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SUMMARY

A possible method for obtaining water with rela-
tively high concentrations of dissolved oxygen is that of
spraying oxygen deficient water into a tank pressurized
with nearly purevoxygen; The water spray ﬁould fall
through the oxygen atmosphere, absorbing oxygen as it did
so, and strike a receiving pool from'which water could be
- withdrawn to enrich oxygen deficient waters. A theoreti-
cal and experimental invesgstigation is conducted to investi-
gate the feasibility of such a method.

A literature review is made of the basic interphase
mass transfer theories with emphasis ﬁpon development from
fundamentals.of mass conservation., Two film, penetration,
boundary layer, and turbulence theories are discussed.

Mass transfer in liquid droplets is discussed ex-
tensively. The effects of droplet circulation and surface
tension are discussed. Theoretical equations for transfer
efficiencies, i.e., fractional increases in oxygen absorbed,
and film coefficients are reviewed. Stagnant, circulating,
turbulent, and oscillating droplet models are discussed.

The experimental study employed a 75 gallon tank
into which water was sprayed through 0.082 and 0.125 in.
diameter whirl chamber type nozzles. Total operating pres-

sures ranged from zero to approximately 110 psig with
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partial pressures of oxygen from approximately 10 to 50 psi.
Flow rafes varied from one half to one and one half gpm
while mean dropletrdiameters varied between 6x10"3 and
12}{10_3 cm. Drop Reynolds numbers varied between 526 and
1695.

Oxygen concentrations were measufed with galvanic
cell oxygen analyzers. Calibration studies attempted to
evaluate the analyzer sensitivities not only at normal
atmospheric pressure but also at total pressures nearing
110 psig. Unexpected, sudden changes in analyzer sensi-
tiirities were observed in some instances when the analyzers
were subjected to pressures as low as 20 psig. This be-
havior, which could not be explained, restricted the range
of experimentation.

The measured disscolved oxygen concentrations were
used to determine overall transfer characteristics of the
system under various operating conditions. Transfer |
efficiencies were correlated with the dimensionless time
parameter, Ddtct/az’ where Dd is the diffusivity of oxygen
in water, t,; is the time of contact of the droplet with the
oxygen atmosphere, and a is the mean droplet radius. Over-
all transfer efficiencies for the smaller diameter nozzle
ranged from approximately 2.3 to one, decreasing with in-
creasing values of the dimensionless time parameter, while
efficiencies for the larger diameter nozzle increased with

increasing values of the time parameter, reaching approxi-




mately one at a dimensionless time of 0.2. For the range
of pressures developed, fifteen-fold increases in dissolved
oxygen concentrations could be obtained, 120.mg/1 concen—
trations being obtained in some instances.

An effective diffusivity ratio, i.e., basically the
ratio of the observed‘diffusivity to that predicted by the
stagnant droplet model, was determined from some of the
_experimental results after approximate corrections for end
effect transfer. The effective diffusivity ratio was found
to be %3.3. The asymptotic value of the time éverage trans-
fer coefficient indicated that the transfer was similar to
that predigted by both the circulating and turbulent drop-
let models. |




CHAPTER I
INTRODUCTION

Background

Pollution of natural watercourses is a serious and
growing problem in the United States. Each year the quality
of many surface waters decreases. The heavy pollutant load

continually discharged into this country’s rivers and lakes

causes increasing deterioration of these surface waters (200)%,

Good quality surface water has dissolved oxygen con-
centrations near saturation levels (2). Sewage discharged into
natural watercourses, because of the oxidation of the organic
matter contained in it, causes decreases in dissolved oxygen
concentrations, such decreases sometimes becoming so great
that anaerobic conditions occ¢ur over areas of considerable
extent. In a river with adequate aeration and sewage dilution,
dissolvea oxygén concentrations will eventually return to
former levels if the river is not over taxed with additional
pollutant loads. Natural pufification is never fast, however,
and undesirable conditions may exist over long reaches of a
river (58).' In many lakes, natural circulation and aeration

rates may be so low that continual discharge of sewage into

*Numbers in parentheses refer to literature citations in
bibliography.




them results in drastically low levels of dissolved oxygen
concentrations, particularly in the iower strata of deeper
lakes where nearly stagnant conditions may exist.

To overcome the problem of oxygen deficlency in natu-
ral watercourses, one obvious solution would be to reduce.the
pollutant load of sewage through increased sewage treatment
prior to discharge. Another method, however, which might
prove advantageous in maﬁy cases, would be the introdﬁction
of water with high concentrations of dissolved oxygen di-
rectly into bodies or reaches of oxygen deficient water.

The water so introduced could possibly have a dissolved
oxygen concentration level above the saturation level norm-
ally encountered in fhe surface strata of natural waters.
Introduction of such water would appear to be highly bene-
ficial and effective in returning oxygen concentration levels
in a natural watercourse to desirable levels.

Introduction of water with high concentrations of dis-
solved oxygen directly into oxygen deficient waters seems to
offer several advantages. By merely pumping the oxXygen con-
centrated water from its point of production to its point of
use, the water could be injected at the exact locale where
conditions were the most severe. The problem of oxygen
deficiency could be attacked at the point where it exists.
Furthermore, the relatively slow and not always predictable
natural transport of a river or lake would not have to be

relied upon to carry high quality water to regions of low




quality. Transport of this water with high oxygen concen-
trations to its point of use would be quick, direct, and
reliable.

Not only could the oxjgen enriched water be intro-
duced at the desirable loqale, but it could also be injected
directly into the particular water stratum which was most
severely deficient in oxygen. Thus even in deep lakes with
stagnant lower strata, oxygen levels could be increased. 1In
the lower portions of the pool behind a dam, for instance,
in which oxygen deficiency is sometimes severe, this highly
concentrated water could be injected. Removal of water from
the deeper pool elevations for passage through turbines would
not then result in the movement of large quantities of oxygen

deficient water downstream. Furthermore, by varying the.

" oxygen concentration in the injected water, saturation levels

could be conceivably approached in all levels of a lake, not
merely surface strata,

High levels of concentration would also mean that only
relatively small quantities of water need be introduced in
some instances., A sufficiently high dissolved oxygen con-
tent of the injected water would mean that considerable di-
lution of the injected water could occur while still providing
enough oxygen to substantially increase oxygen levels in the
river or lake.

Thus this method of increasing dissolved oxygen levels
in a natural body of water has advantages which make it worthy

of consideration.




Purpose and Objectives

Given that introduction of water with high levels of
dissolved oxygen directly into a natural watercourse appears
to offer promise, the question ariges as to how these high
concentrations could be obtained. One method, the method to
be examined here, might be that of spraying water, with rela-
tively low oxygen concentration levels, into a nearly pure
oxygen atmosphere under pressure. Since the saturation con-
centration of a gas in a liquid is a function of the partial
pressure of the gas, the use of pure oxygen under a high
pressure would mean thaf the saturation concentration would
be high. If the spray operation employed resulted in a high
degree of transfer of oxygen to the.individual droplets pro-
duced by the spray, highly oxygen enriched water could be ob-
tained for injection into a natural watercourse.

.HLspray operation such as that envisioned has an ad-
vantage over that of an apparatus bubbling oxygen or air
directly into oxygen deficient water since the absorption of
oxygen into the water would take place prior to injection of
the water intc the oxygen deficient water. Oxygen introduced
in previously oxygen enriched water would not be so readily
subject to lose from the deficient water. Bubbles, on the
other hand, would remain only a short time in anj particular
stratum in which they were formed.

A spray operation as proposed also might have wvaluable

application in relatedfareas, Rather thah spray ordinary




water intoc the oxygen atmosphere, sewage might be used.
Oxidation rates would be considerably enhanced resulting in
better sewage treatment. Oxygen enriched water from such a
spray operation would seem also to be particularly well

suited for use in raising the quality of subsurface ground
water. Rather than pumping ordinaryﬁwater through a re-

charge well.to raise ground water levels, oxygen'enriched
wéﬁer might be used in those instances in which the existing
ground water was of poor Quality as well as being below desired
levels.

Proposed here to provide the desired spray operation
is a relatively simple apparatus, one which might be con-
sidered a crude prototype. Basically, it is proposed to pump
water with relatively low dissolved oxygen concentrations
into a pressurized tank, the actual injection of water into
the tank being through a spray nozzle. Inside the tank would
be an atmosphere of essentially pure oxygen. Droplets pro-
duced by the spray nozzle would fall through the high pressure
oXygen atmosphere onto the surface of a pool of water in the
bottom of the tank. Water drawn from this pool, now oxygen
enriched, could then be pumped or gravity fed to its point
of use. .

The practicality and usefulness of this proposed pro-
cess depends to a considered extent on the amount of oxygen
which is absorbed by the water as it passes through the tank.
This study will attempt to make a very preliminary evaluation

of the proposed spray process.




In addition, essential backgreund material will be
presented and discussed in order that there shall exist a
broad foundation of~considerable depth for future study of
a more detailed nature should the proposed process appear
promising.

Oxygen absorption By water droplets in a spray is
basically a mass transfer procees-between two phases. Ab—_
sorption of gases by droplets is merely a special case of the
more general field of interphase mass transfer. Thus an under-
standing‘of the principles and theories of interphase mass
transport is both necessary and desirable before examination
of transfer in droplets. Chapter II is devoted exclusively
to a discussion of mass transfer between two phases. f

In Chapter III attention is focused upon mass transfer
in droplet systems. Much theoretical and experimental work
has been devoted to the single, idealized, spherical droplet.
The discussion reflects this emphasis. Mass transfer inside
-a droplet and outside a droplet are both discussed. While
transfer outside of a droplet is not of direct concern in
relation to the proposed process to be examined in this study,
since the continuous phase surrounding the water droplets is
very nearly pure oxygen, it is of value to examine it in an
exploratory study, such as this one, in order that mass traﬁs-
fer inside a droplet be seen in proper relation to the con-

tinuous phase transfer in a droplet system., Furthermore,




modification of the proposed process might result in the

need for consideration of transfer in the continuous phase.
The experimental work of the study is discussed in

Chapter IV, The experimental investigation conducted was of

an exploratory nature and thus was of limited extent. The

apparatus used was essentially that described in preceding

paragraphs. Examination of results from the operation of

the experimental apparatus are examined and evaluated in light

of providing a preliminary determination of the promise of the

proposed process and determining whether or not further study

and experimentation -seem Justified.




CHAPTER II
INTERPHASE MASS TRANSPORT THEORY

Definition of Basic Terms

Absorption can be considered the transfer of mass
from one phase to another phase (239) resulting in a spatial
dispersion of the transferred mass, termed the solute, with-
in the second phase, the solvent, with such a fine degree
of intermingling that the solution becomes homogeneous and
the solute becomes optically void (240). Dissolution is

another term for absorption, although the term dissolution

'is generally used only when the solvent is a liquid (177).

It can correctly be applied to systems with any type of sol-
vent phase, however, since solutions can eiist with a gas,
liquid, or solid as ,either the solute or solvent.

A’ phase itself can be defined as that portion of a
system which has different thermodynamic properties from
the remainder of the system even though the entire system
is in thermal equilibrium (116). The facts that the zones
in near proximity of the transition from one phase to another
assume such important roles in the absorption phenomenon
and that the physical properties in thése surface zones may
be substantially different from those in the bulk of the
phases (22, 102) has led Harkins (87) to separate the phases

in a system into two subdivisions, termed regions. That




portion of a phase which excludes the surface zone consti-
tutes one region, termed the bulk of the phase, while the
transition zone or surface zone between the bulk of two
phases constitutes the other region. More properly then,
the thermodynamic properties of a phaée need be constant
only in the bulk of the phase and the dispersion of a solute
in a solvent becomes homogeneous only necessarily in the bulk
of the solvent phase. In the transition region, because of
the very nature of the absorption process, the dispersion of
the solute, if undergoing active absorption, will not be:
homogenebus .

The actual transition from one phase to another occurs
through Whét is termed the interface. The interface and the
region in which it lies is not completely understood at this
time, However, the interface itself has generally been
described (1, 24, 80, 86, 171, 179, 226) as being a rather
abrupt transition between two phasées, on the order of one or
two molecules in thickness. Though it is subject to violent
kinetic agitation and frequent interchange of molecules be-
tween itself and the bulk phase regions, it is assumed to be
less than 100 angstroﬁs thick. For the purposes of this study

this interfacial description will be adequate.

Fick’s Laws of Diffusion

~If one were to fill the lower portion of a tall con-

tainer with iodine solution and then were to pour water on
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top of the iodine solution with such greét care so as to
cause almost no disturbance of the iodine solution, it
would be observed initially that the water immediately

above the iodine solution would become darkly colored.

With passing time, one would observe the upper portions of
the water becoming colored while the lower portions would
become gradually less intensely colored. After a sufficient
length of time the container would hold colored water of
equal intensity throughout. Obviously molecules of iodine
-are moving from regions of high concentration to regions

of low concentration. This classic example (3%2) serves to
illustrate that molecular phenomenon, termed diffusion, by
which mass of one species moves through a collection of other
species due solely to the difference in concentration of the
species. The random motion of the diffusing molecules them-
selves produces the net transport of the molecules. Con-
sideration of a thin element normal to the net movement of
the diffusing substance demonstrates why this is so. If the
molecular motion of the diffusing speciles be purely random,
then the same certain percentage of the diffusing molecules
at each face of the element will move across the face of the
element. A higher concentration at one face will therefore
necessarily result in a net movement of the diffusing sub-
stance through the element from regions of high to low con-
centration (33, 157, 170). To distinguish this phenomenon

from other types of mass transport which are quite often
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described as a particular type of diffusion, such as thermal
or pressure diffusion, it is often called molecular (222) or
ordinary diffusion (6).‘ As it will be used in this study, the
term diffusion will fefer only to molecular diffusion unless
it is stated otherwise.

Fick’s First Law of Diffusion

First (34) to state mathematically the laws which
govern mass transport in solutions by diffusion was Adolf
Fick (59, 60). Fick, realizing the essence of the diffusion
mechanism was the same as that which occurred in the con-
duction of heat and electricity, stated in 1855 that the time
rate of mass transport of component A through component B of
a solution per unit area of solution, that is, the mass flux
of A, in the x direction due to diffusion is directly pro-
portional to the negative of the concentration gradient of

the diffusing component A. Thus

4
Tpx = “Dox (2.1)
where
: aM
T L - A (2.2)

Ax = Area dt




Iy = — "
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and

Pu = My /(¥ %) = M, /¥ (2.3)

and where JAx = mass diffusive flux of A in the x direction,

=
I

mass of A, Area = area normal to the x direction, t = time,

the mass concentration of A, ¥A = volume of A in solution,

4
Il

B = volume ofiB in solution, ¥ = total volume of solution, D =
the coefficient of molecular diffusion, or diffusivity. More
generally, cdmponent B may be considered to be the collecticn
of all species in the solution other thén”A, in which case the

definition of the mass concentration of 4, eq. (2.3), becomes
n .
pa = M/ Zﬁ) - M, /¥ (2.4)
)=

where Ei is the volume of component { in an n component
solution.

From Pick®’s First Law, as eq. (2.1) or its many simi-
lar forms have come to be known, it is seen the mass trans-
port occurs in the direction of decreasing concentration.
Thus Pick’s First Law can be viewed as a description of a
mechanism by which a system attempts to achieve a particuiar
type of equilibrium. A useful concept that has been employed
extensively is that of considering the negative of the con-

centration gradient as a driving potential.
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Considering gas A diffusing through gas B in the x
direction, Pas in eq. (2,1), represents the mass concen-
tration of gas A. If it is assumed that gas A is a per-

fect gas then
pa = (mypp)/(RT) (2.5)

where m, = molecular weight of A, Py = partial pressure of
A, R = universal gas constant, T = absolute temperature.
Therefore, as shown by Colburn and Hougen (30) and Eckert
(47),

JAx = -(DmA/ﬁT'?apA/ax (2.6)

where the mass flux is now a function of parfial pressuré
rather than concentration.

The more general form of Fick’s First Law, allowing
for possible nonisotropic diffusive properties of the sub-

stance through which the diffusion is occurring, is (36)

%, s, 2P

Tag = ~(Dyy 2% xy 2y * “xz 9z

A ) (2.7-2)
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20, 2P, Pa
JAy = —(Dyx"'a";'c'+ Dyy'—-; + 72 32) (2.7-b)
3P 2 2
A Pa Pa ‘
Tpp = ~ Dy 7% Dzy 7y * L 32) (2.7-¢)

where JAy = méés diffusive flux of A.in the y direction,

Jp, = mass diffusive flux of A in the z direction, Bxy = the
diffusivity in the x direction fof a concentration gradient
existing iﬁ the'y direction, and similarily for .the other
diffusivity components, and the othér symbols aﬁé as previé
ously defined. In liquids and gases diffusive proberties are
generally considered to be isotropic, in which case eqs. (2.7)

reduce to the more general form of Fick’s First Law, viz.,

(2.8)

2 . . ?2 P2 .
where JA = mass diffusive flux vector of 4, 1, J, k are unit

vectors in the x, y, and z directions, respectively.

Fick’s Second Law of Diffusion

Consider a differential control volume, 4d¥, in recti-
linear co-ordinates x, y, and z, with one corner at the point
(o, o, 0) and which contains an isothermal solution of A dis-
solfed in B where B represents the collection of all the |
species in the solution except A. Assume no mass transport of
A to exist other than that due solely to diffusion. The con-

centration of A at point (o, o, o) is ?A.and varies continu-
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ously over d¥. By the conservation of mass, therefore,

Rate of mass Rate of mass " Rate of mass

accumulation = transport of -~ transport of A (2.9)
of A in 4¥ A into d¥ out of 4¥

The rate of mass transport of A. through a face of the control
volume is the mass flux of A times the area of the face. Thus

in the x direction the

Rate of mass

transport of A = J, dydz (2.10)
into 4%
and the
Rate of mass aJAx
transport of A = (JAx+ T dx)dydz (2.11)
out of 4¥

The net rate of mass transport in the x direction into the

control volume is therefore

'BJAx
Iy * dydz=(J, _+35= dx)dydz

which reduces to

-(23, /5, dxdydz (2.12-a)
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Similarly for the y and z directions, the net mass transporst

- rates into 4d¥ are

_(3JAy/%y)dydxdz (2.12-b)

_(aJAz/bz)dzdxdy | (2.12-c)

respectively. Therefore,

2J aJ 2d
R.H.S. of eq.(2.9) = -(55% + 52T + —2%)axayaz (2.13)
But
- 9p, _

L.H.S. Of eq.(2.9) = at » d¥ (2.14)

Sirnce
d¥ = dxdydz (2.15)

then

20,/2% = -(23,_/ox + 23, /97 + 23, /22) (2.16)
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Substituting eq. (2.7) in eq. (2.16)

ap 2 2 ?
) Pa Py, Pa
7t a(DX}cﬁ; + ny dy + sz BZ)
2 F 20,
2 Pa .. %Pa Pa.
T oy (Dyx ax * Dyy 2y Dyz az)
r ? ?
2 Pa Pa A
Y Pz (sz 7x Dzy 2y * D2z Bz) (2.17)

This is the most general form of what has come to be known
as Pick's Second Law. If the diffusive properties of the

solution are isotropic then eq. (2.17) becomes (36)

2p

[

2 2 2
Lo RTD KOG - H0%H e

¥

If the diffusivity is homogeneous the form of Fick’s Second
Law generally used with gases and liquids is obtained from

eq. (2.18), viz.,

2 ) 3 ]
T A A ) (2.19)

For variation of concentration in the x direction only, eq.

(2.19) reduces to the form
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Py 2 Pu |
3t = D—EE? _ (2.20)

which Fick proposed in 1855 (157, 158).

Considering the diffusion of gases, Maxwell also derived
a form analogous to eg. (2.20) from kinetic theory (168). Using
formulations which he originally developed in 1860 (166), Max-
well presented his theory for diffusion in gases (168), as op-
posed to Fick’s theory which arose frdm the Consiaeration of
diffusion in liquids. The pressure gradient required to over-
come the resistance to diffusion in a binary gas solution,
Maxwell hypéthesized, was directly proportional to the number
of molecules of each gas and the difference in the mean ve-
locities of each gas. Thus for transport by diffusion in which
gas A was diffusing through gas B in the x direction, Maxwell

proposed (202)

oDy, ¢ PAPR
-5 = -a ﬁzﬁg(uxA*uxB) (2.21)

where Py = partial pressure of A, al = proportionality constant,
m,, Mg = molecular weight of A and B, respectively, Uops Upp =
velocity of A and B, respectively. ‘

For diffusive transport only, the diffusive flux of A
is equal to the negative of the diffusive flux of B. Using
this fact in conjunction with eq. (2.9), Sherwood showed (203)

that
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) 2
%y BT 2 La
2t a'(pA+pB) 2x°

(2.22)

where Py is the partial pressure of B and the other notation

is as above. If the diffusivity cf the solution is defined as

R® T¢

D = Erz;;:;gj | - | (2.23)

then eq. (2.22) reduces directly to eq. (2.20), Fick’s Secoﬁd.
Law.

A simple approach by which to express eq. (2.20) in
terms of partial pressures can be made by using the substitution

of eq. (2.5), in which case eq. (2.20) becomes

A. A
— D__..z_ (‘2.2“)

which is of a similar nature to that of eq. (2.6).

It should be noted, as has been pointed out by Treybal
(223), the true diffusive driving force is in all probability
the chemical potential or activity rathér than the concen-
tration gradient. For many applications, however, the con-
centration gradient sufficiently approximates the true driving
potential. Expressions defining diffusivity in terms of con-
centration are commonly the form found in applied engineering

literature., Furthermore, these forms have occupied a promi-
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nent position in the development of mass transfer theory.
The emphasis in this study will, likewise, be that of ex-
pressing the diffusive driving potential as a concentration

gradient.

Equations of Continuity For an Isothermal System

Consideration has thus far been limited to mass trans-
port by diffusion. Mass transport occurs, however, due not
only to diffusion but also due to convection. Consider a
rectangular differential control volume containing an iso-
thermal sclution of A dissolved in n-1 other species. The
solution is no longer considered té be stationary as it was,
implicitly, in the derivation of Fick's Second Law, eg. (2.17).

The mass concentration of a particular species in a T
solution is as previously defined in eq. (2.4). Since the
mass density of the solution is the total mass of solution

per unit volume of solution, it can be seen that

p=X n - (225
since

ﬂ%lp, = Jlil(M,l/"‘)' = M/¥ (2.26)
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where ? = mass density of the solution, MJL = mass of species
L, M = total mass of solution, and the other symbols are as
previously defined.

