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ABSORPTION IN GAS-LIQUID HORIZONTAL FLOW

ABSTRACT

Gas absorption rates weré experimentally determined
for a number of two-rphase. gas~liquid systems in co-
current horizontal flow through circular tubes.
Sparingly soluble gases were used in order to determine
the liquid phase resistance to mass transfer. A series
of experiments was .designed to separate the effects of
gas density, liquid-phase diffusivity, viscosity, sur-
face tension, and tube diameter, on the mass transfer
rates. The gas-liquid systems employed, in a single
tube 1.757 cm. in diameter, were COp-water, He-water,
-COp-ethanol, and COz-ethylene glycol. Two additional
tube sizes, 1.228 and 2.504.cm. in diameter were em-
ployed with the COg-water system to determine the effect
of tube diameter. The.gas.and liquid flow rates used
produced four different flow regions, bubble, plug,
slug, and annular flow. The.gas, .and liquid, super-
ficial velocities ranged from 0.1 to 40 fps, and O. 5 to
3.6 fps, respectively.

Two correlations were developed for predicting mass
transfer rates in two-phase flow. The first, based on
a theory that each bubble represents a "mixing stage',
is applicable to the bubble and plug regions of flow,
and correlates the experimental data for a wide range
of liquid physical properties{-as well as gas and’
liquid flow rates, with a probable error of approxi-
mately 15%. The second correlation, applicable to slug
flow, empirically correlates the data for this region,
over the same wide range of physical properties and
flow rates, with a probable.error of approximately 10%.

The surface renewal or "penetration theory"
mechanism of transfer is shown to be consistent with
the experimental results obtained in the bubble and
plug regions. In the slug region, on the other hand,
evidence is available to indicate ‘that another
mechanism (probably that proposed by Kishinevskii),
becomes increasingly important as the degree of
turbulence increases.
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ABSTRACT

Gas absorption rates ﬁere:experimentally determined for a
number of two-phase gas-liquid systems in cocurrent horizontal
flow through circular tubes. Sparingly soluble gases were used
in order to determine the liquid phase resistance to mass trans-
fer. A series of experiments was designed to separate the
effects of gaé density, liquid-phase diffusivity, viscosity,
surface tension, and tube diameter, on the mass transfer rates.
The gas-liquid systems employed, in a single tube 1.757 cm in

diameter, were CO, -water, Heﬂwater,mcozwethanol, and 0020

2
ethylene glycol. Two additional ﬁube sizes, 1.228 and 2.504 cm
'in diameter were employed with the Cozwwater system to determine
the effect of tube diameter. The gas and liquid flow rates
used produced four different flow regions, bubble, plug, slug,
and annular flow. The gas and liquid sﬁperficial velocities
ranged from 0.1 to 40 fps, and.0.5 to 3.6 fps, respectively.

Two correlations were developed for predicting mass
transfer rates in two-phase flow. The first, based on a theory
‘that each’bubble represents a ''mixing stage'', is applicable to
the bubble and plug regions of flow, and correlates with experi-

mental data for a wide range of liquid physical properties, as

well as gas and liquid flow rates, with a probable error of

4
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approximately 15%. The second correlation, aﬁplicable to slug
flow, empirically correlates the data for this region, over the
same wide range of physical properties and flow rates, with a
probable error of approximately 10%.

The surface renewal or "penetration theory" mechanism of
transfer is shown to be consistent with the experimental
results obtainéd in the bubble and plug regions. In the slug
region, on the other hand, evidence is available to indicate
that another mechanism (probably that proposed by Kishinevskili),
becomes increasingly important as the degree of turbulence

increases,
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INTRODUCTION

A stﬁdy of gas absorption_in two-phase cocurrent flow will
include at least two major areas of chemical engineering
enquiry: the ﬁechanism of inter-phase mass transfer, and the
hydrodynamié processes which produce the interfacial areas
involved. An adequate explanation of the mechanism of mass
transfer is dependent on a.realistic picture of the fluid
dynamics. The fluid behaviour of one type of bubble flow in
vertical tubes has been ex%léined in some detail (1), and con=
siderable effort has been -expended on the analysis of the flow
characteristiés of upward annular gas-liquid flow (2,3). For
many of the two-phase flow. regions in both vertical and hori-
zontal tubes, however, studies of the fluid dynamics have not
yet been particularly successful. Reports in the literature
of tﬁe rates of mass transfer in two-phase cocurrent flow
(horizontal and vertical) have been extremely sparse (4,5,6)
aﬁd in none of these articles. has the actual mechanism of mass
transfer been brought to light.:. |

In this research experiments designed to improve present
knowledge about mass transfer- processes in horizontal two-phase.
gas-liquid}flow, have been performed. For the bubble and pluga

flow regions an attempt was made to postulate from the observed



shapé and behaviour of the gas-liquid interface, which of
several possible mechanisms might be operative in the flowing
fluids. For these regions., therefore, it was possible to put
forward an explanation for the observed variations in rates of
- mass transfer, For the slug and annular regions of flow,
however, a more empirical -approach was necessary.

Some characteristics peculiar to horizontal gas-liquid
tubular flow set it apart from single-phase flow. A knowledge
of ﬁhe volumetric rates of input for both.thé gas and liquid.
does not directly afford a.knawledge of the actual average
velocities of either of the phases in the tube. The volume
fraction of each of the flowing phases usually differs from
that at the inlet. For horizontal two-phase flow, therefore, a.
number of correlations are to be found in the literature (7,8,9)
which predict the volume fraction of one of the phases in the
tube. The lack of more success .with these correlations has been
ascribed, in.part, to an apparent disregard of the method of
bringing the two phases together at the tube entrance. For
single-phases flow, the mass or heat transfer coefficients nearly
always‘depend on the fluid veloeity to a power less than unity.
For mass' transfer in two-phase slug, however, this does not . ..
seem to be the case. |

Occurrences of two-phase flow are relatively frequent;



_these include transporting of petroleum products in gas-oil
pipelines; processing'equipment such as condensers and reboilers,
and also steam generating units. In these situations, the
occurrence of two-phase flow is usually a consequence of the
- processing operation rather than of a purposeful application.

The appliéafion of two-phase flow to vertical tube vaporizers,
“ﬁtilizing the gas-lift effect. -for increasing the turbuleﬁée
at the heat transfer surfaces, is becoming more prevalent
because of the resulting.unusually high heat transfer coeffi-
cients.

Cocurrent gas-liquid tubular contactors have a number of
possible épplications as mass. transfer devices. Because the
gas and liquid flow in the. same direction, however, they have
the pbtential disadvantages. of any cocurrent contacting scheme.
IFor.some particular applications: such as the absorption of a
pufe gas by a liquid, or the absorption of a gas which reacts
irreversibly with the liquid, cocurrent contacting is essen-
tially equivalent to countercurrent contacting. For these
situations two-phase cocurrent contactors have a potential
advantage when compared to more. common contacting equipment
sﬁcﬁ,as packed towers. Application of tubular contactors to.gas-
liquid heterogeneous systems, such as the oxidation of slurries,

appears possible. The presence of the solid particles in the



liquid prqﬁibits the use of packed towers, but would not
~affect the pérformance of tubular contactors. A specific
application in the pulp and paper industry which has been
'recéntly'patented, employs a pipeline contactor::- for the

oxidation of black liquer (10).

‘,.Repofted mass transfer studies with two-phase flow contac-
tors are very limited indeed. Varlamov (4,5) utilized the gas-
- lift principle in vertical. tubes for absorption and reaction of
' gaé in the liquid phase. The calculation of overall mass
transfer coefficients was based -on the internal wetted area of
‘the tube. Mass transfer controlled by diffusion in the gas
phase (amﬁonia? air, and water) has been studied by Anderson...
(6) for horizontal annular flow. Overall mass transfer co-
efficients Qere also based-on the tube internal wetted area.
It'wa;'shown that the amount of transfer could be correlated by
the same relationships as those .used for wetted wall columns
provided that an additional contributing factor directly pro-
pdrtional to the liquid superficial Reynolds number was included.

The specific objective of. this research was to investigate
the liquid phase resistance to mass transfer for two-phase gas-
liquid flow in horizontal tubes. The range of the investiga-

" tion was to include a sufficient number of gas~-liquid systems,

and several flow regions, to permit the development of generalized



correlaﬁions which would allow the prediction of absorption
rates for most gas-liquid systems. An experimental prograﬁ was
designed to permit the separate evaluation of the molecular
effects of liquid phase diffusivity, interfacial tension and_
viscosity, as well as geometric-effects such as tube diameter,
and inlet arrangements. No guidance was available from previous
reséarch to indicate the relative importance on the absorptien .
rates of the host of variables associated with two-phase flow.
As a result some variables: appreciably affecting the absorption
rate may have been altogether omitted from this study (such as
liquid density), some variables which probably should have been .
studied more thoroughly (such as type of entrance) were only. ..
sﬁperfiéially,investigated, while other variables (such as

the liquid flow rate) perhaps need not have been investigated
so completely. This research must be considered somewhat
exploratory, therefore, defining areas of interest ﬁhich.in ;be
- future will undoubtedly be more intensively investigated, and

consequently better understood.



SCOPE OF RESEARCH

The selection of gases and liquids to be used in the
absorption tests was based on a choice of experimentally
deéirable conditions. To permit the determination of the
liquid phase resistance to mass transfer only, the use of pure
gases was desirable to eliminate. any gas phase resistance;

So that the properties of the'liquid would remain essentially
unchanged by the absorption of the gas, the use of only spar-
ingly.soluble gases was indicated. In addition, for the sake of
safety, the gases as well as the vapours of the liqﬁids, needed
to be non-toxic, and non-explosive with air, because 1argé
quantities were to be used and contamination of the work area
with.the gases’and vapours appeared unavoidable. The gases‘
chosen were carbon dioxide (COZ) and helium (He), and the
liquids, water, ethanol, and ethylene glycol. Ethanol was

used because of its low surface tension when compared with

that for water. Ethylene .glycol was chosen because of its
relatively high viscosity. For the pure liquids and gases,
sdlubility and diffusivity data were available from the litera-
| ture, except for the COy solubility in ethylene glycol which
was expérimentally obtained. |

The absorption tubes were constructed of glass to permit



the visual inspection of the two-phase flow-patterng. The
'glass wélls_of the tubes were wetted by the liquids used.
" The wétting charactefistics of the tubes were, therefore,
comparable to those for most metallic surfaces such as iron'
and copper, but unlike those for many plastic materials such as
tygon and polyethylene. A typical absorption tube installation
consisted of an entrance tee, an entrance section, a test sec-
tion, a short exit éection, and a cyclone separator. The gas
and liquid, initially brought togéther in the entrance tee,
formed a consistent flow pattern in the entrance section which
was then maintained along thélrest of the tube., Liquid phase
concentration measurements. were made at the inlet and outlet
of that section of the tube designated as the test section.

The two phases were separated in the outlet cyclone. Three
tube sizes were used for the absorption experiments, 1.228,
1.757 and 2.504 cm in internal diameter., Each tube was fitted
with the_same type.of ehtrance tee, for which geometric éimi—‘

~ larity was ﬁaintained in scaling up from one tube éiZe to the
'_ neXcﬁ, The entrance tee was mounted so that the liquid flowed
'upWArd éhd the gas downward, and then on mixing the two phases
flowed horizontally into the absorption tube.

The.teét method consisted of contacting the gas and liquid

isothermally in one of the absorption tubes. Liquid phase



concentrations were measured at .both ends of the test section
by withdrawing and analyzing liquid samples. The liquid was
continuously circulated through the absorption tubé and a
desorption apparatus. This process permitted the repeated use
of the same liquid for maﬁy absarption experiments. The gas, on
the other hand, supplied from high pressure cylinders, was
discarded after a single pass through the absorption tube.

