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ABSTRACT

Gas-phase~-controlled mass transfer for the vaporization
of benzene into single bubbles of an inert carrier gas has
been studied, The carrier gases used were helium, nitrogen
and Freon-14, Mags transfer was measured by_direct deter~
mination of the volume change as the bubble rose up the column.
End-effect mass transfer was eliminated by forming the bubble
under water and then allowing the bubble to rise., Average
mass-transfer coefficients were calculated using an lntegrated
form of equation, Unexpected dynamic effects prevented the
evaluation of mass-transfer coefficients other than at points
close to the benzene-water interface, A high speed camera
was used to take photographs of the rising bubble in order
to determine bubble rise velocity and shape factors. The
buobles were found to assume a spherical cap shape with a
constant eccentricity of 3.5 for all three carrier gases.

The experimental volume range varied from 1,7 to 2.4 cm
equivalent spherical diameter, The bubble rise veloclty for:
all three carrier gases was found to be a linear function of
bubble volume.

Magss-transfer coefficients were observed to decrease
with bubble volume for all three systems, particularly for
Freon-14, The average values for the gas-phase mass-transfer
coetfictents were 1.99 x1072, 1,90 x10™ and 1,09 x10™

g.moles/cm2 gsec atm for helium, nitrogen and Freon=14 carrier
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gases respectively. The direction of the variation of Ks

was in accordance with the change of diffusivity of benzene
in the carrier gases but critical examination of the data
showed that the magnitude of the Ko, values was in error. The
values were low indicating-that the initial volume:measure-
ments were smaller than the true values due to inertla effects
in the direct volume measurement apparatus. It was concluded
that the direct volume measurement method was not a suitable
method for measuring mess transfer coefficients when mass-

transfer rates are high,
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NOMENCLATURE
a : width of spherical cap bubble (cm)
ag : semi-width of spherical cap bubble (cm)
A : surface area (cm?)
AF : grontal suiface area of spherical cap
ubble (em<)
b : height of spherical cap bubble (em)
Dyg ¢ d1ffusivity (em?/sec)
de : equivalent spherical diameter (cm)
eAB : energy of molecular interaction (ergs)
E : eccentricity of spherical cap bubble
g : local acceleration due to gravity
( 980.6 cm/sec?) =
8 : dimensional constant (1.01325 x10% dynes/cm2 atm) iﬁg
H : distance of reference level in column
below datum line (cm)
alg : mercury travel in glass capillary (cm)
k : Boltzmann's constant
K : average gas-phase mass-tranéfer coefficient
G (g.moles/cm2 sec atm)
MA’MB : molecular weight of components A and B
ANV : voltage drop across platinum wire
(millivolts)
N H number of moles transferred (g.moles)
p* : partial pressure of transfering component
at gas-liquid interface (atm)
p° : vapor pressure of volatile component (atm)
P : partial pressure of volatile component in
b bulk of gas phase (atm)
P : total pressure (atm)
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atmospheric pressure (cm Hg, atm)

ideal gas constant (82.06 atm cc/g.mole 9K)
radius of circle containing spherical cap
molecular separation at collision (X)
surface area

absolute temperature (°K)

normal boiling point (°K)

average: velocity of bubble (cm/sec)

volume of bubble (ce)

average volume of bubble over interval (cc)
volume change of bubble after release (cc)
molecular volume

effective cross-sectional area of glass
capillary (cm?)

mole fraction of volatile component

distance of reference level from datum
line (cm)

density of benzene (g/ml)
density of mercury (g/ml)
density of water (g/ml)
time (sec)

angle

position of inverting spoon
position of interface

6 inches above interface

12 inches above interface
24 inches above interface
top of column
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I. INTRODUCTION

‘The majority of industrial mass-transfer operations
involve the contacting of liquids and gases in froths and
foams as, for example, on a Siéve plate in a distillation
colum, 1In an effort to simplify and eliminate many of the
operational variables assoclated with pilot plant or indus-
trial sized equipmént, mags-transfer studles have been car-
ried out in the expectation that the knowledge galned from
the investlgations could be applied to large scale mass-

transfer operations. However, the rising bubble studies

which were carried out under gas-phase-controlled conditions,
have not been particularly successful. This has been attri-
\gazsi‘tOPend effect mass transfer taking place on bubble

formatlon. As an alternative to studying mass transfer in

streams of rising bubbles, investigations have been carried
out under the conditions when a single bubble rises through
a stagnant liquid, Investigators have used different methods
for the evaluation of the volume change and computation of
point and average mass-transfer coefficients. This work

was undertaken to examine the applicability of these methods
which were developed for studying liquid-phase-controlled

mass transfer,




II. PREVIOUS WORK

Investigators have used different methods to measure
the mass transfer taking place from a single bubble rising
through a stagnant column of liquid. The methods are;

(1) Direct measurement of bubble
volume change
(11) Photographic methods

(111) Pressure measurement methods

(1) Volume Measurement Method
The volume measurement method was originally developed

by Ledig and Weaver (1). A colum of ligquid was connected

to a glass capillary through a mercury reservolr which pro-
vided the only opening to the atmosphere. When a bubble of
gas was released into the column, direct volume measurements
were made by shadowgraphs of the mercury travel wlthin the

glass capillary. The volume measurement apparatus has since

‘been modified by Leonard and Houghton (2) and Johnson, Besik

and Hamielec (3). Instead of taking shadowgraphs, a platinum
wire was stretched within the glass capillary. By applying

a current through the wire, the mercury movement was measured
by noting the changing voltage drop across the wire. Photo-
graphs were taken to determine bubble shapes from which the
surface area of the bubble was calculated. Two different
types of equations have been developed for the evaluation

of mass-transfer coefficlients; a differential form and an

integrated form of equation, Use of the differential form
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of the equation involves the calculation of slopes from
volume-time and pressure-depth relationships. The mass=-
transfer coefficient evaluated from the differential form of
the equation is considered to be the instantaneous mass-
transfer coefficient, Use of the integrated form of the
equation involved the measurement of bubble volumes over a
finlite pool depth, when an average mass-transfer coefficient
was computed. Leonard and Houghton (2) evaluated instantaneous
mags-transfer coefficients for nitrous oxide-water and ethylene-
water systems. They concluded that trace impurities in the
water played a large role in the absorption rates through
surface effects, dJohnson, Besik and Hamielec (3) evaluated
a#erage mass-transfer coefficlents for carbon dioxide-water,
ethylene-water and butene-water systems. They experimented
with a2 bubble volume range from 0.4 to 2.0 cm equivalent

spherical diameter.

(11) Photographic Methods

This method has been used by several investigators when
the chaﬁge iﬁ bubble volume was measured from photographs of
the bubble as it roée up the column (4)(5). Garbarinl and
Chi Tien (4) measured instantaneous mass-transfer coefficients
for a carbon dioxide~distilled water system. Two zoom lens
movie cameras were used operating at right angles to each
other in the same plane, The two cameras were mounted on a
movable platform which was ralsed manually to follow the rising
bubble. The volume ranges studied varied from 0.30 to 0.60

cm equivalent spherical dlameter. Baird and Davidson (5)
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measured mass~transfer coefficlients for the carbon dioxide-
water system over a volume range from 0.8 to 4.2 en in
diameter. Bubble volumes and surface areas were calculated

from assumed shapes and measurements taken from the photographs.

(111) Pressure Measurement Method

The pressure measurement method was developed by Calderbank
and Tochlel (6) and has been used by Garbarini and Chi Tien (4),
for the study of carbon dioxide-water systems. The method
involved the measurement of pressure changes within a dead sir
space at the top of the column of liquid. The pressure changes
within the dead alr space were caused by the introduction of
a bubble into the column and the subsequent volume change as -
T

the bubble rose through the 1liquid. Instantaneous mass-transfe

coefficients were evaluated from pressure-time relationships.
The surface area of the bubble was calculated from shape con-
gsiderations and bubble dimensions taken from photographs of
the rising bubble.