General Equations of Continuity

Defining the mass flux of A into a rectangular control
volume, due to any modes of transport, in the x, y, and z
directions as NAx’ NAy* and NAZ’ respectively, the net rate of
mass transport of A into the control volume in the x direction
is

oN

Ax
N, dydz ='(NAx+_5§— dx)dydz

Ax
which reduces to

—(%&NAx)dxdydz : (2.27-a)

Similarly for the y and z directions the net rate of mass trans-

port of A into the control volume is
aNA ‘
-(—5§I)dxdydz (2.27-b)

and

aNAZ
- e Ydxdydz (2.27-c)
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respectively. The net rate of transport of A into the control

volume is the sum of egs. (2.27). In vector notation this be-

comes
29 +2 2 D
T2(W)IE WY -REF (2.28)
where
- > S
NA = NAxl + NAy? + NAzk (2.29)

Since the rate of mass accumulation of A. in the control vol-
ume is (OPA/at)dxdydz,\then by eq. (2.9), after division by
dxdydz,

9p BN AN N,
A Ax Ay Az
2t * 3x T 3y t 2z - 0 (2.30)

which is the equation of continuity for component A. Addition
of the equations of continuity for each component in the solu-
tion, similar to eq. (2.30), results in the equation of conti-

nuity

- n L - n ;
%@*i'a%c(flﬁ )+IZCET yeke( £N,) = © (2.31)

- -
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where ﬁ! is the vector mass flux of component L. A mass

average velocity of the solution is defined as
- n ol |
V=(% o0/ (XL p) (2.32)
=1 P“/n=1 “

where ? = mass average vector velocity of the solution with
components Vx, V&, and Vz in the x, y, and z directions, re-
spectively, ?ﬁ = vector velocity of component L, and the other
symbols are as defined earlier. It is to be noted that the
velocity of each component is the total velocity resulting
from mass transport by both diffusion and convection. The

mass flux of A. is therefore
- -
NA = PAVA . (2=53)

The mass flux of the solution, due to convection and diffu-
sion is the sum of the fluxes of the components of the solu-

tion, viz.,

n 5, .
ENl = EPIV:‘ (2-54)
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Mo

ﬁn. - 7 (2.35)

p=1
The equation of continuity for the solution, eq. (2.31), then

becomes
2 Zipry « &ov) + B(pv,) = 0 (2.36)

which is the same as that for a fluid of only one component.
Considering diffusion and convecﬁion as the only two
pertinent forms of mass transport mechanisms, the equations of
continuity for the components of the solution in terms of the
convective and diffusive fluxes can be formﬁlated, after recog-
nition of the following important points. Convective trans-
port of any component of the solution results in a bodily
movement of the solution. Therefore the convective velocity
of each component 1s equal to the average velocity of the
solution. On the other hand, the diffusion of any component
occurs with reference to the motion of the total solution,
that is, the diffusive velocity of a species is the differ-
ence between the total velocity of the species and the
average velocity of the solution (169). In a stagnant solu-
tion, the diffusive velocity reduces to the total velocity,
as previously considered in the discussion of Fick®s Laws

of Diffusion. The total mass flux of A is thus




25
v+ 7 | | (2.37)

where the first and second terms on the R,H.S. are the mass
fluxes of component A. due to convection and diffusion, re-
spectively.

EQuations of Continuity with Constant Diffusivity and Density

Assuming the diffusive properties of the solution are

isotropic, eq. (2.37) becomes, from eq. (2.8),

B, oL P2 (o0

The equation of continuity for A, eq. (2.30), thus becomes

%0, 2 ) 2
2t o= PaVx) *a7 PaVy) 35 (PaV )

2, 2Pa, 2 ,.2Pr. 2, %
- 5% D-—a—x)m -af} D——a—_:;_)m E(D“E) =0 (2.39)

If the diffusivity is homogeneous, eq. (2.39) becomes

aPAB ? . 2
75 a5 PV ¥ a7 PaVy ) 425 (PaV ) =

5Py 3P4 2
e (2.40)
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If the density of the solution, P’ is constant, then eq. (2.36)
becomes
BVX V., B8V,

Y z | '
7 * >y 5y = 0 - (2.41).

In this case, using eq. (2.41), eq. (2.40) becomes

%n v 2P, o Pa %
2t * Vk ax T Vy Ay * Vé dz

3?PA.+ 2P . 2
2x° 2y° 7 9z®

D( ) (2.42)

The density of the solution is essentially constant for
dilute solutions. Therefore for dilute solutions with con-
stant diffusivities the approximate equation of continuity is
eq. (2.42),

For the special case in which the convective velocitj
is zero, eq. (2.43) becomes

2 aZ a?.‘
spon - o B0  ZBa L 3y e

which is seen to be identical to eq. (2.19).
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Interphase Mass Trangfer Theories

One of the first to consider the phencmenon of infer-
phase mass’transport was Hurter (112, 113, 114). In 1885
Hurter grouped absorption equipment under three basic headings
which have continued to adequately categorize much industrial
aboorption équipment (103). Significantly, he also noted the
importance of the contact time between phases and the veloci-
ties of the phases in the absorption process. |

Diffusion Laver Theory

Examining the dissolution of solids in liquids Noyes and
Whitney in 1897 (38) demonstrated that the rate of dissclution
could be expressed as being proportional to the difference be-
tween the saturation concentration, which was assumed to exist
‘at the interface between the solid and liquid phases, and the
concentration of the solid in solution, Thus for a solid sub-
stance A dissolving in a liquid B, the rate of dissolution

was hypothesized to be
(3PA/6t) = kL(PABifPABb) (2.44)

where Pap. = mass concentration of A at the interface in B,
i
PABb = mass concentration of A in the liquid bulk of B, kL =
mass transfer coefficient, and the other notation is as defined
earlier,
Brunner extended Noyes and Whitney®s work considerably

in 1904 (18, %8) when he measured dissolution rates and deter-

= e T T
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mined the constant kL in Noyes and Whitney®s equation, eq.
(2.44), for various solutions.

Extending Noyes and Whifney*s concepts even further,
Nernst, one of the founders of modern physical chemistry (56),
postulated in 1904 (165, 173) that the dissolution mechanism
was controlled by diffusion through a thin stétionary film or
layer of liquid at the interfacial boundary between the liquid
and the dissolving substance. The interface itself was assumed,
as Whitney and Noyes had assumed, to be saturated. Nernst
viewed the liquid film as offering a resistance to the dif-
fusion of the solute. BSince diffusion through the liquid layer
was postulated to be the controlling dissolution mechanism, the
mass flux was approximately eQual to the diffusive flux. Nernst
- expressed the mass flux of a solute A dissolving in a liquid B

as
JA = CD?D (2.45)

where fp = diffusion layer thickness, Cp = constant of pro-
porticnality, and the other symbols are as defined previously.
Letting the numeric value of GD be unity, CD was used merely to
satisfy dimensional homogeneity. The reason that eq. (2.45)
may be considered only approximately correct will become
apparent in the discussions to follow. The similarity of eq.
(2.,45) to Fick?®s PFirst Lawgleq; (2.1), is apparent when it.is

realized that the film thickness fD is the reciprocal of an
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average driving force, namely, the concentration gradient. As
such the diffusion film thickness can be viewed as a resistance
to the transport of fhe dissolving substance.

Importantly,; Nernst suggested that his theory applied
not only to solids dissolving in liquids but also gaseé and
liguids dissolving in liquids (38).

The salient points of Nernst’s theory were (1) that
dissolution of a substance in a liquid was governed by diffu-
sion through a stationary liquid film at the phase interface,
(2) that the resistance to mass transfer could be concéntrated
in the liquid interfacial film, and (%) the recognition of the
similarity in absofption mechanisms in liquid-gas, liquid-
liquid, and liquid-solid systems. These concepts became the
basis for most absorption studies in the following years.

Two Film Theory

Investigators following Nernst used the basic concepts
of Fick and Nernst (46), although in many different forms.
The steady state absorption of a gas was considered to be
dependent on some type of driving potential, the particular
potential varying with the particular investigator.

Some, such as Lewis (151), expressed this driving po-
tential as the difference in partial pressures of the solute
in the gaseous phase and the liquid phase, the partial pres-
‘sure of the solute in the liquid phase belng determined from
the solute concentration in the\liquid phase by use of the

solubility relationship. Lewis considered that a stationary
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or hearly stationary film in the less viscous phase, the gas
- phase in a liquid-gas system, formed on the surface of the
other phase and the diffusion through this film controlled
the absorption process. The partial pressure at the inter-
face iﬁself was considered to be essentially at thejequiiib-
rium condition.

Other investigators, such as Donnan and Mason (41) and
VanArsdel (237, 238), used a driving potential based on the
‘differénce'in concentrétion of solute between the gas phase,
converted from a partial pressure by the solubility relatibn-
~ship, and the liquid phase. Here diffusion through a stag-
nant or nearly stagnant liquid layer or film was the con-
trolling mechanism. Again, at the interface conditions were
assumed to be in equilibrium.

Thus two basic forms arose describing the steady state
absorption process in gas-liquid systems, each assuming the
mass transport from one phase to another was controlled by
diffusion in a resisting film. For a substance A being ab-
sorbed from a species C by a species B, these two forms could

be represented as

'R
I

= kG(PAcb“PAci) . (2.46)

.
[

= kL(PABi”PABb) (2.47)




31

where pACb = partial pressure.of A4 in the bulk of C, pAci =
partial pressure of A at the interface in C, kG9 kL = mass
transfer coefficients for the gas and liquid phases, respect-
ively, and the other notation is as previously defined. The
partial pressures and concentrations at the outer boundaries
of the gas and liquid films, respectively, were assumed to be
essentially equal to those in the bulk of ﬁhe phases because
of the convective and turbulent mixing occuring there. With
the assumption of convective and turbulent mixing in the bulk

~of the phases the thicknesses of the supposedly stagnant or

nearly stationary films were not easily determined directly.

4 significant advancement in the understanding of mass
transfer between phases was made by Whitman and his colleagues
as they attempted to explain the absorption phencmencn in gas-
liquid systems. In 1922, using a heat transfer analogy, Whit-
man in conjunction with Keats (243) stated that the total re-~
.sistance to the absorption of a gas by a liquid could be con-
sidered as the summation of two resistances in series, one
resistance being that of a gas film at the interface, the
other being a liquid film at the interface. Further amplifi-
cation of this two film concept came in 1923 when Whitman pre-
sented the basics of his two film theory as well as éome pre-
liminary experimental verification of his theory (241). Whit-
man and Lewis provided a more caﬁplete elaboration of the two

film theory in 1924 (152).
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Whitman realized that, in general, the resistance to
the dissolution of a gas betweenﬂa liquid phase and a gaé
phase was not dependent merely on the gas phase or the liquid
phase, as earlier investigators, including Whitman himself,
had assumed. Both phases contributed to the total resistance

. experienced by a solute as it dissolved. As idealized by
earlier investigators, adjoining each side of the interface was
a thin, practically stagnant, film through which the solute
moved only by diffusion. The principle phase'resistance9 a |
diffusive resistaﬂce, was assumed to be concéntrated within
these films. At the outer boundary of the films the concen-
trations and partial pressures were those within the bulk of
the phases while at the interface itself equilibrium conditions
were assumed to exist, although it Was noted by Lewis and Whit-
man (152) that an accumulation of an impurity at the interface
could create an interfacial resistance. Furthermore, since
the mass transfer being investigated was assumed to be time
independent, it was assumed no accumulation of solute of
appreciable magnitude at the interface occurred.

The absorption model idealized by Whitman for a species

A, say a gas, undergoing dissolution to a species B from spe-
cies C, ies seen in Fig. 1. A more realistic representation
(227), from which Whitman formulated his idealized model, is
also seen in Fig. 1. Assuming the absorption of A is occurring

| in an isothermal system in the x direction as shown in Fig. 1,

the mass flux through both films, since the dissolution of A
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Figure 1, Interfaclal Region'with Concentration Gradients
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is assumed to be steady, is NAx' Therefore in each film, from

eq. (2.37)
-’
Ny = N,oo= paV, + T (2.48)

where the notation is as defined in earlier sections. Letting
Pag equél the mass concentration of A in B and Pac equal the
mass concentration of A in C and defining PsB and Psc as the
mass density of the liquid and gas solutions, respectively,

eq. (2.48) is equivalent to, from eq. (2.32),
Nax = (Pap/Psr’ Max*Vey) + Jax (2.49)

in the liquid film and similarly for the gas film. Eq. (2.49)
is similar to that given by Bird, Stewart, and Lightfoot (10).
For the case in which NBx is zero, as would occur if B

were insoluble in C, ‘eq. (2.49) reduces directly to

Ny = (3,0 (- %ﬁﬁ (2.50)

In general, however, from eq. (2.49)

N~ (Pan/Psn’ MaxVey) = Iax | (2.51)
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- Whitman implicitly assumed in his analysis that
Npw = Iy (2.52)

Thus the second term of the L.H.S. of eq. (2.51) must be zero.
This condition is satisfied exactly if N, = -Np.. On the
other hand, if the soclute 1s dilute, PAB/PSB is approximately
zero and eq. (2.52) becomes.appreximately correct. The present
development will be restricted to the situation in which eq.
(2.52) is at least approximately true in order that the trans-
fer functions presented by Whitman may be developed. This is
desirable since, as has been noted (11), most investigations.
have proceeded on the bagis that the second term of the L.H.S.
of ea. (2.51) is essentially zero. Further discussion of this
point will be found in the following section.

Assuming that the diffusivity in each phase 1s constant

and that A approximates a perfect gas, from eqs. (2.6) and

(2.52),

Ny, = -(Dyo m,/RT) Bp, o/ 2% (2.53)

while for the liquid film, from egs. (2.1) and (2.52),

Nyx = ~Dup 2pup/0% | (2,54)
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where D,, = diffusivity of A in C, Dyp = diffusivity of A in B,
Pac = partial pressure of-A in C, and the other notation is as
defined previously. The assumption that A approximates a per-
fect gas is not really critical. In the situation in which A
does not approximate a perfect gas the term mA/RT in eq. (2.5%)
would be replaced by a more complicated function. For the model
assumed by Whitman the concentration gradients and partial pres-
sure gradients are linear. Therefore egs. (2.53) and (2.54)

become, for the case of the transfer of A from C to B,

(p -p )
Dy, TAC; TPAC
RT f

Npe = - (2.55)

G

N, = -D,z ‘Pan,"fas,’ (2.56)

1,

where fG and fL are the thicknesses of the idealized gas and
liquid films, respectively, subscripts i and b denote concen-
trations at the interface and in the bulk of the phase, re?
spectively, and the other notation is as previously defined.

The notation is also shown in Fig. 1. Letting

(2.57)
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and

ky = D/fL (2.58)

where kG and kL are now gas and liquid film coefficients, or
mass transfer coefficients for the gas and liquid phases, re-

spectively, then eqs. (2.57) and (2.58) become

N

. ka(Dpo =Dpp ) (2.59)
Ax G Pac, ~Pac,

and

i

= k -0, 2.60
L(PABi PABb) ( : )

which are the forms originally presentéd by Whitman (241).

In general, the equilibrium solubility relationship for
each phase can be represented by some function 3 such that
Pe = S(Pe) where the subscript e denotes corresponding equi-
libriﬁm conditions, as shown in Fig. 2. For dilute solutions,
S‘is'approximated by a constant, H, in which case S merely.bé—
comes Henry's Law. Since the transfer through the interface
is assumed to be steady with time, egs. (2.59) and (2.60) can

be equated. Furthermore, using the inverse of the film coef-

ficients results in
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5 - - A - 2.61
17kG(pAGb PACi) l7kL(PABi PABb) ( )

where l/kG and l/kL can now be considered film resistances;
as originally discussed by Whitman and Keats (243). From Fig.
2 it is seen that the L.H.S. of eq. (2.6l) can be put in the

form

m PAcb‘PAci
ﬁ7kG(pACb'pAGi) = m7§E_—_ (2.62)

where m is the reciprocal of the slope of the line Jjoining

P and p and the other notation is as shown in Fig. 2.
ACb AC

From eq. (2. 62), using eq. (2.59),

Pac, ~Pac, -
v = 1( y——b— 1) (2.63)
G <L PAB PABb

Multiplying the L.H.S. of eq. (2.61) by the fraction formed

from the R.H.S. of eq. (2:63) divided by itself, it can be
seen that, using eq. (2.59)

PaB, 'PABb PAc 'PAc

Npix = Wk, l/k (2.64)

Ax




40

The relationship between the equilibrium concentrations of A

in the two phases can be represented by some function (13)
= f( ) (2.65)
Pac, PABe | |

as shown in Fig. 3. Defining r as the reciprocal of the slope
of the straight line in Fig. 3 joining the origin to the point

(PAc_g pap.)s» ©2. (2.64) becomes
i TR :

. _PABi(l-r) * Pac, "PaB,

TG, m/kG + l/kL

(2.66)

where NG = mass flux in gas phase in x direction. In a manner
X
gimilar to which eq. (2.64) was derived, it can easily be shown

Pac. “Pac.*PaB, Py
NG - b . i . i Bb : (2.67)

_—+——
kLn kG

where n is the reciprocal of the slope Jjolning PABb and PABi

and the other notation is as shown in Fig. 2. Thus

Ppg, (8-1) + pyq “PpB,
N. = 1 b (2.68)
G i T

b'd ——
kLn kG
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where s is defined in an analogous manner to r.as shown in .
Fig. 3 Which shows the equilibrium partial pressure of A in
the two phases.

Examining eqs. (2.66) or (2.68) it is seen why Whitman

considered the total resistance to transfer to be the sum of

a gas film resisﬁance and a liquid film resistance if it is

realized that the total resistance to transfer is just

m 1
- 4 = (2.69)
ke kg
or
1 1
—_—p == (2.70)
kLn kG ,

since the transfer is inversely proportional to either of
these sums.

Letting

A (2.71)
ky,

A
1
=
Qx

and

1 1 1
o (2.72)
KG kG nkL




el =y S R e

45

where KG and KL are overall transfer coefficients, egs. (2.66)

and (2.68) beconme

N
Gy

Ky Ipyp, (1) + pyo -Pap ] (2.73)

and

12
k

= K.[ (s=1) + Dy = ] 2.74
6-Pac, ‘571 *+ Pac “Pap - (2.74)

respectively.
For the special case in which Qomponent B is the same

as component C, egs. (2.73) and (2.?45'réduce to
N, = K. ( - ) (2.75)
¢, =% Pac, ~PaB,
and

N = K - 2.76
G G(PAcb pABb) ‘ . (2.76)

X

respectively. Egs. (2.75) and (2.76) are more amenable to
experimental évaluation and are similar to those given by
Whitman and Lewis (152). If the solution be dilute then n
equals H, Henry's consfant, and it can easily be shown by

equating egs. (2.75) and (2.76) and using eqs. (2.71) and




(2.72) that

Ry = (kpkp)/(Hep + kg) (2.77)

and

K, = HEKp (2.78)

Egs. (2.77) and (2.78) are those given by Lewis and Whitman as
the defining relationships between liquid and gas overall trans-
fer coefficients.

Examining the definitions of kg, kL, K., and K it is
apparent that these various transfer coefficients are subject
to numerous sources of variation. In order to take into con-
‘sideration these variables, the transfer coefficients must be
considered as average values for a given system and given con-
ditions within this system. To understand that system condi-
tions must be specified when a transfer coefficient is given,
if it is to be of the most value, all that need be considered
is, for example, that the degree of turbulent and/or convec-
tive mixing occurring in the bulk of either phase will have
a distinct influence on the thickness of the hypothesized
interfacial films. Though the concentration levels may be
the same in two similar gystems, different transfer coeffici-
ents will characterize the two systems if the two sjstems are

subjected to different mixing intensities.
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An implicit, but very important, assumption in the above
derivation is that the transfer coefficients are independent
of the mass transfer rate. For low mass transfer rateé, the
mass transfer through the films Will have negligible effects
on the concentration profiles in the films. This in general
will not be the case at high transfer rates. Many investiga-
tions have dealt with low transfer rates and more information
is available for low mass transfer rates. Ih_this study, only
low transfer rates are of concern; therefore, high mass trans-
fer rates are not discussed here. TFor informaﬁion on high
transfer rates, the reader is referred to (3), (29), and simi-
lar texts. It should be realized, however, the precision of
most data does not warrant concern about the effects of high
transfer rates, particularily in liquid-liquid systems (225).

Two special cases of transfer through interfaces should
be noted in connection with Whitman's two film theory. They
are of interest since they enable the experimental determina-
tion of individual film coefficients. Considering the trans-
fer of a gas A to a liquid B from the gas C, the mass flux is
given by eqs. (2.64) and (2.67). If the gas has a very low
solubility in the liquid then essentially all the transfer
resistance is concentrated in the liquid (152, 228). There-

fore

(2.79)

=k
R
=
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and eq. (2.64) becomes
Nl ~ k - 2.80
A L(PAC.D PAB.D) ( )

If the solute is very soluble, little resistance is encountered

in the liquid film (152, 228); therefore
Ky ™ kg (2.81)

and from eq. (2.67)

Nsz kG(PACb-pAB-b) (2.82?
A tabulation of some film coefficients as determined by
various investigators.is presented in Table 1. As has been
noted by mény investigators, the physical characteristics of
the system have a prime influence on transfer coefficients,
so, when ascertainable, a brief description of the system in
which the various transfer coefficients were determined is
also given. Lewis and Whitman (152), as well as Haslam,
Hershey, and Keen (97), noted that for systems of similar
phjsical description in which the concentration of the solute
was low the liquid film coefficient, k‘, is approximately
independent of the type of solute for a given solvent (266).

It was also pointed out that for similar systems of low so-
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lute concentrations and the same sﬁlvent, the gas film coeffici-
ent was directly proportional to the molecular weight of the
solufe;_ The effects of fluid velocity and temperature on film
coefficients as determined empirically are summarized in (201).

It should be noted that when effective liquid film thick-
nesses are calculated, eqs. (2.57) and (2,58) are generally
used. ©Since it is necessarily the total mass flux which is
experimentally determined, the film thickness is therefore nec-
essarily approximate‘even without consideration of other effects
as will be apparent from the discussion in the following sec-

tion.

Qefinitions of Masg Trangfer Coefficients

Examiﬁation of the various forms proposed by different
investigators to define and describe interphase mass transfer
discussed in the preceding paragraphs will show that all take

the general form

N, = KAp, | - (2.83)

where N, = mass flux of A, X = general mass tranéfer coeffici-
ent, and APA is some characteristic change in concentration
(or partial pressure). The development of this form steﬁs
from Fick’s First Law, eq. (2.1), since early experimenters
éonsidered thé controlling transfer mechanism to be a diffus-
ive one. General use of this form continues to be common -

largely due, perhaps, to the fact it is the basic original
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form propoged by Whitman whose work has been widely quoted and
whose concepts have and continue to find wide uéage (%31, 136,
145, 148, 149, 218, 221). Thus the defining equation for a
mass transfer coefficient commenly takes the form of eq. (2.83)
(10, 16, 224). |

As has been briefly alluded to, however, in preceding
paragraphs, eq. (2.83) is not absolutely, in general at least,
correct. The total mass flux of a substance A is properly
given by eq. (2.37) which is equivalent to, from eq. (2.35),
n

(2.84)

1f“‘tx'(l"sx/l")ﬂz ﬁx -7

1 A

for an n component system. Considering one dimensional trans-

fer only, assumed to be in the x direction, eq. (2.84) becomes

NA&—(pA/p)ZNx =J, (2.85)

X

- where the second term of the L.H.S. of eq. (2.85) takes the
place of the corresponding term in eq. (2.84). If the sec-
ond term of the L.H.S. of eq. (2.85) is essentially zero then
the basic concept which leads to eq. (2.84), that is, the
mass flux is a diffusive flux, is essentially correct, for
the transfer coefficient then becomes merely a diffusivity
per unit thickness of gas or liquid film. More properly,

however, if the concept that. the right side of eq. (2.83) is
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to be a diffusive flux is to be retained, mass transfer coef-

ficients should be defined as
K = (1/8p,) (N, ~(p,/P)EN] (2.86)

The awareness of the approximation in eq. (2.83) has not always
been present in many investigations (204). Furthermore, proper
evaluation of transfer coefficients determined by different
experimenters necessitates a knowledge of which form the de-
fining equation for the transfer coefficients has been used,
especially in those instances in which‘transfer rates are high.
Both forms are currently found in the literature. ﬂ~.