The range of liquid flow rates was more limited than the much
wider range of gas flow rates investigated. The approximate
liquid superficial velocities. ranged ibetween 0.5 and 3.6 f£fps,
and the appfoximate gas supérficiai velocities between 0.1 and
40 fﬁs. This combination of gas- and iiquid flow rates and tube
sizes produced four different types of flow: bubble, plug, slug
and annular. It should be noted that the classification of two-
phase flow patterns is somewha: arbitrary, and'that the transi-
tion between flow patterns is usually indistinctf The flow
regions as listed above conform to a classification introduced.
by Alves (11) for horizontal two-phase flow. The flow regions.
can be generally described as follows:

(a) Bubble flow: 1In this.flow region discrete gas bubbles

‘move along the upper surface of .the tube at roughly the same
average velocity as the average liquid velocity.

(b) Plug flow: The difference between bubble and plug flow



is largely concerned with the length of the ''bubbles' with

respect to their depth. When the length exceeds the depth by

a factor of between 10 and 15, then the flow is considered

to be plug flow.

(¢) Slug flow: 1In this flow region the average velocity of

the gas which flows along the top portion §f the tube‘is much

higher than the average liquid velocity. Intermittent waves-.

of highly agitated liquid frequently rise to seal the tube as

they are carried by the rapidly moving gas.

(d) Annular flow: The gas moves at a high velocity in the

core of the tﬁbe carrying with it some of the liquid as a -
~

spray. Most of the liquid is distributed as a film around the

tube wall with the greatest film thickness occurring at the

bottom of Ehe tube, The rapidly moving gas produces many

waves and ripples on the liquid.surface making the gas-liquid

interface extremely irregﬁlar.

In analyzing mass transfer in horizontal two-phase flow
it will be useful to seﬁarate all the'pertinent variables into
logical categories. All the variables can first be separated
into two categories, one consisting of the primary variables
and the other of the secondary variébles. The primary variables
would include those which are fundamental properties such as

density and viscosity. The secondary variables would include



10
those which are some function of one or more of the primary
variables. Secondary variables would include pressure drop,
interfacial area, and the actual average liquid or gas veloci-
ties. The primary variables are listed under subheadings as
follows:

(a) Gas phase: density, viscosity, volumetric flow rate,
and concentration (in‘this research, pure gas).:

(b) Liquid phase: density, x}iscosity5 volumetric flow rate,,

. and concentration of dissolved gas.

(c) Both gas and liquid phases: solubility, interfacial

tension, and liquid phase diffusivity.

}(d) Tube geometry: tube diameter, tube length, and entrance

type.

The primary variables. for the gas and liquid phases are
commonly used properties and are.usually readily available,
measureable, or predictable. The tube dimensions and entrance
type are variables which would be_logically considered from‘
experience with single-phase flow. The secondary variables, on.
thé other hand, are often difficult‘ifrnot impossible to evalu-
ate because of the present,lack of knowledge of the processes
involved. Some of the more common secondary variables are

listed below:
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(a) Fraction of the tube volume filled with liquid (or gas).
(b) The actual average velocity in the tube of the liquid

(or gas).

(c) Two?phase.pressure drop. over an interval of tube length.
(d) Number of transfer units, 1ength of transfer uniﬁ, or

some other measure of the mass transfer characteristics.
(e) Interfaciai area for .an interval of tubé length.

(f) Surface conditions such as surface tension, and surface
viscosity.

The intent of this research was to determine if the primary
variables could be used to. express the mass transfer rates in
horizontal two-phasé flow by relatively simple, and logical
rela;ionships. - The absorption. rate expressed as the number of
transfer units (NTU) was considered a usefﬁl concept for the
tubular type of contactor, particularly because this variable
was indépendent of the liquid phase concentration which was
expected to vary in a wide range between essentially zero and.
the saturated value. The effects on the mass transfer rates. of
most of the primary variables listed above were investigated..
It was desirable to carefully choose only those variables which
on investigation were most likely to give useful information.
For exémple, the study of the effect of gas-phase concentration

on two-phase mass transfer would involve the gas-phase
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coefficient combined with that in the liquid phase. It appeared
prudent to limit the invostigations.to the behaviour of the
liquid phase. Further, as. discussed in some detail in é subse-
-quent chapter, the sheor forces in the gas phase, except perhaps
in‘the.annular flow region, were most probablvaﬁall with respect
to‘the shear forces in the.-liquid phase. Consequently, the gas..
phase viscosity was considered-to have a relatively small
effect on ﬁhe mass transfer rates and was omitted from this ...
study. The effect of' the 1iquid phase density was also omitted..
from this stody. Unléss the effect of density on the absorption
rate'is very pronounoed, its.oﬁission should not seriously
affect the results of this investigation. The densities of
most liquids that are likely to be used for the absorption of
gases lle in a relatlvely narrow range., The specific.:gravities.
of the liquids used in this .research varied between 0.8 (for
ethanol) and 1.1 (for ethylene glycol), and the assumption was
made that provided the superficial velocities of the liquids
were the same all other effects of density could be ignored. -
Partial'jﬁStifioatiOn fof ﬁhis.assumption is outlined in a
following chapter. The primary variables, the liquld phase con-
centration and the gas solubility, were both involved in the

calculatlon for the number of transfer units. A number of

experiments with different entrance types were included to show



13
whether or not the absorption rate was independent of the type
of entrance; All the remaining .experiments, however, were con-
ducted with only one type of<entrance..

In éummary, the primary variables which were investigated,

and the maximum ranges encountered in this research, are as

follows:
(a) Qg, &as volumetric. flow rate, 1.4 to 220 cfh.
(b) Q,,» liquid volumetric flow rate, 0.6 to 4.2 gpm.

(e) Pc» gas density, 0.18 to 2.6 gm 17t

() B, liquid phase diffusivity, 0.14 (107°) to 3.69 (107°)
2 -1
cm sec °
(e) O, interfacial tension, 22 to 74 dynes cm-l.
(£) ‘/AL’ liquid phase viscosity, 0.4 to 26 cp.

(g) - DT,';ube diameter, 1.23 to 2.50 cm.
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DESIGN OF EXPERIMENTS

In studying the rates of absorption in horizontal two-
phase flow no prior knowledge was assumed about the system.
It appeared advisable to measure the effects, on the absorption
rates, of variations in the primary variables such as surface
tension and viscosity rather than of changes in such dimension-
less groups as the Schmidt number, Weber number, Froude number,
and Reynolds number. Each of these dimensionless numbers could
be legitimately expected to.play a role in mass transfer
processes in horizontal two-phase flow because the viscous,
inertial, surface tension, and buoyancy forces were all invol-
- ved; however, at the present state of knowledge, the correct
definition for the terms which comprise each of the dimension-
less groups was difficult, if not impossible, to ascertain
for the two-phase system. For example, a number of different
definitions of Reynolds number applying to two-phase flow have
been propdsed, as discussed by Govier (12), none of which can be
unequivocally supported. The reasons for the difficulty in
defining a Reynolds number can be readily appreciated. They are
associated with the determination of the true velocities of
the two phases, and also of the mixing effects resulting from

the fact that the flow channel for each phase has an effectively



15
variable cross-section, The difficulty in defining a true
Reynolds number for each phase was appreciated in this work, but
since this project was not directed toward the study of the
hydrodynamics of horizontal two-phase flow, no enlightened
method is proposed. Somewhat similar problems of definition
and application exist for the other three dimensionless groups.
The use of the Schmidt number for mass transfer situations where
the penetration theory is applicable has been questioned (13).
The surface tension and buoyancy forces might well play two
different roles in two different locations, first at the entrance
tee, and next in the tube during flow. For these reasons, it
appeared necessary to investigate the overall effects of the...
primary variables in a contacting apparatus which included a
particular type of entrance section. In this way, correlations
for the mass transfer rates by meaningless dimensionless groups .
were avoided, but, of necessity, a certain amount of empiricism
was introduced by considering only the overall effects of the
various primary variables.

The determination of the effects of a number of variables
could be theoretically resolved to a statistical experiment but
for one consideration. The primary variables could not be
independently varied. Because of the nature of chemical

compounds some properties such as viscosity and diffusivity
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are closely related, preventing the variation of ohe without
affecting the other. The choice of gas-liquid systems suitable
for investigating the effects of the variables was, therefore,
limited to those which permitted the separation of the various
effects.

The general method for determining the effects of the dif-
ferent primary variables was to choose one system, the COj-water
system, and to establish ;he relationship between the absorption
rate (expressed as NTU) and the gas and liquid superficial
velocities (Vg and Vg). The method then consisted of changing
one variable while keeping all the others constant and observing
the effect on the NTU, Vg, and VE relationships. The change in
the absorption rates was assumed to be caused by the intentional
change of the particular variable. When two primary variables
were simultaneously changed and the effect of one had already
been determined, the total effect on the absorption rate was
adjusted to compensate for the known effect of the first
variable. The net effect was then attributed to the second
variable. 1t is apparent that the investigation of a combination
of three variables and the adjustment of the overall effect on
the absorption rate for two of them to obtain the net effect of
the third, could introduce a large error in the measurement of

the third effect. The particular gas-liquid systems were chosen
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to minimize the possible error in the measurement of the
"third order" effects. The primary variable whose effect was
to be measured, was changed as much as possible when compared
with that for the CO,-water system, while the other two primary
variables for which adjustments were required, were changed as
little as possible. The actual gas-liquid system and experi-..
mental conditions used to measure the effect of each of the .
primary variables will be described in detail in subsequent
paragraphs.

The effect of gas density was determined by using the same
system (C02-water) at the same temperature (15°C), the same
absorption tube (1.757 cm in internal diameter), and the same
entrance section, and by measuring the absorption rates at
two different pressures in the absorption tube. Because the
absorption temperature was:- the same, the liquid phase viscosity,
the liquid phase (CO,) diffusivity, and the interfacial tension
were assumed to be the same regardless of pressure. Absorption
rate measurements were obtained at approximately 10 and 20 psia,
thereby varying the gas density by an approximate factor of two
without changing any of the other variables. The calculation of
NTU involved the gas solubility which did change with pressure,
but was assumed to depend on pressure according to Henry's law.

The effect of gas density was, therefore, obtained by comparing
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the absorptioﬁ rates at the two preséures. The absorption rate
was found to be a function of the gas‘volumetric flow rate and
that, for a particular liquid flow, the curves of NTU vs the
gas flow rate were coincident for the two pressures provided
that the gas flow rate was .expressed in voiumetric units (or
as the gas superficial velocity). The coincident curves of NTU
and gas superficial vélocity at a constant liquid flow rate for
the two pressures, lOHand-ZO psié, a;easﬁown‘on a log-log
plot in Figure 1;”7235}  | .