The three different methods have not given consistent
results. For the same system, there has been fairly'good
agreement between investigators using the same methods (2)(3).
There is considerable scatter in mass-transfer coefflclient
data due to the evaluation of surface areas from photographs.,
The different methods have errors associated with them which
would account for some of the reported differences (4). For
the volume measurement method, the mercury in the glass cap-
1llary is unable to keep pace with the actual bubble volume
change at high mass-transfer rates, This has been attributed
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to the relatively high viscosity of mercury. The pressure
measurement method avoids the problem of the dynamic lag at
high mass-transfer rates but Baird (7) has noted that the
non-isothermal nature of the dead air space might have to be
taken into account when calculating mass-transfer coefflclents,
Furthermore, some difficulty has been reported in recording

the initlal pressure difference when bubble volumes are small.

(4). The photographic method is subject to criticism since
bubble volumes are determined from projected bubble cross-
sections and assumed bubble shapes and is therefore not a
direct measurement of bubble volume as with the volume and
pressure methods.,

Deviations from rectilinear motion and bubble insta-

bility over certain volume ranges are largely responsible for

errors involved in the determination of the bubble surface

area,
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III. THEQRETICAL

1. Equation for the evaluation of KG

The rate of mass transfer for a pure liquid evaporating

into an inert carrier gas is given by;

i . Kg A (p*p,) (1.1)
a6 . b
where; dn _ number of g.moles transfered per unit of
a6 time (g.moles/sec)
A = surface area avallable for mass transfer
(cm?)
p*,= partial pressure of the volatlle components

at the gas-liquid interface (atm) and 1s
assumed to be equal to the pure liquld vapor
pressure p (atm)

Py = partial pressure of the volatile component
in the bulk of the gas phase (atm)

Ko = gas-phase mass-transfer coefficient
(g.moles/cm? atm sec)

In order to experimentally measure the gas-phase mass-
transfer coefficient, the mass-transfer rate (dn/d®) and the
partial pressure driving force (p*-bb) had to be expressed
in terms of measurable varlables. Anrintegrated form of eq-
uation was derived for use in conjunction with the volume
measurement method for a two-phase system consisting of
benzene and water. The volume measurement method was consi-
dered to be the most suitable method for determining the vol-
ume changes taking place for the experimental gas-phésé-
controlled system,

The partial pressure driving force (p?-pb) was expressed

in terms of the vapor pressure of the liquid (p°), the total
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pressure within the bubble (P) and the mole fraction of the
volatile component within the bulk phase of the bubble (7).

(2*-2y) = (2°-7P) e

It was assumed that the bulk of the gas was perfectly
mixed. Furthermore, assuming isothermal conditions within
the bubble, the‘mole fraction (y) could be expressed in terms

of the ideal gas law to glve;

(pO-yP) = (pO_ P+ E_‘OIEQ) (103)
| where; P, = pressure at benzene-water interface (atm)
Vo= volume of bubble at benzene-water interface
(cc)
V = volume of bubble within the benzene phase
(ce)
§ = EL = RoVo_ (1.4)

Hence, the partial pressure driviﬁg force has been
expressed in terms of the measurable va:iables p°.P,P°,V0
and V.

For the assunption of isothermal conditions within the
bubble, the mass-transfer rate (dn/de) was expressed in terms

of the ideal gas law which was differentiated to glve;

an _ 1 (380 ,yiR (1.5)
a6 - &I (de ”vde)

From the relationship expressing hydrostatic pressure

as a function of liquid depth;
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CNIEEES
e1q P = P gH (1.6)
elitslov 8o
where; P = hydrostatic pressure (atm)
f = density of liquid (g/ml)
2 H = depth in liquid (cm)
+boxim = local accelergtion due to gravity
UG oy (980.6 cm/sec2)
C edd o 8,* dimensional constant (1.01325 x106 dynes/cm2 atm)
The rising velogity of the bubble was expressed as;
U=z -4 = -g,dP (1.7)
1 oTedy de ,%E ae
and from the chain rule;
92 - .d_V_,Q (108)
de de dav
solving for (dP/de) ir equation (1.7) and for (dV/de) in
sH - equations (1.7) and (1.8);
EE8TqXS
q ‘ Q = "UPE (109)
M,
v = -Upg 4V
velddud ae PgodP (1.10)
sy, ‘
83 20 substituting for (dP/de) and (dV/de) from equations (1.9)
and (1.10) into equation (1.5);
dn = -y (P.d_V_ ’ v) (1.11)
S R




equating (1.11) and (1.3);

-7 .(Pg_xuv) = K A (p0 -2 #2.0) (1.12)
ﬁ%éo ip & =F°

re-arranging and multiplylng equation (1,12) by 4P and

PAV 4 VAP = =g RT Ko A (p® -P + BV )P (1.13)
Upg v

Integrating equation (1.13) from position 1 to position

2 over a small interval and noting that the integral
2

PV, | QB
0’0 |
1

was approximated by the trapezoidal rule;

- PV

2711
1033.23 RIA  (Py=Py)(2p° #B V (Vo#Vy)=(Py4P,))
T, 7
172

2.0 qp P2V

«©

(1.15)

average gas-phase mass-transfer coefficlent
(g.moles/cn? sec atm)

where; K

=]
1]

average veloclty of bubble over interval
(em/sec)

density of pure liquid (g/ml)
1/1033.23 (cm/sec2)/(dynes/en® atm)

B "o
n »

2
(1]

1deal gas constant (82.06 atm cc/g.mole %K)
T =z absolute temperature (°K)

= gurface area available for mass transfer
(cm2)
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Py,P, = pressure (atm)
VisVy = volume of bubble (cc)
PO,VO = pressure and volume of bubble at benzene-
water interface (atm,ce)
p° = vapor pressure of pure liquid (atm)

The equation (1.15) for Ka is derived rigorously in
appendix 3.1, The following assumptions were used in the

derivation of equation (1.15);

(1) TIsothermal conditions within the bubble

(11) Perfect mixing within the bulk of the
carrier gas

(111) Water vapor in the carrier gas is con-
sidered inert and therefore has no

effect on subsequent mass transfer in
the benzene phase

2. Frontal surface area of a spherical cap bubble

In reference to figure la, the volume of a spherical cap
bubble may be determined in terms of the radius of the sphere

of which it 1s part of and the angle g;
V= EEE (2 + cosdy - 3cosg) (2.1)
3
The frontal surface area of the spherical cap bubble 1s
given by;

AF = 2nr2(l-cosg) (2.2)
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solving for r in equation (2.1) and substituting the result

in equation (2.2), we have;

L 21n(l-cosg) 2/3 (2.3)
P % - cosg + c087F ))¥/3 "
3

With reference to figure 1lb, the cosine of the angle &
may be expressed in terms of the eccentriclity of the spher-

ical cap bubble which is defined as its width to height ratio;

B2ad
B2+4

cosg = (2,4)

substituting equation (2.4) in (2.3) and simplifying;

2
m(E< + 4)
(( 7 )(3E° + 4))
3
where; A_ = frontal surface area of spherical cap

P bubble (em?)

V = volume of bubble (cc)

eccentricity = width to height ratio of
bubble

E

Equation (2.5) is derived rigorously in appendix 3.2.
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3. Volume of bubble from photography

With reference to figure 1b, the volume of a solid of

revolution gives;

r
V=T y2 dx (3-1)
r=-b
s0 that;
v = m(rb? - b3) (3.2)
3

from appendix 3.2, equation (2.18);

r = 4b2 + a2
8b (3.3)

substituting equation (3.3) into (3.2) and simplifying;

3
=T (3+4) (3.4)
or, V= magl . (3+4) (3.5)
3E E2
where; V = volume of bubble (cc)
a =wldth of bubble (cm)

ag= seni-width of bubble (cm)
E = eccentricity of bubble

Equation (3.5) is derived rigorously in appendix 3.3.
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IV. EXPERIMENTAL

1. Experimental Method

In reviewing the advantages and disadvantages of the
avallable methods, 1t was decided that the volume measure-
ment method could best be adapted to a gas-phase-controlled
system. The volume changes of the bubble were expected to
be small in comparison with those of the liquid-phasc studies
when a consliderable proportion of the gas bubble was allowed
to dissolve. Consequently, no dynamic lag from mercury travel
in the glass capillary was anticipated. The photographiec
method was eliminated since it was felt that the small volume
changes expected could not be determined from photographs.
The pressure measurement method was not chosen due to the un-
settled question of the isothermal/mon-isothermal nature of
the dead air space. It was felt that the equations for the
calculation of mass-transfer coefficients would become com-
plex if the thermal history of the dead alr space had to be
taken into account,