Penetration Theory

A major drawback in Whitman's two film theory is that
it assumes fiangfer through the interfacial region and the
concentration profiles in the interfacial region are time
independent. That is, the two film theory applies to estab-
lished conditions with constant, with respect to time, con-
centration gradients. Examining the dissolution of gases in
liquids, Higbie in 1935 (103) realized that in many instances
the contact time between two phases was of such short duration
that concentration profiles never had sufficient time‘to even
approach the steady state condition. Many instances exist'in
which two phases are suddenly brought into contact and the
time required for the solute, a gas for instance, to pene-.

trate, as Higble termed it, into the solvent to such a degree
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80 as to approach the steady state concentration is much
greater than the contact time between phases. The first
stage in the diséolution of a gas in a liquid could thus be
idealized as shown in Fig. 4 where the solid line indicates
established profiles, the dashed lines indicate the profiles
during the penetration period, and the dotted lines represent
the concentration profile at the instant the phases-éome in
contact assuming that they are ihitially well mixed.

Higbie considered the case of gases of lbw solubility
in which case, as discussed earlier in connection with the two
film theory, the resistance of the gas phase could be con-
sidered as negligibly small in comparison to the liquid phase
resistance. He assumed that the liquid in and near thé inter-
facial region was in laminar flow moving parallel to the gas-
liquid interface. The simplifications were made thétlin and
near the interfacial region the velocity was both uniform, as
shown in Fig. 4, and time invariant over the time périod under
consideration. Higbie limited his analysis to low transfer
rates with the assumption that the transfer through the liQuid
did not abpreciably.affect the velocity profile. The depth of
the liquid was considered to be quite large compared to the
zone of concentration variation, that is, mathematically the
depth of the liquid was assumed to be infinité.

Consider the two dimensional transfer of a gas A
through a liquid B under the assumptions in the preceding

paragraph. The gas is assumed to be dissolving in the x di-
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rection while the liquid is flowing in the y direction only
with a mass average velocity of v. A concentration gradient
is assumed %0 exist only in the x direction, as shown in Fig.
4, so that no diffusion takes parallel to the interfacé;
Assume further that the 1liquid solution is an isothermal one
with constant diffusivity and is of such dilution that the
density of the solution is essentially constant. Under the

various assumptions made eq. (2.42) then reduces to

2

2 2
02y 2y (2.5

where the notation is as defined earlier. The boundary condi-

tions for eq. (2.87) are the following:

B.C.1: For t<0, PA=PABb for all x, - (2.88)

B.C.2: TFor x=0, p,=p,5 for all t>0, (2.89)
i .

B.C.3: TFor x=00, PA=PABb for all t>0, (2.90)

where t = O at the instant the two phases come into contact.

With these boundary conditions the solution to eq. (2.87) be-
comes similar to that for viscous flow near a plane boundary

impulsively set in motion. The solution, as shown by lLambd

(142), is, with proper change of variables,
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| : | ‘ ,___2_ 97 -92 ] 2 |
P4 =-PABb+(PABi"PABb)[1" = So e =~ 48 (2.91)

where
@ = x/Vthct (2.92)

and e is the base of the natural logarithm. Eq. (2.91) can be

written as

(PA'PABb)/(PABi'PABb) = erfe(x/V4Dt ) (2.93)

where tct is the contact time between the two phases and erfc
is the complementary error function. Eq. (2.93) is similar to
that in (8).

The ﬁass flux of A being transported through the inter-
face is N, . evaluated at x = 0. From eq. (2.84)

X

N = [(p,/p)(N, +N J,. ] 2.94
Ax1x=0 (PA PD( Ax+ Bx)+ Ax x=0 (2.94)

If the net transfer of B is negligible, eq. (2.95) becomes,
using eq. (2.1),

N O T Y (2.95)
A %=0 l-pr795 dx " x=0

X
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Using eq. (2.91) evaluated at x equals zero,

N Phs, Pamy {2 (2.96)
A b0 = 170pa/Plsa0 Tt 2

Denoting the total amount of gas absorbed per unit area in a
time t by FA(t), the total amount of gas absorbed per unit
area of interface in a time, tct’ equal to the contact time.

is, from eg. (2.96),

t. . PaB, "PAB
ct ct i D
Faltet) = i (NGx)g:O i L l"EPA:ij=O wg 40 (2.97)
Eq. (2.97) reduces to
2(pyp 'PABb) Dt
. .

For solutions of low concentration PA/P approximates zero, in

which case eq. (2.98) becomes

F,(ct) = E(PABi’PABb) VDt /m (2.99)

which is similar to that given by Higbie in 1935 (103).
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The instantaneous mass transfer coefficient for the sys-
tem, which in this case is equivalent to a liquid film coef-
ficient, is given by eq. (2.86) which reduces, under the

assumptions made leading to eq. (2.95), to
kp = [VID7Zntct5]/[1-(PA/p)] (2.100)

For the assumption of eq. (2.99), eq. (2.100) becomes

k; = VD/(nt, ) - (2.101)

the form given by Higbie. As defined by eq. (2.101), k;, is
also of the same nature as the transfer-coefficieﬁt defined by
eq. (2.83). Significantly, it is seen the penetration theory
predicts thé film coefficient to vary as the square root of the
diffusivity. The two film theory, it will be noted from eq.
(2.56), predicts the film coefficient to vary as the first
power of the diffusivity.

Though Higbie®s theoretical predictions seemed to over-
estimate the actual amount of gas absorbed when Higbie compared
them with experimental values, Higbie'’s penetration theory has
proven to be of extreme value in those situations involving
short contact times. It continues to be found in current

studies (15, 218).




Boundary Layer Theory

Extensive investigations of mass transfer have been

conducted using the concepts of Prandtl®’s well known boundary
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layer theory. Near a boundary the velocity of a flowing fluid

decreases from that of the main stream to that of the bound-
ary itself if non-slip conditions exist. As Prandtl envision

it, this decrease in velocity could be effectively concen-

ed

trated in a thin layer which Prandtl termed the boundary layer

(70). As the boundary layer concept has developed and has
been enlarged upon, two types of boundary layers have come to
be recognized: the laminar boundary layer and the turbulent
boundary layer. In the laminar boundary layer all fluid mo-
tion is viscous while in the turbulent boundary layer thé*
- outer portions of the boundary layer are turbulent while the
inner portions, composing what is termed the laminar sub-
layer, remain viscous. The transition from the turbulent
zones is, of course, not a sharp transition But a gradual one
occurring in what has been termed by some as a buffer zone.
Using an order of magnitude analysis, Prandtl was able
to reduce the Navier-Stokes equations sufficiently to make
them more amenable to solution. For incompressible two di-
mensional flow in the x direction parallel to a boundary
?randtl’s boundary layer equations for laminar boundary lay-

ers, as his simplification has come to be known, are (194)
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Qu 2u du __12p 2'u
and
B = 2p/0y - (2.103)

where u = vel%city in x direction, v = velocity in the y di-
rection, t = time, p = fluid density, p = pressure, ¥ = kine-

matic viscosity, andiﬁc = boundary curvature. Even Prandtl’s

boundary layer edquations become rather untractable in many
situations, hbwever, and resort is often made to more aPPfOXi*
mate but simpher equations. Foremost among these simpler forms
is von Karman®’s integral momentum equation. Von Karman'’s equa-
tion obtains dits relative simplicity from the fact that no |
attempt is mage to describe the motion of évery fluid particle
in the bounda&y layer exactly at each point; rather, only the
overall motion of the fluid is described and boundary condi-
tions are satlsfled only at certain points (194). For the |

same conditions under which eqs. (2.102) and (2.103) are val-

Iid, the momentum integral equation is (72)

o) b - _
(patdy+a i?u dy U;L (Pudy = -0 %ﬁ - T, (2.104)
0

|
where U = free stream velocity, © = boundary layer thickness,

To = shearing stress at boundary, and the other symbols are as

1
1
|
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previously defined. Use of von Karman's momentum integral
equation requires assumption of the shape of the velocity
profile, the more accurate the assumption the more nearly
exact the solution to eq. (2.104). Numerous solutions to
eqs. (2.102), (2.103), and (2.104) for a variety of boundary
conditions are given in (3, 42, 69, 140, 186).

Introduction of turbulence in the boundary layer re-
sults in the appearance of additional‘terms in the general
equations of motion, these terms being the well known Reynold'’s
stresses. These Reynold's stresses can be taken into consider-
ation in eqs. (2.104) and (2.104) by the introduction of a
kinematic eddy viscosity and a turbulent shear stress respect-
ively. Except for the determinatioﬁ of the form of these new
terms, solution of problems involving turbulent boundary layers
then proceed in a somewhat analogous manner to those of lami-
nar boundary layers. Thus for the purposes in the present dis-
cussion it becomes sufficient to restrict consideration to
laminar boundary layers. The effects of turbulence on mass
transport, similar to the effects of turbulence on momentum
transport, will be examined more closely in the following sec-
tion where it becomes valuable to view turbulence in a boundary
layer and its treatment in a boundary layer in relation to
other methods proposed to describe mass transport in turbulent
fluids.

Boundary léyer theory as applied to mass transport has

developed along several lines. The most obvious of these is
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that of the creation of a concentration boundary layer anal-
ogous to Prandtl’s hydrodynamié boundary layer as shown in
Fig. 5. Although the concentrétion boundary layer, when de-
scribed.and treated as such, éeemly arises from Pfandtl’s
concepts, review of previous discussions in this chapter will
show that bther mass transfer theories have essentially dealt
with a concentration boundary layer, in the sense that concen-
tration variations occur over some small finite distance. How-
ever, in the context of boundary layers, concentration vari-
ations assume two dimensional characteristics. As a fluid flows
past some interface the development of the concentration pro-
file occurs in a direction both normal and parallel to the in-
terface in a manner similar to the hydrodynamic boundary layer.
Furthermore the velocity in the boundary layer also becomes two
dimensional. Referencé to the film theory and the penetration
theory will show that these theories treated the transfer as
essentially a one dimensional phenomenon., Even in Higbie'’s
anélysis the assumption was made that the velocity was one di-
mensional even though it was in a direction perpendicular to
the direction of dissolution of the solute. Thus in manj
instances the boundary layer approach becomes a distinct im-
provement.

The analysis of mass transfer in boundary layers has
proceeded basically along the line of satisfying momentum,
energy, and continuity requirements, the more stringent the

requirements the greater the complexity that arises. For low
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mass transfer rates inter-effects of momentum, heat, and mass
are generally minor and can safely be neglected. Thus the
prediction of mass transfer becomes a problem of satisfying
the appropriate equations of continuity. Boundary layer the-
ory becomes of value here, however, because more reasonable
and more nearly exact descriptions of the veloéity of the flow
and its variation are provided from solutions of appropriaté
momentum equations, such as egs. (2.102), (2.103), and (2.104).

For high transfer rates momentum, energy, and continuity equa-

" tions must be satisfied, in essence; simultaneously. Though

difficult, boundary layer theory provides here a rather real-
istic model of the transport occurring. |

A: second avenue of analysis that boundary layer theory
has provided is that of the development of useful and perti-
nent parameters which have been of extreme value in analysis.
Though dimensioniess parameters can be developed from purely
dimensional analysis if one is able to determine the perfinent
variables by some means, boundary layer theory has provided
a more firm physical basis and understanding of these various
parameters. Of,course'this basis and understanding can arise
by development of parameters from theories outside of the con-
text of boundéry layer theory but boundafy layer theory has
been used extensively in the development of pertinent dimen-
sionless parameters (45, 185, 193),

To illustrate the above remarks consider the relatively

simple example of steady, laminar flow of a binary solution
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past a stationary flat plate, which could be considered equally
well as an interface, in two dimensions. This example will
demonstrate the basic method of attack in solving mass trans-
fer problems at low transfer rates as well as illuStrating the
usefulness of boundary layer theory in developing dimensionless
parameters. In addition the parameters developed will be ones
which have found wide usage in the field of mass transfer,

The plate will be assumed oriented parallel to the free
stream as shown in Fig. 5. Two dimensional x and y coordinetes
are positioned such that the x direction is parallel to the
plate while the y direction extends normally to the plate.
Within the hydrodynamic boundary layer which develops as the
solution flows past the plate the velocity varies from zero at
¥y equals zero, the plate, to U, the free stream velocity, at
y equals &, the thickness of the hydrodynamic boundary layer.
Within the hydrodynamic boundary layer lies the concentration
boundary layer as shown in Fig. 5. In general it can not be
said that the concentration boundary layer will necessarily be
‘within the hydrodynamic boundary layer. Analysis is simplified,
however, with this assumption and this assumption will not pre-
vent the accomplishment of the purposes intended here. The
solute will be designated as A, while B will designate the
solvent. As the solution passes over the plate it is assumed
that A is being absorbed at a uniform rate from the plate over
its entire length. Since the flow is laminar the absorption

mechanism is necessarily a diffusive one. Component B of the
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system, for simplicity, is assumed not to be absorbed by the
plate. The concentration of A, using the notation introduced
previously, varies from FABi at the plate to PABb at y ='6C, |
the concentration boundary layer thickness. The solution will
be considered sufficiently dilute such that the density of the
solution is essentially constant.

Consider first the hydfodynamic boundary layer and the
fluid motion within it. The pressure at the outer edge of the.
hydrodynamic boundary layer is essentially constant since the
flow outside the boundary layer is,approximately ideal and
uniform. From eq. (2.103) the pressure variation normal to
the plate is zero. The pressure gradient in the x direction
can therefore be considered to be zero throughout the hydro-
dynamic boundary layer. Furthermore the boundary shear stress,
since the flow is laminar, is given by Newton's law of vis-

cosity. Eq. (2.104) thus reduces to

o
2 du '
u(U-u)dy = u 5= (2.105)
Pax i J =W 3y 7=0

a . .
where 1 5? = shear stress at y = O, u = viscosity of the

y=0
solution, p = mass density of the solution, and the other no-
tation is as defined previously. The following dimensionless

ratios are defined:




o4

w o= wu (2.107)
v¥ = y/x | (2.108)
9y% = By/x (2.109)
2x¥ = dx/x | - (2.110)
6% = 6/x (2,111)

Introduction of these ratios into eq. (2.105) results in the

dimensionless equation, similar to that given by Eckert (46),

2 3 Xy, K TR\
Fera S (1-u*)u*ay* = oUx (557)3* =0 (2.112)

(e}

The dimensionless term p/(pUx) on the R.H.S. of eq. (2.112) is
recognized as the reciprocal of a Reynolds number. The solu-

tion to eq. (2.112) determines the profile of the dimensionless

velocity u*. It can be represented in a general form as

u* = £, (7%, Re) (2.113)

where

Re = pUx/p | (2.114)
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and fl = function. Eq. (2.113) shows the pertinent parameters
of which u¥ is a function. These parameters will be of use in
the following paragraphs as the mass transfer in the bhoundary
layer is analyzed.

Construct a two dimensional control volume in the con-
centration boundary layer whose faces are designated as sur-
faces 1, 2, 3, and 4 as shown in Fig. 5. BSurfaces lrand 3 are
normal to the plate while the plate itself forms surface 2.
The outer edge of the concentration boundary layer forms sur-
face 4. Surface 1 is 60 long while surface 3 is 6c+d6c long.
Surface 2 is dx long.

Coﬁsider the mass transfer across surface 2 at the

plate. The mass flux of A is, from eq. (2.37),

N = V. + J, (2.115)
A|y=0 Pan; Tw T “ay| o

where Vg, = the mass average velocity of the solution through
surfacé 2 at the plate boundary, and the other notation is as
previously defined. For component B the mass flux expression
for surface 2 is similar to eq. (2.115). However, since no

absorption of B is occurring

N =0 (2.116)

Therefore
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-J (2.117)

Vv =
PBAi w By 7=0
where Ppy, = mass concentration of B at the interface. The

- i
mass average velocity normal to the plate at the plate bound-

ary is therefore, using eq. (2.1),

oo
v, = D _ —53 (2.118)
PBA, 97 ly=0
where the notation is similar to that defined earlier.
The mass transfer of solution across sufface 1l into

the control volume is

5 |
{ c?udy (2.119)
O

while that across surface 3 out of the control volume is

5 6

g C a . c ‘ .
X f)udy + ('33: So Pudy)dx | (2.120)

At surface 2 the mass transfer into the control volume is

Vﬁde (2,121)
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The velocity of the solution along surface 4 in general has
two components whose average values in the x and y,difections
may be designated as u, and v, respectivély. The total mass
transfer across surface 4 into the control volume is therefore

Puodé + pv,ax (2.122)

if u, and v, are considered positive when directed inward into
the control volume. By the conservation of mass, eq. (2.9),

using egs. (2.119) through (2.122),

o)
? C
_(EE g ?udy)dx+VW?dx+Pucd6+Pvcdx =0 (2.123)

Since the density of the solution is approximately constant,

eq. (2.123) becomes

&

) ¢
—(§§ L udy)dx+dex+ucd6+vcdx =0 (2.124)

Into the control veolume across surface 1 the mass trans-

fer of A is

&
c
udy (2.125)
go PaB | ,
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while across surface % the transfer of A is

gbc udy+(iL gc wdy)dx (2.126)
o £aB ax ) PaB

Across surface 4 the mass transfer of A is only

PABcucd6+PABcvcdx (2.127)

since the concentration gradient is zero there. PR is the
c
concentration of A.at y equals 6,. From eq. (2,126) the trans-

fer of A4 across surface 2 is

V dx+d

dx (2.128)
¥ ABi w Ay

y=0

Therefore from eqs. (2.1), (2.9), and (2.125) through (2.128)

(o)
2 c
(7= S udy) dx+p,pu dd+ v _dx
ax S Pa PAB c PABC c

+ \'§ dx—D(gﬁA) dx = O (2.129)
PABi w 2y B )

y=0

Using eq. (2.124), eq. (2.129) can then be easily be reduced to
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)
2\ %, 2P
ox SO (?ABC_PAB)udy+VW(PAB:.L-PABC) = 2y =0 (2.130)

" For dilute solutions Vw‘Will generally be small (45) and can

be neglected without loss of generality for the purposes
intended here. Egq. (2.130) thus reduces to the relatively

simple form

5
2 (° Ipy
7% go (Pap -Paludy = Dy (2131

Comparison of this equation with eq. (2.105) illustrates the
comments made earlier concerning the analogies between the
hydrodynamic boundary layer and the concentration boundary
layer.

Define a dimensionless mass concentration as
X _ - .
f) = (PA"PABi)/(PABc PA-B:-L) (2-152)

and a dimensionless concentration boundary layer thickness as

¥
6, = b,/x (2.133)

Using eqs. (2.107) through (2.110) as well as egs. (2.132) and
(2.1%33), eq. (2.131) can be rewritten as
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2 fc L PA"PAB
axx 4 PAB, 'PAB

M-

- ( Pas,~PaB, ¥ uxay® -

=)

yiEch‘PABi)

which reduces to

*

R |
¢ *
3353 & -pfar - 35 g?* (2.134)

y*= 0

Prom the solution of eq. (2.132) would be obtained a function
describing‘the dimensionless concentration profile. The solu-

tion can be seen to be symbolically represented as

P* = fz(u*a }](:)Us J ) (2.135)

where f2 is an unknown function. Since u* and y¥ are related
by eq. (2.113), eq. (2.135) takes the more general form

* .

P = £5(5* , Re, I (2.136)
where f5 is an unknown function. =xU/D is analogous to the
Peclet number in heat transfer and can be considered a Peclet

number for mass transfer (12). The symbol Pe will be used for

the mass transfer Peclet number,
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A more commonly encountered form is obtained from eq.
(2.135) by defining a new parameter which is the quotient of
Pe and Re. Thus the dimensionless concentration profile can
likewise be represented by

o' = £,(7%, Re, Sc) (2.137)

where f4 is an unknown function, Sc¢ is the Schmidt number,

originally introduced in 1929 (199). 8Sc is defined as

Sc = (2.138)

i

where ¥ = kinematic viscosity, D = diffusivity.

The parameters developed here will be discussed in
relation to mass transfer paraméters in general in a fol-
lowing section.

If for the form of the velocity profile a cubic

parabola
u=ay + cy (2.139)

is assumed as has been done by Eckert (43), then

‘ 1 3
-3¥-3D (2.140)

=]
I
Mo
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since at
y=0,u=0 (2.141) |
y=06, u=1 (2.142)

and y = 6, 0u/dy = O (2.143)

Introduction of eq. (2.140) into eq. (2.112) results in, using
(2.108) and (2.111),

2 Ss Idy = —1—(-—9t) (2.144)
ox* ) Re“ y* 7=0

where Re is defined as in eq. (2.114) and

- 330~ 2% 3B - K (2.15)

nol=
£

From eq. (2.140),

(ay,,) -2 & (2.146)

Integrating eq. (2.145) with respect to y*, eq. (2.144) reduces
to, using eq. (2.146),
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a6* /ax* = 22 « Reh . (8%)7H | (2.147)

Separating variablés and integrating, using egs. (2.109),

(2.111), and (2.114), results in

(6*)2 _ 280 e Re™ L + Constant (2.148)
1%

Assuming & equals O at x = O, the constant in eq. (2.148) is

zero. Therefore eq. (2.148) can be rewritten as

& - 4,60 (Re)"1/2 (2.149)

which is similar to that given by Eckert (44) and Rouse (184).
If the concentration profile is approximated with a

cubic parabola similar to that of eq. (2.139), viz.,

- = Av+¢ 3 (2'150)
Pa~Pas, y+ey
then
1 3
-3 E -3 (2.151)

gince at
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y = 0, PA-PABi =0 (2.152)
T = Or Pa~PaB, “PaB ~PaB, (2.153)
and \ ¥y = 60, BPA/ay =0 (2.154)
Then from eq. (2.134)
&
e *
ae ( wey - 20 (2.155)

6%/ FFTL\E®/ gL \EF /g 6%/ g¥3
(2.156)

¢* is defined as

7 = 6./6 = 5/6" (2.157)
where ¢*‘is a function of x. ZFrom eq. (2.151)

2p* 3 1

(#) =2 5 (2.158)

ay* y=0 2 6%
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Eq. (2.155) thus becomes, using eqs. (2.156) and (2.158) and
evaluating the integral in eq. (2.155),

L Gt e ) Bk Gaso

For g* less than 1, the second term of the L.H.S. of
eq. (2.159) can be neglected, in which case eq. (2.159) be-

comes, after performing the indicated differentiation,

ok * \
6* ¢*’gi¥ + (6*)2 2¢#2%% = l-(eg (2,160)

But using egs. (2.147) and (2.148), this reduces %o

43 140 1 = 280.2 1 _,.dg*¥ 10
27 T3 Re * #¥ X = Pe

or
%%(ﬁ*’+4¢*zd¢f/dx ) = Re Pe~l - gct (2.161)

If the substitution

& = (2.162)
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0 4+ 2840 é; (2.163)

i =

mI
o)

The solution to eg. (2.163) is, as can be checked by substi-

tution in eq. (2.163),

L - constant-e(_21/26)x + 8¢ (2.164)
Assuming the boundary condition
6 /6 = £ _0atx-=o0 (2.165)

c

the constant in eq. (2.164) becomes ~Sc"l. Thus

6,/6 = (80173 (1-e-21%/26y1/3
or

62/6* - (8¢™Y/3)(1-e721X/26)1/3 (2.166)
From eq. (2.149), eq. (2.166) can also be put in the form

4, 64 -21x/26 1/3 '
c (F§§_§::)( - ) ( ?7)
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Thus it is seen that the concentration boundary layer thickness,
for a given set of flow conditions, that is, a given Reynolds
number, is a function of a Schmidt number, just as the hydro;
dynamic boundary layer thickness is a function of a Reynolds

number.