In order to'pérgit the use.of tbé{i§w d§nsity gas, He, a
knowledge of thgkéfféétibf gaS~dgnsi£§7§vér é much wider range
than that obtained by changing. the pressure of absorption with.
the COp-water system was required, The absorption curve for the-
He-water system was obtained at the same liquid temperature and
superficial velocity as for the COjnwater system. It is also
shown in Figure 1. The fact that the inflections in the NTU..
vs Vg curves for the He-water and COz-water systems occurred.at
essentially the same values of Vg, was taken as a partial con-
firmation that the effect of gas-density was largely compensated
for by the use of the gas superficial velocity, Vg. Referring
again to Figure 1, the displacement of the NTU vs Vg curve
for the He-water system when compa;ediwith.that of the CQZ-

water system was, therefore, attributed to the difference
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in the liquid phase diffusivity.
When changing from the CO,-water system to the COZ-

ethanol and CO,-ethylene glycol systems a problem arose as
to the basis for obtaining an equivalent liquid flow rate for
the three systems, Was a mass flow rate of ethanol equivalent
to the same mass flow rate of water or ethylene glycol in its
effect on the absorption rate? Or would the same Reynolds
number, using the superficial velocity in its calculation,
yield an equivalent flow for the three liquids? It was neces-
sary to make a decision on the method for obtaining comparable
liquid flow rates before any effects of such variables as liquid
viscosity, or interfacial tension, could be ascertained. It was
finally assumed that comparable liquid flow rates would be
obtained for the three 1iquids; provided that the superficial
velocities were kept the same. There were three reasons why
this basis for comparison was adopted. First, in spite of the
big density difference of He compared to that of CO,, the shape
of the absorption curves (NTU vs Vg) remained the same for the
two gases at the same superficial velocities. This suggested
that the volumetric throughput was of more consequence in two- .
phase flow than the mass throughput. The shape of the absorp-
tion curves (NTU vs Vg) for the same volumetric flow rates of

the three liquids were nearly the same, and also the inflection



21
points corresponded roughly to the same gas superficial velo-
cities, even for ethylene glycol, many times as viscous as
water or ethanol. Finally, the appearance of the bubbles,
plugs, and slugs (as well as regions of transition) was approxi-
mately the same at equal gas superficial velocities, for the
same liquid superficial velocities. For these reasons identical
liquid superficial velocities were considered to produce
identical types of flow. Any change in the absorption rates
when compared with the CO,-water system was attributed, there-
fore, to changes of the other variables involved.

As indicated earlier, the effect of diffusivity was ob-
tained by comparing the absorption rate curves for the He-water
system with that for the COjp-water system at the same liquid
superficial velocities. During the experiments with both
of these systems the liquid temperature and hence viscosity
and denéity were identical. The interfacial tension was also
considered to remain essentially the same for the two gas-liquid
systems. The influence of the gas composition on the inter-
facial tension is discussed in more detail in the chapter on
Specifications and Properties of the Test Fluids. The same
tube and entrance tee were likewise used for the He-water
and COp-water systems. The effect of the liquid phase diffusi-

vity was, therefore, directly observable from the absorption
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curves of NTU vs Vg for the two systems. The liquid phase
diffusivity was increased by a factor of 2.5 by changing
from the COp-water to the He-water system.

The effect of interfacial tension was investigated by using
the COZ-ethanol system and comparing the absorption rate
curves with those of the COj;-water system at the same super-
ficial velocities. Ethanol was:chosen for this study because
of its unusually low interfacial tension compared with water.
It is less than one third that for water, and represents a value
somewhat lower than that for most common industrial solvents.,
The intention in using ethanol had been to pick an absorption
temperature for which the viscosity of ethanol would be iden-
tical to that of water at 15°C. Due to an oversight the
temperature finally chosen, 13.5°C, corresponded to a viscosity
of ethanol slightly greater than that for water at 15°c. At
this temperature the specific gravity of ethanol was very nearly
0.8. The diffusivity of CO, in ethanol at 13.5°C was between
that of co, in water and He in water. Although the variables,
density, diffusivity, and viscosity, were not held constant
when determining the effect of interfacial tension, the changes
in these variables with ethanol as the liquid were relatively
small when compared to the change in the interfacial tension.

The effect of viscosity was investigated by using the
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C02fethylene glycol system. To obtain the effect of viscosity
at two different values, the absorption experiments were per-
formed at two different temperatures, 30°C and 15°C. At these
temperatures the viscosity of ethylene glycol was a factor of
12.2, and 23.2, times as great, respectively, as that of water
at 15°C, The absorption experiments weré'performed with the
identical tube and entrance tee that were used for the COz-water,
He-water, and COj-ethanol experiments, and at the same liquid.
superficial velocities., The specific gravity of the ethylene
glycol was 1.1. The interfacial tension was only slightly lower
than that for water. The COp diffusivity was much lower in
ethylene glycol than that of CO; in water at 15°C, however,
The CO2 diffusivity in ethylene glycol at 30°C and 15°C was
approximately one fifth, and one tenth, respectively, of that
in water at 15°C. It is apparent that the diffusivity effects.
as measured by the He-water system had to be extrapolated con-
siderably for application to the COz-ethylene glycol system.
However, no way of avoiding such an extrapolation could be
devised since all viscous liquids exhibit a low diffusivity.
Even though the change in diffusivity was large, the change
in viscosity for the COjp-ethylene glycol system was even
greater, so that a reasonably good measure of the effect of

viscosity should have resulted from the use of this system.
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The effect of tube diameter was investigated using the
CO,-water system, by conducting absorption experiments with two
tube sizes, one larger and one smaller than the one used for
all the previous experiments. The internal diameters of the
tubes were 2.504 cm and 1.228 cm compared with 1.757 cm for
the most frequently used tube. The entrance tees were all
geometrically similar, Absorption experiments were conducted
at similar values of liquid superficial velocity for all the
tube sizes. The conditions for absorption were likewise
the same, 15°C, and essentially atmospheric pressure. The
effect of tube diameter was very pronounced, so that the concen-
trations of CO, in the water were very low at some gas flow
rates for the largest tube size, and approached saturated
values for some gas flow rates for the smallest tube size.
All the primary variables were identical for the experiments
with the three tube sizes, and the changes in absorption rate
could only be ascribed to the effect of the size of the absorp-
tion tube (and entrance tee).

The following summary lists the type and number of experi-
ments that were employed in attempting to separate the effects

of the various primary variables.
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"The effect of gas and liquid flow rates was obtained with

the COp-water system at 15°C and the 1.757-cm tube. Six

liquid flow rates corresponding to superficial velocities
of 0.5, 0.9, 1.3, 1.8, 2.6 and 3.6 fps were used in con-

junction with a rénge of corresponding gas superfiéial

velocities from 0.1 to 20 fps for each liquid rate.

The effect of gas density was obtained with the CO,-water
system at 15°C and the 1.757-cm tube‘using absorption
pressures of 10 and 20 psia. One liquid flow rate corres-
pondiﬁg to 0.9 fps, and gas superficial velocities from
0.2 to 10 fps were used at:-each préssure.

The effect of liquid phase diffusivity was obtained with

the He-water system at 15°C and the 1.757-cm tube. Three
liquid flow rates were investigated corresponding to super-
ficial velocities of 0.5, 0.9, and 1.8 fps. Gas super-
ficial velocities for each-liquid rate ranged from

0.1 to 20 £fps.

The effect of interfaciall! tension was obtained with the

CO,-ethanol system at 13.5% using the 1.757-cm tube.
Liquid superficial velocities were 0.5, and 0.9, and 1.8
fps, while the gas superficial velocities ranged from

0.1 to 20 fps for each liquid rate.

The effect of liquid viscosity was obtained using the
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COz-ethylene glycol system at two temperatures, 15°C and
300C, and the 1.757-cm tube. For both temperatures three
liquid flow rates corresponding to superficial velocities
of 0.5, 0.9, and 1.8 fps were used. The gas superficial
velocities ranged from 0.1 to 20 fps for each liquid rate,

The effect of tube diameter was obtained by using two addi-

tional tube sizes, 2.504 and 1.228 cm, with the C02-water
system at 15°C. Three liquid superficial velocities were
investigated in each tube, again approximately 0.5, 0.9,

and 1.8 fps. Gas superficial velocities ranged from 0.1

to 10 fps in the large tube and from 0.2 to 40 fps in the
small tube.

The effect of absorption temperature was investigated

with the CO,-water system &sing the 1.757-cm tube. Two
additional temperatures were used, 30°C and 45°C. The
same liquid superficial velocity was used at both tempera-
tures, 0.9 fps, while the gas superficial velocities

ranged from 0.1 to 20 fps for each liquid rate.
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THEORETICAL ASPECTS

In thisichaptef, the theoretical aspects of gas absorption
in horizontal gas-liquid flow are discussed in three sectiong.
In the first section, the general considerations which affect
all absorption processes are discussed. Ih the second sectian,,
a postulated mechanism for mass transfer in the bubble flow
region is developed, and, in the third section, the problems of.
developing a theoretical model for the slug region of flow are

considered.
Factors Affectiﬂg Absorption Rate

The rate at which a pure gas will dissolve in a liquid in.
a particular contacting apparatus will depend on the gas solu-
bility, the interfacial area, the concentration of the gas in
the liquid, the condition of the interface, and finally the
degree of mixing in the liquid phase. The degree to which the
above mentioned variables influence the rate Qf absorption,
comprises the study of abseorption in general.

The gas solubility represents the maximum quantity of gas
that will dissolve in a certain .quantity of liquid at any given
temperature and pressure. The solubility can also be considered

to represent the maximum driving force for absorption. It is
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usually highly dependent dﬁutemperacure, and in this respect, is
not unlike the vapour pressure of 11quids; The solubility is
also influenced by pressure, théAeffect,of which is given by
Henry's law for sparingly soluble gases.

| The determination of the interfacial area 1s‘hsually diffi-
cult for mdst gas¥liqu1d transfer proceSBes., It 1s‘essential-;¢
to know tﬁe interfacial area if .the effects of the interfacial
- area and the liquid phése resistance to mass transfer are to be
separated. Except for a few specially designed systems' such as
laminar jets (14), and shox;»wetﬁed-wall,columns (15), indirect.
methods for measuring the interfacial area are required. 1It:is.
sometimes possible to determine the interfacial area by the use -
of a combination of experiments;for'thefsame contacting system.
which entails first, the measurement of the simple rates of = .
absorption and next, the megsurement of the rates of ab;;ré-ﬁgu
tion with chemical reaction.of the absorbed gas. Provided ...
that the liqﬁid properties are not significantly affected by ...
the chemical reaction, and that.the reaction kinetics have
been established for the conditions of the experiment, the
interfacial area can be calculated. A knowiedge of the true.
.interfacial'area for Absoxp;ion,does not necessarily afford a
know}édge of the.traﬂsport mechanism in the liquid phase,

although it does permit the calculation,of an average liquid
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phase coefficient.. Whgther the mechanism of transport is by
diffusion through a tbin film at the interface, by unsteady-
state diffusion into "packets”!éf'liquid Broughﬁ to the inter-
face and rapidly carried away, or byfagitation sufficiently
great to cause a velocity component away from the_interface,
can qnly be postulated. These mechanisms, and combinatidns ;
of them, have been put forward for essenti#lly all #bsorption
systems (16).

The influence on the absorption rate of the concentration
of absorbed gas in the liquid phase is largely due to its
effect on the concentration .driving force. If the liquid is
saturated no additional tfansfe; Qill”take place, and if the:
liquid contains no gas, the rate of solution will be the maxi-
mun for any ﬁarticular‘method;pg contacting. It is generally.
considered that the rate of -absorption of a pure gas by a o
liquid is Qirectly proportionalftb the concentration driving
force for any onme particular contacting system.and set of
absorption conditions. This latter statement is true only if
the properties of the liquid remain the same for allﬂthe'gésg
concentrations obtained in. the liquid. For-slightly.soluble
gases the assumption is frequently made that the liquid pro-
perties remain unchanged_by?theqpreéé;ce,of the gas. For

highly soluble gases the change in properties of the absorbing
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liquid cannot be neglected.

It is usuélly assﬁmedm;bat the resistance to mass transfer
of the gas-liquid interface itself (perhaps 10 £ thick) is
negligible (17). Impurities which concentrate at the interface
affecting the'conditibnS’atwthe interface, are generally known..
as surface active agents. A layer of a surface active agent
as little as one molecule in thickness at the interface can .
have an appreciable fesistgnggmand»hence reduce the rate of mass
transfer (18,19). The presence.of a monolayef.can-also have.a..
calming effect on the interface by virtue of its surche vis-. .
cosity and resistance to local compression, reducing the extent
of surface agitation and rippling (20). The condition of the
interface, therefofe, can influence the rate of absorption in .
two ways, by introducing an _additional interfacial resistance,
and by decreasing the agitation of the interface.

