absorption

limited by gas phase resistance, where the interfacial concentration

is zero. The quantity of solute absorbed by a drop in this case is

Q gas fl* im = 4Tra2 kg t Cg (16)

This amount of absorption is attained when the liquid phase chemical

reaction is extremely rapid, or where the gas-liquid partition coef-

ficient, H, is large.

Absorption rates based on equations (14, (15), and (16) have been

evaluated numerically. For the partition coefficients and reaction

rates of interest in this study, the absorption predicted by equation

(15) is much smaller than that predicted by equation (16). Thus it

is concluded that gas phase resistance to mass transfer is negligible

compared to the liquid phase resistance for absorption of methyl iodide

by reactive aqueous solutions for which the first order reaction rate

constant is less than 100 sec-1.

Equation (14), which is for a stagnant sphere, has been evaluated

as a part of this thesis for a range of drop sizes, exposure times,

temperatures, and reaction rates. The details and results of this

calculation are given in Appendix A. Examples of this numerical

evaluation are presented in Figures 3 and 4. In Figure 3, the effect

of drop mixing on the amount absorbed by a drop falling 30.5 meters
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at terminal velocity is shown. The solid curves show absorption by

stagnant drops as a function of drop size for reaction velocities of

0.01, 0.1, 1.0, and 10 sec-1. The dashed lines are for perfectly

mixed drops as predicted by equation (15). For small drops and low

reaction velocities the two cases become identical. For a reaction

velocity of 1 sec-1, the order of magnitude of interest in this work,

the well mixed drop absorbs about 10% more at a drop size of 100 mi-

crons, and almost twice as much at a drop size of 500p.

For larger drops of liquid of high reactivity, the degree of

mixing will be more important. A number of studies have been carried

out to assess the effect of drop circulation and oscillation on absorp-

tion (10, 4, 11, 18, 28). However the data available do not permit

satisfactory estimation of drop mixing for reactive drops smaller than

200011 in diameter. A conservative estimate of the absorption may be

obtained by considering the drop to be stagnant.

In Figure 4, the effect of reaction velocity on absorption by

stagnant drops is shown, again for a drop falling 30.5 meters at

terminal velocity. It is of interest to note that for 1000p drops,

the exposure time is too small to permit appreciable reaction for

reaction velocities smaller than 0.1 sec-1. Hence enhancement of

absorption would not be appreciable for reactive additives having a

pseudo-first order reaction velocity of less than 0.1 sec-1.

From this brief discussion of drop absorption one may conclude

that conservative calculation of drop absorption can be achieved using

a stagnant drop model. It should be noted that absorption with chemi-

cal reaction into drops under conditions where liquid resistance
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plays a major role has not been explored sufficiently from an exper-

imental viewpoint. Additional experimental studies are needed.

Absorption by Liquid Film on Wall

For many spray chambers an appreciable amount of liquid sprayed

from the nozzle impinges against wall surfaces. The wall surface area

which could be wet by the spray may be large compared to the inter-

facial area of falling drops. Calculation of the surface area exposed

by drops may be based on an exposure time estimated as the ratio of

the fall height to the terminal settling velocity. Example calcula-

tions carried out for cylindrical spray chambers having a height to

diameter ratio of two demonstrate the magnitude of the wall area. For

a chamber 3.05 meters in height, and for a spray rate of 0.0068 cm3/

cm2sec(0.1gpm/ft2), the surface area of the chamber walls is calculated

to be 25 times larger than that exposed by 10000 diameter drops falling

in a stream-air atmosphere at 120°C. The ratio of wall surface area

to drop surface area varies inversely with the chamber height. For

a chamber 30.5 meters (100 ft.) in height, the wall surface is calcu-

lated to be 2.5 times larger than that of 1000u diameter drops. For

300L, diameter drops, the wall surface area is 2.3 times larger than

the drop surface area for a chamber having a height of 3.05 meters.

This surface area calculation is based on chamber walls only. For

reactor containment vessels, piping and other equipment within the

vessel may increase appreciably the surface area wet by spray. Thus

the absorption by surface films is potentially important even in large
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vessels.

The surface films formed as a result of drops coalescing on solid

surfaces will not be as simple from a hydrodynamic standpoint as

those formed in wetted wall columns. In spray chambers, most of the

liquid flowing on the wall would reach the wall at locations where the

nozzle-produced drop trajectories meet the wall. Some drops would be

expected to strike the wall at many locations, giving momentary dis-

turbances in the flow profiles.

Direct visual observation of the flow paths in the chambers

used in this work showed that most of the wall liquid reached the wall

near the top of the chamber, and that relatively little liquid was

added by drops coalescing with the wetted surface below the intercep-

tion of the nozzle pattern with the chamber wall. Disturbances in

wall film absorption caused by drop coalescense were neglected in the

mathematical analysis used in this work.

The following brief treatment of wall film absorption is an

attempt to arrive at predictive equations for wall film absorption

in spray chambers. It is recognized that in many cases the models

are overly simple, but precise description of the hydrodynamics of

the actual flow is probably too difficult to permit a rigorous math-

ematical model to be developed.

The flow characteristics and absorption by liquid films have been

extensively studied during the past 25 years. Many of the studies

carried out prior to 1964 have been summarized by Fulford (9). Based

on theoretical and experimental studies, the general characteristics

of wetted wall flow may be stated as follows. At low flow velocities,
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laminar flow persists, the velocity profile is parabolic, and the free

3
surface velocity is -2-the average velocity. At Reynolds numbers in

the range 5 - 25, waves begin to appear on the surface, though the

flow is still substantially laminar. At Reynolds numbers of 250 -500

the flow becomes turbulent.

In general, absorption into the film is described mathematically

by equation (1). The absorption rate is obtained by integrating over

the surface area, and multiplying the instantaneous values of the

diffusivity by the concentration gradient at the surface. Numerical

solution is possible only for relatively simple flow regimes. A

simple flow regime of practical use is that corresponding to fully

developed laminar flow. For this case the velocity profile is derived

to be

v z
= vmax [ 1 (L)2]

6
(17)

where vz = fluid velocity in z direction

z = distance parallel to plane of film, measured in direction

of liquid flow,

x = distance measured perpendicular to plane of film,

measured from surface of film toward solid surface,

6 = thickness of liquid film.

For this velocity pr,,c.ile, and neglecting diffusion in the y direction,

equation (1) becomes

2cri tx

6

,21 Cvmax = D
9z 3x'

where C = concentration of solute in liquid,

D = diffusivity in liquid.

(18)
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The initial and boundary conditions must be chosen consistent with the

physical problem being modeled by equation (18). A general solution

to equation (18) is not available, but a number of special cases are

easily treated.

For short laminar films, the solute does not have time to pene-

trate far into the film, and hence the absorption takes place as

though the film were infinite in thickness. The differential equation

for this case involving the penetration theory approximation, is ob-

tained from equation (18) by setting x equal to zero

DC 2c
vmax 3z = D --7 k C.

3x
(19)

Since x is taken to be zero, the fluid velocity is assumed to be equal

to vmax
at all positions. Thus equation (19) may be written in terms

of exposure time,

t - z (20)

vmax

The solution to equation (19) is given by Danckwerts (6) as

q = C*
k
kkt + 1/2) erf kt +

where C* = concentration in liquid at gas-liquid interface,

amount absorbed per unit area up to time t.

(21)

Most experimental data obtained with short wetted wall columns, for

laminar flow conditions, agree with predictions based on the penetra-

tion theory. Serious discrepancies however may be encountered if the

absorption process causes interfacial turbulence (19).

A lower limit to the absorption may be calculated from a solution
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of equation (18) for

3--
= 0

z

d2C
0 = D - k C.

dx

For this steady state model, the boundary conditions are

C = C
*

at x = 0,

dC

dx
0 at x = 6.
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(22)

The second of these boundary values is based on the fact that there is

no net transfer of methyl iodide to the solid wall. The absorption

rate per unit area of interface is

q = C* kD tank (23)

Equation (23) is expected to give a lower limit estimation of the

absorption rate because the initial absorption while coming to equili-

brium has been neglected.

Finally, the maximum rate of absorption would be reached if the

film were completely mixed by turbulence. This case may be obtained

by assuming that all liquid enters the chamber with C = 0, becomes

instantly saturated, and remains saturated for the entire contact time.

The total absorption rate for the whole film in this case would be

where

it kAw aC + LWC

total absorption rate,

interfacial area of film,

film thickness,

wall film flow rate.

(24)
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The first term on the right hand side of equation (24) accounts for

solute absorbed as a result of chemical reaction, and the second term

accounts for physical solubility.

For the films of interest in this study, the penetration theory

(equation (21)), the stagnant film theory (equation (23)), and the

well mixed film theory (equation (24)) yield predictions which do

not differ greatly. Numerical values of absorption rates predicted

by these theories, and the applicability of these theories to spray

chamber absorption will be discussed in the chapter of this thesis

entitled Comparison of Experimental Results With Theory.

The quantity(kgA (1- ,EL_L'L)

g

C 4

all film

, used in material balance

equation (6), is the absorption rate divided by the gas phase concentra-

tion. This may be related to the absorption rate per unit area by

5L-.L clAw -- = LEksAw (1-
U

-) Cg Cg

where q = absorption rate per unit area,

Aw = interfacial area of wall film,

qt = total film absorption rate,

= Liquid film flow rate,

total absorption by film .

E ,

mOit volume of film liquid (Cg)

(25)

All of the terms in equation (25) are equal to the absorption rate

divided by the gas phase concentration. The several equivalent terms

are shown in equation (2.5) to show the relationship between the
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quantities in material balance equation (6) and the absorption para-

meters which result from the several film models studied.
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IV. EXPERIMENTAL MEASUREMENTS

Experimental measurements were carried out to establish the

mechanism by which methyl iodide vapor is removed by hydrazine sprays.

Understanding of the removal mechansims would permit prediction of the

spray washout rate in full scale reactor containment vessels. The

removal of methyl iodide vapor by hydrazine solutions has been shown

(27) to be one of absorption by the liquid phase. The disappearance

of methyl iodide from a gas phase in contact with aqueous hydrazine

solutions was found to vary directly with the exposed liquid-gas inter-

facial area, and approximately linearly with the mole fraction of

hydrazine in the aqueous solution. The reaction of methyl iodide gas

with dry walls and reaction in the gas phase were found to be unimpor-

tant, when compared to the absorption by liquid surfaces. These small

scale chemical studies demonstrated that the removal mechanism was

absorption with simultaneous chemical reaction. The rates of the

absorption in these experiments indicated that gas phase resistance

would be negligible, with absorption in the liquid phase controlling.

The experimental measurements carried out in this work provided

information essential to predict the washout in spray chambers. It

included measurements of partition coefficient, liquid film thickness

on the chamber wall, drop size distribution, and gas phase washout in

engineering scale equipment.
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Partition Coefficient of Methyl Iodide Over Water

The rate at which methyl iodide is transferred across a gas-liquid

interface depends on the concentration gradients at the interface.

This gradient is linearly related to the concentration in the liquid,

which in turn depends on the gas phase concentration and on the gas-

liquid partition coefficient. Since the partition coefficient is ex-

pected to be temperature sensitive, experimental measurements are need-

ed for the temperature range of interest.

Temperatures up to 120°C were of interest in this study, whereas

data were available only for temperatures below 70°C. Data were ob-

tained experimentally for temperatures from 50°C to 120°C.

Experimental Method

Experimental measurements of methyl iodide solubility in water at

temperatures above 50°C are complicated by the reaction of methyl

iodide with water (26). Thus, steady state methods of measuring the

partial pressure over the liquid phase are inapplicable. The long

term equilibrium position would be determined more by the equilibrium

constant of the chemical reaction rather than the relative volatility

of methyl iodide in water.