- Turbulence Theories

Most attempts to determine the effects of turbulence
on mass transfer have proceeded from analogies with momentum
and heat transfer in turbulent flow. While these analogies
have been numerous and have proved to be quite wvaluable, in-
vestigation of mass transfer in turbulent flow seems to have
lagged somewhat behind that of heat and momentum transfer.
Early emphasis in this field was primarily that of attempting
to apply the results of heat and momentum directly to-mass
trans%er (28, 29, 176, 199, 207). More recently however,
emphasis has been placed on the examination of turbulent mass
trensfer viewed more from its own sphere (23, 89). |

With all turbulent phehomenon great difficulty is en-
countered in analysis and experimentation. Many investiga-
- tors have necessarily been forced to rely on semi-empirical
hypotheses. As has been noted by Schlichting (196), the com-
plex nature of turbulence appears to defy ultimate under-
standing. Thus considerable reliance has been placed on the
development of pertinent parameters. The develogment of
these parameters will be examined in following sections. To

be briefly examined presently are those concepts which have
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been used to provide a rational basis for analysis of turbu-

lent mass transport.

Turbulent transport has been approached from two view-

points (94): (1) a quasi-steady state approach in which the

mean conditions are of prime concern and (2) an unsteady state

approach in which the time dependence of mass transfer on tur-

bulence is of prime interest.

Quasi-Steady State Transfer. The existenge of turbu-
lence in a solution will result in movement of smali balls or
lumps, és Schlicting has described iy (195), of fluid from
one locale to another. Since the concentration of a species,.
say A, varies from point to point within the solution, the
concentration at any particular point will be subject to
fluctuations. Thus to describe the concentration variation
in & turbulent solution, it becomes convenient, as with the
division ofhthé total velocity in turbulent flow into a mean
and a fluctuating combonent, to subdivide the total concen-

tration at a point into two parts:

0, = FE + Pz'x (2.168)

where Pa = total concentration of A, EK = mean concentration
of A, and PA = fluctuating component of the total concentra-
tion of A. Considering solutions of only constant diffusivity

and approximately constant density the equation of continuity
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for' the solute A is given by eq. (2.42). Introduction of eq.
(2.168) into eq. (2.42) will result, after time averaging, in
the equation of continuity of A in turbulent flow. The time
average process is considerably simplified by the rules for
time averaging given by Schlichting (197). Thus, similar to
that given by Goldstein (73),

-

N
Ly >

opy
X

N
2t

+ U

+ V

DV;é (ﬁ)-['%c(w P;{_H%(v’ pp+-g—z-(w’pﬁ)] (2.169)

where the fluid velocity in the x, y, and z directions is given

by

u="U4+nu (2.170-2a)
v=Va+v (2.170-b)
w=W+w (2.170-c)

respectively. Here the total velocities are given as the sunm

of a mean and a flucfuating component, the primes denoting

the fluctuating components. The L.H.S. and first term of the

R.H.S. of eq. (2.169) is seen to be the equation of continuity

of A in terms of the average concentration. The remaining
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terms on the R.H.S. of eq. (2.108) arise because of the turbu-
lent fluctuations of the velocity and concentration and are
the net effect of turbulence on the concéntration of the solu-
tion. The bars above the terms are used to denote time aver-
ages of the products shown. These additional terms are di-
rectly analogous .to the Reynolds stresses in the equations of
motion for turbulent fluids. Here these terms represent the
mass flux of A due to turbulence. ZExcept in those regions
where the turbulent fluctuations become damped, as near a
boundary, the turbulent méss flux is generally much-larger
than the diffusive flux.

For simplicity consider only one dimensional transfer,
in which case eq. (2.169) may be rewritten as

o A .
o A Y L S TS (2.171)

X

Were it not for the last.term in eq. (2.171), solutions to eq.
(2.171) would be identical to laminar flow solutions of the
equation of continuity. Thus the emphasis in turbulent mass
transfer has been that of attempting to find a suitable ex-
pression for this last term which could be readily evaluated.
The most common method used to evaluate the turbulent
mass flux has been that of making an analog to molecular 4if-

fusion. Thus defining, from eq. (2.171),

Th = T () (2.172)
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where Jx(t) is the turbulent mass flux in the x direction,

the general approcach has been to say

2

= |

I (t) = -Ej (2.173)

D
M

where ED is an eddy diffusivity. One of the more recent studies
using this basic form was that of Harleman’s (89). The diffi-
culty in using this form is, of course, as with the eddy wvis-
cosity or mixing coefficient of Boussinesq (195), that the
eddy diffusivity is a flow property and not a fluid property.
Sherwood (206) points out that one common method used in
an attempt to determine the eddy diffusivity has been to assume
that it is directly proportional to Boussinesq’s eddy viscosity,
such reasoning arising from the similarity of eq. (2.173) to

Boussinesq’s expression for the Reynolds'! shear stress, viz.,

(198).

au
t = €y (2.174)

T
where 1, = Reynolds? shear stress and e = eddy viscosity. As
Lin, Moulton, and Putnam (155) noted however, for flow with the
same turbulence conditions the eddy viscosity is exactly equal
to the eddy diffusivity (158). Using this relation in the in-
vestigation of mass transfer close to pipe walls they found

the eddy diffusivity to be proportiocnal to the cube of the
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distance from the pipe wall. It is to be noted that their
analysis assumed the existence of small scale turbulence,
micro-turbulence, occurring even very near the pipe wall in

the laminar sublayer. Using expressions for the velocity
distributions in turbulent flow to determine expressions for
eddy distribution, they found the total mass flux to vary as
the two-thirds power of the molecular diffusivity near the pipe
walls.,

For transport in pipes, Deissler (9) has formulated a
complex exponential function to predict the turbulent mass
flux near a pipe wall assuming the mechanlsms of momentum and
mass transport are identical. For large values of the kine-
matic v;scosity of the fluid, Deissler?s equations predict the
eddy diffusivity to vary as the square of the distance from
the pipe wall while the mass transfer coefficient varies as
three-fourths power of the molecular diffusivity (95).l

As has been pointed out by Harriott (95) both Lin,
Moulton, and Putnam’s and Deissler’s equations fit experi-
mental data equally well since the éqﬁations contain con-
stants which require experimental determination.

Unsteady State Trangfer. Doubtful that a stagnant or

even laminar liquid film existed at the free surface of an
agitated liquid into which a gas was being absorbed, Danck-
werts proposed his surface renewal theory in 1951 (23).
Danckwerts? basic concept was that the turbulence in the

liquid continually caused the transport of fresh fluid from
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within the bulk of the liquid to the free surface. The fresh
fluid would remain exposed at the free surface for a short
period}and then be swept back into fhe interior of the liguid.
Thué, though he denied the existence of a laminar film, Danck-
werts® hypothesis was similar to that of Higbie®s penetration
theory (103) in that contact time between phases was limited
and absorption of a solute would be time dependent. Further-
mdre, the transfer through the interfacial region of each eddy
swept to the surface was supposedly by molecular diffusion.
Turbulence was then responsible for the transfer of solute to
depths below the interfacial region. Thus in the interfacial
region the transfer was unsteady as in Higbie’s pénetration |
theory.

To describe this surface renewal process, as Danckwerts
termed it, he introduced a factor s, the rate of production of
fresh surface. TFrom a purely statistical standpoint, Danck-
werts related the rate of fresh surface production to the area
occupied by this fresh surface. Based on this formulation he
found that the mass flux of a diffusing gas, say A, could be
put in a form very similar to that introduced in connection
with the two film theory. Thus for a gas A dissolving into a

liquid B in the x direction, Danckwerts showed that

e |
Ny = (pyp,-Pan )'Ts (2.175)
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where s is the surface renewal rate and the other notation is
as. previously defined.

The difficulty with the surface renewal concept lies in
the determination of s. As Danckwerts himself pdinted out,
the rate of surface renewal is some complex function of the

- hydrodynamics of the surface. In general it could not be pre-
dicted analytically but would have to be determined experi-
mentally.

| To be noted from eq. (2.175) is that, as in Higbie’s
penetration theory (103), the surface renewal theory predicts
that the rate of absorption is proportional to the squarel
root of the diffusivity.

Comparison of eq. (2.60) with eq. (2.175) shows that

k., = YDs o (2.176)

In a manner similar to that which leads to the definition in
eq. (2.71) it can be shown that if there exists a gas resist-
ance in addition to the liquid resistance predicted by the
surface renewal theory then the total resistance is, in a

dilute solution,

H
kq




85

where H, Henry'’s constant, takes the place of m in eq. (2.72)
for dilute solutions. Indeed, as_shown by Danckwerts, if omne
were to consider the situation in which there existed close

to the free surface, say at a level a, a concentration PABa’
less than the interfacial concentration PABi’ but greater than
the bulk copcentration PABb at level b, then the total film

registance is

(2.178)

=8

1
= == +
k ke

where (l/ke) is the resistance encountered in the transfer from
levels a to b due to turbulence. Examination of egqs. (2.177)
and (2.178) demonstrates the utility of Whitman'®s basic con-
cept of additive resistances to transfer.

In 1935 Fage and Townend (57) had observed with an ultra-
microscope that within the laminar sublayer at a solid surface,
at approximately 1/40,000 of an in. from the flow boundary,
the flow was not at all rectilinear but rather underwent ap-
parently viscous motion in which fluid particles followed
sinuous paths. Spurred by this observation, Hanratty in 1956
(86) proposed a modification of Higbie's penetration theory
using Danckwerté’ surface renewal concept. Rather than only
one contact time as Higbie®s original penetration theoryias—
sumed, Hanratty considered a distribution of contact times

based on the probability that any eddy would be swept to the
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interface and expose new surface for a limited time period. As
opposed to Danckwerts? rate of surface production factor s,
Hanratty introduced a general fuhction f(tct) describing the
distribution of contacﬁ times., Though Hanratty used an expo-
nential function for f(tct), the form chosen-ﬁas arbitrary.
With the introduction of the contact time distribﬁtion
function into Higbie®s analysis the rate of mass transport in

.the X direction, of a component A, became

ECPAB."PABb) | §°°

£(t.) ﬁ L gy (2.179
) ) YT 79)

contact time, £(t,4) = contact time dis-

=i
I
[

x#’
A

where t = time,.tct

tribution function, ﬁA = time average value of NA‘, and the
X X _

other notation is as previously defined. 1In the special case

in which the contact time is constant for all eddies, f(tct)

equals l/ttc and, as shown by Hanratty, eq. (2.179) becomes

N, -2 - ]f~£L— 2.180
a, = 2Pan, Pan ) Vx_; ( )

Comparison with eq. (2.97) will show the similarity of the two
equations predicting the mass flux if the solution into which
A is dissolving be considered dilute.

Defining the average mass transfer coefficient as

Ny

= —* (2.181)
PABi PABb

kp
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in a form analogous to eq. (2.83%), then for dilute solutions,

from eq. (2.79),

) o0
— 2 , D
KIJ = F% Y f(tct) VE;; dt (2.182)

o

where K; is the average value of K;. This reduces to, as shown

by Hanratty,

= - D
B = 31} (2.183)
L tctn - _

for constant contact times for all fluid eddies.

To be noted, as with the penetration theory, the nass
transfer coefficient varies as the square root of the diffusiv-
ity.

A turbulent mass transport model was proposed by Toor
and Marchello (220) which combined the concepts of the film,
penetration, and surface renewal models. Toor and Marchello
considered the fact that eddies brought to an interface would
remain at the surface different lengths of time. Though this
was the idea that Hanratty proposed, Toor and Marchello ap-
proached it differently. Those eddies which remained only a
short time near the surface would be subject to only a small
degree of penetration by the solute. As the time which an

eddy resided at the surface incréased, penetration would in-
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crease. As opposed to Higbie’s model, however, this penetra-
tion would not go on indefinitely. If the average thickness
of these eddies was 1 where at a depth L below the surface the
concentration became that of the bulk of solution, then at
some finite time after an eddy reached the surface, its con-

centration at depth L would reach the bulk concentration. When

the concentration reached this level penetration ceased because

- a steady state concentration profile had been achieved. Now
transfer became described by the film theory and procéeded at
a rate given by the film theories discussed earlier., Some
eddies, however, would begin to near the steady state condition
but be swept away prior to its achievement. Thus it could be
expected there would be eddies near the interface which had
characteristics of both penetration and film models as well as
those eddies which were closely described by the film theory or
the penetration theory.

Within an eddy the transfer could be idealized as occur-
ring by diffusion. Considering all the eddies, then, they
could be idealized as a laminar film of thickness L which was
subjected to periodic disruption or disturbance. During the
periods of quiesence, then, the initial process became simi-
lar td that described in conjunction with Highie®s penetra-
tion theory. Thus the differential equation describing the
transfer mechanism became the same as that which described
Higbie'’s penet:ation theory; eq. (2.87). A change in boundary

conditions, however, resulted in the model proposed by Toor
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and Marchello. In place of egs. (2.88), (2.89), and (2.90)

Toor and Marchello had

B.C.1l: For <0, PA=PﬁBb for all x. (2.184)

B.C.2: For x=0, PA*PAB for all t>0 (2.185)
i

B.C.3: TFor x=L, PA=PABb for all >0 (2.186)

To be noted is the change in B.C.}.i The two equivalent solu-

tions given by Toor and Marchello were

D
Ma, = (PABi_PABb).J;% * 95 (2.187)

N (2.188)

D
= ( - ) F e ¢
A, T ‘PaB.7PaB /T ° %L
Whére eq. (2.187) describes the transfer for eddies of short
life and eq. (2.188) describes the transfer for eddies which
had been in existence at the interface for a relatively long

time. ¢, and ¢; are defined by

= n’ I
bg = 1+ 2 E:i exp(- H5% (2.189)
n= _ :
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and

by =1 +2 Y exp(-n'n’yF) (2.190)

It is seen that ¢s and ¢L introduced the effects of the limiting
steady state concentration profile. 1If eddy life is very short,
eq. (2.187) merely reduces to the form predicted by Higbie's
penetration theory while if eddy life is long eq. (2.188) ap-
proaches that of the simple film theory applied to transfer in
one phase.

Though Toor and Marchello?s concept of mass transfer
neaf any interface bounding a turbﬁlent fluid seems to be one
of the more realistic, Harriott (91) has noted that, for pipe
flow, use of Toor's and Marchello's equations predict transfer

coefficients which are too large.

Summary of Diﬁens;onless Parameters

Most of the dimensionless parameters which have been
developed in preceding péges and used to characterize mass
transport have an analogous férm in the fields of mdmentum
and heat transfer. The basic similarity of momentum, heat,
and mass transfer has long been recognized and has been one
of the most frequently used methods in applying the analyses
of relatively well understood phenomena to little understood
phenomena., Many of the relationships developed in preceding

paragraphs had their origin in the_fields‘of momentum and
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heat transfer. Indeed, Fick (59, 60) used as primary justifi~
cation of his first law the apparent similarity between heat
and mass transfer. Likewise, the extensions of Prandtl’s
boundary layer theory to heat and mass transport had their
origin in the basic similarity of all transport phenomena.

Thus many of the mass transfér-parameters which shall be sum-
marized here and which were introduced in previous sections 6f
this chapter have completely analogous heat and momentum forms.
However, in order that the relation to mass transfer be appar-

ent they will be discussed on the basis of mass transfer con-

siderations.

In any dynamical fluid system the ratic of the inertial
forces to the viscous drag forces becomes of primary importance
because of its distinctive characterization of the motion of
the system. Thus it is that in mass transfer, as in all trans-
port phenomena, the Reynolds number finds frequent usage, as,
for instance, it did in the example of mass transfer in a lami-
nar boundary layer over a flat plate given earlier.

Also developed earlier was the Peclet number for mass.
transfer, which in a general form is

Pe = & (2.191)
where L = characteristic length, V = characteristié velocity,
and D = diffusivity. The basic significance of Pe can be under-

stood if the development which led to eq. (2.136) be consid-
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ered. The convective flux in a system can be represented by

Pv; where p is a characteristic mass density, while the dif-

fusive flux is represented by D(dp/dx), where the notation is
the same as used previously. The ratio of the convective

flux to the diffusive flux thus becomes

Vv :
BE%ZEE : (2.192)

Representing this ratio in terms of its basic dimensions, it

reduces directly to Pe. Thus the Pe can be congidered to pro-

vide a measure of the relative magnitude of the convective
flux and diffusive flux in a systém.

E#amining eq. (2.166) it is seen the Schmidt nunmber
characterizes the concentration boundary layer and its thick-
ness relative to the hydrodynamic boundary layer (132). It
occupies the same role as the Prandtl number in heat transfer
phenomena.

From eq. (2.83) the total mass flux of A is represented

approximately by

Ny, = KAp,

The diffusive flux, on the other hand, is given by eq. (2.1).

In a finite difference form the diffusive flux becomes
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Thus the ratio of the total mass flux to the.diffusive flux

becomes

N

Ay _ KAPA _ KAx (2 1935
JAx DAPA/AX D

or, in general,
N,/J, = KL/D = Sh (2.194)

where K = mass transfer coefficient, L = characteristic length,
D = diffusivity, and Sh is the Sherwood number (96, 98). Thus
the Sherwood number is indicative of the relative amount of
the total mass transfer which is occurring by diffusion. It
can also be treated equally well as representing a dimension-
less mass transfer coefficient (13%2).

To relate the Sherwood number to the Schmidt and Rey-
nolds numbers consider eq. (2.137). Symbolically differenti-

ating eq. (2.137) the general expression

2o
5&; = f5(Re,Sc) (2.195)

results, where f5 is some function. From eq. (2.83)

N, = Kbp, = K(PABi'FABb) | (2.196)
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where the notation is similar to that used earlier. But for
systems'of low concentration, from eq. (2.84), with transfer

in the y direction

2 ,
Ny T, = Dhggﬁ (2.197)
Therefore
%psp

or, from the definition of eq. (2.132),

2"
D—%y ~ K (2.199)

This can be put in the equivalent form, from eq. (2.109),

4

e

=~ xK/D (2.200)

which, replacing x with the general length term L, becomes

-
R

LK/D = Sh (2.201)

But from eq. (2.194) this is equivalent to, as given by Eckert
(48),
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sh = f_(Re,Sc) (2.202)

Thus it could be expected that the Sherwood number is a func-
tion of the Rejnolds and Schmidt numbers in a mass transfer
system. This expression finds wide usage in mass transfer
studies.

Since interphase mass transfer involves transfer through
an interface it would be expected that the forces existing at
the interface would be useful in describing certain inter-
facial phenomena. Thus it is that the well known Weber number,
the ratio of inertial forces to surface tension forces, also
finds frequent usage in mass transfer literature. Thus the

Weber number is defined as

2

We = RL-L (2.203)

g

where o is the surface tension and the other notation is as.
defined previocusly.

In many instances free, or natural, convection of a so-
lution becomes of considerable importance and it is desirable
to have a parameter descriptive of the buoyant forces which
give rise to the free convection. The buoyant force on a

fluid particle or immersed body can be represented generally

by

Buoyant Force = L’gAP




andJAP = diffefence in densities of the fiuid particle or im-
mersed body and the surrounding fluid. In applications of
boundary layer theory the difference in the densities is usu-
ally that between the free stream solgtion density and the in-
terfacial density.

The relative magnitude of this buoyant force to the
inertial force on the particle or immersed body is expressed
by their ratio:

buoyant force L’ zho

inertial force ~ PL’-LVt (2.204)

where P = the surrounding fluid density and t = time. To ex-
press this in a more usable form this ratio is multiplied by
the square of the Reynoclds number in which case the above ratio

reduces to, in general terms,

GR = L—gre (2.205)

where GR = Grashof number (226) and * = kinematic viscosity.
As eq. (2.202) is used to describe mass transfer in
forced convection systems, a similar form can be used to de-

scribe free convection systems (49), viz.,

Sh = £ (Gr,Sc) ' (2.206)

96

where L = characteristic length, g = acceleration due to gravity,
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where f6 = some function.

Other'parameters-,- of course, can be, and have been de-
veloped in connéction with mass transfer, but those presented
here, or slight modifications of them, are those most commonly
used. For this study the dimensionless quantities summarized

here will be sufficient for the objectives of this study.
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CHAPTER IIT
THEORY OF MASS TRANSFER IN LIQUID DROPLETS

MéSs transfer in bubble and droplet systéms-héS~
received enormous éttention over the years.. ;Thisﬁtopic
has significant practical applications in' such faried fields,
for iﬁstance, as fractionation, liquid-liquid extractioh,-
drying, combustion, gas scrubbing, and meteorélogy (51, 104,
127, 129). Fﬁrthermore it holdé promise of useful.and valu—
abie applications in yet undeveloped areas.
| While the discussion presented in this chapter can,

in genéral, be applied equally well to bubbles of gas or drop-

lets of liquid, attention will be focused on liquid droplets

because the interests of this study lie in this area. Indeed,
it should be realized that though the term droplét may be
used, some of the information presented here has had its ori-

gin in studies dealing with gas bubbles rather than liquid

Many of the'appiidations of droplet sysﬁems employ a
spray oﬁeration in which numerous individual droplets are pro-
duced. A rigorous treatment 6f the mass transfef in such a
system would include an analysis of each of the various sizes

of droplets, such analysis, in all likelihood, being based on a

~consideration of the droplet size distribution. Comparatively

few studies have been made that are of this rigor, although
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Gal-Or and Hoelscher (63) presented a mathematical treatment
of the effects of particle size distribution on mass transfer.
Such a treatment, however, does necessitate a rather accurate
knowledge of the particle distribution if it is to be of wvalue.

Many experimental studies have dealt with droplets of a
single, known size. This, of course, results in a considerable
reduction in complexity. While the results of these studies
can be ﬁmplified to take into consideration the effects of the
dispersed phase (i.e., the droplet phase) distribution, often
the results have been applied directly to multi-sized droplet
systems by considering a particular size droplet to typify the
system. Indeed, it has been noted (75) that consideration of
an isolated droplet occasionally approximates the multi-droplef
system quite well. In any case, the examination of a single
droplet provides a starting point for study. Understanding
of the single droplet is necessary if one is to obtain a clear
understanding of the multi-droplet system. For these reasons,
' this discussion will consider transfer in a single droplet
only.

Four zones of interest are often recognized in mass
transfer in droplets: drop formation, drop deacceleration or
acceleration to a steady velocity, drop rise or fall at a
steady velocity, and drop coalescence (119, 122, 181). While
some studies have analyzed end effects to a considerable
degree (121, 208), many investigators have concentrated their

efforts on the steady state period. Indeed, most thecretical
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médels ﬁroposed for mass transfer assume the droplet is trans-
lating at a constant velocity. Periods of acceleration or
deacceleration can be treated, at least approximately, by
assuming them to be composed of a finite number of periods of
steady droplet velocity, each period having an increase or‘de-
crease in the velocity. In this present discussion it will be
assumed that the droplet is translating at a constant velocity.