The discussion of the degree of mixing will be limited to.
its effect on absorption. - If a.pure gas is absorbed by a
completély stagnant liquid, infinite in extent, the rate will
be a decreasing function of time because the distance in the.
liquid phase across which the gas molecules diffuse, is
increasing. The solution of the appropriate differential

equation (21) indicates that for this situation the dependence

of the mass transfer rate on the liquid phase diffusion
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coefficient is to the 0.5 power. If turbulent stirring main-
tains the concentration of the bulk of the liquid during the
absorption of a pure gas at.a.constant value, it has been pro-
posed by Lewis and Whitman. (22) that a certain thickness of
liquid at the interface is.in laminar flow and that the direc-
tion of this flow is parallel teo the interface. Through this -.
"laminar film'" mass transfer oceurs at a constant rate, as if
the layer were stagnant. [Foxr this situation, the raﬁe of
transfer depends on the liquid phase diffusion coefficient to
the first power. It is pexhapsyaignificant that few absorption
studies have, in fact, shown a.dependence of the mass transfer
rate on the liquid phase diffusivity to a power greater than.
0.7. 1If a pure gas is absorbed.by contact with a turbulent ?
liquid in which the average times of contact for portions of.
liquid continually brought to the interface are short, the
steady-state theory of Lewia;an§>Whitman cannot be valid.
Instead, as proposed by HLgbieﬁQZB),*che rate of mass transfer
would be of an unsteady-state.type, depending inversely on the
square root of the average -exposure time and directly on the
square root of the liquid phase-diffusivity. In this mass
.transfer model, it is assumed. that the penetration of the
absorbed molecules at each,e;poéure does not exceed the depth

of liquid for which the velbcity'is essentially the same as
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that at the interface, and hence this development is known as
the "penetration theory'". 1t has been ﬁroposéd as an explana-
vtion for the absorption in‘packéd columns. The flow of liquid
6ver the 1ndi§idual pleces of packing may be laminar, exposing
the liquid for only short periods of time, while at the junc~-
tion of one piece of packinghéné the_next complete mi#ing may
occur. The dependence of ;he_rgte-of transfer on diffusivity
and,exbOSu:e times according to the»Higbie‘model has in facﬁ;,
been observed 1n'packed»toﬁers (24). AIn the limit of extreme.
turbulence wheﬁ'eddies of,liquid-are swept in and out of the.
interface with extreme rapidiﬁy; neither a 1aminar'surface‘film,
nor a momentarily stétionéryﬁinterfacé can be physically
realistic, according to KiéhineVskii (25). For this situation
it is proposed that the rate of transfer ié completely indepen-
dent of liquid phase diffusivity and depends instead on the
mean velocity of the liquid normat to thevinterface. This
limit of extreme turbulence.is .geldom reached in any absorp-
tion operations. Kishinevskii was able to show Sy actuél
experiments (25) for the absorptionvof H2, NZ’ and 02 ;nto
- water stirred-at~an:extremely'high rate, that the rate of

‘transfer_for.this high degreerof turbulence was indeed inde-
pendént of the liquid phase diffusivityg for intermediate

stirring speeds however, the influence of diffusivity was
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~again significant.

In reviewing the proposed mechanisms for mass transfer for
different situations, sevéral observations can be made. Except
for unsteady-state absor§;¢pnwigto an infinite stagnant liquid,
which is not a practical situation, all the proposed mechanisms.
-suggest a certain type of dependence between the transfer rate,
cﬁe7degree of mixing, and the liquid phase diffusion coeffi-,,..
clent. As the turbulence .increases the dependence of the ...
transfer rate on the liquid.diffusivity decre#ses. Further,. it
appéars likely that the mechanisms as proposed are suitable . ..
for specific situations only,.and that combinations of these..
mechanisms perh#ps most accurately describe many other practical
absorption processes. Thgwgbsgfption rate could then'depeﬁégl
directly on the liquid phaaeﬂdiffusivity‘to a power anywhere
bétween zero and one, depgpgipggcn'the degree of turbulence
and mgthod of transfer.

A closer inspection Qﬁa;hgg"penetrgtionftheory" as a trans=s
port mechanism, and its applicagion to ¥ea1 processes will
pe;haps be useful. There .are.at least two types of mass
transfer processes (27) for.which the "penetration theory' has
been used as a model. One is the absorption of gas into a
stirred liquid, for which one bf the assumptions normally made

is that complete mixingvoccurs in the bulk of the liquid due to
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turbulence. Another assumption?is that portions of the inter-
faée and adjacent liquidsgfe.fggquently, and randomly, replaggq
by means of turbulent eddies; fThe other type of transfer
process occurs in packed columns. The assumptions made for
this latter situation include that the liquid is in laminar
flow while passing over a particular piece of packing, and that
complete mixing occurs at the junccions of flow between pleces
of packing. It is perhaps important to emphasize the dif-
fgrence bgcween.these two very similar transfer processes.

In the first 1nstancé'thé bulkléf the liquid is turbulent, and
in the second, the flow is essentially laminar with mixing
occurring only at fixed positioms. The distinction to be made
is that unless mixing such as that caused by the liquids flowiﬁg
from different directions toward a single point is defined as
turbulence, the liquid is noﬁ;turbulent during the transfer of
-mass over packing. In order that the 'penetration theory".
will be applicable, the liquid needs to be heither turbulent
(as commohly understood) nor.even well mixed, provided that
some method exists for renewing:the interface, and for dissi-
pating into the bulkAof the. liquid aBsorbed molecules which
have been coﬁcentrated in»thevinterfﬁcial region during the
period of aBsorption° ‘Further, the degree of mixing in the

bulk of the liquid needs to be only sufficiently great so as
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- not to'significantly limit the transfer process through the bulk
of the liquid. As a consequence, then, the major portion of the
resistance to mass transport will be retained in the vicinity

of the gas-liquid interface.
Mass Transfer Mechanism for Bubble Region

There are a number of readily observable facts in horizomn-
tal gas-liquid flcos in the. bubble and plug regions which help
to give some insight into the fluid hydrodynamics. First of
all, the bubbles or plugs of gas moving along the top of the
tube are much less denée tbén the liquids. At a constant
liquid superficial velocity, very tiny bubbles (2 mm in
diameter) travel much glower than large ones (8 mm ). This
is observable even if both sizes of bubbles are in the tube at
one time, and therefore, camnot:be explained by supposing that
.the net: volumetric throughpu:'oﬁ,the gas phase is greater in
the cése'of the larger-bubbleswf-The explanation wogld appear
to be that a velocity profilewﬁgt the two phases exists in the
tube, and that a maximum velocity occurs in some position #long
a vertical line through the.centre of the tube. The liquid
velocity must vary from zexo to:-the maximum from positions
at tbg.wéll to the position of the maximum. The velocity of a

bubble would appear to depend in some way on the average,
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or maximum, velocity to which it was subjected. ' That is,
small bubbles with a small vertical dimension, and flowing
near the tube wall, would be subjected to a lower liquid
velocity and hence would travel at a slower rate than larger
bubbles having a larger vextical dimension. Because the small
bubbles move slower than large enes, the void fraction (fraction
. of tube filled with gas) would be dependent on the bubble size
for equivalenc‘gas and liquid throughput rates. The higher
velocities of the larger bubbles appear to be a result of
their deeper penetration imto the tube, and hence into regions
of higher liquid velocities.. Further, if it is acceﬁted that
by the use of special entrances -or nozzles, bubbles of various
slzes can be produced for any—pgxticularvgas flow tate, then
it canube readily seen that. for :bubble flow the void fractidn
18 dependent on the type of entrance used.

An expression for thegggs\@q;d fraction in terms of the
-gas and liquid volumetric flew rates has been proposed by
Nicklin, Wilkes, and Davideoﬁ»(ZB) for vertical gas-liquid slug
flow. This equation has beentspown by Scott (29) to also apply
~ in a modified version for;horizontal flow, by comparison with
actual void fraction data.. .This latter expression applies for
superficial liquid Reynolds numbers exceeding 8000, for which

the liquid velocity profile might well be expected to be
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relatively flat. The expreésibﬁ for horizontal flow is:

R. = 0.833 —8

¢ " g T )

where: RG,={void fraction

QG? QL = gas, liquid vplumeﬁric flow rates
Equation (1) would be expected to apply for the bubble and plug
flow regions. The success.of such an expression, which in no
way accounts for the encraﬁce condicions, is attributed to the
fact that most investigations in the bubble flow region have
been ca;ried out using relatively large bubbles which would
have penetrated well into :the .cere of the liquid where the
velocity profile was relatively flat. Bubble velocities calcu-
lated by use of equation (;)“ip@icate that the velocities would
be 1.2 times the sum of thé_suéerficial velocities of both
fluids, based on the inlet. volumetric flow fhtéé, or equival-
ently 1.2 times the true average liquid Qelocity. Tiny bubbles
’subjectgd'only to the 11QQ;g&ge;oc1ty very close tolthe t;be
wall could not be expected.to flow at the same velocity as
those subjected to the velocity:of the liquid at a more gentral
location in the tube.  For. situations when relatively large
bubbles are produced, hoﬁeuenw¢gn& for the conditions of its
development, equation (1) would;be expected to give good

results.
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ef{ﬂPréPéésdeelbcity Profile in Bubble Flow Region

o It is possible to deduce-qualitatively the shape of the
.‘”velocity profile for the buhhle .flow region of horizontal
| gas liquid flow based on readily»observable phenomena as well
‘as on an analysis of the various- forces involved. One type of
| beheyiodr'in bubble flow to,whieh no reference in the literature
: has beeﬁ feundris tne partieuia% "crawler type" of film circula-
;ioy which‘occdrs around bubbles during horizontal flow.
.Wheﬁlweter,-ethanol, or ethylene glycol is allowed to flow
;'through a.horizontal glassntubewdustedeith talc powder, and
E ;air is injected into it at- & raﬁe sufficient to produce
bubble- flow, the circulation. of the liquid film around each
‘bubble can be readily seen. Thevfilm circulation can best be
vdeseribed by considering AQSingie.bubble. As a bubble moves
',fefﬁefd~elong'the'top of the-tube, a particle of talc is
;ﬁidkéd upiaf'the rear of che~bubb1e and carried forward in
A};the direction of flow along-the interface and eventually
4? deposited on the tube wall at the front of the bubble.
-dfFor a’ short period of time,.until the rear of the bubble
"dreaches'it; this particular particle deposited on the top
"deurface Qf the tuﬁe,is completely stationary. It is then

':egain,SWeﬁt off the tube wall and circulated by the movement -
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of the interface from the rear of the bubble co.the front. The
bubbles discussed here can be generally referred to as ''large',
having a vertical dimension of more than one quarter that of
the tube diameter, and a length.of at least three or four times
the depth. From observation of the movement of a particle on
the bubble interface it is apparent that the interface moves at
a velocity greater than the average bubble velocity. This must
be true otherwise 2 velocity of-a particle at the interface
relative to the bubble itself.could not be observed.