The experimental method chosen is based on the gas-liquid parti-

tioning for immiscible liquids. For two immiscible liquids in equili-

brium, the total vapor pressure will be the sum of the vapor pressures

of the two pure components. Methyl iodide and water are essentially

immiscible, and hence the method appears to be applicable.
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All measurements were performed using reagent grade methyl

iodide obtained from Fisher Scientific Company
*

. The methyl iodide

was assayed 99.6% pure, had a boiling range of 4007 - 42.5°C, and was

stabilized with metallic copper. It was used without further purifi-

cation. In most experiments, the water used was demineralized by ion

exchange. In several runs, triply distilled water was used There

was no observable difference in the results obtained with the two

grades of water.

A typical experiment was carried out as follows, A glass vial

(approximately 15 mol. volume) was weighed, and then a volume of water

(4 - 8 re) was added to the vial, Based on the weight gain, the

amount of water was accurately determined (± I mg). A quantity of

methyl iodide was then added to the vial, and its amount determined

by the weight change in the vial. The vial was then sealed by a

flame. The external volume of the sealed vial. was then determined

acurately by measuring the wetght change on immersion in water at

20°C, From the denslty of the glass (measured here to be 2.226 g/co

at 20°C t,e internal volume of the cell was calculated. These

measurements thus give accurate knowledge of the amount of CHI, the

amount of water, and the three phase volumes, The vial was then

placed in an oil bath, the temperature of which was increased at a

rate of about 03cC/min. The vial was shaken vigorously to assure

entrainment of gas bubbles within the liquid phase. The temperature

at which the 0113i phase disappeared was noted- This vial was then

Fisher Scientific Co., 1458 N. Lamon Ave., Chicago, Illinois, 60651
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cooled rapidly, and the experiment repeated. The dissolution tempera-

ture was found to decrease with repetition number, showing that chemi-

cal reaction had occurred. The dissolution temperature for no chemi-

cal reaction was obtained by extrapolating to zero time the curve of

the dissolution temperature versus integrated time during which the

vial was at the bath temperature.

Examples of the data obtained are shown in Figure 5. The rate at

which the dissolution temperature decreased is noted to increase with

temperature. This is expected because the reaction rate increases

rapidly with temperature. At temperatures below about 60°C, the reac-

tion rate does not cause appreciable fractional disappearance of

methyl iodide over a 30 minute time period.

At the instant of disappearance of the methyl iodide phase, the

vapor pressure of methyl iodide will be equal to that of a nearly pure

methyl iodide phase. Thus, if methyl iodide behaves as an ideal gas,

where P

PvM
Cg RT

vapor pressure of methyl iodide at temperature T,

Cg ..,
methyl iodide concentration in gas phase,

T absolute temperature,

R gas constant,

M .01
molecular weight of methyl iodide.

The concentration of methyl iodide in the liquid phase is

WCH
3
I

=
Vg Cg

z

(26)

(27)
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where WcH = total weight of CH
3

I in vial,
3

C
k

= concentration of methyl iodide in liquid phase,

Vg = volume of the gas phase,

V
k

= volume of the liquid phase.

The partition coefficient is calculated as

H
Ci

Cg
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(28)

The vapor pressure of pure methyl iodide is shown as a function of

temperature in Figure 6. The data shown are from references (16) and

(30), and cover a temperature range much wider than needed for the

partition coefficient measurements made here.

Although the methyl iodide phase is essentially pure, some water

would be expected to be dissolved in the methyl iodide. The presence

of the dissolved water could alter the vapor pressure of the methyl

iodide phase. In addition to this potential source of error, departure

of the gas phase behavior from that of an ideal gas could introduce

error into the calculated partition coefficients. These potential

sources of error were shown to be of minor effect by a series of deter-

mination in which the gas volume/liquid volume ratio was reduced by a

factor of two. If the gas concentration had been appreciably different

from that calculated on the basis of the assumptions noted above, the

calculated value of H would have differed from the value obtained for

the larger ratio of gas volume to liquid volume. The data for the two

phase volume ratios agreed within the experimental error, showing that

the real behavior was closely approximated by immiscible liquids with
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ideal gas behavior of methyl iodide.

Results of Measurements

The results of these measurements are shown in Figure 7 where

1
the methyl iodide partition coefficient is plotted versus T X103.

Also shown on Figure 7 are data of Schwendiman, et al. (26) and of

Glew and Moelwyn-Hughes (12). Agreement of the data obtained in this

study with data of other investigators for temperatures below 70°C is

not especially good. For temperatures below 50°C, the data obtained

here appear to fall between those of references (26) and (12). For

temperatures between 70°C and 50°C, the data obtained in this study

indicate an appreciably higher partition coefficient than indicated

by measurements reported in reference (26). For temperatures above

50°C the data obtained in this study are believed to be more reliable

than those reported in references (26) and (27). Two factors lead

to this conclusion. First, the data obtained here show much less

scatter than data reported in references (26) and (27). Second, the

experimental method used here is simple and appears to be less prone

to error than the method reported in references (26) and (27). Above

70°C no data are available for comparison purposes.

Data on the partition coefficient for methyl bromide from ref-

erence (12) are shown for comparison. Interestingly, the data on

methyl bormide are in good agreement with the methyl iodide data ob-

tained here.

All washout experiments performed in this study were carried out

at temperatures above 70°C, and hence equilibrium data from other
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studies were not available. The values of equilibrium partition coef-

ficient used in the theoretical models were those defined by the solid

line drawn through the data obtained in this study (Figure 7).

The basic physical data from which the partition coefficients

were calculated are tabulated in appendix B.

Liquid Hold-Up on Spray Chamber Walls

The fluid dynamics of the wall liquid film are important in deter-

mining the rate of absorption of methyl iodide. Two factors which

govern the absorption rate of a solute, the degree of mixing in the

liquid, and the quantity of liquid held upon the wall surfaces, are

dependent on the fluid mechanics of the film. For a well developed

laminar fluid film on a flat surface, the velocity profile is given by

equation (17)

V z vmaxl 1 (6)

2
(17)

where v
z

= velocity of fluid parallel to wall,

x = distance into film, measured from gas-liquid interface,

6 = film thickness,

vmax = velocity of film at gas-liquid interface.

The maximum velocity may be related to the film flow rate by integrat-

ing the velocity profile, equation (17) over the thickness. The film

flow rate per unit length of perimeter is

2dvmax
(29)



where r = film flow rate per unit width of film.

The shear stress in the liquid at the solid-liquid boundary is

Tw
dvz

dx x=6

where Tw
shear stress at solid wall,

= viscosity of the liquid.
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(30)

This shear stress may be equated to the weight of liquid on a unit area

of the wall, since the stress at the gas-liquid interface will be

small. The film thickness which results from a balance of wall shear

stress and gravity body force is

where

3vr

g

1/3

kinematic viscosity of liquid,

g acceleration due to gravity.

(31)

Equations (29), and (31) apply to flat, vertical surfaces

where the flow rate is constant and where no disturbances are intro-

duced at the gas-liquid interface. In a spray chamber, the liquid

reaching the wall does not form a uniform layer at the top of the wall.

Rather, the liquid impinges against the wall and acts as a spread

source, causing tl,e wall flow rate to be variable. Drops coalescing

with the surface introduce disturbances in the flow at their point of

contact with the surface. In addition to these disturbances which

would cause non-ideal flow, imperfect wetting of the wall could cause

the liquid to flow in rivlets instead of fully wetting the surface.

In order to assess the degree to which ideal flow was being realized,
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measurements of the volume of liquid held up on the wall were carried

out in one of the two spray chambers used in this study.

Experimental Method

The amount of liquid held on the wall was measured by collecting

the liquid which drained from the wall after the liquid source was

suddenly terminated. Measurements were carried out at room temperature

(20±1°C), in the chamber used in this research. This stainless steel

chamber was 10 feet in height and four feet in diameter. This vessel

was equipped with a trough near the bottom which collected all liquid

flowing along the wall. The width of the opening at the top of the

trough was only about 1/8" so that a negligible amount of liquid in

the form of drops fell into the trough. Liquid flow into the wall

trough was removed from the chamber where it could be collected. The

procedure used was as follows. The spray was turned on and the wall

flow was collected for measured time intervals. After the wall flow

rate became constant, as shown by equal volumes of liquid collected in

successive collection periods, the pump was turned off, and simulta-

neously, the outflow from the wall trough was diverted to a catch

basin. All liquid flowing from the trough after the pump was shut off

was collected. The drain period allowed was generally greater than

12 hours, a time found sufficient for virtually complete draining.

A schematic diagram of the stainless steel chamber, and its piping

arrangement is shown in Figure 8. Valve 2 was closed during these

experiments, and valve 1 was open to permit collection of wall trough

liquid. The flow meter shown was used to measure the total flow rate
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through the spray nozzles. The wall trough flow rate was determined

from the collected liquid.

Results of Measurements

A typical result of the amount of liquid after the spray was begun

is shown in Figure 9. A constant wall flow rate was found to occur in

about three minutes. In all of the measurements, the spray was allowed

to continue for at least ten minutes before the flow was stopped and

wall drain begun.

The liquid which drained from the wall trough included liquid

held within the trough and in the piping which carried the water to

the collection basin. The volume of water held in the trough and

drain pipe was measured by collecting liquid added to the trough by

means of a water jet specially placed to impinge against the chamber

wall at a distance three inches above the lip of the trough. For a

given flow rate, the water jet was directed against the chamber wall

at six angular positions as shown in Figure 10. The water was allowed

to flow until the equilibrium rate was reached, and then the flow was

terminated by closing a solenoid valve. The liquid which drained from

the outlet after the flow termination was collected. The average of

the amounts collected for each of the angular positions was assumed to

equal the amount which would be held up for a uniformly spread source.

The results of these measurements are shown in Figure 11, where the

volume of water held in the wall trough is shown as a function of

trough flow rate.

The net amount of liquid on the walls of the tank was obtained by
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subtracting the amount in the trough from the total amount drained as

indicated by Figure 11. The net holdup of liquid on the side wall of

the chamber is shown in Figure 12, where the volume of water on the

wall is shown as a function of the wall flow rate. The wall flow rate

was varied by installing different numbers of spray nozzles on the

spray header. The number of nozzles was varied from one to nine. The

nozzles used were of the impingement type
*

with an orifice diameter

of 0.040". The pressure drop across the nozzles was maintained at

100 psi in these experiments.

The liquid volumes retained on the chamber wall are compared with

values predicted from laminar flow theory in Figure 13. In calculating

the predicted liquid holdup, the wetted surface area was equated to the

area of a smooth cylinder, four feet in diameter and nine feet in

height. This height is approximately equal to the height of the spray

chamber wall between the trough and the top.

The wall film thickness varied from about 60% to 85% of the thick-

ness predicted from the theory. This agreement is considered good

when the potential sources of variation, such as imperfect wetting and

spread source are considered. The measured points do not fall on a

single curve. This is expected since different wall wetting patterns

are formed by the various nozzle configurations used. A closer ap-

proach to theory is obtained for the higher flow rates, where there

is a more uniform wall flow due to closer spacing of the nozzles.

*
Type P-40, Bete Fog Nozzle Inc., 309 Wells Street, Greenfield,

Mass. 01301.
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TABLE I. SUMMARY OF MEASUREMENTS OF SPRAY CHAMBER WALL HOLDUP OF
WATER AT 20°C

Number of Spray Wall Flow Fraction of Spray Volumn of Water

Nozzles in Place Rage Impinging on Wall Held-up on Wall

1 495m1/min 0.38 552 ml

1 528 567

2 593 0.25 595

2 582 573

3 1330 0.34 760

3 1310 775

4 1739 0.34 901

4 1723 958

5 2163 0.32 1056

5 2115 1058

6 2897 0.37 1213

6 2930 1167

7 3806 0.41 1512

7 3786 1557

8 4915 0.45 1599

8 4770 1635

9 4903 0.41 1718

9 4785 1715
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Absorption of Methyl Iodide In Spray Chambers

The purpose of the spray washout experiments was to determine on

a small engineering scale, the rate of removal of methyl iodide by

sprays of aqueous hydrazine solutions. In these experiments the wash-

out took place as a result of absorption at all gas liquid interfaces,

thus providing an opportunity to verify the washout models proposed in

the theoretical discussions of this thesis. Spray washout tests were

made in the stainless steel chamber described in Figure 8 at tempera-

tures below 100°C. Higher temperature washout experiments were car-

ried out in a pressure vessel eight feet in height and three feet in

diameter. Three washout runs were conducted in this vessel at temp-

eratures near 120°C, which is within the range of temperatures pre-

dicted for post-accident containment atmospheres.