As with the discussion in the preceding chapter it will
be assumed that transfer rates are sufficiently low that momen-
tum and mass transfer are essentially independent of each other.
Much work has proceeded on this basis (133). Consideration
will also be limited to isothermal systems.

Considering the various fluid, flow, and transfer
properties which might influence mass transfer in and around
a single droplet, it would be expected that, in general,
properties of the droplet (discontinuocus phase)'itself, as
well as the surrounding fluid (continuous phase), would be of
importance. Thus if the droplet were translating at a con-
stant velocity relative to the surrounding fluid, the perti-
ﬁent variableé would appear to be, in addition to the rela-
tive velocity and size of the droplet, the viscosities,
densities, and diffusivities of both phases, the overall
transfer coefficient, the surface tension (209), and the
difference in specific weight of the two phases. These vari-

ables can be arranged in the dimensionless equation
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Sh = f(ReC, SCC, Wec, GI‘C’ Pd/PC’ ud/uc’ Dd/DC) (501)
where
Kd
Sh = 2 (3.2)
c
Uua Uud
Re =.—3 - 94 (3.3)

u v N
Se = —2- - £ (3.4)
¢ PCDC o4
gdéAp
Gr_ = —y— - (3.5)
¢ PCQC
. |
Wo - p ——d (3.6)
P o - )

K = overall transfer coefficient, U = droplet velocity relative
to surrounding fluid, dd = droplet diameter, P = density, ux=

viscosity, D = diffusivity, o = surface tension, § = kinematic

viscosity, g acceleration of gravity, f = function, p =

Pa - Pos and the subscripts ¢ and d refer to the continuous

and the discontinuous phases, respectively. {(In Chapter ITI,
the subscript "C" was used to denote merely phase C. In this
chapter the subscript "c" implies the continuous phase. Since
the continuous phase can be treated merely as phase C, the sub-
scripts "c¢" or "C'" can be used interchangeably in this and

remaining chapters,)
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The difficulty in determining the functional form of
eq. (3.1) is considerable, to say the least. Some progress
has.been made towards this end in the area of the continuous
phase by the application of boundary layer thecry, in which
case the Sherwood number is based on the continuous phase
transfer coefficient. However, in the forms thus far pro-
posed, all parameters have not yet been successfully incor-
porated and little is known about the interrelations of the
various parameters. For transfer within droplets mathematical
models have generally been formulated and compéred with experi-
mental results rather than attempting to determine the form of
eq. (3.1) (118). Thus the emphasis in mass transfer in the
continuous phase has been the development of dimensionless
correlations while within the dispersed phase, the droplet,
emphasis has been upon mathematical models (181).

With the assumption of interfacial equilibrium, gene— 
rally a reasonable assumption (230, 246), especially in Sys-
tems with small mass transfer rates (229), mass transfer in
droplet systems has therefore quite often been approached from
one of two viewpoints: transfer within a droplet and trans-
fer in the continuous phase sﬁrrounding the droplet (181).
Both will be considered in the following paragraphs. Though
they will be treated essentially separately, it should be
apparent from previous discussions they are not at all inde;
pendent. Indeed, this dependence will be quite evident when

transfer inside a droplet is examined.
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Even if transfer iﬁ only one phase is considered, the
viscosity ratio in eq. (3.1) must still be included because
of the possible existence of droplet circulatioﬁ, that is,
internal motion of the droplet. Such motion can be seen to
affect the mass transfer within a droplet because of its
obvious mixing effect. Perhaps not as apparent is its influ-
ence con transfer in the continuous phase surrounding the drop-
let., Movement of the droplet surface, because of internal
motion, however, can greatly influence the boundary layers
and concentration gradients in the surrounding fluid in near
proximity of the droplet surface. Thus droplet circulation
is an important consi%eraﬁioh; For this reason, it will be
worthwhile to briefly examine droplet circulation prior to
considering mass transfer in the continuous and discontinu-
ous phases of a droplet system., Surface tension, further-
more, has a considerable influence on the magnitude of drop-
let circulation (92, 187), thus explaining the need for the
inclusion of the“Wéber number in eq. (3.1). Because of this
influence, surface tension will also be briefly examined in

relation to its effects on droplet circulation.

Droplet Circulation

The movement of a liquid droplet through a fluid can
be significantly different from that of a s0lid sphere because
of the mobile interface which a liquid possesses. The viscous

shear acting on the surface of a droplet traﬁslating through a
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fluid will tend to set the surface layers of the droplet
fluid in motion. This motion will be transmitted into the
interior portions of the droplet creating an internal cir-
culation within the droplet. The surrounding fluid lite-
rally drags the fluid inside the droplet from the region
of the upstream stagnation point to that of the downstream
stagnation point. |

Assuming inertial terms to be of negligible magnitude,
Hadamard (81) andrRybcznski (143) independently solved the
Navier-Stokes egquations for the internal motion of a liquid
droplet of constant radius in 1911, although most writers-
attribute the éolution to Hadamard. The flow pattern pre-
dicted by their solution for a droplet falling'in the nega-
tive x direction is shown in Fig. 6. The internal motion is

given by the stream function

B(1 - g;) r’ sin®® (3.7)

Y, -

Pol—

where

1 te
= 3 (“aﬂ‘c) U | (3.8)

v 5]
H

2 a? _He'Hq
U= Bg(Pd-Fc) o 2uc+3ud (3.9
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Figure 6. Droplet Circulation as Predicted by Hadamard
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Wa = stream function for internal motion, r = radial distance,
a = droplet radius, € = polar angle as shown in Fig. 6, U =
relative velocity of droplet, and the other notation is as
used earlier. The radial velocity of the droplet fluid is

therefore.

vV, = -B(1 - r’/a® )cos € (3.10)

while the tangential velocity is
Vg = B(1 - 2r° /a® )sin © (3.11)

Because of axial symmetry, V¢, the velocity in the direction
of the meridional angle, is zero.

| Droplet circulation is a physical reality, not merely
mathematical conjecture. It has been observed by numerous
investigators (107, 119, 134, 150) and quite often has shown
a striking similarity to that predicted by eq. (3.7). It has
been observed for continuous phase Reynolds numbers, Rec, less
than 0.003 (2%2) and, though the circulation described by eq.
(3.7) is theoretically applicable to droplets only in Stokian

flow, that 1s, droplets for which Rec is less than approxi-

mately one, circulation similar to that predicted by eq. (3.7)

has been observed for droplets considerably outside the Stokian

range (108). Garner found this circulation to exist in drop-

lets with Re, on the order of ten (119). Horton, Fritsch, and
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Kintner (107) photographed droplets with circulation patterns
very similar to the theoretical for a range of Reynolds num-
bers of four to 19. They aiso found the velocities predicted
by egs. (3.10) and (3.11) to agree moderately well with
experimentally measured circulation velocities. Calderbank
and Korchinski (19) indicate the existence of some type of
internal motion at Reynolds numbers as high as approximdtely
120.

The droplet circulation which has been observed, how-
ever, has been in droplets moving in liquid media. Cifculation
of droplets in gaseous media has nof been verified and it is
questioned whether or not it exists (150). As seen from egs.
(3.5) and (3.6) the circulation velocity is dependent on the
ratio of the continuous phase and dispersed phase viscosities
and the dropiet velocity. Since the viscosity ratio would be
small for liquid droplets in gaséous medié, circulation of
appreciable magnitude would most likely not exist for small.
droplet velocities. In those velocity ranges which would
supposedly give rise to noticeable circulation in drops
moving in gaseous media, not only do Reynolds numbers become
large but also experimental methods for circulation observa-
tion become more difficult. Thus the doubt surrounding cir-
culation in liquid droplets moving through gaseous media exists.

Surface tension has a significant influence on dropleﬁ
circulation. If a simplified droplet interface is visualized

as in Fig. 7, where u, and uy are the fluid velocities in the
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DROPLET INTERFACE

Velocitles at Interface
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continuous and the droplet phases, respectively, it cah be seen
why. The shear stresses acting on each side of the interface
are balanced by the surface tension gradient (90, 189). Con-
sidering a differential area of droplet interface, dA equal to
dxdz as shown in Pig. 7, it is seen that a summation of forces

acting on dA yields
v,eT e (3.12)

where Tc’ Td = shear stress in continuous and discontinuous
phases, respectively, and x = distance in direction of the
tangential velocity of droplet interface. Assuming viscous
flow at the interface and using Newtonfs law of viscosity,

eq. (3.12) becomes

su gu
%4 = _&o
L] 3y‘y=0 ~ Yo 2y y=0 - ?x (3.13)

For a given velocity in the continuous phase, an increasing
surface tension gradient will result in a decreasing magni-
tude of the circulation velocity in the droplet. Indeed, if
the surface tension gradieﬁt became sufficiently large, the
circulation could cease.altogether (76, 189).

Surface tension gradients can be produced by vari-

- ations in the concentration of a surfactant at the droplet
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surface gince the interfacial tension is dependent on sur-
factant concentration (188). A surface active agent, if
present in the droplet fluid, will tend to accumuiate at
the droplet surface (76, 109). The droplet circulation
will sweep the surfactant to the rear of the droplet (96,
231) where it will tend to remain at the droplet surface
because of the same molecular forces which originally brought
the surfactant to the interface. The accumulation at the
rear of the drop will create a variation in concentration
of the surfactant over the'drop'surfacé resulting in a sur-
face tension gradient (190).

Treybal (231) has noted that Surface.ténsion gradients
could possibly occur even without surfactants because of non-
uniformity of absorption rates over a droplet surface re-
sulting in concentration gradients paralleling the droplet
surface.

Bond and Newton (14) were the first (111) to examine
the effects of surface tension on'droplet circulation. Ex-~
perimenting with water droplets in oil they observed that
small droplets tended to approach the terminal velocity pre-
dicted by Stokes law for solid spheres, really a special case
of eq. (3.9) (191). Using dimensional analysis they deter-
mined a critical droplet diameter at which the transition
from rigid droplet to circulating droplet behavior supposedly

occured. They proposed (101)
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ddc" = 2V0/(p3-p. 8 (3.14)

where ddc is the critical droplet diameter and the other
notation is as before. Bond and Newtonfs work has been
criticized, however, since in all'likelihood, surface con-
tamination was present in their experiments and they failed
to include the effects of a surface tension gradient in their
analysis (191).

Savic (191) observed the formation of stagnant caps
over the rear portion of droplets with surfactant contaﬁi-
nation. Attempting to analyze this observed phenomenon and
its effect on droplet drag and circulation, Savic concluded
that droplet distortion must be considered in precise analysis
of droplet motion. Schechter and Farley (187) proposed a sur-
face tension distribution for a spherical droplet. Concluding
this to be the only possible distribution compétible with
sphericity, they incorporated this distribution into the
boundary conditions for a droplet in ¢reeping motion and de-
rived a more general form of eq. (3.7) which included an inter-
facial tension parameter. Nonagreement of their theoretical
model with the experimental results of Bond and Newton led .
them also to conclude that droplet distortion must be con-
s;dered in analysis of droplet motion.

Inclusion of droplet distortion in analysis of droplet

behavior; however, is quite difficult and many current investi-
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gations continue to consider the idealized spherical droplet
(117, 218). Retardation of circulation by surfactant accumu-
lation, furthermore, may not be of consequence in many in-
stances since surfactant accumulation at the droplet surface
does not take place instantaneously. Horton, Fritsch, and
Kintner found in their experimental studies that circulation
seemed %o decay exponentially with droplet agé. They found
that the circulation velocity reached approximately fifty per
cent of its original value after only four minutes after drop-
let formation (109). Griffith has also pointed out that high
droplet velocities, low interfacial tension, and short drop-
let lives all tend to decrease the importance of surface
active agent effects (79). These factors, however, must be.
balanced against the consideration that surfactant effecté
are quite pronounced even for small concentrations of sur-

factant if surface tension is large (92).

Trangfer To and From Droplets

Investigations of mass transfer to and from drops have
generally fallen in one of two realms (37): (1) mass transfer
to stationary drops in a stagnant fluid and (2) transfer to
drops in motion. While transfer to stationary drops does
not have direct application to the interests of this study
if is of value to briefly examine it since it furnishes a
useful, theoretical lower limit on transfer rates in moving

droplets.
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Noncirculating Stationary Droplet in Stagnant Fluid

Consider a stationary, noncircuiating droplet, that is
a rigid sphere, in an infinite, stagnént medium; Assume é
solute A is diffusing from, or to, the surfgce of the drop-
let which will be considered so well mixed that no concen-
tration gradients exist in its interior. ‘This being so, all
resistance to the transfer of the solute will occur in the con-
tinuous phase. If the concentration at the surface, PAC.’ and
the concentration at infinity, PACQD’ are maintained at a con_‘_
stant value, the rate of transfer will be constant. The equa-
tion of continuity for the dissolution of A in C, the solvent
surrounding the droplet, since the transport mechanism is a
diffusive one only, is given by eq. (2.19), which in spherical

coordinates becomes (36)

Pac, . 1 azPAC]

% 1.2 BPAC
= _"’[5—( )+sn.n9 B@(Slne 26 451075 2 ¢°

(3.15)

Assuming complete symmetry with respect to € and ¢, eq. (3.15)

reduces to, since the diffusion is steady,

.4
4 PAC)

= (3.16)

where the notation is the same as that used previously. The

boundary conditions are
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B.C.1l: Pag = PACi,at r =a , (3.17)

i

B.C.2: Pic PAcaaat r =Q0 (3.18)

where a 1s the radius of the sphere. The solution takes the

general form (37)
PAC = b/I‘ + C (5019)

where b and ¢ are arbitrary constants. Evaluation of b and ¢

results in the solution
- = a( - )Y/ r (3.20)
PacFPac,, Pac,"Pacy

The mass flux is given by, from eq. (2.8) expressed in
radial co-ordinates,
Nyr = Mgp|rea = Jarlrea = dpa (3.21)
where NAr = total mass flux in radial direction, J, = dif-
fusive flux in radial direction, and the other notation is

as before. Evaluating eq. (3.21),

Nyr = (Oe/2(pyc Pacyy (3.22)




115

From eq. (2.83) the term Dc/a is recognized as a mass transfer
coefficient. Therefore the Sherwood number, eq. (2.194), for

the stagnant droplet, which shall be denoted by Shs, becomes

(Dc/a)2a
s " p —— =2 ‘ (3.23)

c

Sh

where the droplét diameter has been used as the characteristic
length. The appearance of this particular value of the Sher-
wood number occurs regularly in correlations for moving drop-
lets as will be seen below. Since the rate at which the dis-
solution of a solute to or from the surface of a droplet of
uniform concentration is minimal when both the surrounding
fluid and the droplet itself are stationary, eq. (3.23) places
a theoretical lower 1limit on the value of the Sherwood number
for transfer in the continuous phase in moving droplet systems
(4, 91, 101, 213).

It is to be noted from eq. (3.22) the transfer is di-
rectly proportional to the diffusivity. Only for the stag-
nant system is this predicted analytically (90). Significantly,
it will be remembered that the two film theory of Whitman also
predicts transfer proportional to the first power of the 4dif-
fusivity. Their system was likewise assumed to be essenti-

ally stagnant.

' Moving Droplets

Analysis'of mass transfer to and from moving droplets

has tended to fall in one of two areas: rigid drops and cir~
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culating drops (212, 234), the rigid dropé perhaps more prop-
erly being c¢onsidered as‘spherés.

As might be expected, boundary layer theory.has occu-
pied a major position in the analysis of mass transfer to and
from moving droplets and spheres. As discussed in the pre-
ceding chapter, the general, and rigorous, approach is that of
solving appropriate momentum and continuity equations, Solﬁ-
tion of boundary layer equations, especially when applied to
spheres, is exceedingly difficult and recourse is almost al-
ways made to the various approximate methods. Analysis still
remains difficult however and, as discusséd.previously, reli-
ance on dimensionless paramefers and correlations becomes the
common mode of analysis, boundary layer theory having, been used
to indicate the pertinent parameters to be considered (53, 105).

Spheres. The most commonly found correlation, predomi-
nately so, for transfer‘to and from spheresrand rigid droplets

takes the general form (101, 212, 235)

= P r
Sh, = Sh_ + gReC Sc, (3.24)

where Sh, = kcdd/Db’ k, = continuous phase transfer coeffici-
ent, g = coefficient, p,r = exponents, and the other notation
is as defined earlier. For forced convection sysﬁems, Shs is
the Sherwood number for stationary drops in a stagnant medium

previously calculated to be exactly 2 (see eq. 3.23)., This
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basic form was originally (5) proposed by Frossling in 1938
(62) in his study of evaporation from falling drops after ob-
taining an approximate solution to the Navier-Stokes equations.
It will be recalled that in the discussion of dimensionless:
parameters in Chapter II a parametric form similar to eq. (3.24)
was predicted (see eq. 2.202).

Ranz and Marshall extended Frossling®s basic form to

free convection systems. They proposed the similar form (40,

106)

s ] '
Sh, = Shs + hGrc Scc (3.26)

where h = coefficient, s,t ='exponents, and Grc is the continu-
ous phase Grashof number defined earlier. Egs. (3.24) and

(3.26) can be combined in the more general form (235)

Sh, = 2 + gRe PSc T + nGr Ssc ” (3.27)

where Shs has been replaced by its theoretically calculated
value, and the second and third terms on the R.H.S. represent
the effects of forced and free convection, respectively.

It should be pointed out that quite often the "2" in
egs. (3.24), (3.26), or (3.27) is omitted because it is of
negligible magnitude in comparison to the other terms in many

systems that are analyzed.
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The flow conditions will, of cdurse, influence to a con-
siderable degree the values of these exponents and coefficients.
The location of the separaéion point of the boundary layer will
vary and thus the degree of tfansfer Which occurs in the wake
will likewise vary with flow conditions. Whether or not the
boundary layer becomes turbulent or remains laminar can be ex-
pected to influence also the amount of transfer which occurs.

As pointed out by Keey and Glen (131), the sometimes wide diver-
gence in the various values reported for the coefficient and ex~
ponents in ea. (3.24) may be due to inadequate consideration of
these factors. Indeed, they considered the general expression

of eq. (3.24) to be not entirely adequate because of wake effects
and turbulence in the boundary layer.

For Reynolds numbers of 2 - 800 (62) Frossling determined
semi-empirically the coefficient h to be 0.552 and the exponents
p and T to be 1/2 and 1/3, respectively (101, 106). Ranz and
Marshall (101, 106) found p and r to be the same but h to be
0.600., For h, s, and t, Ranz and Marshall determined the simi-
lar values of 0.600, 1/4, and 1/3, respectively (40, 106).
Numerous other determinations have been made of the values of
the various éxponents and coefficients in the above equations,
although those determined for eq. (3.24) are mere commonly en-
countered. Resort has often been made to the use of assumed -
polynominal expressions for the concentrations and velocities
in the hydrodynamic and concentfation boundary layers (106, 126,

128), such as was done in the example of laminar flow over a
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flat plate considered in.Chapter ITI. ©Some analyses, on the
other hand, are concerned with flow in the Stokian range, in
which case the Navier-Stokes equations can often be solved
(61, 126).

Steinberger and Treybal (235) made an extensive review
of the literature and propoéed the following: for Grashef and

Schmidt numbers less than 10°
Sh_=2+0.569(Gr_ Sc )°220,0.247(Re . 8¢ 0*7)0+62 (3 2g)
c c “ve c P _
while for Grashof and Schmidt numbers greater than lO8

B 1/3.. 0.244 0.5 0.62
Shc_2+o.0254(Grc Scc) Scc +O.547(Rec Sc, )

(3.29)

For summaries and tabulations of various exponents and coef-
ficients determined by many investigators the reader is re-
ferred to (74, 131, and 208). It is to be noted that most of
these correlations predict the transfer rate to vary as the
1/2 to.2/3 power of the diffusivity (209).

CGirculating Droplets. Internal circulation has a con-
siderable influence on transfer in the continuous phase sur-
rounding a droplet (126, 128, 192, 213) as well as in the
droplet itself because of several reasons. The circulatory
mixing inside the droplet tends to speed transfer there, thus

reducing the internal transfer resistance and allowing higher
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" transfer rates in the exterior phase (212). Circulation,

hydrodynamic boundary layer (52) and concentration boundary

.tact time between particular particles of the surrounding fluid

taken forms similar to those for rigid spheres, the effects of

furthermore, considerably influences the external flow pat-

tern, resulting in a decreased thickness of the surrounding

layer (126, 129, 213). In addition, since circulation speeds

the rate at which fluid flows over the droplet surface, the con-

and the droplet surface is shortened. Transfer, therefore,
occurs at the higher initial rates of early contact times rather
than at the slower rates reached after long contact times. Thus
the overall transfer rate is increased (192). Though these ef-
fects have been experimentally verified (74, 128, 192), external
effects of circulation have received less attention than the
internal effects of c¢irculation (93).

Correlations for circulating droplets have quite often’ ]

circulation being introduced by the incorporation of addi-
tional factors or absorbed in exponents and coefficients (77, '
210).

Boussinesq (93), and later Ruckenstein (213), used po-

tential theory to calculefe an average, steady state Sherwood

number essuming negligible hydrodynamic boundary layer thick-

ness. They obtained

(3.30)
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It is interesting to note that this same equation can
be obtained directly from Higbie's penetration theory (96, 101)
if the time of contact between the two phases is approximated
as the velqcity of the sphere divided by its diameter. For-
dilute solutions, from eq. (2.101), the instantaneous transfer

coefficient for the continuous phase is

k = VD /nt (3.31)

_ 1 tct
k = —— & k dt = 2k (3.32)

where Ec = the average value of kc and tct = the contact time.
Introducting the simplification for the contact time, eq.

(3.32) becomes

1/2

Ec = (2D U/nd (3.33)

a’

where the notation 1s as used previously. Upon rearrangement,
eq. (3.33) becomes eq. (3.30). Sideman and Shabtai (213) note
this is not unexpected since both Boussinesq?s and Higbie’s
derivations are essentially based on a diffusion model.
Harriott (93) takes exception to this, considering the agree-

ment to be pure coincidence since Boussinesq®s development
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‘takes into consideration acceleration at the droplet surface

while Higbie®s does not. Though they used it in the analysis
of their own experimental data, Garner and Skelland have also
questioned the validity of applying Higbie's analysis directly
to spherical droplets (27).

Conic and Savic (78), considering the energy dissipation
by viscous forces and the energy imparted to the continuocus
phase by droplet circulation, introduced a factor kv, the ratio
ofhthe actual interfacial velocity to the interfacial velocity
predicted by potential theory, to account for the reduction in
the hydrodynamic boundary layer thickness with increasing cir-
culation (93). They found the hydrodynamic boundary layer
thickness to vary as (1 - kv)o'5, k. tending to zero at low
Re, and one at high Re, (213). Griffith (74) extended Conic-
and Savicfs concepts by employing their factor in eq. (3.3%0)

and experimentally verifying this new form, viz.,
Sh, = 2 + 1.13 Pel/gkvl/e (3.34)

where the term "2" is introduced for the same reason it was
employed in eq..(3.27).