The various forces opgga;;ve in the gas and liquid phase
during horizontal bubble fi&%yiﬁ a region of the tube distant
from the entrance will now be considered. Three types of
forces can be exerted by the'gasfphase on the tube wall and on
the gas-liquid interface. These are a pressure force, acting at
right angles to all surfaces contacted, a shear force due to a
velocity profile adjacent;;qmthe.tube wall or interface, and a
‘kinetic energy force. Both. the shear and kinetic energy forces
would appear to be negligible in comparison to the equivalent
forces in the liquid phase. Faxr from the tube entrance the
- maximum velocities possible.in the gas phase would be equal to
those of the liquid with which.it was in contact, because there
is no energy source within the gas. The shear force, and kinetic

energy force in the gas, would be directly proportional to the
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gas viscosity, and gas.denSity,;respectively, in the common
‘expressions for shear and kinetic energyf A cypicél‘ratio
of gas to liquid viscosity 1is.0.01, and of gas tolliquid-
density 18{in,the order of. 0.001. The shear and kinetic
energy forces for gases and.liquids flowing at the same
velocity would likewise vaxy.roughly in the same proportions.
1t is assumed, therefore, that the major force exerted by the
gas in bubble :flow is one of pressure.

Except those of gas pressugé, all the forces which deter-
mined the shape of the bubbles,.and their velocity during flow
are assumed to occur in the;liquid phase.. Obviously, if a con-.
stant pressure 15 assumed @at-all locations within a particular
bubble, and all the gas pressure forces are exactly counter-
balanced, then there is no-net- pressure force on the bubble to
cause its motion. For theggigqacion where-(liquid-soliq)
interfacial.forceS“confin%wa&bupble-against the tube wall, some
motion of all or*part of Eggmgggfininglinferfaceswis-essential,
therefore, to cause any mq;igg;@hatsoever of the gas bubble.
Motion of the gas-liquid ig;ggfgce around bubbles causing their
- flow was in fact obsefﬁed‘és@diﬁcussed.earlier.

The top: of the tube exposed to the gas in the bubble is |
presumed to be Wettéd by the‘®liquid at all times. Under these

conditions the bubble is confined completely by a liquid film,
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albeit a thin one at the COp_of?the tube. Interfacia},(or
surface tension) forceg gcg,toiﬁeduce-the total interfacial
area, and attempt to lmpbée'a'spherical‘shape on the bubble.
The interfacial temsion fqréeé;itherefore,_act to cause the.
bubble to penetrate deeper into.the tube. Thé buoyancy forces.
tend to maiptain the-bubble,aﬁ,the'top of the tube.  In addi-.
tion, these forces terid to. elongate the bubble opposing the
effect of interfacial tension. ..

Inasmich as motion~oﬂgche.gasfliquid interface in the direc-
tion of flow was-observed;wsome}force must have been available
1to tause this motion. The: obvieus force that can be considered
is one of viscous shear in the biquid phase. If a velocity
gradient adjacent to the gas~liquid interface causes its motion
in the direction of flow,ﬂigmisfnecéésary:for,a maximum (local).
velocity,to exlst at some position below t:h"e"i_nterface_° If
- the force required to move the gas=-liquid interface is small.
relative to the shearing forcespat the tube wall, then the posi-.
tion of the.maximum,veloc@tywcguldibe close to the interface
itself. That is, only a small-welocity gradient would be.
required to cause a sma11~£o£§e¢at~the interface.

It has already been assumed that the shear caused by
any gas velocity in the bubbles can be considered negligible.

It will also be assumed that the liquid-solid interfacial

|
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cension»at the periphery'of_the,bubbles is small in comparison
- to the shear at the wall inwtheﬁiiquid phase. Then, if the tube
is cut in half lengthwise by.an.imaginary plane, the area of the
 tube‘e#pdsed‘to liquid is much smaller in the}top half of the
tube than that exposed in the_bottom half. It is a necessary
.condition for two-phase flow . that the overall pressure drop due
to flow across a finite length of conduié‘should be the same
for all positions in é given cress-section of the conduit.
It is therefore assumed that the pressurerdrop across a finite
lengch.éf*tube (containing many.bubbles) would be the same
whether measured in the tépyhalf,,or the bottom half of -the
tube. For this to be possible,-it is apparent that the shear
force (per unit area) must necessarily be greater in the top
half than in the bottom half.. For the shear force to be.
greater in the top half_t@emmgén velocity of 1iquid;must be
greater in'the top half of;.the tube. Alternately,: the top
portion of thé tube can be considered as offeringzless‘resis-m
tance to flow than- the bottom half because a fraction of the
wall area contacts gas. Consequently, a higher fluid velocity
would result in the top portiom.of the tﬁbe.

- Figure 2 shows a proposed velocity profile for horizontal
bubble flow. The mean gas -velocity as shown in Figure 2 1is-

greater than the mean liquid velocity. A velocity gradient
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Figure 2. Proposed Velocity Profile for Horizontal Bubble Flow
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is shown adjacent to the gas-liquid interface. The maximum
liquid velocity in a portion of. tube between the bubbles is
shown displaced upwards from the centre~line position. The
velocity profile has been drawn for a turbulent liquid, but
the shape of the profile would not be expected to change a
great deal for viscous flow, since the same observations and

arguments would still appi§°“ N
Proposed Mechanism for Mass,Traﬁsfer in Bubble Flow

Two mechanisms will be considered, both based on. the
surface-renewal or 'penetration.theory' model. The first one
is based on the assumption that the surface-renewal occurs by
the motion of the interface from the rear to the front of the
bubbles. The second mechénism ﬁostulates the superimposed
freQuéﬁt renewal of portions of;the interface during thé circu-
lating motioh,around‘bubblgs,fas a result of eddying or mixing
within the bulk of the liquid.. Although a stagnant film is.
known not to exist in bubble flow, for the sake of comparison
the absorption rate assuming.a. £ilm theory modél will also be
estimated and compared with the observed rate.

In -any consideration of: the rate of mass transfer in hori-
zontal bubble flow, the relation between the gas flow rate and

bubble frequency is of considerable importance. The measurement
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of bubble frequency, as well as the production of.uqiform'bubbles
by means of specialinbz21es,<wasgoucside the scope of this
research. An attempt was .nade instead,to simulate a practical
situation by using a simple;teemfor;introducing the gas and -
liqﬁid'phases into the cOntactiﬁg tube. For this type of
éntrance;ﬂthe bubbles were;ﬁthcompletely-uniform'in‘size or‘
Shape,aalthouéh approximate uﬁiﬁormity was achieved for many
of ;hergas and liquid flow-rates. The relation between the gas.
. flow rate and bubble frequency  at a constant liquid rate was
~only qualitatively observedajfThe-frequenCy remained roughly
constant for a particular;liquid flow while the gas flow rate
was increased; the volume,of~ga§ contained in each bubble
increased accordingly. This-behaviour is consistent with that -
reported by Johnson (30) for bubbles formed ac“ah'orifice at
relatively high gas fIOW'rates;f

A éuélitativé estimateuoiwthe.eﬁfeét-on mass- transfer of
gas flow rate_aﬁ a conscan;sliq§id'rate'can befmade.by using the
following approximate modelf-«lg'will be assumed that the large
bubbles are‘geometrically:similgr to the'émall,ones, and that -
the éhape of each of them -can be approximated by a”right=angled
parallelepiped. Then the :surfage area is directly propoycional
to the volume of a parallelepiﬁed to the 2/3 poﬁgr° 1f it 1is

also assumed that the portion of each bubble in contact with
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the tube wall is ineffective for mass transfer, and that a simi-
‘lar fréccion of each bubbiewis.ﬁade ineffective in.this manner
regardlesé of size, chen‘the,effeccive{ihcerfacial area of each
- bubble will still be:direqﬁly;p;oportianal to the bubble volume
to the 2/3 power.: Considé;%a,Lgngth'of'contacting_tube contain-
ing many bubbles.  Even though che frequency of the bubbles
(at a constant liquid rate)..is the same with an increasing gas
vblumetric flow rate, the number of bubbles in a fixed length of
tube will decrease with an increased gas rate;, because the total
fluid volumetric‘flow is increased. When the volumetric flow
of liquid greatly exceeds the. gas volumetric flow (as in bubble
flow) the effect on the fLuidgvélothy'causedlby-variations in
gas flow only, is not large. .This effect will be ignored,
therefore, in the qualitative axrguments concérning the gas
flow rate and interfacial,aggggﬁ

Using the simplified model -of parallelepiped-shaped bubbles
of constant frequency, the total interfacial area in a fixed
length of contacting tube, at a fixed liquid rate, is épproxi=
mately proportional to the gas.volumetric flow rate to the 2/3
power. For all models of mass.transfer, the transfer rate would
be expected to.be directlyupropértional'to.the-effective inter-
facial area, and hence directly proportional to the.gas flow

rate to the 2/3 power for the, simplified model. For the mechanism
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of surface renewal solely by the motion of the interface from
the rear to the front of the bubble, however, the transfer
rate is also involved with the mean contact time, or surface
age. If it is assumed that.the .velocity of the interface rela-
tive to that of the bubble is _constant for all the sizes of
bubbles, then the net dependencg of the mass cranéfer rate on
volumetric gas flow rate can.be.estimated. For this situation,
the transfer rate would be..diregtly proportional to the effec~
 tive interfacial area, and. inversely proportional to the square
root of the mean contact time..-If the relative velocity of the
interface is constant; then .the.dependence of the contact time
on any particular length dimension of a bubble would be to the
1/3 power, sd:thac the net.mass - transfer rate for this mechanism
might be expected to depend,qn;ghe'gas volumetric flow rate to
the 1/2 poﬁer@' The.assumptipn‘that the bubble dimensions
increase proportionately in all.directions with an increased
gas fate is somewhat in erxor.  -The dimension of length pro-
bably;incfeaées more than the .width for the sizes of bubbles
actually investigated. In the. extreme case of long ''plug"
flow, when the bubble lengghwgrgétly exceeds its depth,
bubbles tend to grow longitudinally only. ‘In’this limit of
one'diménsional'growth,,the interfacial areh-is‘directly_pro-

portional to the gas flow rate (still assuming constant bubble
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_frequéncy), and go 1s the contact time. Hence, the net rate of
mass transfer again depends on the gas volumetrié flow rate to
the 1/2 power. From these. two extreme cases, it may be concluded
tﬁat in bubble flow the net mass transfer rate must depend on the
volumetric gas flow rate to _.some power of 0.5 or greater, with a
maximum possible value of unity for long plugs and assuming a
stagnant film model. -

Referring to figure L (p.19), in which two typical absorp-
tion rate curves are shown .(NTU,vs VZ), it is found that in the
bubble region of flow the .slope.on the log-log plot is nearly
2/3. Most of the absorption-rage,curveéAdo in fact show a
dependence on the gas volumetric flow rate, at a constant
liquid rate, to an approximate.power of 2/3 (but not of 1/2).
Since it is known that a stagnant film does not exist at the
bubble interface, the'mechgnigm;of.transfer suggested, there-~
fore, is that of the frequent»renewa1~o£;portions'of the inter-
face by eddying and mixing. Subsequently much more conclusive
evidence will be brought forth to indicate that in all probabi-
11ty4this is the mechanism. of.mass transfer operative in
bubble flow., e

An actual experimenca;mrunﬁfor which a good estimate of
the interfacial area can be made will be used as an illustra-

tion for comparing postulated mass transfer rates to those -
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experimentally measured. Run number 793 was made with the COZ=
water system at 15°C, using the.small tube 1.228 cm in internal
diameter. This particular run is used as an illustration
represented-the'smalleétréize of bubbles" studied in this
research. The size of bubbles@was approx1mate1y 1.7 cm in
overall length, and 0.6 cm;in;depth.(almost_half the tube
diameter). The meun gas volumetric flow rate in the test
section (between thé sample.points) of the absorption tube
was also known. The gas input.flow rate was corrected for
the amount absorbed in the..tube, as well as"for the temperature
and pressure in the tube go.givgié true mean value as calcu-
lated by means of an IBMwLéZONcgmputer,. For this particular
run the mean volumetric gas-flow was 2.80 cfh which was equi-
valent to a superficial velocity of 0.610 fps, while the
liquid flow rate was-equivaléntﬁtO'a superficial velocity of
1.783 fps. The true bubble Velgcity was calculated by using
the relation for void fraction given by Scott, equation (1),
discussed earlier in thiS;chaptgr. The conditions for the use
of equation (1) included a liquid superficial Reynolds number
exceeding 8000. The liquid,aupgrficial Reynolds number for
run number 793 was approximately 6000, and the application of

- equation (1) was; therefore, not strictly justified. Since
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any probable error was consideréd to be small in comparison to
the major effect that waslt6 Bébi11ustrated; it was used nonethe-
less. In essence equation (1) states that the gas (bubble)
velocity is.1.2 timgs thé!true average liquid velocity. From
the true bubble velocity the:teéidence time of the bubbles in
the test section could be,calculated. From diagrams of the
bubbles in the tube drawn to scale, it was possible to estimate
the bubble cross-section azeé, volume, total surface afea, as
well as the average length..of .the longitudinal film surroﬁnding
each bubble. These dimensions were subsequently used to calcu-
late the bubble frequency; number of bubbles in the test section,
and the total interfacial‘ateg,in the test section.