The washout experiments performed may be divided into three sets.

In the first set of experiments the temperatures were initially close

to 100°C. No heat was added during the spray period, hence the temp-

erature decreased with time. The second set of experiments consisted

of three spray tests carried out at temperatures near 120°C. In two

of these runs, once-through spray periods were employed in which the

wall film liquid and the liquid collected in the bottom of the chamber

were separately analyzed to permit assessment of wall film absorption.

The third set of experiments was designed to measure more precisely

wall film and drop absorption. A drop collector was used in these

runs to evaluate drop absorption. These latter experiments were car-

ried out in the four foot diameter stainless steel vessel, at a
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constant temperature near 90°C.

All spray washout runs were conducted using methyl iodide traced

with 1311. Use of 0.5 to 5 millicuries of 1311 with each run permitted

measurement of the methyl iodide concentration without problems of

analytical sensitivity. The gas phase concentration was measured from

analysis of a granular charcoal bed, through which measured volumes of

gas were drawn. The liquid phase concentration was determined from

activity measurements of sample aliquots. The 1311 content of samples

was measured by gamma ray spectrometry. Additional details of the

sampling and analytical methods used are noted in the discussion of

results obtained for the two spray chambers.

Initial airborne methyl iodide concentratione were between 0.1

and 10 milligrams per cubic meter. This concentration range corres-

ponds to that estimated for post-accident reactor containment atmos-

pheres.

Recirculating) Spray Washout at Pressure

Experimental measurements in the stainless steel chamber at atmos-

pheric pressure were designed to determine the rate of the spray wash-

out as influenced by hydrazine concentration and spray flow rates.

Initial temperature of the vessel and atmosphere was near 100°C, and

the spray solution was initially at room temperature (20±1°C). The

vessel was heated by steam injected into the vessel, and hence the

initial atmosphere was essentially pure water vapor. Steam injection

was halted after the temperature had reached equilibrium at about

100°C. Methyl iodide was injected soon after the steam feed was
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halted, and spraying was begun about five minutes after methyl iodide

injection. The temperature of the vessel decreased with time, per-

mitting approximate simulation of the temperature decay following post-

ulated reactor accidents.

Methyl iodide used in these experiments was obtained from Volk

Radiochemical Co.
*

. The methyl iodide (specific activity = 100mc/gram)

was of purity greater than 95%, and was dissolved in acetone to facil-

itate pipette transferring. An aliquot of the acetone solution was

placed in the bottom of a stainless steel U-tube which was immersed

in a dry ice-liquid proponal bath to prevent evaporation of methyl

iodide. This U-tube was connected to the spray chamber, and then air

was passed through the U-tube to deliver the methyl iodide to the

chamber. The U-tube was warmed to room temperature during injection.

A standard Gieger-Dueller counter positioned against the outside of

the U-tube verified that the methyl iodide had escaped from the U-tube

and entered the spray chamber.

In these experiments, the gas phase concentration of methyl iodide

was calculated from a material balance and the 1311 concentration in

the spray solution. Earlier studies (27) on the washout of methyl

iodide by hydrazine sprays indicated that essentially all of the 1311

injected could be accounted for from analysis of the liquid spray

solution, and the residual CH3I in the gas phase. After each of the

runs reported here, the chamber atmosphere was purged through a char-

coal bed which collected CH3I remaining in the gas phase. A careful

*Volk Radiochemical Co., 803 N. Lake Street, Burbank, California.



50

material balance made for the higher temperature runs verified that

virtually all of the 1311 injected was dissolved in the spray solution,

or was airborne.

A schematic diagram of the stainless steel chamber, as outfitted

for the spray washout experiments, is shown in Figure 14. The pressure

drop across the spray nozzles was maintained at 100 psi for the entire

run. Flow rate readings were taken at time intervals during the run.

Wall temperature and atmosphere temperature, which were virtually

identical during the spray periods, were recorded during the spray

period.

Drop size measurements were performed for the nozzles used in

these tests at room temperature. A drop collection method which em-

ployed a two fluid collection cell was used to obtain samples of the

drops near the bottom of the vessel. The measurements are described

fully in Appendix C. The drop size distributions obtained for the

impingement nozzles used in the spray absorption runs in the stainless

steel vessel are shown in Figure 15. The distributions obtained for

the five and nine nozzle arrangements are very similar, if not identi-

cal. For the nine nozzle arrangement, a volume median diameter of

280 microns is indicated, and for the five nozzles, the indicated

volume median diameter is about 270 microns. Drop size measurements

reported earlier (27) for a single nozzle of the same type indicated

a mass median diameter of 140 microns, implying that appreciable drop

coalescense occurred for the multi-nozzle arrangements.

A photograph of the stainless steel spray chamber is shown in

Figure 16, and the nozzle header used in this vessel is shown in
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Figure 17.

Results of spray absorption experiments one and two, carried out

in the stainless steel chamber, are shown in Figure 18 where concen-

tration of methyl iodide in the gas phase is shown as a function of

time. Run 1 was terminated after only about one hour due to a leak in

the pump. Run 2 was a duplication of Run 1, and a comparison of the

results allows a judgment of the reproducibility of the experiment.

The washout rate appears to be reproducible. The removal of methyl

iodide from the gas phase occurred at an initial rate equivalent to

a half-time of 82 minutes for the conditions employed in Runs 1 and 2.

The effect of flow rate was determined in Run 3 by removing four

nozzles from the spray header. The results of Run 3 are compared to

Run 2 in Figure 19. Using five nozzles, the washout rate is decreased

82
in the ratio 125

or 0.65. This is close to the flow rate ratio of

0.59 between the two runs, indicating that the washout rate is approx-

imately proportional to the first power of the total liquid flow rate.

Run 4 was used to assess the effect of hydrazine concentration on

the washout rate. The hydrazine concentration was increased by about

a factor of four over that used in Run 2. The washout rate, as judged

82
by initial washout half-time was faster by a factor of -27= 3.73. The

hydrazine concentration ratio for the two runs was numerically equal

to 3.73, showing that the absorption varied with the first power of the

hydrazine concentration. The time-concentration curve for Run 4 is

shown in Figure 20. Also shown on Figure 20 is the result of Run 5

which was designed to verify Run 4, and to show the influence of ammon-

ium borate on the washout rate. The borate effect was studied because
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spray solutions used in reactor containment systems will use boron com-

pounds as a neutron absorption media. Comparison of Runs 4 and 5 shows

that the borate salt had no appreciable effect on the spray washout

rate. The small difference in washout rate is accounted for by the

difference in the hydrazine concentration.

The results of these five spray runs are tabulated in Table II.

Spray Washout at 120°C

Three spray washout runs were carried out in a pressure vessel

three feet in diameter and eight feet in height. This vessel, made

from mild steel, was coated internally with Phenoline-302
*

paint to in-

hibit corrosion. A wall collection trough was provided near the bot-

tom, which permitted separate collection of wall film and spray drops.

Fiberglass insulation two inches in thickness was attached to the out-

er surface to reduce heat loss, and the steam flow required for iso-

thermal operation. A multipoint recording potentiometer was used to

record the temperatures at 16 locations within the spray chamber.

A photograph of this spray chamber is shown in Figure 21, and a

schematic representation is shown in Figure 22. For clarity, the

thermocouples used for temperature measurement are not shown.

The spray nozzle header, shown schematically in Figure 22, held

nine impingement nozzles of the type used in the stainless steel

chamber. The drop size distribution generated by the nine nozzle

Trademark of Carboline Corporation



TABLE 1I, RESULTS OF RECIRCULATING SPRAY WASHOUT OF METHYL IODIDE
BY AQUEOUS HYDRAZINE SPRAYS

Run
No.

Drop
Size
M.1,10

Microns

Liquid
Flow
Rate
cm3/sec

Fraction
of Liquid
Flowing
on Wall

Initial
Gas
Temp.
(°C)

Initial
Hydrazine
Cancan.
(wt. %)

Duration
of Run
(min)

Initial
Washout
Half-Time
(min)

1 280 56.8 52% 95 4.3 62 82

2 280 56.8 52% 95 4.3 327 82

3 270 33.4 36% 93 4.3 354 125

4 280 56.8 52% 95 16 350 22

5 280 58.0 52% 95 17 291 21



FIGURE 21
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header was measured at room temperature within a transparant plastic

mock-up of the pressure vessel. The plastic sheet mock-up vessel was

used because of the limited access available for inserting a drop

collector within the spray chamber. The method used for making the

drop size measurements is described in Appendix C.

The results of the drop size measurements, for a nozzle pressure

drop of 100 psi, are shown in Figure 23. The volume median diameter

measured is 340 microns which is somewhat larger than 280 microns

measured in the four foot diameter stainless steel chamber. This dif-

ference is probably due to greater drop coalescence in the smaller

diameter vessel.

Run 6, the first of the high temperature washout experiments,

was designed to serve as an initial trial run to establish the washout

rate to be expected with hydrazine concentrations of 5 to 10 weight

percent. The aqueous hydrazine solution was initially at room temp-

erature, causing a temperature drop within the spray chamber after

spraying was begun. The spray liquid was sampled at time intervals

during the spray period, and the samples were analyzed for hydrazine

and for 1311.

The methyl iodide remaining airborne was assayed from samples

withdrawn from the gas phase through "Maypack" sampling trains (20).

This sampling collector contained in series a fiberglass filter, six

silver coated wire screens, a silver membrane filter, a charcoal im-

pregnated filter paper, and a charcoal bed. The "Maypack" sampler is

shown in Figure 24. The sample was pre-heated in an oven to about

135°C before use. It was inserted into the chamber atmosphere during
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sample withdrawal, as shown schematically in Figure 22.

The temperature within the chamber is shown as a function of time

in Figure 25. The temperature varied little from point to point with-

in the chamber. Prior to spray initiation, the temperature was about

126°C. Introduction of the spray liquid (at room temperature) caused

the temperature to drop to 115°C in about 15 minutes.

The measured methyl iodide concentration, expressed as disinta-

grations per minute of 1311 per cubic foot, is shown as a function of

time in Figure 26. The concentration of methyl iodide in the gas

phase is observed to decrease by more than a factor of 103 over the

100 minute spray period. As shown on Figure 26, a single, smooth

curve is used to represent the concentration over the whole run. The

curve may have an inflection point at 15 to 30 minutes after time zero

due to the temperature minimum which occured at 15 minutes, but the

accuracy of the individual measurements does not justify a curve more

complicated than the one shown.

At the end of the run, the washout rate decreased to a rate

equivalent to a washout half-time of about 12 minutes. This is likely

due to she reduction in hydrazine concentration which occurred as a

result of dilution by steam condensate, and by chemical reaction. Ini-

tially the hydrazine concentration was 85 grams per liter, and at the

end of the run the concentration was measured to be 60 grams per liter.

The second spray run at high temperature had three objectives.

First, a recirculating spray with pure water was carried out to deter-

mine the washout rate which would be realized by water without hydra-

zine. Also, there was some hope that the recirculating water spray
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would allow measurement of the equilibrium partition coefficient of

methyl iodide in water. The second part of this run was a once-thru

spray after hydrazine had been added to the spray water. The liquid

which fell in to the bottom of the spray chamber as drops was collected

separately from the wall film liquid. The purpose was to determine the

relative absorption by wall film and drops. The third part of the run

consisted of recirculating spray of hydrazine solution to determine

the removal rate from the gas phase.