The effects of circulation have also been considered
by introducing terms involving the ratio of the continuous

and the discontinuous phase viscosities. Elzinga and Banchero

- (50) fbund the Sherwood number to vary as
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3.47

(Eu toMg

while Heertzes, Holve, and Talsma (98) correlated their experi-

mental results with the term

2[1%" ]
Bethg

" Wakesima (209), on the other hand, merely used a ratio of the

discontinuous and the continuous phase viscosities. 1In general,

however, these forms can be represented as (77, 209)
' '
o D T
Sh = g'Re.” Sc .~ fluy/n,) (3.35)

where f(pd/uc) is some function of the discontinuous and the
continuous phase viscosities, varying with the investigator,
and g', p', and r' have similar roles to g, p, and r in eq.
(3.25). Tor tabulations of some df the various forms proposed
and useq by different investigators, the reader is referred to

(74, 125, 127, 131 and 208).

Transfer in Droplets

As opposed to mass transfer in the continuous phase
surrounding a droplet, analysis of mass transfer inside of a

droplet has usually been based upon some assumed mathematical
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model (118). Furthermore, since droplets are of finite extent,
as opposed to the, comparatively speaking, unlimited extent of
the surrounding continuous phase, most models have necessarily
been unsteady ones.

Internal droplet motion has received considerable atten-
tion in connectionxwith transfer inside a droplet. Internal cir-
culation has already been discussed. The effects of this motion
on mass transfer has stimulated many investigations, a great
many of whom have used the circulatory motion of a droplet in
creeping flow, eq. (3.1). It has been pointed out that many of
the investigations using Hadamard’s stream function have been of
systems with Reynolds numbers, Rec, approaching 2000, the impli-
cation being that models based on this stream function may have
wider applicability than might be anticipated (20, 213). Indeed,
Hamielec and Johnson (125), using polynominal expansions for
stream functions, have shown that the streamline pattern in
spherical droplets in viscous flow having Reynolds numbers as

high as approximately 80 is very similar to that predicted by
| eq. (3.1) for a droplet in the Stokian regime.

The effect of surfactants on droplet circulation has
been discussed briefly earlier in this chapter. 8Since internal
circulatory motion can considerably enhance mass transfer9 any
effect which tends to reduce this circulation will likewise
reduce the mass transfer. ©Since there i1s some point at which
accumuiétions of a surfactant become great enough to effect-

ively stop circulation, a point which is peculiar to the drop-
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let, (126) droplets without surfactants and similar droplets
with surfactants can be expected to exhibit differeht trans-
fer éharacteristics, those with sufficient concentrations of
surfactant having transfer rates similar to rigid spheres (216).
It has been noted, however, that droplets on the order of less
than two mm, "small" droplets és they are termed; are not N
greatly affected by surfactants since they tend nbt to exhibit
circulation anyway (216).

While droplet oscillation and distortion have frequently
been observed (19, 50, 135, 144, 150, 180, 188), relatively
little work has been done on the effects of oscillation and
distortion on mass transfer in the dispersed phase, although it
is known that they generally produce higher transfer rates (21,
226) . 'Kinter and Rose (180), however, proposed a model for
large oscillating drops. Droplet oscillation and distortion
is not pronounced in small droplets, (232) that is, droplets
which are on the order of less than one or two mm in diameter.
Such size droplets tend:to act more as rigid spheres (215).

As droplet size increases, however, the dynamic pressure force
acting in the region of the upstream stagnation point becomes
sufficiently large to cause distortion and instability leading
to oscillation (232). Furthermore, experimenting with dropleté
of 0.2 to 0.5 cm diameter, Calderbank and Korchinski (19), did
not observe oscillation until Rec reached approximately 200.
Droplet distortion and oscillation may, therefore, be of little

consequence in small diameter droplet systems. For detailed
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reviews of various aspects of drop and sphere mechanics, refer-
ence should be made to (&4, 65, 66, 67, 68, 110, 141, and 233).
Since a droplet can exhibit such a wide range of char-
acteristicé which, in general, would be expected to reflect
considerable influence on‘maSs transfer in the droplet, it is
of value to examine droplet models both which are stagnant and
which exhibit some type of circulatory or oscillatory motion.
Rather than express transfer coefficients, essentially
explicitly, in the form of a Sherwood number as is usually
done for mass transfer in the continuocus phase, transfer coef-
ficients for the droplet phase are generally expressed implic-
itly in the form of a transfer efficiency (122, 209). TFor

dissolution of solute A into a droplet, it can be defined as

'EAD‘PADO

E =
PADi PADO

(3.36)

where E = transfer efficiency for a time period equal to t,
t being zeroc at beginning of the time period, FAD = average
solute concentration in droplet at time t, PAD = initial,
uniform solute concentration in droplet, PADi = solute con-
centration at droplet interface. It is seen that E merely
represents that fraction of solute of the maximum possible
which is actually absorbed in time period t if no supersatu-

ration is agsumed to occur.
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Also to express the efficiency of an absorption mechan-

ism, the expression (50)

PADi'FAD

E = e
PADi PADO

(3.37)

can be used, which represents, for absorption of solute A into
a droplet, the fraction of mass not yet absorbed at time t.
Thus higher transfer efficiencies result in small values of E'.

The relationship between E and E' is given by

E=1-E (3.38)

as can be easily shown.
If a mass parameter is defined as the amount of solute

at time t in a droplet above its initial uniform value, that

is,

where M(t) is the mass parameter and #d is the'drop volume,

and M(0) is defined as

M) = (pap ~Pap_2¥a
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then, from eq. (3.36),

= B (3.40)

Likewise, a mass deficiency parameter can be defined as
the amount of solute by which the droplet concentration is less

than the interfacial concentration, that is,

Ml(t) = (PADI-FAD)—Vd _ (5-41)

where M'(t) is the mass deficiency parameter. From eq. (3.37)

then

“M%—éé‘il - %%)5 - E (3.42)

where M(0) =-M'(O).r

In the special caée where the initial concentration of
the droplet is zero, the mass parameter represents the total
mass of solute in the droplet. |

Using the difference in concentration between the inter-
facial value and average value in the droplet as the char-
acteristic driving potential, then from eq. (2.83%) the mass
flux of A being absorbed into the droplet from the surrounding'

fluid is given by




129

NA,. = kd(PADi_FAD) ‘ (5-4’3)

where kd is an instantaneous, internal, droplet (i.e., discon=
tinuous phase) transfer coefficient. Since the mass flux is
the rate of mass transfer per unit area, eq. (3.43) can be re-

written as

dﬁAD 6nda _ . 6ky _
at - % *alPap,"Pap’ = & (Pap, Pap’ (3.44)

A time average transfer coefficient can be defined as

i
ky = % fz kydt (3.45)
Therefore, using eq. (3.44)
t d dp
.1 (Sa__1 fap
Ky = % L = — Lo dt (3.46)
Pap, ~Pap

Thus, similar to that given by Johns and Beckman (120), and
Garner and Skelland (25),

Edg—ﬁln————:———=3—tlnE (3.47)
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since Pap = PADO at t equals zero. Therefore, using eq. (3.41),

———

1 3k
Mol = exp (- 2 ) (3.48)

Also used at times to describe transfer characteristics
in droplets is an effective diffusivity ratio, R*, proposed by
Calderbank and Korchinski (19), which is the ratio of the effec-
tive diffusivity which would result in the transfer actually
measured in a system, if it be assumed the transfer mechanism
is that which would occur in a noncirculating droplet, to the
actual molecular diffusivity (123). Since the definition of R¥*
does depend on an understanding of the stagnant drop model, és
well as that model’s relation to other transfer modéls, more
detailed discussion of R¥ will be deferred until latér paré-
graphs.

Noncirculating Droplet

As has been discussed above, in many instances a drop-
let may behave as if it were noncirculating. In such instances
the transfer mechanism is necessarily one of diffusion. The
equation of continuity for a spherical drop with constant
diffusivity is therefore given by eq. (%.15). Assuming sym-
metry ﬁith respect to © and ¢, it reduces to, for the dissolu-

tion of solute A in the droplet,

aZPAD 'gﬁg)

2t = "\ * T or (3.49)
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Newman (174) solved eq. (3.49) for the case of no con-
tinuous phase resistance, that is, uniform concentration in
the continuous phase. His solution, for absorption into a

droplet, is

6 L2 1 n® n® Ddt
E=1 - =y El o exp(- —‘E?—-*] (3.50)
n= :

where the notation is that as used previously. An empirically

determined (123) approximation to eq. (3.50) is (20, 211)

-an*t 1/2
E a1 - exp — 5] (3.51)

If only the first term in eq. (3.50) be considered,
then, from eq. (3.48),

T . _ a2 o |, &
kd = - 3% In = + %3 Dd | (3.52)
Neglecting the first term, which becomes small as time proceeds,

_ 2n2Dd
kg ~ 37 (3.53)

which is similar to that given by Treybal (234),




In the more general case, resistance to transfer will
occur in the continuous phase. Grober (122) determined the
solution for the noncircuiating drop for various wvalues of

the parameter Sh*, defined as

g (3.54)

His solution, for absorption into the droplet, is (212)

' @ AD.t
E=1-6 E: A exp(- nag ) (3.55)
n=1

where A, is a constant and A, is the eigenvalue (n=1, 2, ...00.
Values of An and.An for various values of Sh* are given in
(214). TFor the limiting case of Sh™* approaching infinity, cor-
responding to no continuous phase resistance, Al and Al are
- listed in Table 2.

Approximating the droplet transfer coefficient as done
in obtaining eq. (3.53), it is seen that for the noncirculating
‘droplet with continuous phase resistance

Ay D | |
iy (3.56)

Circulating Droplet

Kronig and Brink (137) were apparently the first to

theoretically consider transfer in a droplet with internal
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circulation. In 1950 they presented a paper which considered
mass transfer in a droplet in Stokian flow with the circulation
being that predicted by eq. (5.7), Hadamard®s stream function.
In the model proposed by Kronig and Brink, resistance to trans-
port in the external phase was congsidered to be negligible.
This restriction of no continuous phase resistance was removed
in 1959 by Elzinga and Banchero (50) who analyzed exactly the
same model as that proposed-by Kronig and Brink except that a
range of continuéus phase resistances were considered. Elzinga
and Banchero’s mathematical formulations were likewise very
similar to those of Kronig and Brink. In the mc;del proposed,
transfer across streamlines was, since the circulatory motion
was viscous, by diffusion. Convective transport along stream-
lines was considered to be so rapid, when compared to diffusive
transport, that the concentration of solute around a complete
circuit of any particular streamline was constant. ZEstablishing
- a system of orthogonal curvilinear co-ordinates, designated as

s49 S4s and s,, where Sy is parallel to the streamlines, sS is

¢

parallel to the equipotentiél lines, and s

¢

orthogonal trajectory, as shown in Fig. 6, and defining

24(3p+2p )
§ =Y, aE _g ):S = 4R* (1-R*)sin‘e (3.57)
¢ [e’” '
4. 4
f - Bcos 9 (3.58)

2R -1

forms the remaining
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b= ¢ O (3.59)

R = r/a (3.60)

T can be shown to represent the orthogonal trajectories
e streamlines, the concentration therefore became inde-
nt of ¥ and Sy Since symmetry was assumed to exist in
N direction, the concentration became a function of
ime only. It is to be noted that ¢ and T are merely di-
onless streamlines and equipotential lines, § ranging
C at the droplet surface to one at the point of no circu-
n on the droplet equator (see Fig.‘6j.

Considering a differential control volume with dimen-
§9 ds ds¢, and summing the mass flux entering and

ng this control volume, the equation of continuity became,‘

issolution of solute A,

(3.61)

the transport in the sE direction 1s by diffusion only

and n

grati

o net transport occurs in the Sp OT s¢ directions. Inte-

ng in the s, and S4 directions, eq. (3.61) became

L
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- J Pap . 3 g
( (Dd Y dbg dsf ds¢ = 3F ‘ PADdS dards¢ (3.62)
¥ % 7 ° 5

Using the definitions of dsyp , dLs;’3 ’ ds’¢ in terms of

£, T, and ¢, which they had calculated to be

adf
dsa = 8%sin6 J ; (5-65)7
a(PR*-1)dr _
dsf = 4R%cos’e J (3.64)
ds¢ = aRsin® d¢ (3.65)
where
J* = (1-R*)%cos’® + (2R*-1)%sin’e (3.66)

and perforining the indicated integration, Kronig and Brink ob-

tained the partial differential equation
PAD PAD
a&[ (E) ] = 16D (&) (3067)

where p(€) and q(§) are elliptic integrals. Separating vari-
‘ables, eq. (3.67) resulted in two ordinary differential equa-

tions, -one of which was of the Sturm-Liouville type. The
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general solution assumed the form, for absorption into a drop-
let,

-A_16D.t
___n___g-._) (3.68)

o0
M(t)/M(0) = 1 - 2 I:L:iAA;exp( 0

In Kronig and Brink's solution of eq. (3.67), the boundary

conditions on eq. (3.67) resulting in eq. (3.68) were

B.C.1: PAD=PaD at £ = 0 (r = a) for all t (3.69)
i .

B.C.2: £ap ig finite and constant at & = 1
(r=V2/2) for all t (3.70)

B.C.3: PAD_PADO at t = O for allk (3.71)

The effects of continuous phase resistance were included by
Elzinga and Banchero by impesing an additional boundary condi-
tion. The rate of mass transfer into the droplet across

streamlines is, from Fickt*s First Law,

2041
= D (3.72)

where JAE is the diffusive flux into the droplet normal to the

streamlines and the negative sign is dropped from the term on
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the right since, for absorption, the transfer is in the nega-
tive s& direction. For transfer in the external phase to the

droplet surface, from eq. (2.83)
Na = kelPac “Pac,’ (5.73)

At the droplet surface, r = a and § = O, the total rate of trans-
fer over the droplet surface is the same in both phases. There-

fore

3
( g ( D —EAQQS ds,) = Ak ( - ) (%.74)
Ay a9 Y TN o atefacy"Pac’y o

where Ad is the surface area of the droplet. Carrying out the
integration in eaq. (3.74), the additional boundary condition

became

a(PAcb’PAci) 3ak,

' = == (3.75)
aE 163,

£ =0 £=0

T=a T=a

The case of an infinite continuous phase transfer coefficient
corresponded to Kronig and Brink®s solution.

The constants and eigenvalues in eq. (3.68) were deter-
mined by the method of Ritz (219). In their solution, Kronig

and Brink determined the first two values for 4 and A . In
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1954, Heertjes, Holve, and Talsma (100). calculated five addi-
tional values of A, and A,, as well as presenting somewrat
different values for the first two values calculated by Kronig
and Brink. . These values are tabulated in Table 2 for the
infinite value of the_parameter,ﬁh?,_

Elzinga and Banchero, using an. elgctronic. differential
analyzer, calculated the first three values of A, and Ap, as
shown in Table 2, for. several values of Sh'. Comparison of A&,
and_An for an infinite k, shqwsﬂtpei:_yaluesﬁﬁotbe_gomewhat
different from not only those determined.by Kxonig_gnd Brink
but also Heertjes, Holve, and Talsma, .-  ‘ _—

.. Calderbank and Korchinski (20) detérmined an. approxi-

mation to eq. (3.68). to be .

--2.251)&1:"’&_0..5,,, L
M(t)/M(O) [l - exP( ——=)] - (3.76)

a

Examlnatlon of eqs. (5 64) and (3 48) shows the lnternal

transfer coeff1c1ent to be approx1mately

D

Ky 2 A a (3.77)

if EE be determined as in eq. (3.53). From eq. (3.76), Eg is
also approximated by (234)

i = 17, o o _ :
T N | - (3.78)
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Johns and Beckman (117) extended Kronig and Brink’s
analysis and proposed a more general droplet model which has
Kronig and Brink®s solution as a limiting case.l The model “
proﬁosed by Johns and Beckman is limited, at least in theory,
to dilute solutions and no continuous phase resistance. The
model examined by Kronig and Brink assumed, as did the model
of Elzinga and Banchéro, that solute transport along stream-
lines due to diffusion was negligible in compariscon to the con-
vective transport. Johns and Beckman, however, examined the
situation in which the convective velocity may assume a wide
range of values, from zero, Vcorresponding to the non-circulating
droplet, to, mathematically speaking, infinity, corresponding
to Eronig and Brink’s model. Thus in one model is encompassed
a moderately wide range of physical conditions.

For dilute sclutions the general equation of continuity
is given by eq. (2.42). The inclusion of the convective flux
is the distinguishing mathematical characteristic of Johns and
Beckman®s model from that of Kronig and Brink®s., If the solu-
tion be sufficiently dilute, then the velocity in the droplet

is given closely by

<l
R
<

e | (5.79)

where ? is defined in eq. (2.%2) and ?dr is the vector velocity
of the solvent fluid. The components of vdr’ in spherical

co~ordinates, are given by egs. (3.10) and (3.11) as derived
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from Hadamard'’s stream function. Using eqs. (3.10), (3.11),
(3.79) in eq. (2.42), expressed in spherical co-ordinates,
assuming the transfer to be independent of the meridional angle
because of axial symmetry, the equation of continﬁity bécomes,

in spherical co-ordinates,

0ap D3 2 . .%ap. 1 3, . %up
2t " F gz 2T )+5ine Fo(sine 29

| 2 0 2 2
+ %(udiuc)U[(l - §7)0036~§%2 - (1 - 2§a)sine—§%Q] (%3.80)

If C* is defined as

¢ FPap,7Pap

PR S (3.81)
: PADi PADO
then eq. (3.80) becomes
% ! -
oc* 1 2 ,..2c 1 8, . . 8
FF = B RE R * Wsine 76 5in® JP)
}
Pe ¥ 2 *
+ Z3r(1-R Yeose®y + BBmlsine®S (3.82)

where




141

(3.83)

? Peg | av \
a = Tr/e. = D Gam/n)) (3.84)
Ba/be - Dg(l+ng/ng |

Pe

and R is defined as in eq. (3.59).

Eq. (3.82) was solved for various values of Pea by
Johns and Beckman using finite difference methods after trans-
formation to rectangular co-ordinates. Solutions for the dis-
continuous phase Sherwood number, average mass flux over the
droplet surface, and the volumetric average concentration are
given graphically as functions of the dimensionless time pa-
rameter, T¥, for five different values of Pea as follows: O,
corresponding to the non-circulating droplet and 40, 80, 160,
and 320, corresponding to, essentially, increasing magnitudes
of the convective velocity in the droplet.

Since the instantaneous droplet Sherwood number is

defined as

dd
Shy = 55— (3.85)

a time average droplet Sherwood number can be defined as

k4d
YT d-d
Shy = —5Ef (3.86)
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which from egs. (3.47) and (3.83) become .

4= - 3 in E (3.87)

As shown by Johns and Beckman, for dissolution into a droplet
with initial average concentratlon of PAD both Shd and §Ed
essentially reach their asymptote after a dlmen51onless time
of T* = 0,15. These asymptotic wvalues of both Shd and Shd
vary from approximately 7 to 14 for Pe of O and 320 respec-
tively. For Ped greater than 240, which are common, the asymp-
totic value of Shd is within 95 per cent of the Kronig and
Brink value of approximately 17.9 (see eq. 3.77). At initial
early times less than the time required for the first complete
circuit of a streamline, Shd, for large Pe (approx1mately
greater than 240), fluctuates upward as much as 25 per cent
of its asymptotic value becauserof the short time required for
transport of solute around a streamline circuit as compared
to the time of penetration of solute into the droplet. The‘
average mass flux over the droplet surface also displays simi-
lar fluctuations for the same reason. |
For an average initial concentration of PAD 3 E' drops
off qulte rapidly, reaching 50 per cent within =a dlmen81onless
time, T*, of only 0.03 for all values of Ped, the more rapid |
decrease, as would be expected, occurring at higher values of
Peh. Other values of the initial concentration, state Johns

and Beckman, has a marked effect on Shd at early contact times
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while at greater times the effect becomes less apparent, the
time to reach 95 per cent of the final equilibrium concentra-
tion distribution being relatively independent of the initial
concentration level.

The concentration profiles at the equilibrium condition,
that is, the concentration profile at time equal to infinity,
for several values of Pea are given by Johns and Beckman. For
the droﬁlet of Kronig and Brink, the concentration contours
‘are the same as the dimensionless streamlinés,E_.

Thurbulent Droplet

In 1957 Handlos. and Baron (83) proposed a model which
attempted to consider the effects of turbulence on mass trans-
fer inside of a liquid droplet.. At high values of Reynolds
numbers, Rec, approximately greater than 1000, Handlos aﬁd
Baron considered the motion inside of a droplet to be highly
turbulent. Handlos and Baron attributed the extreme lack of
correlation between predicted values and experimentally de-
termined values of mass transfer coefficients in droplets at
high Reynolds numbers to the existence of this turbulence.

To approximate the mean turbulent motion of the fluid
solution wifhin a droplet, supposedly arising because of both
circulation within the droplet and oscillations and vibrations
of the droplet as a whole, a system of tori of radius r', as
shown in Fig. 8 was assumed. Fluid particles were assumed

to be subject to turbulent fluctuations of a random nature:
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Firgure 8, Circulation in Turbulent Droplet
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described probabilistically, each fluctuation occurring over
a time interval equal to that for one complete circuit along
a streamline. Under these assumptions, Einstein’s equation
(85) was then used to obtain an eddy diffusivity, ED, which

was calculated to be

ddU(6r2-8r+5)

Ep = 2088(Trg/ug) (3.88)

where r = 4r'/dd.

This eddy diffusivity was used to replace the molecular
diffusivity in the equation of continuity assuming transport by
eddy diffusion only. Boundary conditions and method of solu-
tion were similar to those employed by Kronig and Brink in
their solution for a droplet with viscous circulation dis-
cussed previously. Handlos and Baron implicitly assumed no ex-
ternal transfer resistance. For dissolution of a solute into

the droplet they found

4 —A Dt '
E! = 2[ A? exp(512a Pe}) | (3.89)

where Pe& is a modified Peclet number as defined by eq. (3.84)
and the other notation is as before.
Handlos and Baron found that the second eigenvalue was

sufficiently large that it could be neglected, For the first
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eigenvalue they calculated a value of 2,88. The droplet trans-

fer coefficient thus became approximately

o 16M\DsFe _ 0.00375 U (3.90)
¢ (6)(2048)ay ~ leug/mg '

bl

Comparing transfer coefficients predicted bj éq. (%.87)
to values determined experimentally in liquid-liquid systems
by-several investigators, as well as those values determined
by their own experiments, they found their predicted values to
agree within approximately.20 per cent (214).

Oscillating Droplet

Transfer iﬁ oscilllating droplets generally shows a far
greater rate of transfer than nonoscillating droplets°(21, 236) .
This increased transfer rate results not only from increéeased
mixing inside the droplet but also from reduction in effecfive
film thicknesses and increase of surface area of the droplet,
or intérfacial area stretch as it has been termed (182).

Rose and Kintner (180) attempted to describe mass trans-
fer in oscillating drops in iiquid“liquid systems. The model
which they proposed is based on a fully oscillating droplet,

thus restricting it, theoretically at least, to larger drop-

'1ets, greater than two or three mm as noted previously. Fur-

thermore, the oscillations are restricted to those which are
of either a random wobble type or which are axially symmetric,

said by Rose and Kintner to occur only above Reynolds numbers,
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Rec, greater than 200, Internal circulation is assumed %o be
essentially nonexistent, being damped out by the droplet os-
cillations. Any internal motion which exists is assumed to
be of a turbulent nature with perhaps only a slight tendency
towards circulation.