‘To estimate the trans£¢£ rgte for the assumption of a
stagnant film at the interface,-.a knowledge of the film thick-
ness was required. The limit of the laminar sublayer adjacent
- to the wall‘for‘curbulentwflowqﬁn circular channels is given by
Knudsen and Katz (31). It.was-assumed that if the stagnant layer
existed, it would have been-of -the same order of thicknéss at
the bubble 1nter£ace as at-the -tube wall. Further the liquid
superficial Reynolds number was:used (6000) in the evaluation
of the film thickness becausewaﬁtrue characteristic Reynolds
number for two-phase flow¢yas¢u9knownvapd'che film thickness

was not highly dependent on Reynolds number. The thickness
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obtained for the laminar sublayer was 0.0172 cm. To test the
rate of transfer for a stagnant film the most common type of

engineering rate equation was used:

. ) C* -
N = A@i————gﬁ{

p e 2)

where: A = 162 cm?

D= 1.465 (1077) cm? sec”t
C* = 0.0455 millimoles cm >
C, =0 .
x = 00,0172 cm
The mass transfer rate in the test section for a stagnant
film at the interface was calculated by equation (2) to be
0.0063 millimoles per sécqnd@ A maximum possible driving force
was used' although the driving.fgrce for run number 793 was
actually closer to 90 per cent.of the maximum. A linear concen=-
tration profile was also assumed to exist in the film prior to
its arrival in the test section:
To estimate the transfer rate for the moving interface
model, it was necessary to know.the rate of surface renewal,
or. contact time. To determine the contact time the velocity of
the incerfaée relative to that .of the bubble.was required.

Referring to Figure 2 (p.43), which shows the proposed velocity

profile for bubble flow, it appears unlikely that the interface
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velocity exceeds the mean bubble velocity by more than a factor
of 1.3. The relative velocity of the interface,'theréfore,
would be 0.3 times the mean bubble velocity. It is noted that
the choice éf the interface relative velocity was somewhat arbi-
Crary, but it will be subsequently shown that this did not
‘significantly alter the fesﬁlt gf this illustration. The mean
contact.timevwasfdetermingg Py gividing the interface length by
- the interface relacive:velécityg and found to be for this
situation, 0.132 sec. The peneération depth was calculated

by the expression derived By.Daﬁékwerts (27):

PD r—~36 L@ac - 3)

o
&

where: PD = penetration depth, cm

| D = 1iquid phase diffugivity, 1.465 (10™°) cm? sec

é% = mean contact ;iﬁe,;sec

The penetration.depth;asdcglculated by‘équétion (3) was

0.0050 cm which is considg;gb}x;smaller than the thickﬁess of a
‘laminar sublayer calculatéd égfliero The penetration depth, as
| defined by Danckwerts, is tﬁg;dgpch at which the rise in concen-
tration due to;unsceady-staceragsorpcion is 0.01 times that at
the interface. Toﬂcalculaﬁgﬂ;he rate of mass transfer in the
test section‘the'total area exposed to the liquid was assumed

to have been renewed every 0.132 seconds. 'To.calculate,the
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actual quantity of gas absorbed by the film at every exposure,
it was necessary to know the concentration profile within the
penetrated depth of liquid. This involved the integration of
the relétively complex expression for the time dependence of
the concentration and the distance from the interface. The
- expression for the‘unscea¢y4scgte absorption into a stagnant
film is also givén by Dan;kwefﬁs (27):

C =¢C ; x
= = erfc

where: C = concentration at distance, x (cm), from the inter-
-3

(4)

face, millimoles cm |
C = concencration;ingﬁﬁe‘bulk:of the liquid
C* = saturatedvconcequétion, at; the interface
€ = mean contact time, sec
For application to this problem 1if the maximum driving force is
assumed, the bulk liquid concentration will be zero. The appro-
priate integration of equation (4):for the mass- transfer rate,

N

A > has been performed‘byAﬁifa;%Stewart,‘and Lightfoot (32).

=2 JB @ e -c) (5)

\/—7—;’;5-:

where: A = 162 c~2

'9(: = 0.132 sec
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0@ = 1.465 (10"5') cm? .se'c'"l
C* = 0.0455 millimoles cm™>
c, =0 '
NA = average mass transfer rate for time interval Gc,

‘millimoles secfl_mu»
The mass transfer rate for .the rolling film model as calculated
from expression (5) was 0.088 millimoles per second. Again the
maximum possible driving foxce was applied.

The actual transfer rate. for runrnumbef 793 was éalculated
from the liquid flow rate .and the CO, analysis at the inlet and
outlet of the test section.was .0.344 millimoles per secomd. It
-is of interés; to note théwdifference.in rates for the stagnant
film,gthe rolling film, and .the. experimentally observed rate,
0.0063, 0.088, and 0.344 millimoles per second, respectively.
It is obvious that the stagnant-.film theory cannot explain the
mass transfer that actually occurred. The rate calculated for
the rolling film, on the other band, was about one quarter that
actuall& observed and wasygthergfore, at least of the right
order of magnitude. Further, it is of interest to calculate
the frequency of the surface .renewal required to explain the
high mass transfer rate that was experimentally observed. The

frequency is the inverse of the contact time which can be

solved for by using equation (5) and substituting the experi-
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'mentally observed mass transfer:rate fpr NA’ the transfer rate.
It can be seen from equation.(5) that the rate of transfer is
1nversely-proportipnal.togthegsquare‘root of the contact time,
so that to obtain a transfer .rate 4 times as great would require
a contacc time approximately.l6 times as short. The calculated
values of contact time, and penetration depth, are, respectively,
0.0085 sec, and 0.0013 cm. - ..

In summary, it is apparent.that the rate of surface renewal
must be about 16 times as .great.as that accounted for by the
longitudinal motion of théilﬁgerfacial film surrounding the
bubbies° Even if the estimate of the velocity of the inter-
facial film relative to the bubble was incorrect by a factor of
two or three, the rolling film model could not explain the rate
of transfer that waszexperiﬁéntally observed. It is, therefore,
proposed that the mechanism:ofAgransfefiwas the process of
surface renewal caused by turbulent eddies and mixing w1thiﬁ
~ the liquid. A further argumentéin*support of the application
of the penetration ﬁheory to bubble flow is the fact that the
dependence of the transfen}pate;on-the liquid phase diffusivity
was found to be to the 1/2 power in accordance with the pene-
‘tration theory model. If the relative velocity between bubble

and fluid were very small, as might occur for very small bubbles,

it is possible to imagine a mechanism of mass transfer depending
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on the complete absence of. normal velocity components in the
vicinity of'the bubble during. the residence time of bubble in
the test section. This model .would correspond approximately to
flow pésc a rigid body at low. Reynolds numbers and a theoretical
solution for this case has been ‘reported by Friedlander (33).
This solution predicts that -the:transfer coefficient will be a
function only of the Peclet-nﬁmber, with a dependence on thé
diffusivity to the 2/3 power. .Thus, the inference of the pro-
posed mechanigm of transfex ds8. that the transfer rate for
horizontal bubble flow is largely a function of the rate of
surface renewal resulting from turbulent eddies or mixing in
the liquid phase. The degree- of turbulence or mixing is expect-
ed to be some function of the true liquid velocity. Further, in
general the transfer rate should: be directly proportional to
the surface area‘exposed ta:the ;1iquid. For bubbles separated
by distances equal to aboutfoneftube diameter, eddying would
be promoted between the bubbles; whereas for bubbles very
closely spaced (1gss than 3 mm) turbulent eddies for the con-
fined spaces beéween themuwguld;not be expected. The dependence
of the rate of transfer, therefore, must be somewhat influenced
by the shape, size, and spacing.of the bubbles, as well as on
the actual interfacial area.

Effects of surface tension and viscosity, in addition to
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that of diffusivity, can be considered in the light of the
proposed mass. transfer mechanism. A variation of surface
tension should affect the size of the interfacial area, and
only indirectly, by virtue of the smaller interfacial forces,
‘the degree of mixing in the bulk of the liquid. One might
expect, therefore, that with li@uids of lower surface tension,
longer bubbles would be preduced, having comparatively larger
interfacial areas. A variation:in viscosity would be expected
to greatly affect the degree. of -turbulence, and hence the rate
of surface renewal. It is_expected that the efféct‘of diffusi-
vity assoclated with.changééfiﬁ;viscosity would be accounted
for by the uéual_dependencé:of the transfer rate for a penetra-
tion theory model, to the 1/2 power .

.

Proposed Mechanism for Mass Transfer in Slug Region

The pronounced difféggnggfheﬁwéen bubble and slug flow is
most. striking. In bubble flow.ghe interface is smooth in
appearance, wavering slowly with‘changiﬁg forces within the
bulk of the liquid. In slug. flow the interface is very rough,
particularly in the’regiqﬂzgfwtﬁe slugs themselves. _Tongues of
liquid are visibly thrown .out. of the liquid, ripples are
eitensively produced, and tiny 5ubb1es of gas are churned

into the liquid. The speed of the motion of the interface
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in the region of the slugs is far too rapid to be visually
followed. For the portions of liquid between the highly agi-
tated slugs, the rippling and agitation are greatly diminished.

The mass transfer rate in the slug flow region is gene-
rally much higher than in the bubble flow region. The transfer
rate increases with gas flow rate at a constant liquid rate,
typically as shown in Figure 1 (p.19). At a constant.liQuid
rate, and for high gas rates in the slug flow region, the
transfer rates are as much as 10 times as great as the maximum
values obtained for bubble flow.

An accurate picture of the physical processes may be of
assistance in the analysis of possible mass transfer mechanisms
for slug flow. The trénsition-between plug and slug flow is
gradual. For a constant liquid flow rate, as the gas rate is
increased the plug velocity also increases. The interface of
each plug becomes rippled particularly near the front, the
interface takes on a definite slope with the thickness or -
height of the plug increasing from front to rear, and the
interface at the rear of the plug becomes highly agitated as
if by the turbulent wake.  As the gas rate is increased
further, the amount of rippling increases, and the turbulence
at the rear is more intense, entraining tiny bubbles which

tend to circulate behind the plugs. Within the elongated plugs
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small slugs or waves of liquid ére propelled forward, with the
‘characteriscic high degree of agitation at the crest. As the
gas rate 1is further increased,-the,cresting flow predominates;
however, most of the crests or slugs continue to fiil the tube.
At higher gas flows still, the liquid is propelled by the gas
so rapidly that the tube contains an insufficient amount of
liquid, even at the crests, to fill its cross~-section.. The
turbulent crests travel along the tube at a high velocity and -
at a high frequency. The quantity of liquid tends to accumu=
late at the slug crests while the amount remaining in the tube
between the slugs becomes only a small fraction of the total
amount flowing. At extremely high gas rates the liquid tends.
to become more gvenly distributed along the tube, annular rings,
moving in the direction of flow, begin to appear in addition to
the slugs, while the slugs increase in frequency and decrease
in size.