The gas phase concentration of 1311 is shown in Figure 27 as a

function of time. Since there is considerable scatter of data, inter-

dretation of the results is somewhat subjective. The scatter is likely

the result of incomplete trapping of methyl iodide by the charcoal bed

of the sampler. Based on the analysis of back-up traps, it was deter-

mined that for the whole run, some 42% of sampled activity passed

through the sampler. Thus in analyzing the data, it was assumed that

58% of the methyl iodide entering the charcoal bed was trapped. In

fact, the fractional retention may have been different for each "May-

pack", which would have produced the scattering shown in Figure 27.

The concentration curve drawn through the points is believed to be the

most reasonable one which could be drawn in light of the operations

performed during the run.

Analysis of the spray liquid during the water recirculating part

of this run, 50 minutes to 155 minutes, permitted calculation of gas-

liquid concentration ratio. The values of gas-liquid concentration

ratio calculated from three liquid samples are shown as a function of

time in Figure 28. The increase in 1311 in the spray water with time
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shows that chemical reaction causes absorption in excess of that which

would occur as a result of physical dissoltuion.

A simple mathematical model was used to estimate the partition

coefficient for methyl iodide in water from the data shown in Figure

28. In this model, it was assumed that the reaction was too slow to

cause appreciable absorption during a single pass, but fast enough

to cause reaction in the liquid reservoir. The first order reaction

rate constant in water was estimated to be 0.074 minute-1, based on

extrapolation of kinetic data obtained at a lower temperature (22, 23).

For a liquid flow rate of 3.4 liters per minute, and for a liquid

volume of 20.7 liters, the partition coefficient calculated from the

slope of the line in Figure 28 is 1.0. This value is in agreement with

the value measured in this study, as shown in Figure 7.

The liquid sprayed during the once-thru period was collected to

evaluate the wall film absorption as compared to drop absorption. Wall

liquid was drained from the tank continuously, whereas the droplet

liquid was accumulated in the bottom of the chamber during the spray

period, and then drained. The results of this once-thru run are given

in Table III.

TABLE III. ABSORPTION BY WALL FILM LIQUID AND DROPS IN RUN 7

Volume of
Liquid
Collected

1311

Absorption

Fraction of Fraction of

Spray Absorption

Volume

Wall Film 6.7 liters 11.5 x108d/m* 0.27

Drops 17.9 liters 8.38 xlO8d /m 0.73

0.58

0.42

d/m disintegrations per minute



73

The liquid accumulated in the bottom of the chamber was drained from

the tank 20 minutes after the spray had stopped. This timing was

required to empty the wall liquid from the measuring tank. Thus ap-

preciable absorption might have occurred in the pool at the bottom of

the tank, making the absorption by drops appear greater than it actual-

ly was. From the data shown in Table III, the wall liquid absorbs

more than 3.7 times as much methyl iodide, on a unit volume basis,

than the liquid falling as drops.

Continued recirculation of the hydrazine solution removed air-

borne methyl iodide with a rate corresponding to a half-life of about

10 minutes. The temperature in the system during this part of the

run was within 2°C of 120°C. Hydrazine concentration during this por-

tion of the run decreased linearly from 52 grams/liter to 42 grams/

liter. The spray liquid flow rate was 3.6 liters/minute.

The third spray run in the pressure vessel was designed to verify

the first two runs. A charcoal impregnated with 12 and KI was used in

place of the non-impregnated charcoal previously used, in an attempt

to eliminate penetration of CH3I through the "Maypack" sampling train.

Also, a careful material balance was made to ascertain that a negli-

gible fraction of the 1311 was retained by the walls of the pressure

vessel. In previous runs, the total amount of 1311 recovered in the

liquid differed by as much as a factor of two from the amount injected.

This discrepancy was believed to be the result of inaccurate pipetting

of methyl iodide into the release U-tube. The very great volatility

of methyl iodide was observed to cause evaporation or bubbling, even

at temperatures reached by dry ice-propanol baths. In Run 8, the CH3I
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concentrate was diluted in 1 cc of methanol, rather than the 0.1 cc

used in previous runs. The lower concentration of CH3I appeared to

lower the vapor pressure of methyl iodide to a point where vaporiza-

tion did not present a problem during pipette transfer.

Run 8 was again carried out at a temperature of about 120°C. A

once-through spray period was used to compare absorption by the wall

film and by drops, and then the spray liquid was recirculated to verify

the washout rate observed in Runs 6 and 7. The gas phase concentra-

tion of methyl iodide for Run 8 is shown in Figure 29. For the once-

through spray, the washout rate corresponds to a removal half-time of

about eight minutes. During this spray period, the 5.14 liters of wall

liquid absorbed methyl iodide corresponding to an activity of 2.49 x107

d/m per liter. The 13.2 liters of liquid which fell into the bottom

of the spray chamber absorbed 1.49 xl07d /m per liter. This latter

absorption amount included the absorption into the pool which occurred

between the time when the spray was finished and the time when the

bottom could be drained from the vessel. Thus pool absorption took

place for about 17 minutes. This would be expected to add appreciably

to the amount of methyl iodide absorbed by the liquid collected in

the bottom of the tank. For this spray period, the liquid flow rate

was 3.4 1 /min, and the temperature in the vessel was 123°C at all

measured points. The hydrazine concentration was 99 grams per liter.

After the wall film and bottom pool liquid were remixed in the

liquid reservoir, the hydrazine solution was circulated through the

spray nozzles for about 60 minutes. The initial washout rate for this

part of the run corresponded to a washout half-time of about 7 minutes.
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The temperature within the chamber remained at 124.5°C for this part

of the run. The hydrazine concentration decreased from 88 to 71 grams

per liter due to dilution with steam condensate and due to chemical

degradation. The flow rate through the spray nozzles decreased grad-

ually during the run from 2.65 to 2.0 liters per minute due to a pro-

gressive buildup in pressure drop across a filter preceeding the noz-

zles.

The results of this run verified the results obtained in the two

prior runs. Data scatter was minimal, and the material balance showed

that retention of 1311 by surfaces within the system was negligible.

Absorption by Single Pass Spray at Atmospheric Pressure

The spray washout measurements carried out at 120°C demonstrated

that a large part of the absorption of methyl iodide occurred in the

wall film. A series of experimental runs were carried out to deter-

mine more fully the relative absorption by the wall film and falling

drops. These runs were carried out in the stainless steel spray cham-

ber shown in Figure 14. The wall trough was valved so that liquid

falling into the bottom of the chamber was collected separately from

the liquid flowing along the wall. The spray solution was heated to

the chamber temperature prior to the beginning of the once-through

spray period. Temperature within the vessel remained nearly constant

during the spray period.

In two of these runs hydrazine was added as the reactive chemical

species, and in two, sodium thiosulfate was the added reactive
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chemical species. Use of sodium thiosulfate provided valuable compar-

ative data.

The gas phase concentration of methyl iodide was measured by

drawing a sample of the atmosphere through two granular charcoal beds

in series. The two beds in series were designed to permit assessment

of the efficiency of methyl iodide absorption within the charcoal bed.

This was considered necessary since it is known that the efficiency of

a charcoal bed is dependent on the amount of moisture present (17).

The volume of the sample was determined from the flow rate of the

sample and the time of sampling. The gas passing through the charcoal

bed was passed through a copper coil immersed in a crushed ice-water

bath. This cooling caused condensation of water present in excess of

the vapor pressure at 0
o
C. The air was then allowed to warm to room

temperature, and its flow rate was measured by a standard variable

area flow meter. From the temperature of the spray chamber atmosphere,

and the volume of air associated with the sample, the sample volume at

chamber conditions was calculated. The charcoal beds were heated in

an oven to about 110°C prior to use,

The spray nozzles used in this series of runs were of the impinge-

ment type, with orifice diameters of 0.040"*. Nine nozzles were used

in the nozzle header shown in Figure 17. The drop size distribution

for nine of these nozzles installed within the spray chamber was meas-

ured at room temperature and at a nozzle pressure drop of 100 psi. The

method used is described in Appendix C. The results of the drop size

*Type P-40, Bete Fog Nozzle Co., 309 Wells Street, Greenfield, Mass.
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measurements are shown in Figure 30. The mass median drop diameter is

about 320 microns, which is slightly larger than the mass median dia-

meter (280 microns) measured for nine impingement nozzles having ori-

fice diameters of 0.020.

In addition to measurement of absorption by the wall film liquid

and liquid collected in the bottom of the chamber, an attempt was made

to measure directly the amount of methyl iodide absorbed. by drops,

This was accomplished by collecting falling drops at the bottom of the

chamber in a collector designed to prevent absorption or desorption

subsequent to collection. A photograph of the pyrex collector used is

shown in Figure 31, This flask was fitted with an air inlet, into

which fresh air was nurged to prevent contact of methyl iodide in the

gas phase, with liquid in the flask c Drops entered through a tube

designed to minimize collection.
of liquid exposed to the gas as a film.

LiQ:uid.

which coalesced on the inlet tube drained away through an annu-

lar space proided betI4-een the Inlet tube and the neck of the flask,

Ten milliter6 of sodium thiosuifate solution (10 weight percent lia1,S2

0,) was plad in the drop collection flasks prior to use so that it

could react chemically with any methyl iodide not yet reacted- This

step may have been unnecessary as the hydrazine in the spray solution

would be expected to immobilize the methyl iodide by chemical reaction.

Methyl iodide used in these runs was prepared by exchanging NaI131

with CHI in methanol. After overnight equilibration at room tempera-

t..,-e, the U-tube was connected to the spray chamber, The volatile

CH1. was transferred to the chamber by passing an air current through

the U-tube
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The results of the single-pass spray experiments carried out at

atmosphere pressure are summarized in Table IV. As noted, the temp-

erature in these runs was near 88°C. The volume of the wall film

liquid amounted to slightly more than half of the total spray flow.

Analysis of the wall film liquid showed that it absorbed about twice

as much methyl iodide per unit volume as the liquid collected in the

bottom of the chamber. Comparison of the average absorption per unit

volume for the drop collectors with the bottom liquid absorption, in-

dicated that about half the observed absorption occurred in the sur-

face of the shallow pool formed at the bottom of the chamber. Thus

the wall film was apparently four times as effective on a unit volume

basis as the falling drops.



TABLE IV (part 1 of 2 parts)

RESULTS OF SINGLE PASS SPRAY WASHOUT MEASUREMENTS AT

ATMOSPHERIC TEMPERATURE

Volume of Volume of Gas Pnase

Wall Film Liquid Collected Concentration

Spray Solutions Average Liquid in Bottom of of CH3I131

Run No. Composition Temp °C Liters Chamber Liters d/m per ml

9 2.2 wt.% N2H4 89 22.2 20.1 71.1

10 1.0 wt. % Na
2
S
2
0

3
88 20.1 17.8 25.4

11 4.4 wt. % N
2
H
4

86 23.0 22.0 30.2

12 1.0 wt. % Na
2
S
2
0

3
87 22.0 20.5 39.7



TABLE IV (part 2 of 2 parts)

RESULTS OF SINGLE PASS SPRAY WASHOUT MEASUREMENTS AT

ATMOSPHERIC TEMPERATURE

Run No.

Conc. of CH31131
in Wall Liquid
d/m per ml

Conc. of CH3I131
in Bottom Liquid
d/m per ml

Conc. of CH
3
1131 in Conc. of CH

3
1131 in

Drop Catcher A Drop Catcher B

d/m per ml d/m per ml

9 445 203 60.5 96.8

10 122 60.4 22.0 51.8

11 259 131 57.3 61.0

12 174 88 34.5 62.2
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V. COMPARISON OF EXPERIMENTAL MEASUREMENTS WITH THEORY

The experimental measurements of methyl iodide absorption were

compared with theoretical predictions discussed earlier in this thesis.