Iﬁitially, a nitrogen-water system was investigated
where a bubble was formed under mercury and released into the
water phase. There was an oscillation of the bubble as it
rose through the mercury-water interface which prevented the
evaluation of mass-transfer coefficients., At the same time,
it was felt that the volatility of water was rather low. A
gsearch was then made for a two-phase system consisting of an
upper phase of relatively high volatility for which average

mass-transfer coefflicients could be evaluated and a lower
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phase of coﬁparable density and low volatility which would
serve as a forming and calming medium., Benzene and water

were gelected as the upper and lower phases respectively and
average mass-transfer coefficlents were evaluated for nitrogen-
benzene, helium-benzene and Freon-l4-benzene systems respec-
tively. It was assumed that the gas bubble would be saturated
with water as it entered the benzene phase and that the water

vapor would act as part of the inert carrier gas.
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2. Apparatus

A schematic diagram of the equipment is shown in figure
2, and full equipment detalls are glven in appendix 6. The
apparatus consists of three basic units;
(a) Carrier gas supply, flow regulation
and bubble formation equipment
(b) Mass-transfer cblumn

(¢) Volume measurcment equipment

and (d) Photographic equipment

(a) Carrier gas supply, flow regulation and bubble formation
equipment

Flow of carrier gas from the cylinder (10) was regulated

through a flow controller and gas regulator (ll)._ The .carrier
gas was then passed through a drying column (12) to remove
any moisture which may have been present. The gas was passed

through valve (1) and the amount of gas‘admitted to the column

was controlled by means of a needle valve (2). Valve (3) was
used as a baek-ﬁressure relief valve., A check valve (14)
prevented liquid in the column from entering the gas line,

The bubble retainer (15) was made out of a section of gtainless
steel pipe which contained a stainless steel spoon (13). The
carrier gas was injected into the retainer and was trapped by
the inverted spoon. To release the gas bubble into the column
of liquid, the spoon was simply rotated through 180 degrees.

Detalls of the retainer are shown in figure 3.

(b) Mass-transfer column

The column was made up of three sections of Q.V.F. glass
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EQUIPMENT LIST

(figure 2)

on-off valve (main carrier gas line)

needle valve (flow control to bubble retainer)
on-off valve (vent to atmosphere)

ball valve (column to mercury reservoir)

ball valve (column water drain)

ball valve (water reservoir to column)

ball valve (column to mercury reservoir)
needle valve (benzene reservoir to column)
needle valve (bubble retainer drain)

carrier gas cylinder

gas regulator

drying column

inverting spoon

stainless steel check valve

stainless steel bubble retainer

Q.V.F. glass column

Teflon stopcock

water reservoir

benzene reservoir by
mercury reservoir .
glass capillary (0,1210 inch I.D.) q
calibrated metal scale (in cm) ‘
platinum wire (0.0l inch dia.)

mercury trap

remote event marker actuator lead

dc constant current supply

VTVM (vacuum tube voltmeter)

chart recorder

datum level z«0O

reference z=38.3 cm

reference zs69.0 cm

reference 2z«99.7 cm
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consisting of two column adaptors and one five foot section
of six inch I.D. standard precision bore pipe. The sections
were connected by backing flanges and sealed with compressed
asbestos fibre gaskets in the upper part of the column con-
talning benzene and neoprene rubber gaskets in the lower part
of the column containing water. A Teflon gasket was used to
connect the bubble retainer to the bottom column adaptor.

The column (16) was connected to the mercury reservoir (20)
through the horlzontal nozzles of the column adaptors. Valves
(4) and (7) were used to separate the column from the mercury
reservoir 1f.so desired. Bubbles of gas were removed from
the column through the stopcock connected to the vertical noz-
zle of the top column adaptor., Water was removed from the
column through valve (5) or added from the water reservoir
(18) by gravity feed through valve (6). Benzene was added

fo the column from a reservolr (19) by gravity feed through
valves (7) and (8).

(e¢) Volume measurement apparatus

The volume measurement apparatus consisted of a length
of precision bore glass capillary tubing, a platinum wire,
a two pen chart recorder, a DC current supply, a vacumn tube

voltmeter (VTVM) and a mercury reservoir.

(1) Mercury reservoir

The mercury reservoir (20) consisted of a 12 inch length
of one inch I.D, Q.V.F. standard precision bore glass pipe.
The ends of the pipe were sealed by two brass flanges con-

talning Teflon gaskets., The lower flange in contact with




mercury was coated with a Teflon spray. The upper brass
flange contained a drilled out compression fitting so that a
section of one-quarter inch copper tubing would slide freely
through it. The tubling was sealed by means of two rubber 0=
rings which were held in place by a pipe cab. The bottom of
the mercury reservolr was connected to the glass caplllary
(21) by means of a:length of flexible pneumatic tubing.
Further detalls of the mercury reservoir and its lift device

are given in figure 4,

(11) Precision bore glass capillary and platform

The pneumatic tubing from the mercury reservoir (20)
was connected to.a 33 inch length of 0,1210 lnch I.D. pre-
cision bore capillary (21) by means of a plexiglass fitting.

The fitting also contained an insulating post as shown in

figure 5. The plexiglass fitting was made up of two separate "ﬁ
gsections so that it could be taken apart in order to perlod- ﬁ
ically clean the glass capillary. The glass caplillary was

supported by a wooden platform which could be leveled by means

of three threaded support Qods. A calibrated scale (in cm)

(22) was fitted next to the capillary (21) and equiped with

a slide which was used to determine the initial Qolume of the

bubble injected into the bubble retainer (15). A 0.01 inch

diameter platinum wire (23) was stretched within the glass

capillary and connected to the insulating post at one end of

the platform and to an alligator clip at the other end of the

platform. The open end of the glass caplllary was connected

to a mercury trap (24) by means of a small plexiglass fitting.



o
c
-r
@ -
o =
Q
S s a :
[ 1) —_— o Q.
0 PP, — r,u
S @ aon
- 2 »
» 7]
@ o - o ——
a c s S
. S = = E o
= © ‘@ DUv.m
—i< - 22 .
- Q. - <
-.. .. m -
ay @
' N ® S
= =g
3 o { IS
=
c
o
‘@
N
T MR . E=3
B L
— | . - eumy et @b GED D b S

)

doe
U

(3!

RPN




.M,_.J, buljo

Spou4
j4oddns / Buijana)

ppaj wJioj}ipid . poaj
DEIPIGTEIE) |DO14}D08]0

jsod
jasul

doJ4}

04|M
wan E:c:.% .>._:.o..0..: .u._.vV

..o-ao_uu
xonm;m/

Buiqny 43|nJ |D{dW (WD) pabIqID
91}pwenud




&

snpiud
buneswajic

LE

st

i

=} s
=)
i

lipLat6 q- (G- WG —kf{eL—

.

-cd

e e s e vorm eart v gfa d

«Dlia

(111) Recorder, DC current supply and vacumn tube voltmeter

The DC constant current supply (25) and the VIVM (26)
were connected in series so that the VIVM could monitor the
current from the current Qupply. The charf_recorder (27) was
set to record the voltage drop across the platinum wire (23)"
and was therefore wired in parallel with the constant curreﬁ%
supply (25). The supply was connected to the insulating poéf
and alligator clip at both ends of the wooden support platfdrm.

A photograph of the experimental apparatus 1s shown in
figure 6.