Some further observations about slug flow can be made.
At any instant the actual average liquid velocity is most
likely very considerably different at different positions along
the length of the tube. Similarly, at any instant at any one
cross-sectional position of the tube, the velocity of the liquid
at the interface is undoubtedly different from that of the

average at that pbsicion,respeqially if the.position corresponds
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to a crest. Because in slug flow the liquid undergoes accelera-.
tionyana decceleration, and because the agitation of the 114u1d
at the crests is so severe, it appears hopeless to &tempt to
relate the condition of the liquid to a simple mean liquid
velocity component in the direction of flow. Void fraction
correlations‘are available, as indicated earlier, for predict-
ing average phase velocities. To successfully relate the
overall average liguid velocity to tha; of the interface,
or to the degree of agitation at the slug crests, would be
extremely difficult, and at the present state of knowledge,
appears impossible. However, a more qualitative approach to
mass transfer in the slug region is still available.

Mass transfer rates in the slug region compared to those
in the bubble region can easily be a factor of 10 greater. If
a surface renewal cheory is assumed for the slug region similar
to the one proposed for the bubble region, some fufther“compari-
son can be made.- Although the interface is highly agitated it
is probable that the interfacial area in slug flow may be only
é factor of two or perhaps three times as great as that in the
bubble flow region. For run number 793 the estimated contact
time was 0.0085 sec and the penetration depth was 0.0013 cm.
For an increase in mass transfer rate of a factor of five, the

contact time would need to be reduced by an approximate factor
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of twenty-five (assuming an interfacial area twice as great).
The order of magnitude of the. contact time would then be 0.0003
sec. Such a short contact time (or even shorter) might well be
possible in the regionvof'the slug crests. In the region .-
between the slugs, however, where the liquid interface is
comparable in calmness to that for bubble flow, extremely short
contact times of the order of 0.0003 seconds appear unlikely.
1f transfer rates for portions of the interface between the
slugs are assumed to be comparable to those of bubble flow,
it is obvious that in the region of the slugs themselves
extremely high transfer rates would be required to account for
the high oyerall mass transfer rates experimentally observed.
Further, from the extremely turbulent' appearance of the slug
crests, it seems entirely possible that the condition described
earlier as the '"limit of turbulence' might well be reached.

For such extreme turbulence the mechanism of mass transfer by
means of a velocity component in the 1liquid normal to the inter-
face, as proposed by Kishinevskii (25,26), might be expected
to apply.

It is proposed that for the extreme agitation in the slug
crests themselves, the theory of transfer as proposed by
Kishinevskii applies, and that for positions in the liquid

between the slugs, the surface renewal or "'penetration theory"
: y
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applies. The mass transfer rate expression according to the

‘Kishinevskii theory is:

N, =A (C* - C) Vn; (6)

whexre: A = interfacial area, cm2

C* = interfacial concentration, millimoles em™3

Co = bulk concentration, millimoles cmw3
Vﬁ = mean velocity of liquid normal to the interface,

a

cm sec
For this situation, the transfer is independent of the liquid
phase diffusivity. Further, it is apparent that the two trans-
fer processes can be considered to operate in one location
‘with the two postulated resistances occurring in parallel or

in series, as discussed by Davies (34). For the model that
-would appear to fit the slug flow region most closely, a cer-
tain varying f;acﬁion of the interfacial area can be considered
in extreme turbulence, while the remaining portion is subjected
to surface renewal by eddying and mixing. The two processes
would operate independently in different portions of the tube.
The rate equation that would apply would be a combination of
equations (5) and (6) with each equation applying to a certain
fraction of the interfacial area.

It is apparent that neither the total interfacial area, nor
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the portions thereof, to .which the Kishinevskii theory or the
penetration theory would apply, can be obtained by direct
estimate or measurement. If they could be obtained, the relation
between the mean surface age as well as of the mean velocity
normal ‘to the interface, and the overall mean liquid velocity
in the tube would still be unknown. No direct check of the
proposed mechanisms is, therefore, possible. Again, however,
some significant gualitative statemeﬁts concerning the effects
of the various variables on the rates of absorption can be made
in the light of the proposed mass transfer mechanisms.

At one liquid rate (in the sluglregion) with increasing
gas rates, the number of slugs, and extent of agitation in them,
would be expected to increase. The transfer mechanism would
probably change from transfer by surface replacement only at
relatively low gas rates, to thét of a combination of both
mechanisms at higher gas rates. The liquid phase diffusivity
- would have a decreasingly smaller effect on the rate of
transfer, therefore, at increasing gas rates. It should be
possible to compare the absorption rate curves (NTU vs Vg) for
the Cozﬂwater and He-water systems, and to observe a decreas-
ing difference between the two curves at increasing gas rates.

That is, the effect of diffusivity should be diminished if the

effect of the Kishinevskii theory mechanism becomes appreciable.
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Further, it can be qualitatively stated that from actual
-observation, for identical gas rates; the degree of agitation
in slug flow appeared to be noticeably increased by increases
in the rate of liquid flow. Folloﬁing the same line of argu-
ment as previously, the difference between the Cozawater»and
He-water absorption rate curves should be smallest, therefore,
for the highest liquid rate. That is, the effect of diffusi-
vity would be least for the liquid flow rate at which the
highest degree of turbulence was achieved. Again, if the
mechanisms proposed do in fact apply, the experimental data
should display the corresponding qualitative characteristics.

The effect of the surface tension on the absorption rates
is qualitatively considered small. The kinetic energy of the
1liquid would most likely surpass in magnitude the interfacial
forces during turbulence. The effect of interfacial tension.
would be expected to become less significant when the intensity
of the turbulence increased. 'The effect of viscosity on the
other hand would be‘expected-tO'increase with an increase in
turbulence because of the higher shear forces involved. The
- magnitude, and direction of such effects can be adequately
detérmined only by experimentation.

One assumption which was made for the bubble region of

flow, and thus far tacitly aséumed for the slug region, may
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appear to be no longer valid. It is that at the same gas
volumetric flow rates, the liquid turbulence or interfacial
area is unaffected by gas density. For much of the slug region,
the absorption tube as completely filled by consecﬁcive slug
crests, and, as a result, portions of gas were trapped in the
tube as elongated, turbulent ''plugs'', by liquid completely
filling the tube at either end. For this»situation, as for
the bubble region, it would appear that kinetic energy effects
in the gas phase would not be of appreciable consequence on
the interfacial conditions, compared to those in the liquid
phase. For higher gas flow rates, when annular flow was
approached, and the top portion of the tube was completely
void of liquid, the mean gas velocity would, of necessity,
be considerably greater than that of the liquid to produce
- the same rate éf shear at the tube wall. For this latter
condition, gas kinetic energy effects would most likely pro-
duce an increasing gas-liquid interaction (such as increases
in interfacial area, droplet entrainment, or emulsification),
for increases in gas density. For the conditions of this work,
however, the assumption that the interfacial conditions afe
independent of the gas density appears to be valid for most
of the slug region of flow.

The possibility of variations in interfacial area, or other
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gasfliQuid interactions due to gas density for conditions of
extreme turbulence, however, cannot be discounted until the
Kishinevskii theory has been adequately confirmed. Conditions
of such extreme turbulence as proposéd by Kishinevskii may sel-
- dom be reached in any practical contacting equipment, and hence
difficulty may be encountered in obtaining irrefutable experi-
mental evidence to support or disprove his theory. Partial con-

firmation of the decreasing effect of diffusivity with increas-
ed turbulence is available from the reported work of Hutchinson
and Sherwood (35) who found a dependence on diffusivity to the
0.25 power. Such a decreased dependence on diffusivity can be
explained without the aid of the Kishinevskii theory, however,
by assuming that one of the basic conditions for the use of the
penetration theory becomes invalid for certain highly turbulent
contacting systems. It concerns the lack of any velocity compo-
nent at right-angles to the interface within the penetration

- depth .during the period of absorption. For highly turbulent

" systems, if eddying or mixing occurred within the penetration
deﬁth, then the transfer rate would depend not only on the

rate of unsteady-state diffusion, but also on the rate of mixing
in the liquid, which would result in a decreased dependence on
diffusivity, and an increased dependence on the rate of mixing

for conditions of increased turbulence in the liquid.
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SPECIFICATIONS AND PROPERTIES OF TEST FLUIDS
Specifications

The minimum specified purities are listed for the test
-fluids along with the supplier, grade, and size of purchase-lot
- for each.

Carbon dioxide: The CO, used in this research was supplied as

2
a liquid in pressure cylinders by the Canadian Liquid Air

Company and was of a commercial welding grade purity, specified
at a minimum CO2 content of 99.5 volume per cent.

Helium: = The He gas was also supplied by the Canadian Liquid
Air Company and was of a minimum specified purity of 99.99
volume per cent He. He.was supplied as a gas in high pressure
cylinders, at approximately 2200 psig, in amounts approximately
200 scf per cylinder.

Water: Vancouver city tap water was used as one of the liquids
- for the absorption studies.

Ethanol: The ethanol (not denatured) was purchased from the
British Columbia Liquor Control Board in 10 Imperial gallon
drums and specified as absolute ethanol. for research use only,
with a minimum purity of 99.5 volume per cent ethyl alcohol.
Ethylene glycol: The ethylene glycol was purchased as one

45 U.S. gallon lot from the Dow Chemical Company, and was of an
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anti-freeze grade with a minimum purity. specification of 99.5

volume per cent.
Fluid Properties, Literature Data

Except for the solubility of CO, in ethylene glycol, the

2
viscosity, and the surface tension of ethylene glycol, all the
fluid properties used in the calculations of the results were
obtained from published sources. The density of the gases,

CO2 and He, was required for the calculation of the gas super-
ficial velocities in the absorption tubes. The perfect gas law
was used in obtaining the correct volumetric flow at the absorp-
tion conditions. Sincé the pressures uséd were close to atmos-
pheric and the temperéture close to room temperature, no signi-
~ficént deviation from perfect gas behaviour was expected.

The presence of liquid vapour in the gas phase was accounted

for by applying Dalton's law. The liquid properties and their

sources are discussed further under separate headings. -
Solubility

The solubility data for CO2 in water and ethanol were
obtained from the most recent review of solubilities by Linke
(36). The solubilities expressed as the Bunsen‘coefficients

are given in Table 1. The solubility data for He and water
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were obtained from the Handbook of Chemistry and Physics (37).
The He solubilities expressed as the Henry's law constants are

listed in Table 2.
Viscosity and Density

The viscosity data for water and ethanol, given in Table 3,
were obtained from the Handbook of Chemistry and Physics (38).
The densities of water, ethanol, and ethylene glycol were also
obtained from the Handbook of Chemistry and Physics (39) and

these values are also listed in Table 3.
Surface Tension

Interfacial tension is the consequence of intermolecular
forces between two immiscible fluids. When one of the fluids is
a gas and the other a liquid, a change in the nature of the gas
usually does not appreciably change the interfacial tension.
Hence, for gas=-liquid systems, the interfacial tension is fre-
quently referred to as surface tension and usually treated as a
property of the liquid only (46)° Surface tension data avail-
able with saturated air, therefore, are considered to apply.
equally well for either CO2 or He as the gas. Surface tension
data for the air-water and air-ethanol systems were obtained

from Perry (41) and are listed in Table 4.
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Liquid Phase Diffusivity

The: accurate experimental determination of gas-liﬁuid dif-
fusion coefficients is extremely difficult and is undoubtedly
subject to greater errors than the measurement of any of the.
other physical properties. Lack of adequate precautions;to,
completely eliminate all sources of motion within the liquid in
the diffusion path during the measurement of the diffusivities
is frequently the cause of the resulting measurements being -
too high. The diffusivity for CO, in water was obtained from a
reference by Davidson and Cullen in which a number of indepen-
dent evaluations were compared (42). The value experimentally .
obtained, and used in this research, compared favourably with
‘other values reported. The COZ-ethanol diffusion coefficient
was obtained from the International Critical Tables (43).