The basic physical data necessary to evaluate the predictions numeri-

cally were taken from literature values, from general correlations,

and from measurements performed as part of this study.

Numerical values of the partition coefficient, which relates the

interfacial concentrations of methyl iodide, were taken from measure-

ments made as a part of this study. The numerical values used in the

predictive calculations were taken from the curve shown in Figure 7

The diffusivities of methyl iodide in water were evaluated using

correlation of Wilke and Chang (32). The diffusivity of a molecular

species in a :liquid was correlated by Wilke and Chang (32) by means

of the equation

7.4 X 10-8
00.6 (32)

where L diffusivity of molecular species in liquid phase,

x association parameter for solvent = 2.6 for water,

m sf, molecular weight of solvent,

viscosity of solvent,

absolute temperature,

V = molar volume of solute species.

The molar volume of the solute, V, was estimated from values of the

atomic volumes for I, C, and H, to be 62.9 cc/g mole for methyl iodide.
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The gas phase diffusivity of methyl iodide was predicted from the

Hirschfelder equation (15)

D

0.001858 T3/2 \1/2

m1m2 )

P ,2
12

where D = diffusivity in a binary gas mixture, m2/sec,

c72 = force constant for mixture, I,

P = total pressure, atm,

T = absolute temp., °K,

QD collision integral, dimensionless

molecular wt. of species 1,

m2 = molecular wt, of species 2.

(33)

For steam-air mixtures, the gas phase diffusivities were calculated

from the Wilke .3.1) equation

DA
1 YA

-8 YC

DAB DAC

where D
A

= diffusivity of methyl iodide in steam-air mixture,

D
AB

= diffusivity of methyl iodide in water vapor,

D
AC

diffusivity of methyl iodide in air,

Y
A

mole fraction of methyl iodide,

Y" mole fraction of water vapor,

mole fraction of air.

(34)
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Experimental data on diffusivity are not available for methyl iodide,

hence error in predictions based on equations 32, 33 and 34 will cause

an error in the predicted washout rate. Available diffusivity data

generally lie within 30% of the value predicted by the correlating

equations, hence the diffusivity predicted for methyl iodide in the gas

and liquid phases is likely in error no more than about 30%. Since

the absorption rate depends on diffusivity to a power less than unity,

the error in predicted absorption rate is expected to be less than

30%.

The reaction rate of methyl iodide with hydrazine was predicted

from experimental measurements of Hasty (14). The second order rate

constant at 25°C is given by Hasty (14) to be 1.1 X 10-3sec-Imo1-1

liter, and the activation energy is reported by the same author as

20.2 Kcal/mole. The experimental measurements were carried out over

a temperature range of 25°C to 65°C. Extrapolation to the temperatures

used in the spray washout experiments was based on the Arrhenius

equation

where k
2

k2 = Ea T A
Qn

R T
1
T
2

)k1

rate at temperature T2,

k
1

= rate at temperature T1,

E
a

= activation energy,

R = gas constant.

(36)

For sodium thiosulfate, the second order reaction rate constant at 25°C
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was taken as 2.84 X 10-2sec-'mole -'liter, and the activation energy was

taken as 18.88 Kcal/mole. These data were obtained from reference 23.

Extrapolation of reaction rate data for the reaction between meth-

yl iodide and hydrazine appears to be justified because of the observed

constancy of the activation energy over a relatively wide temperature

range. The results of Hasty's (14) measurements are shown in Figure

32, where the second order rate constants lie on a straight line over

the measured temperature range of 25°C to 65°C. Hence, extension of

the line to higher temperatures appears to have justification.

Extrapolation of the reaction rate data for the reaction between

methyl iodide and sodium thiosulfate is less satisfactory than the

extrapolation for hydrazine This is so because the temperature

range of the experimental measurements is smaller, and because the

activation energy appears to vary with temperature.

Pseudo-first order rate constants were calcujated by multiplying

the reagent concentrations by the second order rate constant. The

first order treatment if justified because the methyl iodide concen-

trations are very small compared to the concentration of the reactive

reagents in the spray solutions.

Com arison of Recirculating Spray Experiments with Theory

In comparing the measured washout rate with theory, the predic-

tions are based on average conditions over a finite time interval.

This time interval for the recirculating spray runs (1-8) was chosen

as 80 minutes following initiation of the recirculating spray. The

results of the calculations are presented in Tables V, VI, and VII.
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REACTION IN 0.053N NaOH
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In Table V, the absorption parameter, E, (amount of CH3I absorbed per

unit volume of liquid per unit gas phase concentration) is shown for

the three models described earlier in this work. For the runs in

which the reaction velocity was less than unity, the penetration theory

and the turbulent film theory (well mixed film) predict appreciably

faster absorption than predicted by the stagnant film theory. For

the runs in which k was greater than 10, the stagnant film and penetra-

tion theories are in agreement. For these runs, the well mixed film

theory predicts appreciably faster removal than the other two theories.

The results indicate that for low reaction velocities, the solute gas

diffuses all the way through the film so that an appreciable concentra-

tion of solute gas would exist at the solid-liquid boundary. For the

faster reactions velocities, the solute gas is destroyed before it can

penetrate very far into the film. Thus for the high reaction veloci-

ties, the penetration theory and stagnant film theory give identical

predictions.

In Table VII, the measured and predicted washout half-time are

compared with three absorption models based on stagnant drops. Wall

film models include a stagnant wall film, a penetration theory wall

film, and a well mixed wall film. The experimental measurements are

in best agreement with the washout predicted on the basis of stagnant

drops and stagnant wall film. The agreement between predicted and

measured washout rates is remarkably good. The maximum discrepancy is

about 30%, which is within the accuracy of the input data used in the

theory. It is concluded that the absorption model adequately describes

the washout mechansims. It should be noted that the predictive models



TABLE V PREDICTED ABSORPTION PARAMETERS FOR WALL FILM ABSORPTION

IN RECIRCULATING SPRAY EXPERIMENTS

Run
No.

Average
Temp. °C

Wall Film
Flow Rate
cm / sec

r

cm3/cmsec

Calc. Film
surface vel.
cm / sec

k
sec-1 H

Pred.

panet.
theory

E Pred. E Pred.

stagnant turb.

film film

1 82 29.5 0.0767 12.2 0.36 1.27 17.0 11.1 17.1

2 83 29.5 0.0767 12.2 0.35 1.26 16.8 10.8 16.5

3 81 12.0 0.0312 6.7 0.33 1.28 38.9 20.5 28.8

4 84 29.5 0.0767 12.3 1.66 1.25 34.7 32.5 77.3

5 82 30.2 0.0785 12.3 1.41 1.27 31.2 28.9 66.0

6 120 10.3 0.0357 8.3 13.1 1.09 23.1 23.1 634

7 119 17.0 0.0592 11.6 7.84 1.09 107.5 107.5 273

8 123 10.6 0.0370 8.6 18.02 1.09 267 267 840

E



TABLE VI PREDICTED ABSORPTION PARAMETERS FOR FALLING DROPS IN

RECIRCULATING SPRAY WASHOUT EXPERIMENTS

Run No.

MMD
Drop Diam.
microns

Drop Flow
Rate
cm3/sec

Predicted B
stag. drop

Predicted
well mixed
drop

1 280 27.3 2.03 2.53

2 280 27.3 1.99 2.47

3 260 21.4 2.45 2.51

4 280 27.3 3.94 6.96

5 280 27.8 3.70 6.20

6 340 26.4 7.68 33.1

7 340 43.7 5.55 20.5

8 340 27.2 9.06 45.1

B



TABLE VII COMPARISON OF PREDICTED AND MEASURED
RECIRCULATING SPRAY EXPERIMENTS

WASHOUT IN

Run No.

t
1/2

for

stagnant wall
film and drops

t 12 for
penetr theory +
stag. drops

t,/, for t
1/2

tab. film + experimentally

stag. drops observed

1 92.3 min. 63.0 min. 62.5 min. 82 min.

2 95.0 64.0 65.0 82

3 119 67.5 88.5 125

4 32.9 30.9 14.5 22

5 35.9 33.6 16.6 21

6 5.8 5.8 2.21 8

7 7.4 7.5 3.1 9

8 4.9 4.9 1.6 7
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used did not include one with well mixed drops. The fractional absorp-

tion by the drops is not expected to be a large factor, regardless of

the drop model used. This is shown in Table VIII where the predicted

fractional absorption due to falling drops is shown. The predicted

values range from 2.3% to 29%. Thus the overall washout rate would

not be greatly influenced by the drop model.

The drop absorption calculations were carried out using the mass

median diameter to represent the whole drop size spectrum, A discus-

sion of effective mean drop size as applied to this work is given in

Appendix D.

Comparison of Once-Through Runs with Theory

In the single pass runs, fresh spray solution was contacted with

the gas phase, collected, and removed from the spray chamber. A wall

collection trough permitted separate analysis of absorption by the wall

film. The falling drops were collected at the bottom of the chamber

as a shallow pool. This pool liquid was pumped from the chamber as

quickly as possible. In the once-through spray runs, a drop catcher

was employed to collect falling drops in such a way that the liquid

collected contained only the amount absorbed during the fall time.

A summary of the observed and calculated absorption amounts for

wall film, bottom pool, and drops is presented in Table IX. The pre-

dicted absorption coefficients are somewhat higher than the measured

values. The difference is, however, within the error limits of the

input data used in the theory, and hence the agreement is considered



TABLE VIII PREDICTED FRACTIONAL ABSORPTION DUE TO
FALLING DROPS

Run No.

Fraction of Total Absorption Due to Falling Drops

Stagnant Drop,
Well Mixed Wall Film

Well Mixed Drop,
Stagnant Wall Film

1 0.084 0.15

2 0.085 0.15

3 0.112 0.15

4 0.038 0.14

5 0.041 0.14

6 0.025 0.24

7 0.042 0.29

8 0.023 0.27
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as good substantiation of the theory. Especially important is the

observed smaller absorption coefficient for falling drops as compared

to the wall film. This was expected on the basis of the theory, and

this experimental verification permits greater confidence in the

theoretical model.



TABLE IX COMPARISON OF SINGLE PASS SPRAY RUNS WITH THEORY

Run
No.

Average
Temp °C

Solution
Sprayed

E(wall film)
measured

E(wall film)
Predicted
Finite Film

B(drops)
Measured

B(drops)
Predicted
Stagnant
Drops

B(bottom pool)
Measured

9

10

11

12

89

88

86

87

2.5 wt. % N H
L 4

0.64 wt. % Na S,0

4.38 vt, % N H
2 4

0.64 wt % Na
2
S
2
0

3

6.3

4.8

8.6

4,4

7.7

8.1

9.4

6.5

1.1

1.6

2.0

1.2

1.7

1.6

2.0

1.7

2.9

2.4

4.3

2.2
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VI. CONCLUSIONS

Based on the results of this study the following conclusions may

be drawn.

(1) Methyl iodide is absorbed by aqueous hydrazine solutions as a

result of dissolution with chemical reaction in the liquid phase.

(2) The rate of absorption may be estimated on the basis of calcula-

tions of wall film absorption and drop absorption neglecting turbulent

mixing, for the investigated wall film flow rates and drops sizes.

For high wall film flow rates or larger drops, turbulent mixing might

be appreciable, enhancing absorption over the observed rate.

(3) The absorption rate for other reactive materials having reaction

rates in the range of those for the solutions studied in this thesis

could likely be calculated from the laminar film theory provided the

liquid phase reaction rate is known.
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APPENDIX A

Absorption By Stagnant Drops

The rate of absorption of a solute gas by a drop of reactive

liquid may be estimated on the basis of mathematical models which

account for diffusion and chemical reaction. A lower limit to the

absorption rate may be obtained from a stagnant drop model in which

convective mixing is neglected.