(d) Photographic equipment

Bubble surface areas and rise velocities were determingd QQQES.
using a HYCAM high speed camera, The camera had & maximum 5 '°?f;
frame rate of 18,000 frames/sec for 1/2 frame 16 mm film. F': 1@
The camera was fitted with a timing light generator which en-

abled aceurate evaluation of rise velocitles. 1In order to B

reduce image distortion, a polished perspex block, 5 cm by 11

em was made and fitted to the column. Clear callbrated tap§ 
(in cm) was placed both vertically and horizontally on the ﬁf
block, A different number was placed on the block for eachﬂ

photographic run for ease of identification. A schematic i %
layout of the photographic equipment is shown in figure 7 aﬁé

full details are given in appendix 9._
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3. Bxperimental procedure

The column was first completely filled with water and
benzene. The water level was established after several runs
to be at a point 99.7 cm below the centerline of the vent
stopcock (17) located at the top of the column., The 1liquid
phases were saturated with carrier gas by bubbling the gas
through fhe column of liquid for approximately thirty minutes.
To beglin a run, the recorder, DC current supply and vacumn
tube voltmeter were turned on and allowed to warm up for at
least one hour., The chart speed of the recorder was set for
20 inches per minute and the input for a 1.0 millivelt full
scale deflection. The power supply was set at 2.0 milliamps
and was accurately monitofed by the vacumn tube volimeter. .
The carrier gas pressure was adjusted to about 5 psig. The GEggﬁ
position of the mercury reservolr was adjusted until the mer-
cury Just entered one end of the glass capillary. At this
time, the benzene level in the column was checked and ad-
justed to maintain its level just above the centerline of the
vent stopcock (17). The mercury reservoir was re-adjusted
until the level of the benzene and the position of the mer-
cury in the capillary were satisfactory. The stopcock was
then closed and the inltlial position of the mercury in the
capillary was noted and marked by means of the sllde attached
to the calibrated scale (22). The inverted spoon at the bot-
tom of the column was then correctly positlioned to recelve
the carrier gas which was admitted into the column through

the needle valve (2). After the desired volume of gas had

been introduced under the spoon, valve (2) was closed and
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valve (3) opened to relieve the back-pressure in the carrier
ges line. The slide device was moved to the new position of
the mercury in the glass capillary and its positlon noted.

The volume of the injected carrier gas was then determined
from the difference between the initial and final positions

of the slide. The recorder chart was activated and the re-
cording pen was adjusted to give a good trace by placing 1t
close to the chart margin. The bubble was then released by
rotating the spoon. The volume change of the bubble was con-
tinuously recorded and reference points were noted by actua-
tion of the remote event marker switch at the following levels
in the column; 220 cm, 99.7 cm (interface), 69.0 cm, 38.3 cm,
19.0cm and 6.0 cm. The centerline of the vent stopecock (17)
was taken as datum and the distances refer to points Iin the
column below the stopcock. Some data for the nitrogen-benzene
system were recorded at slightly different reference levels.
The reference levels for runs ¥OOL to NO56 are glven 1n ap-
pendix 1. The chart on the recorder was then stopped and
placed in a standby mode. The mercury in the glass capillary
wag drawn back to the mercury reservoir ﬂy draining some water
from the column through valve (5). The vent stopcock at the
top of the column was then slowly opened to prevent a mercury
surge in the capillary. Atmospheric pressure and column temp-
erature were noted. The temperature of the liquid in the col-
umn was determined from a sample of water taken from the column
through valve (5). The procedure was then repeated with se-

veral runs being carried out on any one day.
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The followlng procedure was used for taking photographs
of the rising bubble. The timing light generator was set to
its maximum value of 1000 eycles per second and the 'powerstat'
to fifty-five volts. At fifty-five volts, callibration curves
supplied with the camera indicated an approximate frame rate
of 4000 plctures per second (for 16 mm film)., A bubble was
then formed under the inverter at the bottom of the columa,
A timer in the line between the variable 'powerstat' and the
camera was set to shut off the camera motor after approximately
two seconds of operation. The two Colortran lamps were then
turned on., The lamps were supplied with heat absorption shields
to reduce the amount of infra-red radlation striking the glass
column. The bubble was released and the camera activated when
the bubble was approximately six inches below the perspex block.
The procedure was then repeated for successive photographic
runs. With the 75 mm Comiscar lens, photographs were taken
primarily at a point six inches above the interface, although
some were taken at the interface. With the 25 mm Comiscar

lens, photographs were taken over the first foot of column

above and including the interface.
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V. RESULTS

Exmamination of recorder volume trace

Examination of the volume-time trace on the recorder
indicated that there was an unexpected lag between the ac-
tuation of the event marker and the mercury movement within
the capillary. If unaccounted for, the lag would introduce
errors in the evaluation of mass-transfer coefficients through
miss-matching of the volume of the bubble with a reference
level in the column. Three methods were used to evaluate the
lag;

(1) Visual inspection of the recorder trace
indicated the position of the interface.
When the bubble passed through the interface,
the slope of the volume trace grew abruptly
steeper as shown in figure 8.

(2) The position of the interface was back-
calculated from the assumption that the
bubble was saturated with water vapor at
the interface.

(3) Difference between first movement of mer-
cury in the capillary and actuation of the
event marker on bubble release.

From visual inspection of the recorder volume trace for
several runs, the lag was found to remain relatively constant.
When the position of the interface was found to be indistinct
due to bubble instability or oscillation, methods (2) or (3)
were used to determine the lag. Interface positlons deter-
mined from the three methods are compared in appendix 5 for

several nitrogen mass-transfer runs.

A further dynamic effect was noted for some mass-transfer
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runs when a step change took place near the end of the volume
trace as shown in figure 8. This dynamic overshoot of the
mercury within the capillary was attributed to high mass-

transfer rates when the bubble entered the benzene layer.

As a consequence of this dynamic effect, the true volume change
was difficult to evaluate for levels greater than 6 inches
above the interface.

Nitrogen-benzene, helium-benzene and Freon-l4-benzene

systems were investigated utilizing water as a forming and

calming medium, PFor the mass-transfer runs, the absolute

-v
g temperature of the column liquid varied from 294.6 to 298.6
degreés Kelvin, The daily atmospheric pressure varied from
s
cC 74.5 to 76.5 cm mercury. The experimental data for the mass-
pi|
transfer runs is tabulated in appendix 1.1.
L
3 Examinatlion of photographs
P
]

Rising velocities of the bubbles were determinéd by coun-
ting the number of dots left by the timing light generator in
the margin of the film for a particular length of bubble travel,
Bubble travel was measured from the calibrated scale (cm) on

the viewing block. The velocity was then determined by;

1000 x length of bubble travel (cm)

veloeity (em/sec) =
number of counted dots (sec)

Even with the heat absorption shields, enough infra=-red
radiation struck the column to produce a local temperature
rise. This in turn caused the 1liquid in the column to éxpand,
so that mercury in the precision bore glass capillary began

to move. Because of this phenomenon, the existing volume
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measurement apparatus could not be utilized to record bubble
volumes. Instead, volumes were calculated from the width and
the eccentricity of the spherical cap bubble which had been
projected onto a screen., Values of eccentricity were deter-
mined simply from the width to height ratio of the bubble.
The width of the bubble was found by ad justing the projector-
to-screen distance until the centimeter scale on the plexiglass
block matched some conveniexnt scale on a metric ruler,
Photographic data for the computation of rise velocities
and bubble eccentricities is tabulated in appendix 1.2,

Rise velocity and bubble eccentricity

The rise velocities for nitrogen, helium and freon-14
bubbles are plotted versus the volume of the bubble in figure
9a, over the volume range l.7<de< 2.4. From figure 9a, the

rise velocity was determined as a linear function of bubble

volume. There was no observed effect of the different carrier

gases on the rise velocity. Rise velocities were not deter--
mined at the interface due to the presence of a water pressure
dome surrounding the bubble as it passed into the benzene
layer.

Eccentricities were determined at a point 6 inches above
the interface and no effect of the different carrlier gases
was observed. The eccentricity data for the three systems 1s
plotted in figure 9b versus the volume of the bubble. The
eccentricities were taken to be constant over the volume range
1.7<de< 2.4,

The rise velocity and eccentricity results are tabulated
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in appendix 2.2.

Mags-transfer area

From photographs of the first 12 inches of the colum
including the interface, analysis of the bubble wakes showed
that entrained water which had been carried through the inter-
face occupied regions at the immediate rear surface of the
bubbles as shown in figure 10a and 10b. Consequently, only

the frontal surface area of the spherical cap bubble was taken

as the mass-transfer area.