Based. on studies by Kintner and others in which photo-
graphs of droplet oscillation were made, the assumed oscillatory
motion for the model was that from a nearly spherical shape tol
oblate ellipsoidal shape back to the spherical shape. Obser-
vations by Schroeder and Kintner (183) indicated that, at least
for the droplets they examined, oscillations cause the droplet
to vary in shape from a spherical shape to an oblate shape or
from an initiélly oblate to a more oblate shape. It is to be
noted this oscillatory mode is different from that observed by
others. Garner and Skelland reported oblate to prolate oscil-
lations in their experimentation (26).

The oscillation frequency was described by Rose and

Kintner by the function
W = Wela, dger Ppo Por Bye T (3.9D)

where W = oscillation frequency, d = equivalent spherical

de
diameter, PeiPp = average mass density of continuous and drop-
let phases, respectively, n, = oscillation index, and Wf is the
frequency function whose actual form is given by Rose and

Kintner, and the other notation is as before.
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The oscillation amplitude, ap, was determined experi-

mentally to be
a, = 3 -a, (3.92)

where Amax = maximum area of droplet surface and ao = initial
spherical droplet radius, determiﬁed from examination of motion
pictures of falling droplets.

The transfer resistance was assumed to 'lie in a thin
zone or film at the droplet interface while the interior of
the droplet was assumed to be well mixed. Within this film the
transfer méchanism was assumed to be that of a stagnant film,
so that, from egs. (2.1) and (2.2), the absorption of solute A

into the droplet was described by, for one dimensional trans-

fer

3% = Dghame (%.93)

which reduced to, assuming a constant droplet volume, #d, and

a linear driving force in an equivalent film thickness of f,

?
PADd DA

¥ = - .94
Pt % (PADi PADb) (3.94)

where PAD is the concentration in fthe well mixed interior of
d

the droplet.
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The film thickness, f, varies with the oscillations.
From motioﬁ picture studies, Rose and Kintner found the mini-
mum film thickness to occur in the region of the droplet stag-
nation points while the maximum thickness occurred in the
equatorial zone. With the restriction that the film volume be
constant, the film thickness at any time, t, could be expressed
as a function of initial film thickness ét the droplet equator,
fo, the major and minor radii of the droplet, ay and bm, and

I the initial spherical radius. Thus
£f=f.(f,, 3y by ) " (3.95)

where the actual form of f, is given by Rose and Kintner.

Whitman's two film theory was used to account for trans-
fer resistance in both phases assuming a binary system. The
exterior film coefficient was determined from a correlation
similar to eq. (3.24) in which g, p, and r were 0.60, 1/2, and
1/2, respectively, while ShS was neglected. The interior film
coefficient was based on Higbie's penetration theory with a
éontact time equal to the periocd of oscillation.

- Using egs. (3%.91) through (3.95) and the various

assumptions discussed above, Rose and Kintner determined the

solution to eq. (3.94) to be

ct
E' = exp (- ¥ 2 § %_ dt) (5-96)
Q
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where

s
&

Dg =g, %a*tE D (3.97)

tct = time in which droplet is in contact with continuous

phase, f. is defined by eq. (3.94),

similar to eq. (2.72), and L' is given by

A (S REICE BN (5.98)
in which
§' = (a+ajtsin(2wt)|)* (3.99)
and
bt® = 1-(9¥)) (16n*s®) (3.100)

It is apparent that Rose and Kintner's solution is not readily
amenable to solution. Furthermore, this solution necessitates

knowledée of a great many more droplét characteristics than
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models‘considered previously. This factor restricts its use-
fulness and wide applicability. Its éomplexity is indicative
of the complications which exist in the mathematical analysis
of mass transfer in oscillating droplets.

Solving eq. (3.96) on a digital computer, Rose and
Kintner compared predicted values of E' with the experimental
results of five different investigators. The average devi-
ation between experiment and theory was within 15 per cent,
"eq. (3.96) tending to predict higher values than actually
measured at high transfer efficiencies while lower values than
those measured weré predicted at low transfer efficiencies.
Effective Diffusivity

Mention was made earlier of a means of describing trans-
fer characteristics in the form of an effective diffusivity
ratio,.R*, introduced originally by Calderbank and Korchinski
(19); Review of the various models discussed in this section

will show that several take the form

o
E'= z: .&gexp(-ConstantAgT*) (3.101)
n=1

where T* is defined as in eq. (3.83) and m may be éither éne or
two. Examination of the general noncirculating droplet model,
eq. (5.55),4Will show that the constant in eq. (3.101) is one
while in other models the constant differs from one. This
constant in these other models can thus be viewed as increasing

the molecular diffusivity above that of the noncirculating
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droplet, resulting in an effective diffusivity. The effective
diffusivity ratio, H*, can therefore be defined by the equa-

tion

m:|. ¥, 2 .k
E =62 Anexp(-R AT ) (3.102)
n=1

where now, in eq. (3.101), A and An are the constants and
eigenvalues, respectively, corresponding to the non-circulating
droplet given in Table 2. _
Comparison-of eq. (%.76), which approximates eq. (3%.68),
with the value of hl‘ 5,142, for the non-circulating droplet
indicates that Kronig and Brink's model prediqts an R* of
approximately 2.25. Experimentally, Calderbank and Korchingki,
for circulating droplets with Re, varying from 10 to 120,
found R* to range from 1.8 to 3.3, agreeing moderately well
with Kronig and Brink®'s predicted value of 2.25. For drop-
lets with Rec of 315 to 620 in which oscillations were ob-
served, they found R¥ to vary from 315 to 620 (21). Other
values tabulated by Calderbank andlKorchinski determined by.
other investigators indicate R¥ of 6 to 71 for oscillating
droplets with‘Rec varying from 270 to 5000.‘.For non;
oscillating droplets they give values of R* varying from 1.6
to 2.4 for droplets having Rec greater than 700. Johnson and
‘Hamieler (121) found experimentally R* to be approximately 3

for droplets with Re, less than 16 while for Re_ ranging from




40 to 90, R¥ varied from approximately 8 to 35. For Rec on
the order of 600, they found also that R* varied from approxi-
mately 30 to 50.
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CHAPTER IV
EXPERIMENTATION

Introduction

Experimental Work was conducted in order to make a
preliminary evaluation of the proposed ﬁrocess designed to
obtain transfer of oxygen to liquid droplets produced by a
spray in a high pfessure oxygen atmoéphere.

The apparatus and methods used are described-in the
following paragraphs. Considerable time was devoted to the

- calibration of the instruments used to measure dissolved
oxygen concentrations since these instruments, galvanic cell
oxygen analyzers (159, 162), were to be used under pressure
ranges for which their characteristics had not previously
been determined, as far as is known to this writer. The re-
sults of the experimentation invelving the calibrafion of
these instruments is emphasized since they may be significant
beyond the scope of this study due to the expanding use of
these iﬁstfuments in a variety of applications. |

The basic thegry_underlying'thé'transfer procesé to

' be evaluated has been presented within the discussions in
Chapters II and III; The pertinent theor& directly applicable

~to this study will be presented and.applied in the analyéis

of the experimental results. Because, however, the primary
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purpose of this study is an evaluation of the proposed pro-
cess, emphasis in analysis will be upon transfer efficiency
and its variation, rather than determination of the exact
nature of the wvarious transfer mechanisms occurring in the
apparatﬁs.

Though the experimental work conducted was, of ne-
cessity, of a limited extent, the conclusions drawn from it
provided the preliminary evaluation desired as well as eluci-

dating areas which require more detailed consideration.

Apparatus

The baéic experimental apparatus is shown in Fig. 9.
Esgsentially it consists of a 75 gallon, unlined steel tank
(a reconditioned hot water tank), with an approximate height
of 55 in. and an internal diameter of 19.6 in., into which
water is injected at the top and from which water is drawn
at the bottom. The tank interior was painted.

Plastic tubing of one-half inch diameter delivered
ordinary city water from a laboratory faucet to a small posi-
tive displacement pump driven by a three-quarter horsepower
motor. From the pump the plastic tubing led to a float type
flow meter shown in Fig. 9. Maximum flow rates obtainable
during times which the tank pressure was above atmospheric
pressure did not exceed 1.7 gpm. Flow was regulated by a
needle valve at the exit énd of the flow meter. A three-
quarter inch line by-passed the flow meter, but it was norn-

ally not used.
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Experimental Apparatus

Figure 9.
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From the needle valve, three-quarter inch steel pipe
lled to the tank. A pressure gage, with five psi graduations,
was inserted in a leg of a standard pipe tee near the end of
the pipe at the top of the tank and was assumed to give
closely the gage pressure of the water just prior to its
passage through the spray nozzles described below.

At the top of the tank the three-quarter inch pipe
passed through a flat plate to which it was welded %o pre-
vent gas leakage. Some leakage through the weld, however,
was noticed during some runs of the apparatus. The flat
plate was bolted down over a large hole in the top of the
tank. The gasket used in early runs proved to be insuffici-
ent to stop'gas leakage. Use of a gasket cut from heavy,
flexible plastic sheet, however, seemed to effectively reduce
gas leakage.

Inside the tank at the end of the three-guarter inch
pipe, very nearly at the top of the tank, one of two nozzles
was attached. Water was sprayed into the tank through these
nozzles. Both nozzles were of whirl chamber type design and
produced a coné shaped spray of essentially uniform spatial
distribution over the base of the cone. One nozzle, nozzle
MX-00, had an orifice diaﬁeter of 0.125 in. while the other
nozzle, nozzle MX-0, had an orifice diameter of 0.082 in.
More complete descriptions of the nozzles are given in the

Appendix.
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4 photographic study was made of the droplets produced
by the spfay nozzles. A photographic technique was chosen
because it seemed to offer a relatively simple and straight-
forward method of determining the mean drop size produced by
the spray as a function of flow rate throﬁgh the nozzle. Bas-
ically the technique was that of photographing the spray as it
came from the nozzle and examining the photos under a micro-
scépe. By proper restriction of the spray with metal plates,
photographs were obtained from which droplet counts and measure-
ments could be made with use of the microscope. A full de-
scriptiOn of the te¢hnique and methods used in fhé'evaiuation
of the.spray is given in the Appendix. It was found that the
mean drop size as a function of flow rate could be approximately
represented by the equations, for the MX-0 nozzle,

d; = 0.0081 - 0.0011Q (4.1)

a
and, for the MX-00 nozzle,

dg

= 0.0144 - 0.0044Q (4.2)
in which 4 = mean droplet diameter, in cm, and Q = flow rate,
in gpm.

Droplets produced by the spray nozzle fell into a pool
of water in the bottom of the tank. The pool elevation could

be varied by regulation of a gate valve on the drain pipe of
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the tank. The elevation of the pool could be determined.by
fisual observation of ﬁhe water level in a sight tube on the
outside of the tank. A scale beside the sight tube was used
to measure the pool elevation. The relation between pool
elevation and volume of water in the tank was determined at
the same time the tank volume was determined,

Water was discharged from the bottom of the tank through
a three-quarter in. steel pipe line. To regulate the flow, =a
gate valve was placed on the line. A sampling valve was also
inserted in the line as can be seen in Fig, 9., Water dis- |
charged from the end of this pipe. In those instances in which
water was recirculated through the system, for the purpose of
calibrétion to be described below, & hose was used to connect
the end of this pipe to the intake side of the pump.

Industrial grade oxygen was delivered to ‘the tank from
cylinders through an inlet in the top of the tank., The pres-
sure in the_tank was regulated by a gage on the cjlinder mani-
fold ﬁith_five-psi graduations. The maximum pressures pro-
duced in the tank were slightly less than 110 psig.

While the cylinder manifold gage was used to regulate
pressures in the tank, actual pressures were measufed by one
of two gages. For tank pressures greater'than 15 psig, a
gage on the top of the tank, as seen in Fig. 9, was used.

This gage was similar in construction to the cylinder mani-
fold gage. For pressures less than 15 psig, a gage, with

one-quartver psi graduations, was screwed into the exhaust
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valve at the top of the tank. The same valve was also used
to exhaust the high pressure gas in the tank at the end of a
run. -Atmospheric pressures were measured with a mercury ba-
rometer.

A thermometer projecting into the upper portion of the
tank, as shown ih Fig. 9, was used to measure temperatures
inside the tank. During initial runs, a thermometer also pro-
jected into the discharge line as shown in Fig. 9. For later
runs, this thermometer was placed in the position of the tank
dissolved oxygen analyzer to be discussed below, Room tempera-
tures were measured with the thermometer seen in Fig. 9. When
samples were being withdrawn from the sampling valve or the
laboratory faucet the temperature of the water was measured as
it discharged from the valve or faucet. |

Dissolved oxygen concentrations were measured with the
galvanic cell oxygen analyzer which was originally developed
by Mancy and his co-workers and is described in references
(159) and (162). Basically the analyzer is a galvanic cell
with a silver cathode surrounded by a lead anode both of which
are embedded in a nonconductive plastic. Covering both elec-
trodes is a one molar solution of KOH held on the electrodes
by a small disc of lens paper. Covering the electrode and
KOH electrolyte is a plastic membrane permeable to oxygen.

The oxygen which passes through the membrane from the solution
"being tested initiates an electrochemical reaction which pro-
duces an electrical current which can be measured and related

to the dissolved oxygen content of the solution being tested.
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One oxygen analyzer, hereafter referred to as the inlet
analyzer, was placed on the pipe leading into the top of the
tank as shown in Fig. 9. A second analyzer, which will be
called the tank analyzer, was placed in the side of the tank
several inches above its bobttom as showﬁ in Fig. 9. Initial
attempts at calibration of the tank analyzer gave such poor
results that this tank analyzer was placed on the discharge
line whefe the discharge line thermometer had originally been
placed. In this new position, the analyzer will be referred
to as the outlet analyzer. |

4To mount the tank analyzer, a piece of plastic tubing
was slipped aroﬁnd.the collar of the analyzer and the analyzer
was placed in the end of a short piece of steel pipe projecting
from the tank. Over the end of the analyzer a flat aluminum
prlate was positioned. Long bolts, projecting from a collar
plate surrounding the steel pipe, passed through the aluminum
plate, as did the analyzer leads. Wing nuts on the bolts were
used to press the aluminum plate against the base of the ana-
lyzer and kept it tightly in its position in the end of the
pipe. In its %ightened position, the tank analyzer was several
inches from the inside of the tank wall.

The inlet and the discharge analyzers were both mounted
in a simiiar manner, Into the outstanding leg of a three-

quarter in. pipe tee, a short pipe nipple was screwed. On the

end of the nipple was placed a flange. The analyzer was pladed

into the end of the nipple through the flange orifice., On the
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base of the analyzer, a flat aluminum plate was positioned and
held tightly by bolts projecting from the flange. To protect.
the collar of the analyzer, a piece of plastic tubing was
slipped over the end of the anaiyzer as was done with the tank
analyzer. The leadslof the analyzer passed through a hole in
the aluminum plate. The tips of both analyzers were approxi-
mately one-half in. from the inside edge of the three-quarter
in. pipe into which the analyzers were inserted. To insure
that no air bubbles were trapped over the analyzer electrodes,
the pipe tees were twisted downward at a 45 degree angle when
in use.

Currents generated by the analyzers were measured on a
Keithley, model 151, null detector-DC microvoltmeter. Rather
than measure current directly, it was more convenient to mea-
sure the voltage drop across a resistor. Since a 100 ohm
resistor was used, a one millivolt reading corresponded to a
currenf of ten microamps. Whenever the meter was used, no
readings were taken before a minimum warm-up time of one half
hour, as recommended by the meter manufacturer.

Time measurements were made with the clock seen in

Fig. 9.

Procedure
To be described are the procedures associated with
both regular test runs of the apparatus and runs made for the

purpose of calibration of the oxygen analyzers. In many
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resﬁects, the procedures are similar and have common points.
These will be discussed first.

Preparation of the oxygen analyzers was é delicate
operation. The analyzer preparation technique which finally
developed, and which was used for all runs upon which the
conclusions of this study are based, is similar to that
suggested by Mancy, et al. (159, 162). The analyzer elec-
trodes were sanded clean with very fine sand paper and then
washed in water. It was found that a very soft tooth brush
was useful in removing particles from small pits in the plas-
tic surrounding the electrodes. The electrodes were then
washed in KOH and dried with tissue. The lens paper disc
would be placed on the dry elecitirodes and one molar KOH would
be dropped onto the lens paper. After smoothing of the lens
paper, the'plastic membrane would be pulled down and plastic
tape would be uéed to seal the analyzer collar. Care was
taken to obtain a smooth membrane surface and eliminate en-~
trapped bubbles beneath the membrane. After a new membrane
was placed on an analyzer, the analyzer head would be immersed
in a saturated sodium sulfite solution for at least twelve
hours to stabilize,

Before inserting an analyzer in the apparatus it would
be tested to see if it seemed to be in proper condition; A
careful visual inspection would first be made. Then voltage
readings would be made with the electrode in air and with pure

oxygen blowing on the electrode. Voltage readings with pure
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oxygen would be four to five times as large as those with
only air surrounding the analyzer. As suggested by Mancy,
et al, (164), an ohmmeter was also used to check for holes
in the membrane. One lead of the ohmmeter would‘ﬁe placed
in tap water with the analyzer. The other lead would be
connected to a wire from one of the electrodes of the ana-
lyzer. High resistances indicated a good membrane. Resis-
tances varied, but for the membranes actually used, resis-
tances were greater than 60,000 ohms.

During initial runs, analyzers would remain in the
apparatus immersed in water when not in use. However, it was
found soon after the outlet analyzer began to be used that
rust dissolved in the water apparently settled out on the mem-
brane. Therefore during almost all runs using the inlet and

outlet analyzers, the analyzers were removed from the appa-

ratus and immersed in sodium sulfite solution when not in use.

As a further precaution against contamination of the analyzers,
the tank was flushed and drained before each run. |
When operating under normal atmospheric conditions,
samples of water were often taken. TWo sampling locations
were used: a laboratory faucet on the same pipe supplying
water to the apparatus and the outlet line sampling valve.
The water from the faucet was assumed to have the same dis-
solved oxygen concentration as the water supplied to the appa-
ratus. When samples were taken, tubing was slipped over the

ends of the faucet and sampling valve sc that water could be
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injected directly into the 250 ml sampling bottles with little
or no aeration.

Oxygen concentrations of the water samples taken were
determined by the Alsterberg Modification of the Winkler
Method (217). During initial runs, a time period of approxi-
mately fifteen minutes elapsed befBre the manganous sulfate
reagent could be added. Refinement of procedures during runs
with the inlet and outlet analyzers, however, enabled the
manganous sulfate to be added within a very few minutes after
the sample was obtained. Acidification also followed in a

very short time.

When making voltage measurements with the apparatus in
operation, a minimum time period equivalent to twice the.theo-
retical detention time for the existing pool elevation was
always allowed to pass after a change in the inflow rate or
tank pressure before final readings were taken. Furthermore,
even if this period had passed, final readings wquld not be
taken until they apparently had reached a steady, constant
value. During runs with no recirculation, which will be dis-
cussed below, very minor fluctuations always occurred even
after a considerable length of time, so average readings were
taken. With recirculation, readings usually approached a
steady vaiue with little fluctuation and remained very steady
at their final value.

Inflow rates were adjusted with the needle valve shown
in Fig. 9. To determine the outflow rate in non-recirculation

runs, the gate valve on the discharge line was adjusted so as
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to maintain a constant pool elevation, the-outflow rate then
equalling inflow rate. The outflow rate could be set and
maintained within 0.1 gpm of the inflow rate. All readings
were taken when inflow and outflow rates were essentially
equal.

After a run had been made in which high pressures had
existed in the tank, the pressure would be reduced to nearly
atmospheric levels by exhausting the oxygen inside the tank.

During early runs using the tank analyzer, water would
then be continued to be pumped fhrough the system for a period
of approximately 45 or 60 minutes until no bubbles were visible
in the water as 1t passed through the sight glass of the flow
meter. If it were anticipated the following run were to be
conducted under atmospheric conditions, the exhaust valve
would remain open until the next run, usually at least 12
hours later. After the first few runs it was decided that if
the next.run were to be conducted under high pressures, the
exhaust valve would be closed and the tahk kept under a pres-
sure of approximately three psig.

During later runs, using the inlet and outlet analyzers,
since it was found desirable to flush and drain the tank after
each run, the exhaust valve would also remain open even if the
next run wére to be a high pressure run,

As mentioned above, the temperature of the water samples
was determined from the water as it discharged from the faucet

or the sampling valve. In runs with recirculation, an average
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of the upper and the lower tank thermometer (the lower tank
thermometer being on the outlet line in earlier runs) readings
were used to determine the Wéter temperature. Invariably, the
temperatures were within one and a half degrees of each other.
The room temperature was generally several degrees different
from that of the water, being in a transient condition.

Galvanic Cell Oxygen Analvzer Calibration

In order to calibrate the oxygen analyzers, two diffe-
rent basic procedures were followed —- one being used to deter-
mine the relation between current generated by the anélyzers
and the dissolved oxygen content of the water in which the
analyzer was immersed when the test solution was under atmos-
pheric pressure and the other being used to examine the same
relation when the test solution wds under pressures consider-
ably higher than normal atmospheric pressure.

Atmospheric Pressure Calibration. For calibration of

the inlet and outlet analyzers under normal atmospheric pres-
sure conditions, the best procedure found was that of pumping
water through the system once only and discharging it without
reciréulating it. With this method, the water temperature re-
mained fairly constant as it passed through the system. Tem-
perature fluctuation was within one degree of its average
value. A steady flow rate would be established and samples
would be taken of both the inflow and outflow water. The metér
readings taken immediatelﬁ rrior to obtaining samples were

assumed to correspond to the dissolved oxygen levels in the
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samples. By obtaining samples under a wide fange of flow rates,
the relation between the voltage drop measured and the dissolved
oxygen concentration was determined for pipe Reynolds numbers
ranging from approximately 1000 tQ 10,000,

No attempt was made to calibrate the tank analyzer
under atmospheric conditions. It was hoped that the calibra-
tion curveé for atmospheric conditions could be extrapolated
from calibration curves obtained with the system operating
under higher pressures.

High Pregsure Calibration. To examine the character-
istics of the analyzers under pressures up to approximately
110 psig, recirculation was used. When inlet and outlet
analyzers were used, the system was drained and flushéd be-
tween eaéh run. The elevation of the tank pool would be set
at the desired level and then the water in the tank would be
recirculated by the pump.

During calibration runs using the tank analyzer, the
first measurement would be made with tank pressure slightly
above atmospheric. The water ﬁould be recirculated through
the system until voltage readings became constant, this being
assumed to indicate an attainment of saturation conditions.
More oxygen would then be allowed to flow into the tank and
increase the pressure and a new voltage reading would again
be made after steady conditions were achieved. Repeating
this pfocess with pressure increments varying from 10 psi

to 25 psi, readings were obtained for tank pressures to
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slightly less than 110 psig. During such a run the pool level

-would remain fairly constant, varying only because of some

leakage and expansion of the measuring sight tube. Within
the limitations of the pump, the flow rate would be held at
one value.