For absorption in which mass transfer resistance in the gas and

liquid phases are of the same order of magnitude, one must account for

resistance in both phases. Equation (13) of the text of this thesis

accounts for mass transfer resistance in both phases. Gas phase mass

transfer resistance for absorption of methyl iodide by the aqueous

solutions studied in this thesis is predicted to represent a negligible

fraction of the total mass transfer resistance. Hence equation (14),

a limiting form of equation (13), will adequately describe absorption

by stagnant drops for the present study. In dimensionless form, equa-

tion (14) may be written as

n=.0 i311272

\ a + (a + (in272 ) I 1 - exp(_a_j3,12,2;11

DaC*t
= A,,Tr L

n=1 a + 13n272

where Q = amount of solute absorbed by a stagnant drop,

D = diffusivity of solute in liquid drop,

(114)



a =

C* =

t =

a =

k =

radius of drop,

concentration of solute in liquid at drop surface,

drop exposure time,

kt,

Dt

first order reaction rate constant within the drop.
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Equation (14), which describes absorption into a stagnant sphere under

conditions where the reaction rate is described by a first order rate

law, was evaluated numerically by means of a digital computer (Univac

1108).

The infinite series shown in equation (14) was truncated at a

value of n for which the truncation error was less than 0.5% of the

value of the series. An upper limit to the truncation error may be

calculated by replacing the sum from n to infinity by an integral

which has a greater value. The numerical magnitude of a term in the

a+1
)series is less than

(
) for any particular n. If the quanity

7 2 n2

a+1
For2n2

) is graphed as a function of n, the area beneath the rectangles

formed by the graphing represents the value of each of the terms of a

series. This is shown in Figure A-1. Curve A shown in Figure A-1 lies

above the rectangles, and hence for a given width will enclose a

greater area than the rectangles. Thus, the integral from m=n to

arbitrarily large values of m, is larger than the sum as shown by the

inequality



a+1
f37r2n2
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SHADED AREA = VALUE OF TERM FOR m = n

CURVE A

n-1 n n+1 n+2 n+3

Figure A-1 SCHEMATIC REPRESENTATION OF TERMS OF SERIES

m=.

L. $,T2n2
m=n

m..

m=n

a+1

n2(n-1)2

Evaluation of the integral shown in equation (A-1) gives

a+1 a+1
872(n_1)

m=n

(A-1)

(A-2)

From this relation one concludes that the error in neglecting terms
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a+1
after m=n is less than . For small truncation errors, n

(3n2(n-1)

will be large compared to unity, hence (n-1)/n is approximately equal

to unity.

The error test in the computer program was taken as

a+1
0.005 (sum of terms up to m=n).r371.2n2

(A-3)

The number of terms required to achieve the 0.5% truncation error

depended on the values of a and IS used. The minimum number of terms

required to meet this test was 383, and the maximum number of terms

required was 285,880.

The results of this evaluation are shown in Table A-1. The

numbers shown are the numerical values of the right member of equa-

tion (14).

The drop exposure time was estimated as equal to the fall height

divided by the terminal settling velocity. The settling velocity was

calulated using drag coefficients for spheres. For Reynolds numbers

less than 0.3, the drag coefficient was calculated as

C

where C = drag coefficient,

Re = Reynolds number.

24
---
Re (A-4)

For Reynolds numbers greater than 0.3, the drag coefficient was calcu-

lated as

24
C Re (0.93 0.17 Re0.65) (A-5)
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TABLE A-1

ABSORPTION OF A GAS BY A STAGNANT DROP



ABsORPTIO OF A DAS BY A ,,TABDANT DROP

NUmEPICAI VALUES ARE u/DAET

0=4.0uNT ABSORDF0

D=DIFFUSIVITY Is LIouID

T=EXPOSURE TIME

At-DROP RADIUS

C7.59RFACE CONCESTRAT/0N

DT/A+A

KT

.0010 .0029 .0050 .0100 .0200 .0900 .1000 .2080

.0010 4.3525.0 3.0412+02 1.6773+12 1.2907+02 8.7593+01 5.0787+0. 3.2237+01 1.9154.01

.0020 4.3543+02_ 3.0422112 1.4740+112 1,2912.02 9.7626+01 5.0808+01 3.2252.01 1.9165.01

.0059 4.3580+02 3.0454+02 1.8800.02 1.2926+02 8.7726.01 5.0871.01 3.2297+01 1.9196.01

.0189 4.3662+02 3.4947+02 _____1.5033 +02 1.2950+02 8.7895+01 50977+01 3.2372+01 1.9249+01

.0200 4.3811.02 3.4617+02 1.8900+02 1.2997.02 8.8225+01 5.1187+01 3.2520+01 1.9354+01

.0504 4.4259+02 3.0926.02 1.9456+02 1.3137+02 8.9219+01 5.1816+01 3.2965+01 1.9667+01

.1000 4.4990.02 3.1446+02 1.9427+02 1.3370+02 9.0863.01 5.2855.01 3.3700.01 2.0186+01

.2004 4.6439+02 3.2471.02 2.0075.02 1.3828.02 9.4103.01 5.4905+01 3.5149+01 2.1208+01

.5000 5.0626002 3.5431+02 2.1947+02 1.5152+02 1.0346.02 6.0826+01 3.9336.01 2.4163+01

1.0000 5.7.35+02 4.0030+02 2.4856+02 1.7209+02 1.1801.02 7.0024+01 4.5840.01 2.8755.01

20000 6.5710+02 4.8220+02 3.0038+02 2.0873+02 1.4392+02 8.6412+01 5,7028+01 3.6941+01

50009 9.6326.02 6.7747+02 4.2386+02 2.9604+02 20566+02 1.254602 8.5039+01 5.6458+01

10.0001 1.3047+03 9.1892+02 5.7656 +92 4.0403+02 2.8202+02 1.7376+02 1.1919.02 8,0606+01

20.00011 1.6059+03 1.2734+33 8.0077.0p, 5.6255 +02 3.9412.02 2.4465+02 1.6932+02 1,1605+02

94.0000 2.5206+03 1.993....03 1.2946.05 80343+02 6.2103.02 3.8617+02 2.7080+02 1.8781.02

1000000 3.9730.43 2.8c,65.03 1.77,4+43 1.2483.03 8.7900.02 5.5133+02 3.8618.02 2.6940+02

2000004 0.6110+03 3.9630.53 2.5027+03 1.7680+03 1.2452+03 7.8292+02 5.4993+02 3.8519.02

500.0000 8.8636+03 6.2690+03 3.9580+03 2.7954.03 1.9730.03 1.2433+03 8.7545+02 6.1538.02

1900.0000 1.2530+04 8.8531+03 5.9998.03 3.9560+01 2.7940.43 1.7625+03 1.2426+03 8.7501+02

2300o000 1.7710+04 1.2531+04 7.9205.03 5.5984+03 3.9550+03 2.4971+03 1.7620.03 1.2423.03

4999.9999 2.7980+04 1.9808.04 1.2529+04 8.8550+03 8.2597+03 3.9544+03 2.7928+03 1.9712.03

9999.9996 3.9584+04 2.7907+04 1.7714+04 1.2528+04 8.8551+03 5.5973+03 3.9542+03 2.7927+03



TABLE A-1

continued

ABSORPTION OF A GAS BY A STAGNANT DROP



,OSOPPTIoN OF A GAS BY A STAGNANT DROP

NUJERICA1 VALUES AKE u/DACT

0=AmOUNT ARSORDEp

D.DIFFUSIVITY 1.J L1401U

T.ExPOSURE TIME

A.DROP RADIUS

C=suRFACE CONCE,TRATIoN

OT/A+A

.5000 1.0000 2.1000 5.0900 14.0000 20.0000 50.0000 100.0000

KT
.0010 8.3330+0, 4.1850+10 2.0930.02 8.3724-01 4.1863-01 2.0931-01 8.3726-02 4.1863-02

.0020 00101+0_0 0.10_0_3±00 2,0950+02 8.3606-01 4.1909-01 2.0952-01 8.3810-02 4.1905-02

.0050 8.3586+0, 4.2001+00
.1008.02 8.4050-01 4.2028-01 2.1015-01 8.4060-02 4.2030-02

.0100 8.38900_ 4.2182+00 2.1106+02 8.4457-01 4.2234-01 2.1118-01 8.4477-02 4.2239-02

.0209 8.4512+03 4.2544120 2.1301+02 8.5270-01 4.2647-01 2.1326-01 8.5311-02 4.2657-02

.050n 8.6357+00 4.3623+02 2.1885+00 0.7711 -81 4.3804-01 2.1949-02 8.7813-02 4.3910-02

.1000 8.9411+00 4.5425+00 2.2856+02 9.1773-01 4.5945-01 2.2987-01 9.1984-02 4.5998.02

.2000 9.5446+0. 4.090..00 2.4790+00 9.9003-01 5.0063-01 2.5062-01 1.0032-01 5.0173-02

.5080 1.1299801 5.9465+00 3.0523+00 1.2409+49 6.2386-01 3.1279-01 1.2533-01 6.2697-02

1.0000 1.4e52+01 7.6222+12 3.9055+00 1.6402+00 8.2817-01 4.1614-01 1.6695-01 8.3559-02

2.000, 1.9054+02 _1.0744+01 5.7748+01 2.4241+00 1.2329+00 6.2181-01 2.5004-01 1.2524-01

5.0000 3.11.62401 1.0730+01 1.0620.01 0.6600.00 2.4157+00 1.2309.00 4.9800-01 2.4996-01

1..0000 4.6377401 .
2.9217+01 1.7445+01 8.0897+00 4.2969+00 2.2206+00 9.0696-01 4.5672-01

29.0000 6.8+88.01 4.4977.01 2.6244+02 1.4036+01 7.7579+00 4.1122+00 1.7093.00 8.6622.01

29+0900 1.1317+02 7.7057+01 5.0816+01 2.7660+01 1.6414.01 9.2029+00 4.0014+00 2.0637+00

100000, 25+7,02 2.1254+2, 7.6613+01 4.3857+01 2.7466.01 1.6285+01 7.4925400 3.9644.00

20.0000 2.3900+92 1.6933+92 1.1323+02 6.7003 +01 4.3717+01 2.7366+01 1.3538.02 7.4593,00

59..0000 3.8460.02 2.6824+02 1.8603.02 1.1304+02 7.6259+01 5.0254+01 2.7310+01 1.6182.01

1000.0000 5.4881.92 3.8449+02 2.6814+02 1.6497+02 1.1298.02 7.6214+01 9.3605+01 2.7291.01

2000.0000 7.5113+02 5.9867+02 3.6430+02 2.3844.02 1.6493+92 1.1295+02 6.6824+02 4.3591+01

9999,9999 1.2421+92 .8.7465+02 6.1462+02 3.8424+02 2.6892+02 1.8585+02 1.2293.02 7.6179+01

9999.9996 1.7617+03 1.2421+03 8.7461+02 5.9856+02 3.8422+02 2.6801+02 1.6469.02 1.1292.02
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The settling velocities of drops in a saturated steam-air atmosphere

(1 atm of dry air at 20°C) are shown in Table (A-2)

TABLE A- 2 TERMINAL SETTLING VELOCITIES OF WATER DROPS

IN STEAM-AIR ATMOSPHERES

Terminal Settling Velocity - cm/sec

Drop
Diameter 40 60

Temperature
80

- °C
100 120

100 25.5 23.6 23.5 23.2 22.9

180 61.8 57.8 56.8 54.9 52.5

300 118 111 108 103 96.2

550 226 214 206 194 179

1000 399 379 364 340 311

In addition to the settling velocities, the diffusivity of methyl

iodide in the drop must also be known before absorption can be pre-

dicted. As noted in the text of this thesis, diffusivity of methyl

iodide in water was predicted from the corelation of Wilke and Chang

(32). The numerical values obtained as a function of temperature are

listed in Table A-3.
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TABLE A-3 CALCULATED DIFFUSIVITY OF METHYL IODIDE IN WATER

T °C D - cm2/sec

40 2.04 X 10-5

60 2.94 x 10-5

80 4.22 X 10-5

100 5.58 x 10-5

120 7.23 X 10-5
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APPENDIX B

Measurement of the Partition Coefficient

of Methyl Iodide Over Water

The data and procedural descriptions given in this appendix are

intended to fully explain the measurement method used to determine the

partition coefficient of methyl iodide over water. The data given

are those needed to calculate equilibrium partition coefficient.