Mass-transfer coefficlents

Average gas-phase mass-transfer coefficients for the
nitrogen-benzene, helium-benzene and Freon-l4-benzene systems
are plotted versus the average volume of the bubble over the
6 inch mess-transfer interval.in figures 11,12 and 13 respec-
tively, for the volume range 1.7 <de<2.1. All three plots
indicate a slight decrease in the values of K, with the average
volume of the bubble. Through linear curve fits, the average
mass=transfer coeffiéient was obtained as a function of the

bubble volume;

Zable 1
Carrier gas Equation for KG X 105
Helium Ko = 2.62-0,187 % 0,26
Nitrogen Kg = 2,21-0,08Y % Q.42
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PHOTOGRAPH OF BUBBLE FOR
HELIUM-BENZENE SYSTEM

(viewed through perspex block)

T5mm Comiscar lens

Figure 10a
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PHOTOGRAPH OF BUBBLE FOR
NITROGEN-BENZENE SYSTEM

(25mm Comiscar lens)

(2 pigtures per framg)

Pigure 10b
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Results for the helium-benzene system exhibited the high-

est K. values followed by nitrogen and finally by Freon-14,

as shown in figure 14, KG values are tabulated in appendix

2,1 for the three carrier gases. Coefflicients for the curve

fit X, data are given in appendix 8, Average K, values for

G G ,
the volume range 1.7 <de <2.l were obtained from a zero-degree

polynomial curve fit of the data.

Table 2
Carrier ga% P Average K xlO5
Helium | 1.99 £ 0,26
Nitrogen 1,90 & 0.42
Freon-14 1,09 ¢ 0,13
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VI. DISCUSSION

Integraied mass-transfer coefficlient equation

An integrated form of equation was derived for the
evaluation of gas-phase magss-transfer coefficients for the
carrier gas-benzene systems employing nitrogen, helium and
freon-14, This eliminated the problem of volume-time deri-
vatives, but 1t was neccessary to approximate the integral

J;gg_ by the trapezoidal rule. The accuracy of the in-
tengted form of coefficlent equation therefore depended on
the length of the interval over which it was evaluated. The
accuracy of the equation also depended on the evaluatlion of
the system lag and the shape of the recorder trace which was
affected by the overshoot of the mercury in the glass caplllary

for the upper reglons of the trace.

Evaluation of bubble volume

The system lag was evaluated by location of the interface
position on the recorder trace. It was then possible to assign
a bubble volume to a reference level in the column. The effect
of the mercury overshoot in the capillary was more difficult
to evaluate., The only region of true volume representation
was taken to be the first 6 to 8 inches of the benzene layer
above the interface, The dashed line in figure 15 shows what
1s considered to be the true volume change of the bubble in
the upper part of the trace. The saturated emvelope indicates
the bubbles approach to saturation., Mass-transfer coefficlents
evaluated from volume data at points higher than 6 inches above
the interface exhibited a tendency to increase in magnitude
for the second 6 inch interval (position 2-3) and become neg-
ative for the following 12 inch interval (position 3 to 4).
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This could be attributed to two effects; a high value of the
bubble volume as taken from the recorder trace or precision
errors. The first effeet would be a result of mercury over-
shoot as discussed earlier. The second would arise from the
precision of the volume measurements when at saturation, PV
should be constant. Any small error would yield negative
values of Kqun saturation. It should be noted that the
dashed line considered to be the true trace, indicated that
the bubble does ﬁot reach saturation until close to the top

of the column and requires confirmation.
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Bubble shape

The eccentricity of the spherical cap bubbles over the
volume range 1.7<de< 2.4 remained constent at a value of
3.51. Calderbank (6), for the study of the dissodlution of
cérbon dloxide in water, found that the eccentriclty of the
spherical cap bubbles were constaht for volumes greater than
de=1.5. The data shows some scatter and thls may largely

be attributed to the oscillations on the surface of the bubble

and deviation from rectilinear motion., In other words, the

rear surface of the bubble is not completely eircular in
cross-section and therefore, major-axis data may vary for the
same bubble depending on the direction from which the bubble

is viewed. Calderbank reported considerable scatter in his

eccentricity data for the volume range 1.8<de<2,0 do not vary
excessively since the bubbles had attainéd a fairly stable
gpherical cap shape. Although some deformation of the bubble
surface did occur, it was found that the bubble assumed a stable
spherical cap shape in benzene for all three carrier gases over

the volume range 1.7<de< 2.4,
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Average mass-transfer coefficients K.

Plots of KG values with average bubbie volume showeéd a
slight decrease in KG with bubble volume for all three carrier
gases. This could arise from the relative decrease in frontal
surface area, sq em/cubic em, as the bubble_vdlume was in-
creased. This effect was more pronoﬁnced for Freén-14 than
for the heiium or nitrogen carriler gases. When nitrogen was
the earrier gaé, the rather small decrease in Kq values could
be éttributed‘to the group of data pointé repreéenting runs
NOO1 ﬁo NO56., These runs were made at a‘colﬁmn temperature
apﬁfo;imatély‘five degrees higher than all the other nass-

transfer runs. The nitrogen data were curve fitted without

runs NOO1 to NO56 and the results are shown below;

Table 3
Nitrogen-Benzene System Eguation for KG xlo5
NOOL-N174 Kg = 2,21-0,08V = 0,420
NO60-N1T4 Kg = 2.22-0.107 = 0,404

Excluding the data for runs N001-N056, the curve fitting
programe resulted in a slightly greater dependence on bubble
volume.

Initially when comparing the K, values obtained in this
study with the values reported by Golding, Graydon and
Johnson (8) who obtained values in the range of 2.8-5.1 xlo'4
g.moles/cm2 atm gec for bubbles having equivalent diameters

of 2.3-2.6 cm when investigating the methanol-water systenm,

the values geemed reasonable. On further examination of the

A

LILTIER
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data, 1nponsistencies have been found. Firstly, as noted
previously, the bubbles were only saturated close to the top
of fhe column., The contact time would have been 3 seconds.

If the Vermeulen (16) approximation for diffusion in a sphere .
is used and the contact time taken for a six inch bubble rise,
saturation efficiency values for a 4.19 cc bubble having an
equivalent diameter of 2.0 cm would be 93.5%, 64.6% and 51.2%
for the helium~benzens, nitrogen-benzene and Freon-l4-benzene
systéms respectively. These values would only be expected

to be appfoximate but ‘A6 indlecate recordéd volumes low. A
further indication that the data were inconsistent was found
by consldering the variation of KG with diffusivity. The
diffusivities of benzene vapor in the three carrler gases

was calculated using the Wilke-Lee modification of thé Hirsch-
felder-Bird-Spotz equation (9) given in appendix 4. The cal-
culated diffusivities are shown below in Table 4;

Table 4
System Diffusivity (sq cm/sec
Helium-benzene 0.373
Nitrogen-benzene 0.097
Freon=-l4-benzene 0.056

Thus alfhough the variation of the mass-transfer coeff-
icient was in accordance with the direction of change in
diffusivity the magnitude of the variation depended on which
system was being considered. K, was roughly proportional to
the change in diffusion coefficlent when comparing the:Freon-
14sbenzene and nitrogen-benzene systems, but when comparing

nitrogen and helium as the carrier gas, there was only a
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slight dependence on diffusivity. The photographic studies
showed that hydrodynaﬁic eonditionsAwere the same for all three
systemé aﬁd would not account for this effect., As a conse-
quence, the accuracy of the volume measurement method must
again be questioned and indicated that the dynamic effact might
be accompanied by a second lag as the bubble rises through

the benzene-water interface. This would result in the volumé
recorded being low and reduce the mégnitude of KG. It would
appear though that the high mass transfer rates preclude the

use qf the volume measurement method due to the inertia and

acceleration effects in the moving mercury column,
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VII. CONCLUSIONS

(1) The dynamic effect caused by inertia.and acceleration
of the mercury in the volume measurement apparatus limited
the scope of this work.

(11) Consideration of the calculated mass transfer coefficlent
values indicated that although the direction of theléariation
of KG is in accordance with the variation of the diffusivity
of benzene in the carrier gases the KG values must be consi-
dered low. This 1s pérticularly true for heliunm carrier gas.
(111) Bubbles were in the volume range corresponding to 1.7

de 2.1, and assumed & spherical cap shape. The eccentriclty
remained constant at 3.5 for all three carrier gases and bubble
oscillations were small.