During calibration runs using the inlet and the outlet
analyzers under high pressures, recirculation was also used as
it was for the tank analyzer. The first voltage measurement, |
however, was made at atmospheric conditions in order that the
initial concentration of the water being recirculated could
be measured by titration of the samples. Once the initial
reading and samples had been taken, the exhaust valve was
closed and the procedure was the same as that used in the cali-
bration runs with the tank analyzer. Thé flow rate would be
maintained at a constant value for the entire run and, except
for the initial loss of water due to removal of samples, the
pool elevation remained essentially constant;

Gas leakage from the tank during runs using the inlet
and outlet analyzers was reduced to minor proportions. During
runs 22-41, to be described below, gas leakage was quite
small, but during runs 42-50, leakage became considerable
again,

Test Runs to Measure Oxygen Transfer Characteristics

For those runs which were made to study the transfer
characteristics of the proposed system, the inlet and the out-

let analyzers were used. The procedure followed was similar
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in gsome respects to that used to calibrate the inlet and the
outlet analyzers. After draining and flushing the tank, the
pool level was raised to the desired level. Water was pumped
straight through the system and discharged without recircu-
lation. First measurements were made at atmospheric condi-
tions in order that samples could be withdrawn. These sam-
ples were used to establish the initial concentration level of -
the water and provide a check on the constancy of the sensi-
tivity, to be discussed below, of the analyzers obtained from
the analyzer calibration discussed above. The exhaust valve
was then closed and the pressure was increased incrementally,
readiﬁgs being made at each pressure level. A%t each pressure
level, furthermore, flow rates were varied and readings were
made for each of the flow rate levels. Final readings for
each flow condition and pressure level were not made until at
least a time period equal to twice the theoretical detention

time had passed and readings appeared essentially constant.

Results

The equipment and procedures described were used to
conduct 49 basic experimental runs. For all these runs the
inlet analyzer remained and was used in the same upstream
position. For the first 21 runs the tank analyzer was used,
while for remaining runs the outlet analyzer was used.w The
change was made because of the very poor results obtained with
the tank analyzer. Since the analysis and conclusions of this

study are not based on the runs using the tank analyzer, the
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results in regard to analyzer calibrationiusing the tank ana-
lyzer will be discussed only briefly in order that the de-
ficiencies of the system using the tank analyzer can be
pointed out.

0f the runs using the outlet amnalyzer, run numbers 22
through 50%, results fall within one of two categories: those
directly relating to oxygen analyzer evaluation and calibration
and those relating to the determination of the oxygen transfer
characteristics of the experimentél system. In séme instances,
a run was used to obtain data relating to both categories. In
addition, any particular run, as discﬁssed in the procedure,
could be one in which the water was recirculated or was pumped
straight through the system. The run may or may not have been
conducted under higher than atmospheric pressures. Table 3
classifies each run: recirculation indicates the water in the
system was recirculated, no recirculation being otherwise
assumed, pressure indicates during some portion of the run the
system was operated under greater than atmospheric pressure,
otherwise normal atmospheric pressure prevailed at all times,
calibration indicates at least one water sample was taken
under normal atmospheric conditions and used in the development

of calibration curves, and transfer indicates the oxygen trans-

*¥The discrepancy in the 49 runs having run numbers through 50
exists because of a misnumbering of one of the runs.
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fer produced in the operating system was measured with the in-
let and outlet analyzers. The series letters in Table 3 group
those runs which were made during continuous operating of the
apparatus, the run numbering thus being used toc differentiate
between either a change in basic operating conditions and/or
a change in the basic purpose of a run, such as a change from
a calibration run under normal atmospheric pressures to a trans-
fer run under greater than atmospheric preséures]

Table 4 classifies runs 22-50 according to what spray
nozzle was used. It is to be noticed that relatively few
runs were made using the MX+-0 nozzle, this because of the
greater pressure loss across this smaller diameter nozzle.

The reason for this restriction will be discussed belqw when

the effects of high pressure on the analyzer operation are dis-

cussed. In Table 5 is a listing of various analyzer membranes
used in the different runs, each code number représenting a
different membrane. The letters "I" and "OV ﬁerely indicate
whether the membrane was ﬁsed on the inlet or the outlet ana-
lyzer, respectively.

Tables © and 7rare a compilation of the basic experi-
mental data obtained from runs 22-50. To distinguish between
different operating conditions during a run, each run number
is followed by a lower case letter and a capital "I" or "“O",
the letter being used merely to distinguish between different
operating points while MTI" and "O" indicate whether the data

apply to the inlet or outlet analyzer, respectively. The
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current generdted by each analyzer as deﬁermined from voltage
measurements is listed in Table 6, The temperature listed
for each run is an average of the water temperature indicated
by the upstream and downstream thermometers. Also tabulated
isithe flow rate through the system. If a water sample was
titrated to determine its dissolved oxygen content, the con-
centration so determined is listed. In Table 7 atmospheric
pressure, gage pressure just upstream of the nozzle, and the

total gas pressure inside the tank are listed..

Saturation Concentration

Determination of the saturation dissolved oxygen con-
centration of the water in the experimental system for each
operating point of the various runs was needed for tworpur-
poses: to aid in the evaluation of the analyzer calibration
and the system transfer characteristics, both to be discussed
below.

For dilute solutions of gases in liquids‘such as oxy-
gen in water, the saturation concentration can be determined
from the partial pressure of the gas above the liquid surface
by using Henry’s Law, which for the purposes here, takes the

form

p = (H)(ME) | (4.3

in which p = partial pressure of solute gas above liquid,

H = Henry®’s constant, and Mf = mole fraction of gas in liquid.
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H is a function of both tempe:gture and partial pressure,
though the variation of H with pressure for oxygen in water
is small., The values of H at one atmosphere of partial pres-
sure of oxygen at various temperétures which were used in cale
culations are those values determined by Fox (115). These
values differ somewhat from those determined by Winkler (115);
as can be seen from Fig. 10 where the variation of H with
temperature is shown.

The change in H at a constant temperature with partial
pressure is not well known, but some data are given by Perry
(178) for 25.9°C. The ratio of these values of H to H at one
atmosphere at the corresponding temperature, as given by Fox,
was determined. Since H at one atmosphere as determined by
Fox did not agree with that given by Perry (they differ by
approximately ten per cent), the ratios were reduced pro-
portionately such that the ratio at one atmosphere was exactly
one., Then. in calculating saturation concentrations the value
of H at some particular temperature and one atmosphere was
multiplied by this adjusted ratio to obtain H at the actual
partial pressure of the oxygen. This adjusted ratio is
plotted in Fig. 11 as a function of partial pressure of oxy-
gen. It is seen that the pressure variation of H, for the
pressure ranges of this study, is actually small. It was,
however, included in calculations. The possible inaccuracy
of this ratio, due to its adjustment and/or variation with

temperature, which could not be determined, was assumed to




175

o -
a
g 4
— =
A =]
|, B
\ N wm
4 &
m,
- -
=
B _
9 -
e
;
A 7
a8 N
1
s -
m -
14
| | I | 1 A - | 1 1
9 " Q

HENRY'S CONSTANT, H, (MY/MOLE FRACTION) x 1077
Figure 10, Henry's Constant at One Atmosphere




FOX

Figure 11.

B 8
- —
H/(H AT ) ATMOSFHERE OF PARTTAL PRESSIRE)

Variation of Henryfs' Constant with Partial Pressure

PARTIAL PRESSIRE OF OXYGEN, (MM OF Hg) x 1072

176




177

be negligibly small since the ratio itself is very nearly
one.

The partial pressure of oxygen in the tank was deter-
mined from the readings of atmospheric pressure and gage
pressure in the tank. 8ince the gas above the tank pool
immediately prior to closure of the tank exhaust valve was
air, it was necessary to subtract from the measured total
pressure the partial pressures of the gases other than oxy-
gen in the air. It was assumed that the only other signifi-
cant constituents of the air were nitrogen and water vapor.
The air above the pool was assumed to be saturated with water
vapor. The total pressure inside the tank and the calculated
partial pressure of oxygen for each of the various runs are
tabulated in Table 7. The partial pressures of nitrogen gas
and water vapor totaled approximately 600 mm of Hg for all
Tuns.

Leakage.in the system introduced‘some error in the
calculated partial pressure of oxygen since the true amount
of nitrogen gas in the tank was unknown because of the leak-
age and resultant continual influx of oxygen frqm the supply
cylinder. Assuming an approximate value of the partial pres-
sure.of nitrogen as 570 mm of Hg and a range of partial pres-
sures of oxygen of 600 to 2200 mm of Hg, the range over which
the various transfer runs to be discussed below were con-
ducted, a maximum error of approximately 50 per cent could

conceivably have been introduced if all the nitrogen in the
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system were lost to the atmosphere. This, in turn, would intro-
duce roughly the same error in the calculated saturation con-
centration. However, it is not likely that all nitrogen would
be lost. Also, the conditions at which the greatest possible
error would be introduced, that is, the lower total pressures,
usually existed shortly after the closure of the exhaust valve,
thus reducing greatly the probability that large quantities of
nitrogen had escaped. Leakage was not excessive iﬁ all rﬁns,
furthermore. It is to be noted, however, that any errors of
this nature which existed would tend to overestimate the trans-
fer efficiency of the system discussed below.

The saturation concentrations as determined in the above
manner using the adjusted value of H in eq. (4.3) are tabu-
lated in Table 8,

Galvanic Cell QOxyveen Analyzer Calibration

The basic consideration in the calibration of the oxy-
gen analyzer is that a transfer process is occurring between
the fluid surrounding the exterior of the analyzer tip and
the KOH solution beneath the analyzer membrane. Oxygen must
be transported from the bulk of fluid phase across some con-
_centration and hydrodynamic boundary layers to the membrane
surface and then diffuse through the membrane to the EKOH
solution. Thus both the membrane and the fluid will offer a
transfer resistance, as would be expected from the discus-
sions in Chapter II. The steady-state resistance of the mem-
brane will be essentially constant for a given temperature

(160), but the thicknesses, and therefore resistance, of the
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boundary layers on the exterior ef,the analyzer surface will
vary with the flow characteristics., The total resistance to
transfer, and therefore, the calibration of the analyzer,
will thus be a functien of the flow characteristics. As in-
dicated in Chapter II, the parameter characterizing boundary
layer development is a Reynolds number. Since, for a given
fluid end temperature, the concentration boundafy layer de-
creases in thickness with increasing Reynolds number (see

eq. 2.167), it would be expected that the resistance of the
boundary layer to the transport of oxygen across it would
decrease with increasing Reynolds number. Stating it another
way, as the Reynolds number of the flow grows, since the,
boundary layer becomes thinner, the transfer resistance and
the associated analyzer calibration would become less and less
dependent on the Reynolds number of the flow. For a properly
chosen Reynolds number, this has been shown to be the case
(159, 162). At sufficiently high Reynolds numbers, the ana-
lyzer sensitivity, that is, the current generation per unit
concentration of oxygen, becomes essentially constant with
Reynolds number variation. - As has been shown, hoWever, the
analyzer sensitivity has a strong dependence on temperature
(161, 163).

Atmogspheric Pressure Calibration. Attempts at cali-

bration of the tank analyzer proved to be almost futile. The
basic cause of this was due to the fact that insufficient con-

sideration was given to the factors discussed above. In some
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of the first 21 runs a stagnant flow condition was maintained
while the pressure was varied in order that effects of high
pressure on the membranes could be ascertained. Such oper-
ation, however, produces a condition in which the concentra-
tion boundary layer outside the analyzer becomes the controlling
transport factor. Since the transport would be diffusive in a
still fluid, the establishment of steady conditions would re-
quire so long that all measurements made would be made in a
transient state.

Even in the remaining of these rums in which the fluid
was moving, however,.severe deficiencies existed. The flow
in the tank itself, if an analogy be made to a large conduit
flow, was surely laminar. Thus boundary 1ayeré would be rela-
tively large. In addition, the extreme recession ¢f the ana-
lyzer from the main flow in its pipe receptacle bn the side of
the tank would reduce any.flow around the nozzle tip greatly.
Thus the desired constancy of the sensitivity with Reynolds
number, even if the proper form could be found, would not be
evident. “

Finally, it was not until the completion of these first
21 runs that it was determined that the system required a
complete flushihg to remove the excess oxygeﬁ in the tank
after a high pressure run. Merely opening of the exhaust
valve and allowing the system to stand a long period of time
did not remove all of the excess oxygen gas, due, in all like-

lihood, to the heavier molecular weight of oxygen than that
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of air. Thus high concentrations of dissolved oxygen would
be maintained in the wéter when it was not anticipated.

The expected dependence and variation of analyzer
sensitivity with Reynolds number was realized with the inlet
and outlet analyzers. A plot employing the pipe Reynolds
number, Rep, that i1s, a Reynolds number based on the pipe di-
ameter and mean velocity in the pipe, indicated only moderate
constancy of the experiﬁentally determined analyzer sensitivi-
ties tabulated in Table 8. A large degree of this scatter was
eliminated by consideration of the temperature variation for
the various runs. It was found that if the experimentally de-
termined sensitivity was multiplied by the ratioc of the average
temperature, in degrees centigrade, of all the measurements
made using a particular membrane to the temperature, in degrees
centigrade, of a particular measurement, a moderately good cor-
relation of this adjusted sensitivity with Reynolds number re-

sulted. Thus the following parameter was defined:

6! = (Ty/T) (4.4)

in which g¢' = the adjusted sensitivity, # = actual sensitiv-
ity for a particular Rep, TM = mean temperature, OC, of all
measurements used to determine g', T = actual temperature,-oc
of measurement.

The experimentally determined values of @' are listed

in Table 8., The plots of 4' versus Rep for the various mem-
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branes, that is, the analyzer calibration curves used for each
membrane in allICalculations of concentration, are presented
in Figs. 12-17. It is seen that some Reynolds number depend-
ence is apparent, but this was not completely unexpected since
the lower Reynolds numbers encountered indicated the flow was
still laminar in the pipe into which the analyzers projected.
For the raﬁge of ReP of roughly 2000 to 4000, the pipe flow
was in an unsteady transitory state; This could perhaps,
account for some of the scatter reﬁaining in g', although no
evidence exists to éritically examine such a contention. It
is to be noticed that each membrane had somewhat different
characteristics, both in the exact manner of its dependence

on Rep and, especially, in the magnitude of‘zi.'9 although a
rough value of g' was one upa/mg/l for all the membranes. This
value compares qualitatively with values given.by Mancy et al.
(159, 162) for similar fluid temperatures.

Only Fig. 15 for membrane 6.1 displays any signifi-
cant departure of the individual values of g' from the average
value, Hére for runs 31-40 the approximate value of g' was
1.3 pna/mg/l while for run 30 the approximate value was 0.8
na/mg/1l. To be noted is that run 30 was the first run using
membrane 6.I. Thus it is possible that sufficient time had
not been allowed for the stabilization of the membrane after
its preparation. The use of the membrane during run 30 could

have perhaps produced the final stabilization required. In

any case, since this particular run was not used as a trans-
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fer run and additional calibration runs followed run %0, this
behavior did not influence the measurement of the transfer
characteristics of the system.

The value of g predicted from these calibration curves,
adjusted for run temperature, are listed in Table 7. These
values were used in calculating all concentrations used in
examining the transfer characteristics of the system, even in
those cases in which an experimentally determined ¢ was known.

‘High Pressure Calibration. To determine what effect,

if any, high pressures had on snalyzer operation and current
generation, it was necessary to examine the current generation
by the analyzer for known concentrations for essentially con-
stant temperature and flow conditions under a range of pres-
sure levels. The calculation of this saturation concentration,
which was assumed to exist after sufficient recirculation of
the water in the system as indicated by measured voltage drops
remaining essentially constant, has been discussed above. With
the inlet and outlet analyzers in the system, runs 24, 29, 47,
and 50 were used to examine the effects of high pressure onlthe
analyzers.

Fig. 18 shows a plot of saturation concentration of the
recirculated water against the current generation by the ana-
lyzers. Some unexpected results are apparent. In this plot
the solid portion of a curve connects points determined at
saturation conditions while the dashed portion connects points

measured during a transient, nonequilibrium condition. Runs
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29,0, 50.1, and 50.0 exhibit essentially a linear relationship
between current and saturation concentration, indicating es-
sentially a constant sensitivity. Run 29.1, on the other hand,
exhibits this linear relationship to approximately only a con-
centration of 160 mg/l. Runs 24.T1, 24,0, 47.1, and 47.0, how-
ever, are quite different in that they display a sudden drop
in current generation with increasing concentration.

During the actual operation of the apparatus these drops

- were easily noticed, occurring over a period of roughly one

half hour. This type of behavior has not been reported pre-

viously and was quite unexpected. Visual examination of the

analyzer membranes after the runs failed to reveal any holes

~or punctures in the membrane. Furthermore, from Table 4, no

distinguishable pattern of use particular to these runs is seen.
Thus the cause of this behavior is unknown.

The variation of current with gage pressure, as deter-
mined by the gage upstream of the tank for the inlet analyzer
and as determined by the tank gage for the outlet'analyzer,
is shown in Fig. 19. Variations are similar to those in Fig.
18,

From Fig. 18 and Fig. 19 it appears that unless a
radical and relatively sudden change in current generation
occurs, the sensitivity of an analyzer, for a given set of
temperature.and flow conditions, remains very nearly con-
stant with increases in total pressures to roughly 70 psia.

Based on the admittedly limited results of runs 24 and 29,
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it was decided to limit the maximum total pressure to which

an analyzer was subjected during transfer runs to approxi-
mately 40 psig., Operating under this limitation, it was
anticipated that the nonlinear analyzer behavior would be
avoided, thus enabiing the use of analyzer sensitivities deter-
mined from operation of the apparatus at normal aﬁmospheric
pressure in the calculation of concentrations under conditions
of high pressure. When this limit was chosen run 49 was not
available. However, no sudden decreases were noted during the

various transfer rﬁns made aﬁd so it is believed for the re-
stricted range of pressures used during transfer runs, the
sensitivity of an analyzer remained constant for similar tem-
perature and Rep. It is to be noted that this restricted pres-
sure range severely curtailed the use Qf'the MX-0 nozzle because
of the relatively large pressure drop which existed across the

nozzle.,

System Trangfer Characteristics

From the predicted values of ¢ listed in Table 8, the
inlet and outlet concentrations were calculatéa for the vari-
ous operating boints of the several transfer runs in which the
tank pressure was greater thah atmospheric. Using the calcu-
lated saturation concentration an overall transfer efficiency
for the system, E_ , was calculated according to eq. (3.3%6)
where the initial concentration is that at the inlet analyzer, -
the interfacial concentration is the saturation concentration,

and the concentration at time t is assumed to be the concen-
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tration at the outlet analyzer. These values are listed in
Table 9.

For each of these runs, Table 10 lists the mean drop-

let diameter, dj, as determined from egs. (4.1) and (4.2).

The average fall distance for this mean droplet, calculated

as the distance between the tip of the nozzle and the pool sur-
face, is also tabulated. The average velocity, U, of all drop-
lets was assumed to be constant over the entire length of fall
of the droplets and to be approximated by the volume rate of
flow divided by the nozzle outlet area. From this fall dis-
tance and nozzle velocity, an approximate droplet contact time,
tct’ was determined. The molecular diffusifities_of oxygen in
water listed in Table 10 were determined from the formulations
of Wilke (244) and have an approximate value of 2.5 x ].O"5

cm’ /sec. It is to be noted Wilke's formulations predict dif-
fusivities which agree well with observed values (see ref. 245
and Table 11).

Listed in Table 11 are a drop Reynolds number, Red,
continuous phase Reynolds number, Rec, drop Schmidt number,
Scqs and drop Weber number, We;, as given by eqs. (3.3), (3.4),
and (5.6) respectively, except that the fluid properties of the
droplet are used for Red,IScd, and Wed. The surface tension
used to calculate Wed was that of water in conéact with air
rather than that of water in contact with oxygen since these
latter values were unavailable. Also listed is the modified

Peclet number, Peé, as given by eq. (3.84), based on the vis-
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cosities of water and oxygen gas. It i1s to be seen that the
transfer runs had the following ranges for these dimension-

less parameters: Red,'526 to 1695; Rec,-29 to 97; Sc 0.34

d?
t0 0.38; and Pey, 4.1 to 13.5.

Analysis

To be discussed and analyzed here are the oxygen trans-
fe; characteristics of the droplet system as exhibited by the
system during transfer runs when operating under greater than
atmospheric pressures. As previous discussions have indicated,
the analysis of the droplet system produced by each nozzle is
to be based on a simplified model which assumes a single spheri-
cal droplet with a diameter equal to the mean diameter of all
droplets to adequately typify the system.

External Phase Transfer

It has been pointed out in the discussion of the two
film theory that for the diffusion of slightly soluble gases
in liquids, such as oxygen in water, the gas film offers com-
paratively little transfer resistance. Also, in this drop-
let system the gas surrounding each droplet, for the transfer
runs, had a volume concentration ranging from 20 to 80 per
cent oxygen. Thus the effects of the exﬁernal, continuous
phase on the transfer characteristiés of the droplet system
would be expected to be negligible.

” Furthermore, experimental results also support this
assumption. Eqs. (3.24) and (3.35) are the two basic cor-

relations for transfer in the external phase surrounding a
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sﬁhere and a circulating droplet, respectively. Examination
of Table 1% will show that the ratio of.the viscosity of oxy-
gen, assumed to be essentially that of the gas actually sur-
rouﬂding the droplets, and the viscosity of water’is very
nearly constant for the transfer runs. The function of the
ratio of thése two viscosities in eq. (3.3%5) thus becomes
essentially a constant. Replacing Sh, by Sh,-Sh, in eq. (3.24),
it is seen that these two forms are basically similar for the
droplet system being considered here.

The diffusivity of oxygen in the continuous phase would
te expected to be roughly proportional to that of oxygen in
water for the small temperature range of the various transfer
runs. A similar statement applies to the kinematic viscosities
of the continuous and droplet phases. Furthermore, the overall
transfer coefficient of the system, K (see eq. 3.2), could be
at least approximated by that calculated from eq. (3.47) using
the transfer efficiency based on the transfer characteristics

of the entire system. Thus, from eqs. (3.2), (3.3), and (3.4), .

based on the above reasoning, the continuous phase Sherwood,:': o

Reynolds, and Schmidt numbers should, for the various transferzf
runs, be approximately proportional to their droplet phase
counterparts. This, in turn, implies that, at least iIn an

approximate sense, from eqs. (3.24) and (3.35),

- P r
Sh0 = (constant) Red Scd (4.5)
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in which Sho is an overall SBherwood number based on the difw‘
fusivity of oxygen in water, listed in Table 10, and on the
calculated overall transfer efficiency of the system tabu-
lated in Table 9...

If the transfer in the droplet system is essentially
independent of the external phase, then ShO should be indepen-
dent of the R.H.S. of eq. (4.5) since it is this parametric
form which, from the above discussion and discussions in
Chapter III, should characterize the transfer in the external
phase for the transfer runs., |

In Table 1% is listed Sh0 for the wvarious transfer runs
in which the overall transfer efficiency, Eo’ did not exceed
unity. Since Sho was calculated using eq. (3.47) i1t was not
possible to determine ShO for values of E0 greater than unity.
From the discussion of transfer to and from droplets in Chap-
ter 111, approximate values of p and r are 0.5. 1In Table 13
are listed the computed values of (RedScd)l/g. Fig. 20 pre-
sents a plot of Sh versus (RedScd)l/Q. From this plot it
)1/2.

The above discussion and experimental results indicate
that any oxygen transfer in the continuous phase has negligi-
ble influence on the transfer characteristics of the total
droplet system. Oxygen transfer in the system is essentially
dependent only on the transfer in the droplets ﬁhemselves.
Thus, transfer in the droplets need be considered only in

the remainder of the analysis.
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