Accurate volume measurements were not made for Run 1, and hence

the partition coefficient could not be calculated. In Run 2, the

effect of agitation of the temperature at which the methyl iodide

phase disappeared was explored. It was found that violent shaking

was required to insure a rapid approach to equilibrium. A sufficiently

vigorous agitation was characterized by entrainment of gas bubbles

in the liquid, and dispersion of the methyl iodide phase into small

drops suspended in the liquid water phase. The first two runs were

exploratory in nature, and the data obtained are not listed here. In

Run 5, the gas phase was too small to permit entrainment of gas bubbles

in the liquid. For this reason equilibrium could not be rapidly

attained, and the vials were discarded. In Run 4 and Run 7 one of

the prepared vials cracked before the experimental procedure had been

completed, -nd hence complete data were not obtained. Except for the

exploratory runs and the two cracked vials, the results of all measure-

ments are reported here.

The procedure used in carrying out the partition coefficient
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measurements is as follows

(1) A vial was fabricated from borosilicate glass tubing having an

outside diameter of 16 cc. A flame-sealable neck was drawn on

one end of the vial.

(2) The vial was weighed on a balance to the nearest 0.0001 grams.

(3) Water was added to the vial by means of a hypodermic needle and

syringe. Approximately 5 cc of water was used.

(4) The vial was reweighed, and the amount of water in the vial was

calculated from the weight increase.

(5) Methyl iodide was added by means of a hypodermic needle and a

small syringe.

(6) The vial and contents were cooled by contacting with crushed

solid CO2. This was necessary to prevent subsequent evaporation

of methyl iodide from the vial.

(7) The vial was reweighed, and the weight of methyl iodide added

was calculated from the weight increase.

(8) The vial was sealed with a fine oxygen-propane flame.

(9) The vial and seal tip removed were reweighed to verify that

weight was not added or lost during the sealing process. The

weights before and after sealing were typically within 2 milli-

grams.

(10) The external volume of the sealed vial was determined by weigh-

ing the vial when it was immersed in water at 20
o
C.

(11) From the preliminary partition coefficient data, the temperature

at which the methyl iodide phase would disappear was estimated.
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(12) The vial was placed in an oil bath heated to cause a steady

rise of about 0.3°C per minute. The vial was placed into the

oil when the oil temperature was a few degrees below the esti-

mated phase-dissappearance temperature. The vial was vigorously

agitated.

(13) The temperature at which the CH3I phase disappeared was noted

to the nearest 0.1°C. The vial was then submerged in cold

water to slow the chemical reaction rate between methyl iodide

and water,

(14) Procedures (12) and (13) were repeated several times to define

a curve of dissolution temperature versus bath temperature. The

time interval for which the vial was in the bath was noted.

This permitted a plot of dissolution temperature versus time to

be found. Extrapolation of the curve to zero time permitted

estimation of dissolution temperature for negligible degradation

of methyl iodide by chemical reaction.

(15) From the dissolution temperature at zero time, the partition

coefficient was calculated by assuming ideal gas behavior and

immiscible liquid phase behavior.

The internal volume of the vial was calculated from the measured

external volume and the weight of glass in the vial. Since the

density of the glass enters the calculation, the density of the

glass tubing used was measured. This was done by weighing a vial,

and then determining its volume by weight loss on immersion in water
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at 20
o
C. The results of the glass density measurements are presented

in Table B-I.

TABLE B-I DENSITY OF GLASS

Vial

Weight of
Glass

Weight Loss
H2O @ 20 °C

in Calculated
Density

*

1 11.2629 5.1227 2.1947

2 10.4855 4.7060 2.2241

3 10.8692 4.8750 2.2256

4. 10.5363 4.7269 2.2250

5 11.1107 4.9850 2.2248

6 10.6191 4.7609 2.2260

7 10.5888 4 7426 2.2287

8 10.8797 4.8793 2.2258

11.3527 9,0889 2.2269

**

10 11.1231 9289 2.2526

Average 2.226

* low value, not included in average

** high value, not included in average

The average density measured was 2.226 g/cc and this value was used

in the calculations required to calculate the total internal volume.
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The weight measurements which are needed to calculate the pliese

volumes and the amount of methyl iodide present are tabulated in Table

B-2.

*
TABLE B-2 WEIGHT MEASUREMENTS FOR SEALED VIALS

Run Vial Weight of Weight Change Weight Weight

Number Number Class on Immersion U20 CE3i

3

3

2

3

10.9709

10.2769

10.6622

18.3133

17.5741

17.9417

4.6820

4.5382

4.5277

0.1495

0.1330

0.2438,

i 10.3801 17.7792 4.3982 0.2518

L
5 10.8857 18.2299 4.6324 0.2832

10,35/0 17.1901 4.3270 0.2717

10.3601 17.1441 4.3518 0.3251

,, 10 W3, 18.1196 4.5224 0.111-9

-, 1!: i,,,f.: 4.7500 0..1507

L; [0.8805 4.58's3 0.156)

4 18.8390 4.4660 0.2568

10,7410 15.5284 4.5305 0.2987

10.8653 18.0856 4.5406 0.4187

6 l 8.6828 14.7827 4.9849 0.1927

8.961.5 14.7294 4.9609 0.1935

all *Lights are in grams
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TABLE B-2 WEIGHT MEASUREMENTS FOR SEALED VIALS

Continued

Run Vial Weight of Weight Change Weight Weight

Number Number Glass on Immersion H2O CH3I

6 3 9.4224 16.4909 5.4148 0.2597

6 4 9,3798 16.2914 5.5138 0.2683

7 2 9.7936 16.5721 4.9622 0.1518

7 3 9.5978 16.5800 4.9470 0.3917

7 4 9,6076 15.7095 4.9633 0.4006

The observed temperatures at which the methyl iodide phase

disappeared are tabulated in Table B-3. Also included are the inte-

grated times for which the vial was immersed in the oil bath.

TABLE B -3 TEMPERATURE AT WHICH CH3I PHASE DISAPPEARED

Run Vial Repitition Number

1 2 3 4 5 6

3 1 55.5 55.0 54.5

(10.5) (17.0) (23.5)

3 2 51.4 51.6

(17.0) (25.5)

The temperatures shown are °C. The numbers in parenthesis below

the temperature are the total times in minutes for which the vial

was immersed in the oil bath.
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TABLE B-3 TEMPERATURE AT WHICH CH3I PHASE DISAPPEARED

Continued

Run Vial Repitition Number

1 2 3 4 5 6

3 3 81.5 80.0 79.1 78.8

(9.0) (16.5) (20.3) (25.5)

3 4 83.8 83.5 82.8 82.2

(5.0) (8.0) (14.0) (21.5)

3 5 89,0 88.5 87.5 87.0

(5.0) (7.5) (12.0) (16.8)

3 6 90.2 89.5 88.2 87.8

(5.8) (9.4) (14.0) (19.0)

3 7 98.8 97.2 95.8 95.0

(4.5) (9.0) (13.0) (18.5)

3 8 45.5 45.3

(11.0) (19.5)

3 9 56.8 56.2 56.2

(5.0) (9.0) (14.0)

3 10 60.3 59.5 59.0 58.5

(2,8) (5.8) (10.0) (15.5)

4 83.9 82.5 82.0

(2.0) (8.4) (12.5)

4 3 91.8) 90.8 90.0

(2,0) (8.0) (11.3)

4 4 108.9 106.8 105.0

(4.0) (8.5) (11.0)

6 1 82.3 79.2 77.8 76.8 76.0 75.2

(2.3) (6.7) (14.0) (22.0) (30.0) (38.5)

6 2 80.5 79.4 78.6 77.5 76.3

(2.5) (9.4) (18.0) (30.0) (38.0)

6 3 90.0 89.2 87.8 86.0

(2.5) (6.4) (12.5) (19.6)
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Continued
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TEMPERATURE AT WHICH CH
3
I PHASE DISAPPEARED

Run Vial Repitition Number

1 2 3 4 5 6

6 4 91,5 89.6 87.8 86.1

(4.5) (12.0) (19.6) (28.9)

7 2 60.0 59.8 59.6

(6.0) (15) (25.0)

7 3 229,5°F 224.5°F 218°F

(3.5) (7.0) (11.3)

7 4 233°F 226°F 220°F

(5.5) (10.0) (14.0)

From the measured temperatures and times, the phase disappearance

temperature was extrapolated to zero time. This temperature would

be that for no chemical reaction with the water, so that the material

balance would apply. In Table B-4, the temperature predicted for

zero time is given, also presented are the concentrations calculated

for the gas and liquid phases, and the partition coefficient.

TABLE B-4 PHASE DISSOLUTION TEMPERATURES, CONCENTRATIONS,

AND PARTITION COEFFICIENTS

Run Vial Temperature C1 Cg

at t=0, °C (g/cm3) (g/cm3)

H

3 1 56.2 0.01555 0.00878 1.77
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TABLE B-4 PHASE DISSOLUTION TEMPERATURES, CONCENTRATIONS,

AND PARTITION COEFFICIENTS

Continued

Run Vial Temperature Cl Cg H

at t=0, °C (g/cmi) (g/cm-')

3 2 51,5 0.01490 0.00771 1.93

3 3 82.5 0.02245 0.01641 1.37

3 4 84,1 0.02295 0.01722 1.33

3 5 89.5 0.02400 0.01966 1,22

3 6 91,1 0.02370 0.02055 1,15

3 7 99,4 0.02960 0.02405 1.23

8 45.8 0,01376 0.00650 2.11

9 57.0 0.01478 0.00898 1.65

3 [0 60,2 0.01516 0.00978 1,55

4 1 83.7 0.0206 0.01731 1.19

3 92,4 0.0238 0.0207 1.15

111 0.0326 0.0311 1.05

78.9 0.0201 0.01558 1.29

6 80.4 0.0206 0.01583 1.30

90.6 0.0225 0.02010 1.12

6 4 92,3 0.02325 0.02125 1.09

2 60.4 0.01638 0.009725 1.68

3 112.4 0.0322 0.03095 1.07

4 116.1 0.0371 0.0335 1.10
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APPENDIX C

Measurement of Drop Size Distribution

from Spray Nozzles

Drop size is an important parameter in spray chamber absorption.

Hence, the drop size distribution produced by the spray nozzles used

in the washout measurements was measured.

Drop sizes can be determined from high speed photography, and by

collecting the drops. The collected drops may be measured directly,

or indirect means for inferring the size may be imployed.

Suitable equipment was not available to permit use of photographic

means for drop size measurement, and the indirect methods all require

careful calibration. Hence, the so called absolute method was chosen,

in 7,thich the drol:-,s are themselves collected and sized microscopically,

The drops were collected in a cell which employed two fluids,

-t-h of which were immiscible with water, A very viscous immersion

Oil Va6 used for the bottom layer. This fluid served to support the

water drops without causing appreciable flattening. This oil

lighter than water, and the drops eventually settled to the bottom of

the cell where they wet the supporting glass slide. The oil viscosity

was high, causing the drops to remain in suspension for several hours,

This provided ample time for sizing the collected drops, The upper

fluid layer, kerosene, was used because its low viscosity permitted

the failing drops to easily penetrate the surface. A sketch of this
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cell is shown in Figure 1-C.

The drop collection cell contained two concentric containers.