(iv) Bubble veloclties were in agreement with values

reported in the literature.
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VIII. RECOMMENDATIONS

Due to @he dynamic effect in the volume measurement M
apparatus,'this method reqﬁires re-evaluation., Volumes must f}
be recorded'instantaneously for the calculation of instanta-
neous mass-transfer coefficients., Bubble volumes may be ?
measured indirectly by recording pressure changes within the
column of 11quid‘with sensitive pressure measurement devices
such as,a‘micromanometer. As an alternative to the volume

measurement method used in this work, the pressure measurement

i
'
i
3

method of Calderbank and Lochiel (6) could be used although

the temperature history of the dead air"spaCe might have to
be taken into account as pointed out by Baird (7). Some
consideration could be given to the more recent method deve-

loped by Calderbank, Johnson and Loudon (10).
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APPENDIX 1,

EXPERIMENTAL DATA

Recorder trace data: The data given on each page are for
a specific atmospheric pressure and column temperature.
Points at which data were taken from the chart recorder
trace are indicated by distances below the datum line at
the top of the column. »

Bubble velocity and Eccentrieity data
Density of benzene
Solubility of helium, nitrogen and Freon-14 in benzene

Vapor pressure of benzene
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2, Velocity and Bccentricity data

Photographic Carrier

Tun number gas

4 nitrogen

5 nitrogen

8 nitrogen

9 Freon-14

10 helium

Table Al-2

Bubble Bubble Bubble No. of dots

width

cm

3,30
3,20
3,20

4,00
3495
3.95

3010
2.90
2.90

3.45
3.40
3445

3.70
3.70

height

(cm)

0.95
0.95
0.95

1,10
1,15
1,15

0,80
0.80
0.85

1.00
1,00
0.95

1.05
1,05

(cm)

3.0
3.0
4,0

2.0

3.0
2,0

travel counted 1in

fTim margin
109

100

146

T2

108
71

data taken from photographs with 75 mm Comiscar lens
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3. Denslty of benzene

Table Al-3

Temperature (Oc)

20.0
25.0
30,0
40,0

4, Solubility data

Table Al-4
Carrier gas Temperature (%)

(11)
Denslt o/ml

0.8790
0.8737
0.8685
0.8577

Mole fraction xlO4

(12) 20,0
40.0

. nitrogen

helium (13) 25.0

14
Freon-14 (14) 5.80

5. Yapor pressure of benzene

Table Al-5
(15)

Vapor pressure
lmm Hgi

60,0
100.0

4,210
4.810

0.786
5,410

Temperature
{505

15.4
26.1

Dt bt et o e 12



APPENDIX 2.

EXPERIMBENTAL RESULTS AND CALCULATIONS

1, Gas-phase mass-transfer coefficients Kg

2. Veloclty and Eccentricity results

]
et

3. Evaluation of KG; variables involved, sample calculation
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2, Velocity and bubble Eccentricity

Table A2-2

Photographic Bubble Eccentricity Velocity Carrier
Tun _number  volume (cm/sec) 888

(ce)
4 4,12 347 27.5  nitrogen’

5 7.85 30,0  nitrogen

©

N o8\
Ll
X

N
it

avg =

8 3,07 27.4  nitrogen
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3. K, calculations
Due to the number of mass-transfer runs carried out and

the varlables involved, mass-transfer coefficients were cal-
culated through a computer program.

A, Varlables expressed as a function of temperature and

bubble volume

(1) Density of benzene: The density of benzene was

calculated from a temperature equation. The re-
lationship was found to be linear over the temp-

erature range 293< 7< 303%.
P3 s 1,1868 - 0.00105(T)

where;  pg = density of benzeme (g./ml)

T = absolute temperature (9K)

Data for the density of benzene 1is given in ap-
pendix 1, table Al-3,

(11) Vapor pressure of benzene: The vapor pressure of

benzene was calculated from the following temper-

ature dependent equation;

exp (A + B/T)

i)
o
1]

760.0

where; po ® vapor pressure of benzene (atm)
T = absolute temperature (°K)

A,B = constants
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(iv)

«8la

For 288.6 <1 <299,3 Ok,
A = 18,380
B = -4122,0
Data for the vapor pressure of benzene is given

in appendix 1, table Al-5,

Frontal surface area of spherical cap bubble: From

-theory, the frontal surface area of the spherical

cap bubble was expressed in terms of the volume of

the bubble and its eccentricity. For use with the

integrated form of equation for KG’ the frontal sur-

face area was expressed in terms of the average

volume of the bubble over a specified interval.

mEd e k) LT
() (382 + 4))%/3
3

AF =

where; frontal surface area (cm2)

= b
=}
11

geccentricity of bubble

average volume of bubble over
interval (cec)

<il
"

Bubble rise velocity: The rise velocity of the

bubble was expressed as a linear function of the

volume of the bubble from figure 9a.
T = 26.4 + 0,455(7)

where; T = averaged velocity over interval
(em/sec)

V = average volume of bubble over
interval (cc)
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(v) Ececentricity: The bubble eccentricities were found

to be constant over the experimental volume range

at a value of 3.51,

B. Volume of the bubble

The volume of the bubble at any of the reference levels
in the coluﬁn is calculated from the initial volume introduced
under the spoon and the change in volume that has occured after

release,

(1) Initial bubble volume: The initial volume of carrier
gas 1n the bubble retainer was determined from the
mercury travel in the capillary as noted from the

ad jacent scale (calibrated in cm).

Vy = (aHg)(xAREA)

where; V1 = initial volume of bubble (cc)
o Hg = mercury travel (cm)
XAREA = effective cross-sectional area of

capillary

cross-sectional area of capillary
minus cross-sectional area of
platinum wire

0,07368 (cm?)

(11) Volume change after realease: The volume change

of the bubble after release was determined by re-
cording the varying voltage drop across the wire
due to the mercury travel in the capillary. From

the recorder calibration in appendix 7;

alg = 23.2 (amv)



i %]
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whére; anv = change in millivolts on recorder

and aV (0.07368)(23,2) (amv)

where; AV = volume change of bubble after
release (ce

(111) Total volume of bubble: The volume of the bubble

at any one oflthe reference levels in the column

is given By;
v = (0,07368)( aHg + 23.2 anmv)
where; V = total volume of bubble (ece)

0. Pressure within the bubble

Having evaluated the system lag, a volume could then be

associated with any one of the reference levels in the column,

zy = 220.0 cn ( spoon position )

Zl’ Zo

2, a 84,4 cm ( 6 inches above interface )

99.7 em ( interface )

24 = 69.0 em ( 12 inches above interface )
3y 3 38,3 cm ( 24 inches above interface )

25 ® 6.0 cm ( top of column )

(1) Pressure in benzene layer: The pressure in the

benzene layer is given by;

P = ( PATM + pg(2)/py )/76.0

where; P = total pressure in bubble (atm)

PATM = atmospheric pressure (cm Hg)
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Pg * density of benzene (g./ml)
Py = density of mercury (g./ml)
z = distance from datum level (cm)

(11) Pressure in water layer: The pressure at any point
in the water layer is glven by;

P = ( PATM + py(z,)/0y +/0W(z;_,z~o;)/,om )/76.0

where; P = total pressure (atm)

P = density of water (g./ml)
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D. Sample calculation: MASS-TRANSFER RUN N174

Initialvdata: atmospheric pressure = 75.47 cm Hg

column temperature = 294,7 OK

Recorder trace data: Table A2=3

Position Trace value
Z4 0.9760
zy 0.7900
29 0.6800
z3 0.5700
2 0.5325
Zg 0.5075

Program calculations: program nomenclature will be indicated
in brackets after variable name

1.1868 - 0,00105(294.7)
1.1868 - 0.3004
0.8774 (g./ml)

(exp(18.380 - 4122,0/294.7))/760.0
(exp(4.3905))/760.0

80.6824/760,0

0,1061 (atm)

(32.20)(0,07368) = 2.3725 (ce)

2.3725 + (0.9700-0,7900)(23.2)(0.07368)
2.3725 ¢ (0.1800)(1.7094)

2,3725 + 0,3077

2.6802 (ce)

2.3725 + (0.9700-0.6800)(23.2)(0.07368)
2.3725 + (0.2900)(1.7094) :
2.3725 + 0,4957

2.8682 (cc)

/oB.(RHOB)

p® (VAPL)

vy (VIN)
Vo,V (V0,V0L1)

Vé (vor2)




......

Ky (COEFF)

PO,P1 (P0,PR1)

-2 (PR2)

1.
7 (AVGVOL)

Ap (AREA)

T (V)

-89-

(75 (0.8774)(99.7)/(13.53))/76.0
& + 4654)/( /( )Y/

81. 935/76 0

1.0781 (atm)

75.47 + (0,8774)(84., 4)/(13 53))/76.0
75.47 + 5.4732)/76.0

80.943/76.0

0651 (atm)

(2.6802 + 2.8682)/2.0
2.7742 (ce)

(2;1416E§16.g2g(1.2750)
12.2

8.254 {om?)

26,4 + 0,455(2,7742)
26.4 + 1,235
27.63 (cm/sec)

2.0(0)pg Polp = Py

1033.23 RTA (Pl-P2)(2p°+P°VO(Vi+V22-(P1+P2)
- v

(1,0650)(2.8682) - (1. 0781)(2.6802)
3 0546 - 2.8895
011651 (atm.ce)

2p° + Povoilﬁilll - (P1#P2)

2,0(0,1061) + (1.0781)(2.6802)(2. 680%2+ g 8682 -(1.078141,065)
1(5'38"7(‘7338‘%

0.2122 + 2,8895(5. 434 - (2.1431)
.0873
0.2122 + 2.8895(0,7218) - (2.1431)

0.,1546 (atm)
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(P,-Pp) = 1.0781-1,0650 = 0,0131 (atm)

(2.0)(27.63)(0.8774) 0.1651
KG H ‘ . :
(1033.23)(82,06)(294.7)(8.254) (0.0131)(0.1546)
= 48,492 . _0,1651
2,0621 xlO8 0,002025
= 23.5158 x10~° . 81.53

Kq = 1.917 x10'5' or 0,192 E-04 (g.mole/sq cm sec atm)

The sample caleculation:is accompanied by 1ts corresponding

computer printout on the following page.

z
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APPENDIX 3.
THEQRETICAL

1. Evaluation of'KG
2, Surface area of spherical cap bubble

3. Bubble volume
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1, BEquation for the calculation of KG

The rate of mass transfer for a pure liquid evaporating

into an inert carrier gas is glven by;

dn . K A (p*- pb) (1.1)

(=7
<D

assuming that the bulk of the carrier gas 1s perfectly
mixed and noting that;

p* p0 (1.2)

and p. = yP (1.3)

b

substituting (1.3) and (1.2) into (1.1);

dn = K, A (p°- yP) (1.4)
a6 G

or dn = Kg 4 (p°-y)P (1.5)
a0 3

assuming isothermal condltlons;

y = PV/RT - P.V,/RT (1.6)
"L—T?Pv R
or y = P =RV (1.7)
BV

substituting (1.7) into (1.5);

dn K. A (p%- (PV=P,¥,))P (1.8)
ORI Ml o
or dn = K, A (p°- (Pv'go!o)) (1.9)




or dn = K,A (p°-P +27V,) 1.10
i ¢ oy (120
'“ & Bubble veloclty:
9 ; fron P = pgH (1.11)
o 8o
s i = pg (1,12)
- ae Fgo de

then the bubble velocity is given by;

U = -dH
e
- and U = -g,dP (1,14)
/og ae

expressing the mass-transfer rate in terms of the ideal

gas lav;;
dn = _L (P¥ + ViR ) (1.15)
® RT 4 16

and from the chain rule;

dp = 4V , 4P (1.16)
de de d4v
from (1.14) P = -U/og (1.17)
dae g
0
combining (1.17) and (1.16) to elimlnate dp/de
v = -Upg 4V (1.18)

a9 g, 4P




<95
replacing (1,17) and (1.18) in (1.15);

dn = -Upg ( PV + V) (1,19)
de goRT dP

equating (1.19) with (1.10);

Uog (BAV +V) = K, A (2% P2 4RY)  (L.20)
Rlg, aF ¢ =7° A

multiplying (1.20) by dP and =g, RT
e
PAV 4 VAP = =g RL K. A (p°- P # Bo¥g)dP  (1.21)
- Upg j

integrating (1.21) over a small interval from 1 to 2;
2 2
a(ev) = -g, ngxG A | (%2 +‘go%o)dr (1.22)

J3 i3
2

0 2 2 :
PoVy=PyVy = =B RIAKq_ (p°(Pp=P1)=(P; -27) + | Ro¥ 0P
Upe v
(1.23)

using the trapezoidal rule to approximate the last integral
in equation (1.23);
2

PV, (42 = B V, (Yot V1)(By = By)  (1.24)

o0\ ° B AL
1

and changing sign by -(Py=P,) = (P=Pq) (1.25)
Y -
PSS gggTéKG (P;-Bp)(2p +P°V°(!63%1) (P5#P;))

2'1
(1.26)




beonis e solving (1.26) for K.;
o 20p Poly = BTy
o
G J
| 1033.23 RIA  (P=R,)(20°#P V(Y 47y )=(2p#R; )
nnliaos

LA

(1.27)

where; g = 980.6 (cm/sec2)
o g, © 1.01325 _xlO6 (dynes/cn? atm)
g = 1/1033.23
€
TV W
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2, Frontal surface area bf a_spherical cap bubble

of revolution

from a solid of revolution in reference to

figure la;

b r
V = f av = nf y2dx
a reosg
and from; x2 -‘y2 = 12 we have;
g2 2 12 - x2
replacing y2 in (2.1) by (2.3);
r
V= ﬂf (rz-xg)dx
reosg
integrating (2.4);
r r
v = T( f ridx - f x2dx )
rcosg reosg
or Vv = ‘n(r3-r3cosz-(l)(r3-r3cos3z))
3
or V = mro (2 + cos’s - 3coss)

3

(2.a) Volume of a spherical cap bubble from a solid

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)
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(2.b) Surface area (frontal) of a spherical cap bubble

the surface area may be found from;

b

s, = Q"f y[1 + (dy)? dx (2.8)
dx
. &
sLoauimll
where; bsr
& = Tcosg
| y = (r2-x2)1/2 (2.9)
CEGNE T D3
e ) 1/0
dy = -(r2-x?) /2 (2.10)
ax
R dy = x2(r2-x2) (2,11)
siionfgan ix
substituting (2.9) and (2.11) in (2.8)
r
=]
5, = oM J’ (r2-x2)l/2(1+(r2-x2) 22)1/2 4z
tharnadnd reosy (2.12)
r
s, = 2m frdx (2.13)
rcosg
0 from which; 5. = 2nr2(1-cosg) (2.14)

solving for r in (2.7) and substituting the result in (2.14)

and noting that A_ = Sx;

F

A, = 2n(1 - coss) V2/3 (2,15)

(m(2 - coss + cos3g />
3 3
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(2.c) Relationship of the Bocentricity of a spherical
cap to cosg

in reference to figure lb, we have;

cosg = I=b (2416)
b
and noting that; 12 = (r-b)2 + (a/2)? (2.17)
or; Ir = 402 & a2 (2:18)
8

replacing (2.18) in. (2.16);

cosg = (4b2 + a2)/8b - D (2.19)
{4be & 2 b

simplifying; cosg. = aQZb2 - 4 (2.20)
32/b2 -4
noting that; E =a/d (2.21)
cosg = 22 - 4 (2.22)
B2 + 4

substituting (2.22) into (2.,15) to eliminate cosg;

2
4) .
B 4V2/3 (2.23)

() (3E244))2/3
3
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3. Relationship of volume of a spherical cap bubble to its
width and Eccentriclty '

In reference to figure 1lb and integrating equation (2.4)
between the limits (r=b) to (b);

v = m(rb® - %3) (3.1)

substituting equation (2.18) into (3.1);

v = 7l (b 1) (3.2)
a a

now substituting a_s a/2 and E = a/b into (3.2);

S
Ve ad (3+4) (3.3)
2
38 B
or V= ad(3+4) | (3.4)