This was necessary to insure that the interface between the oil and

the kerosene was flat. Initial tests using a single cylindrical

container for both fluids showed that the oil-kerosene interface

assumed a meniscus shape, causing collected drops to roll along the

interface and coalesce. By filling the inner container exactly to

the top, a virtually flat interface was achieved, and the drops

settled into the viscous oil without rolling along the oil-kerosene

interface.

The collection cell was exposed to the spray using a stationary

canopy which incorporated a slit having width of 0.125" and a length

of 1.75". The cell was exposed by sliding it beneath the slit at a

rate such that 20-50 drops were collected. The drops were thus

relatively far apart, -nd coalescense subsequent to collection was

negligible. A sketch of the cell exposing chamber is shown in Figure

2-C.

A surfactant was swabbed onto the upper surfaces of the exposing

chamber before each collection. The surfactant minimized the produc-

tion of small crops by the shattering of large drops falling onto

the top of the chamber.

The spray nozzles were located near the top of the spray chambers.

The drops were collected close to the bottom of the tower, hence

travelled about eight feet vertically before being collected. Three

radial sampling positions were chosen to permit any variation in
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0.751'01) Tubing

0.50HOD Tubing

Kerosene

Viscous Oil

Microscope Slide

FIGURE C-1. CROSS-SECTIONAL VIEW OF DROP COLLECTION CELL



Slide

121

Drop Entry Slit

Water Absorbing Blotter

1111.111711111117111.1116.11M. 1111m..........1101116.

FIGURE C-2. CROSS-SECTIONAL VIEW OF CELL EXPOSING CHAMBER
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drops size with respect to radius to be accounted for. Approximately

170 drops were sized at each radial position, so that about 500 drops

were sized for each nozzle.

The size distributions obtained at each radial position differed

somewhat. The overall size distribution for all the spray falling in

the tower was obtained by weighing the volume size distribution at each

radial position with the spray density for that region. The spray

density pattern was determined for each nozzle by collecting the

sprayed liquid in 25 glass funnels placed within the chamber.

The diameter distribution at each sampling location was con-

verted to a volume distribution by cubing each measured diameter.

The distribution of particle volumes was displayed by making a cumla-

tive plot on a logrithmic-probability graph.

It should be recognized that this collection method would be ex-

pected to be satisfactory only for relatively small drops. Tate (C-1)

quotes work of Rupe who studied break-up of water drops impacting an

air-kerosene interface. According to the results of Tate (1-C) drops

greater than about 600 microns in diameter falling at terminal velocity

would suffer shattering on impact with a kerosene surface. The drops

generated by the nozzles in this study were found to be appreciably

smaller than 600 microns. Virtually no drops as large as this were

observed.

All drop sizing was done at room temperature. While some effect

of temperature would be expected, the net effect would be small.

Correction for interfacial tension, viscosity, and density would be

made on the basis of emperical corelating equations, but the correction
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factor would represent a second order effect.
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APPENDIX D

The Use of a Mean Size to Represent a

Drop Size Distribution

In the body of this thesis, drop absorption for a spray was

evaluated using the mass median diameter to represent the whole spray.

The rationale in selecting the mass median drop size for the methyl

iodide absorption rate is discussed in the following paragraphs.

By definition, the proper choice of a mean drop size is the one

which will yield the same predicted absorption as would be obtained

by dividing the size distribution into an arbitrarily large number of

size increments, and applying the absorption theory to each size.

Thus the question of a mean drop size arises only when one considers

a mathematical model to describe a particular process. The proper

choice of the mean drop size depends on the exact form of the mathe-

matical model chosen to represent the process of interest. Mugele and

Evans (D-1) have considered several types of mean drop sizes which

apply to chemical engineering operations involving sprays.

In the present study, absorption controlled by liquid phase

resistance is the mechanism which controls the washout of methyl iodide

by sprays of aqueous hydrazine solutions. Two models for drop absorp-

tion were developed to represent limiting cases. In the first model,

it was assumed that the drops were stagnant spheres, and that they

were exposed to the gas for a time equal to the fall height divided by

the settling velocity. In the second model, the drops were assumed
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to remain well mixed during the fall height based on terminal settling

velocity. These models will yield predictions which will represent

lower and upper limits on drop absorption respectively.

From a material balance on the gas phase of a spray chamber with

zero input of methyl iodide and for no gas flow into or out of the

chamber, one may relate the rate of change of concentration of airborne

solute to the spray and system parameters. The rate of change of con-

centration due to drops is

dCg

dt
drops

Cg

= LDB
V

where Cg = gas phase concentration of solute,

V = volume of spray chamber,

LD = flow rate of drops through chamber,

amount absorbed
B = drop absorption parameter

(unit volume)(Cg)

(1-D)

The absorption parameter, B, may be related to the amount absorbed by

a single drop as it falls through the chamber.

B =

Q

6 g

(2-D)

where Q = amount of solute gas absorbed by a drop of diameter, d,

during a single pass.

Substitution of equation (2-D) into equation (1-D) gives an expression

for the washout rate in terms of, Q, the amount of solute absorbed by



a single drop during a single pass through the chamber.

dC

dt drops

6 LD (Q

VIT 3
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( 3--D )

Equation (3-D) is for a single drop size. If a spray is considered to

consist of, i, different sizes, each having a volumetric generation

fraction, Fi, the washout rate obtained from equation (3-D) is

dC S 6 LD Fi Qdi

dt
L 7v

c1.3
drops i

(4D)

where Fi = volumetric fraction of spray having drop diameter of di,

Qdi = Q for a drop size of diameter di,

d. = diameter of drops in i-th size interval.

In the limit a continuous drop size distribution may be handeled by

equation (4-D) by letting the number of size intervals, i, increase to

a large value.

The correct mean drop size is by definition the one for which the

absorption is calculated to be the same as for the whole spectrum.

Letting the correct mean drop diameter equal d, the absorption rate is

. 6 LD (Q1
71 3dt drops VIT (5-D)

Equating the absorption rates defined by equation (5-D) and equation

(4D) gives

Fd. Qd
Qa , 1 i

. ,

a3 Z- a 3
a.

(6D)



The correct mean drop size is, from equation (6-D),

\ 1/3

di 3
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From equation (7-D) it is evident that the numerical value of d depends

on the model used to predict Q and on the shape of the size distribu-

tioncurvewhichdeterminesF..The mean drop size represented by

equation (7-D) does not correspond to any of the simple means such as

surface mean, volume to surface mean, or mass median.

The numerical value of d was evaluated for several reaction rate

constants, and for the two limiting models, for the drop size distri-

bution shown in Figure 23. A temperature of 100°C was chosen to

evaluate toe drop settling velocity and the diffusivity of methyl

iodide within the drop. The values of settling velocity and diffu-

vity estimated for this temperature are listed in Appendix A. The

results this calculation of mean drop size using 20 drop size in-

crements to represent the distribution are summarized in Table 1-1).

The left column in Table 1-D shows the assumed values of the

pseudo-first order reaction rate constants. The middle column of this

table shows the ratios of mean diameter for well mixed drops to the

mass median diameter. The right column shows the ratios of mean dia-

meter for stagnant drops to the mass median diameter. The results of

this calculation show that for the conditions employed in the spray

,=1"bers studied in this thesis, the true mean is within 14% of the



129

TABLE 1-D MEAN DROP DIAMETERS FOR DISTRIBUTION SHOWN IN

FIGURE 23

sec-1
well mixed astagnant

0.1 0.89 0.94

1.0 0.89 0.89

10.0 0.92 0.86

mass median diameter. The value of the absorption parameter, B, de-

pends on the value of the drop diameter to a power smaller than two.

Hence the value of B predicted by use of the mass median diameter is

smaller than that predicted by the correct mean by less than 30%.

In the spray chambers used in this work, the drops accounted for

a relatively small part of the overall absorption; hence the error

introduced by using the mass median diameter in place of the correct

mean is negligible. For the single pass experiments in which absorp-

tion was measured directly, the influence of the mean is more important

than in the other spray washout experiments. For the conditions of the

once-through runs absorption predicted on the basis of the mass median

diameter is expected to be some 20% less than for prediction using the

true mean. The drop absorption experiments performed here cannot be

considered definitive, hence refinement of the prediction by use of

the true mean doesn't appear warranted.

For the present study it has been concluded that the mass median

diameter is an acceptable mean in characterizing a spray for absorption
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with liquid resistance controlling. This conclusion is not general,

and for different conditions the mass median might prove unacceptable.

Each case should be examined to establish the potential error intro-

duced by using a mean size different than the true mean.
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NOMENCLATURE

Symbol Units Definition

A cm2 surface area

a cm radius of a drop

Aw cm2 interfacial area of wall
liquid film

B none amount of solute absorbed
per unit volume of drops
per unit gas phase concen-
tration

C mole cm-3 concentration of a chemical
species

C* mole cm-3 concentration at surface in
equilibrium with gas phase

Cg mole cm-3 concentration in bulk of gas

mole cm-3 concentration in gas at

interface

Cho mole cm-3 concentration in bulk of gas
at zero time

mole cm-3 concentration in liquid at
interface

Ci curie unit of radioactivity = 307
x 10" distintegrations per
second

D cm2sec-1 diffusivity of a chemical

species

DA cm2sec-1 diffusivity of methyl iodide
in steam-air mixture

DAB cm2sec-1 diffusivity of methyl iodide

in water vapor
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Nomenclature (cont.)

Symbol Units Definition

DAC
cm2sec-1 diffusivity of methyl iodide

d/m min-I radioactive disintegration
rate

E none absorption by wall film per
unit volume of liquid per
unit gas phase concentration

G mole sec-1 input rate of a chemical
species to a.gas phase

g cm sec-2 acceleration due to gravity

H none equilibrium partition
coefficient

h CM-i diffusion parameter = kg/HD

k sec 1
first order reaction rate

constant

cm sec-I mass transfer coefficient in

as phase

hp cm sec -i mass transfer coefficient in

liquid phase

cm -J sec-I drop flow rate

seccm3 -1
T

wall film flow rate

M q mole-1 molecular weight

iri q mole-1 molecular wt, of species 1

in gas mixture

q mole-1 molecular wt. of species 2
m2

in gas mixture

cm
distance measured normal to

an interface

P atm pressure
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Nomenclature (cont.)

Symbol Units Definition

P
v

atm vapor pressure of methyl

Q mole

q mole cm-2sec-I

0<gas film mole

0max
mole

qt
mole cm-2=ec-1

mole cm-3sec

Ii er atm -1111°1 -1

iodide

amount of solute absorbed
by a drop

absorption rate into wall
liquid film

amount of solute absorbed
by a drop where the concen-
tration at the surface of the
drop is zero

amount of solute absorbed by
a well mixed drop

absorption rate into well

mixed liquid film

volumetric generation rate
of a chemical species

gas constant

r cm distance measured radially
from center of a sphere

T degrees temperature

t sec time

V. cm3mole-1 molar volume of solute

17
, cm-3 volume of liquid phase

cm3 volume of gas phase

max

vz

cm. sec -1

cm sec °

cm sec-1

cm sec

maximum liquid velocity in

a thin film

fluid velocity in x direction

fluid velocity in y direction

fluid velocity in z direction
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Nomenclature (cont.)

Symbol Units Definition

X none association parameter in

liquid phase

x cm distance measured in x

direction

g
total wt, of CHI in vial

WCH3
3

Y cm
distance measured in y

direction

none mole fraction of methyl
-A iodide in gas phase

none mole fraction of water
vapor in gas

none mole fraction of air in

gas phase

cm distance measured in

direction

An cm-' nth root of acIri cot t9.ctn

t ah I ° 0

msec wall liquid film flow rate
per unit; perimeter

thIckaess of wat liquid
film

P
m,r2fon mir,--Iroma-cer

g cm- sec- coefficient of viscosity

i cm-sec '
kinematic viscosity

02
force constant for gas

mixture

dyne cm' shear stress at wall