24T E2
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APPENDIX 4,

DIFFUSIVITY OF BENZENE INTO DIFFERENT CARRIER GASES
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The diffusivity of benzene into different carrier gases i
was calculated from the Wilke-Lee modification of the
Hirschfelder-Bird-Spotz equation (9 ). The equation is given

below;

(0.00107-0,000246 [ 1 1) 2 ([, 1)
Dyg = . i ¥t

AB A A B— 5
Py(ryp) (£ (K1/ez5)) | ‘

diffusivity (cm2/sec) f

where; DAB

w3
)

absolute temperature (°K)

total pressure (atm)

HdJ
ct
[ ]

molecular separation at collision X
(f‘A + TB)/Q

energy of molecular interaction (ergs)

(9A93)1/2

k = Boltzmenn's constant

2]
=
oo

n

f(kT/eAB) = collision function

Table A4-1

Carrier gas Diffusivity of benzene
(8q cm7seei

nitrogen 0.097
oxygen 0.091
methane 0,104
helium 0.373
neon 0.155
argon 0.083
hydrogen : 0.376
Freon-l4 _ 0.056

xenon 0.055
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Where e/k or r are not directly avallable, they may be

estimated from the following relationships (9 );

r = 1.18(v)1/3
efk = 1.21 Ty
where; v = molecular volume = sum of atomic volumes
T, = normal boiling point (%K)

Sample caleulation: BENZENE-NITROGEN SYSTEM

A = benzene

B s nitrogen
Py = 1.0 (atm)

7 = 298,15 (9K) |

r = 5.392 e)/k ® 427,43 = 1,21(80,1-273,15) :
ry® 3.661 egfk = 91.46 \
rAB’ 4,537 eAB/k s 197072

M, = 78,114 Mg = 28,014

(9)
kT/eyp = 1.508 £(k2/e,p) ® 0.6

Dyp * (0.00107-0.000246(0.2202))(298.15)3/2(0.2202)
(1.0)(4.537)2(0.6)

Dyp ° 0.097 (sq sm/sec)
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APPENDIX 5,
SYSTEM LAG DETERMINATION: METHOD 2
COMPARISON OF METHOD 1 AND METHOD 2

o ; m«ﬁﬁ wmﬁ,& W
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The calculations involved in the procedures of method 2

for the location of the interface are given below.

SAMPLE CALCULATION: mass-transfer run N138

The volume of the bubble at the interface is calculated
on the assumption of a saturated bubble initially under the
spoon. The volume of the bubble at the interface is then

the initial volume multipliéd by the pressure ratlo of the

inverter and interface levels.,

Pressure at the inverting spoon = 1,195 (atm) @
Pressure at the interface = 1,078 (atm)

Initial volume ( in Spooﬁ )= (0.07368)(46.0)= 3.389 (cc)
Interface volume (3.389)(1.195)/(1.078)=3.757 (ce)

interface_ inverter
Interface initial recorder _ _volume volume
position on trace value
recorder trace (23.2)(0.07368)

009800 - 30757- [ 8
23,2)10.073

0.7648

Table 45-1

Method Interface position Volume at interface
recorder trace ce
1 0,7600 3.757

2 0,7648 3.765
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Table A5-2 compares the interface positions determined

: AR from visual inspection of the recorder trace (method 1) and
from back-calculations (method 2) for runs N136 to N174. :
& Pigure 16 indicates the approach to saturation of the ;
v spherical cap bubbles for the nitrogen-benzene system. ;
STE LY Do ]
-
TRueand i
HESE 8

fano

LeEnany

i

.
L0

ey
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y AG-2

TABLFE

N136-N174

¢el1971

25

ZENE JAN.

TN

NITROGEN 8

S

10 INCHE

(012

CAPILLARY SIZE

£

SATURATED
VOL UM

Zd

w>

W=

INIT

RUN NOa.
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APPENDIX 6.

BQUIPMENT SPECIFICATIONS
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Volume measurement equipment

-Chart recorder:

Manufacturer: Bausch and Lomb
Model: ‘ VoM 7
Specifications:

full scale spans: millivolts (dc)
0.5, 1.0, 10, 100

volts.(dc)
1, 10

microamperes (de)
1, 10, 100

milliamperes (dc)
1, 10

ohms

1, 10, 100, 1000, 10K,
100K

chart speeds: 20 in/min, 5 in/min, 1 in/min, <=
0.2 in/min, 0,05 in/min %

response time: less than 0,5 sec on all
ranges

sensitivity: £ 0.25%4 or less of full scale

accuracy: for the 0.5, 1.0, 10.0, mv
scales, * 0,5% of full scale

event marker: 250 ma at 6 volts de

VIVM (vacumn tube voltmeter):

Manufacturer: Hewlett-Packard

Model: 410¢

Specifications:
de voltmeter 215 mv to #1500 v
dc ammeter %1.5pa to $150 ma
accuracy: 137 of full scale

ohmeter: 10ato 10 megaohms
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DC power supply:

Manufacturer: Hewlett-Packard
Modei: 62184
Specifications:

output: 0-50 volts dc
0-200 ma
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Photographic equipment

HYCAM camera:

Manufacturer: Red Lake Laboratories Inc.
Model: K20S1AR
Specifications:

16mm (1/2 frame), variable frame rate con-
trolled by external power supply, maximum
frame rate of 18,000 pictures per second,
provision for timing light generator for
accurate frame rate determination

Lenses: Comiscar television lens, 75mm, No. 14714,
f stop 1.4 to 22, focusing 2.0 ft. to
infinity '

Comiscar television lens, 25mm, No. 38157,
f stop 1.4 to 22, focusing 2,0 ft. to
infinity

Timing 1light generator:

Manﬁfacturer: Red Iake ILaboratories Inc.
Model: TLG 3
Specifications:

frequency of 10, 100 or 1000 cycles/second

Lighting:

Manufacturer: Berkey-Colortran
Model: LCQ-II
Specifications:

2 required, 1000 watts at 120 volts and 8,3
amperes .

Trangformer 'powerstat’':

Manufacturer: Superior Electric Co.
Specifications:

240 volt inlet, 0-~300 volts outlet
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Light meter:

Manufacturer: Ashl Pentax
Model: Spotmeter III
Specifications:

ASA range: 6-600
Shutter speed range: 4 min - 1/4000 sec

i11m:

Manufacturer: Kodak
Specifications:

Type 4-X reversal 7277 for lémm high speed
cameras, 100 ft., ASA 320-400

Projector:

Manufacturer: L-W Photo Inc.
Model: 900B 'motion analyzer'
Specifications:

Provision for viewing one frame at a time,
16=24 frames/second viewing speeds, forward
or reverse operation
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By introducing increased amounts of carrier gas into
the bubble retainer, the voltage drop acfoss the remaining
exposed platinum wire was noted along with the mercury travel
in the caplillary. The callbration curve of mercury travel
(em) versus the voltage drop across the wire (millivolts)
was found to be a straight line with a slope of 23.2. A
potentiometer was used to accurately measure the voltage dro§
across the platinum wire., The calibration curve is given in

figure 17 for déta taken on two separate occasions,
Table A7-1

Curve 1 (January 19, 1971

Mercury travel(cm) Potentiometer (mv)
000 30998
10.6 _ 3,607
18.9 3,267
27.4 2,905
- 35.45 2,560
41,40 2.305
53.65 1.770
58.25 1.570
63.10 1.362
66.70 1.204

67.20 1.186
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Table A7=2

| Curve 2 QDecember 10, 1970)

Mercury travel
Zcm}

O.o

8.90
16,10
23.35
33.50
45,20
55.55
61.60
69,10
47.80
56,20
65.90
66.20
69.70
74,20
T4.75
78.30
83.10
11.30

Potentiometer
nv

4,060
3.775
3,475
3,160
2,740
2,225
1.783
1.520
1,203
2,100
1.740
1.325
1,313
1.1650 -
0.9675
0.9450
0.7925
0.5875
3.6375

Recorder
nv

Ul —30 0 O = I U100 i Or O Ut
NENVIOINO OO douWm

OCOOOKFHHHEFORMHMIM
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APPENDIX 8,

CURVE FITTING DATA
(KG vs BUBBLE VOLUME)
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