The diffusivity of CO, in ethylene glycol reported by Calder-

2
bank (44) was used in this research. The diffusivity of He in
water as obtained by Gertz and Loeschcke (45) was used because
it was the lowest value reported.. A second reason for its use
was that a value calculated by means of the Wilke correlation .
(46) checked with the Gertz and Loeschcke value within a
tolerable limit. The Wilke correiation,-particularly for water,

is considered by Reid and Sherwood (47) to give diffusivities
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accurate to within‘lovper cent. Diffusivity values were extra-
polated to temperatures other than at which they were obtained
by means of the Nernst-Einstein equation (48) when required.
The values of diffusivity as reported in the literature, extra-

polated values, and sources are given in Table 5.
Fluid Properties, Experimental Data for Ethylene Glycol

Solubility of CO2

In his experiments with CO2 and ethylené glycol Calderbank
(44) reported the solubility at 25°C. Since in this research
absorption studies were performed at lSOC andA30°C, solubility
data at these temperatures weré required. The solubility was.
determined by bubbling CO2 for a prolonged.period‘of time -
through4the,ethylenejglycollwhichAwas maintained at a constant
temperature. Samples of the glycol were‘analyzéd-for.COZ by
injecting known volumes-into standardized.excess‘alkali, and
back-titrating with standard hydrochloric acid.

A 2000-ml 3-necked round flask was used for the solubility.
determinations. Approximately 1000 ml of glycol was poured into
the flagk.which,was-then immersed in a water bath whose tempera- .

ture was controlled by a mercury thermoregulator to within

0.05°C. A fritted-glass bubbler as well as a thermometer were
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supported by a rubber stopper in the centre opening of the
flask. A second opening was equipped with a glass tube and
tygon connector for withdrawing samples into a pipette. The

third opening was left open so that CO, rising through the

2
glycol would be at essentially atmospheric pressure in the
flask. Bubbling was continued for at least three hours before
samples were withdrawn for analysis. Samples were taken by
means of a 100-ml pipette, and were withdrawn by raising the
flask out of the bath momentarily and draining the glycol into
the pipette. A volume. of giycol (about 50 ml) was flushed
through the pipette prior to disconnecting the pipette from the
flask. Exactly 100 ml of glycol was drained from the pipette
into an erlenmeyer flask containing the excess caustic. The
100-ml samples were injected into 50 ml of 0.1 N caustic and
back titrated with 0.1 N hydrochloric acid. This analysis

was identical to that used for the regular absorption samples
and 1s discussed in more detail in a later section.

The results of the solubility determinations are shown in

Table 6.
Surface Tension -

The surface tension of ethylene glycol in contact with

saturated air was measured by means of a duNouy tensiometer
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(model number 10402), manufactured by the Central Scientific
Company of Chicago. The procedure described for gas-liéuid sur-
face tension measurements in the tensiometer technical bulletin
(49) was closely followed. The.tensiometef wasicalibrated using
laboratory balance weights. Surface tension readings were taken
at a number of ethylene glycol temperatures and extrapolated to
15°C and 30°C. The calibration measurements and surface tension
readings are listed in Table 7. Graphs of the tensiometer
calibration, as well as che-surfaceAteﬁsion measurements taken

at various temperatures, are shown in Figure 3.
Viscosity

The viscosity of pure ethylene glycol was measured at the
two~temperatures,-15°C and 30°C. 1In addition, the viscosities
at 15°C of glycol-water solutions containing increasing quanti-
ties of water were determined. The viscosity-water content
relationship was used as a test for the contamination of the
glycol with water and 1is discussed in more detail in a later
section. The viscosities were measured by Cannon-Fenske type
-viscometers, following the procedure recommended in the ASTM
report D445-53T. The'calibrations-of the viscometers, C-8
and C-3, as obtained by De Verteuil(50), were accepted. The

viscosimeter, H-69, WQS'caiibrated by comparison with the
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viscosity readings obtained with viscometers C-8, C-3, and H-69.

The data for all the viscosity measurements are shown in

Table 8.



TABLE 1

SOLUBILITIES OF CO, IN WATER AND ETHANOL

2
Data from Linke (36)

(A) COZ-Water

Temperature, °c

5

5.3
10
15
20
25
30
40
45

(B) COZ-Ethanol

5
10
13.5
15
20

(a) - interpolated values:

1.424
1.41

1.194
1.019
0.878

0.759

0.664
0.530
0.480

3.899
3.510
3.280
3.194
2.938

(a)

(a)

5 = ml C0, (0°C, 760 mm) dissolved in 1 ml liquid at a °

002 partial pressure of 760 mm

76

;3, Bunsen coefficient



TABLE 2

SOLUBILITY OF He IN WATER

77

Data from the Handbook of Chemistry and Physics (37)

Temperature, °%
0
10
15
20
30
40
50

(a) interpolated value
K = Henry's law constant
K =2
x
p = partial pressure in mm of mercury

x = mole. fraction in liquid

K (107)

10.0
10.5
10.71  (a)
10.9
11.1
10.9
10.5



TABLE 3
VISCOSITY OF WATER AND ETHANOL

Data from the Handbook of Chemistry and Physics (38).

(A)  Water

Temperature, °c Viscosity, cps Density, gm_cmﬂ'3

0 1.792

"5 1.519 0.9999
10 1.308

15 1.140 0.9991
20 1.005 -

25 0.894

30 0.801 0.9957
45 0.599 0.9903
50 0.549

(B) . Ethanol

0 1.773

10 ‘ 1.466 0.7979
13.5 1.360 (a) 0.7949
20 1.200 0.7895
30. 1.003 -

(a) interpolated-
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TABLE &
SURFACE TENSION OF WATER AND ETHANOL IN CONTACT WITH SATURATED AIR

Data from Perry (40)

(A) Water
Temperature, °c Surface tension, dynes cm
0 75.6
5.3 75.1 (a)
15 73.5 (a)
20 : 72.8 .
30 71.2 (a)
40 69.6
45 68.8 (a)
60 66.2
(B) Ethanol
0 24.1
13.5 23.4 (a)
200 22.3.
40 _ 20.6
60 - 19,0

(a) interpolated values



TABLE 5

LIQUID PHASE DIFFUSION COEFFICIENTS

(A) CO, -Water (42)

2

Diffusivity,
Temperature, °C times (105) cmz sec
5.3 1.072 (a)
15.0 1.465 (a)
25 1.92.
30 2.190 (a)
45 3.08 (a)
(B) Coszchanol'(AS)
13.5 2.95 (a)
17 . 3.20
©) COZ-Ethylene glycol (44)
15 0.142 (a)
25 0.229
30 0.285 (a)
(D) He-Water (45)
15 3.69 (a)
15 3.02 (b)
37 6.30

(a) extrapolated using Nernst-Einstein equat1on (47)

(b)

calculated using Wilke correlation (46)

80
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TABLE 6

SOLUBILITY OF»COZ-IN ETHYLENE‘GLYCOL

(A) Temperature, 15.0%
Barometric pressure: 758.1 mm mercury
Sample size: 100 ml

Partial pressure less than 0.1 mm mercury

Volune Volume Solubility,
0.1 N NaOH 0.1 N HCl millimoles per litre
50.0 . 2.80 47 .20
50.0 2.90 47 .10
50.0 2.80 47.20
50.0 2.90 47.10

mean = 47.15
Solubility at 15.0°C, 760 mm = 47.27 millimoles per litre
(B) Temperature, 30.0°C
Barometric pressure: 758.1 mm mercury.
Sample size: 100 ml-

Partial pressure less than 0.1 mm mercury

38.0 1.95 36.05 .
38.0 2.10 35.90
38.0 2.00 36.00
38.0 2.05 35.95
mean = 35.97

Solubility at 30.0°C, 760 mm = 36.07 millimoles per litre

(C) Solubility by Calderbank at 25.0°C, 760 mm = 39.7 millimoles
' per litre.



TABLE 7

SURFACE TENSION OF ETHYLENE GLYCOL

(A) Calibration of Tensiometer

Force on ring, Tensiometer Surface tension,

gm Reading dynes cm“l
31 1.1 2.4
131 5.2 10.1
234 9.2 17.8
431 17.3 33.2
631 25.8 48.6
831 34.1 64.0
931 38.2 71.7
1031 42.5 794

(B): Surface Tension Measurements

Temperature, Tensiometer  Surface tension,

°c Reading dynes cm 1
15.4 26.3 49.3
19.7 26.1. 49.0
24.2 25.9 . 48.5
24.2 25.9 . 48.5
'15.8 26.2 - 49.1
30.4 . 25.6 . 47.9
15.0 49.3 (a)
30.0 47.9 (a)

(a) Read from graph of surface tension and temperature,-

Figure 3 (p.74).



TABLE 8

A) Calibration of H-60 at 15.0%
(

Liquid Visco-

glycol
glycol

1.0
1.0

(a)

12.237

3.605

11.780

3.493

(b)

12.233 .

3.608

11.782
3.492

Time, minutes

(e)

3.602

3.496

Calibration constant H=69, from C-=3:
from C-8:

(B) Viscosity of Glycol at 15.0°C

glycol C-3
(C) Viscosity of Glycol at 30°C

glycol H-69

3.605

6.477

3.608

6.476

3.602

6.477

mean

12.233 12.234

ETHYLENE GLYCOL VISCOSITY DETERMINATIONS

Viscosity

c8

cps

3.605 23.636 26.47

11.777  11.780

3.494 22.770 25.50

1.9320
1.9329 mean:

1.9324

3.605 23.636 26.47

6.4767 12.516  13.90

(D) Viscosity of Water-Glycol solutions at 15°O°C

0.05
0.15
0.50
0.75
1.5
200

3.618

3.587
3.542
3.522
3.411

:3.370

3.621
3.588
3.543

©3.530

3.412
3.366

3.620
3.588

'3.545

3.529
3.416
3.369

3.620
3.588

- 3.544

3.527
3.413
3.368

23.59
23.50

23.22
22.98
22.36
21.95

26.42

26.32
26.01
25.74
25.04

24,58

Note: numbers in liquid column represent volume per cent of

Calibration constants:

‘water 1in ethylene glycol;

c-3,

c-8,

H-69,

1.932, cs min~

6.551, cs min -

6.516, cs min~t

1
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APPARATUS

An apparatus was designed and built for continuously con-
tacting various. gases and liquids in a horizontal, tubular,
cocurrent absorber. A circulating system was incorporated
for the test liquids, thereby permitting the storage and reuse
of any one of the liquids. Provision was made for the contin-
uous stripping of che absorbéd gas, for the cooling of the
liquid to a controlled temperature, and for measuring the flow
rate by means of one of two rotameters. The gases used in all
the experiments, He and 002, were supplied in the compressed,
and liquified, forms respectively, from high pressure cylinders.
Provision was also made to measure the gas flow rate, again‘
with one of two rotameters, to saturate the gas with the test
liquid, and to cool it to a controlled temperature prior to
contacting in the absorption tube. After contacting, the
excess.gas was vented into the room or to the building exhaust
system.

A detailed flow diagram of the apparatus is shown in
Figure 4. In the description of the apparatus following,

- reference is made to equipment numbers shown on this diagram,
and to drawings of individual pieces of equipment included in

Appendix I.
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A detailed list of specifications for each item of equip-

ment is also included in Appendix I.
Liquid System

‘The liquid processing abparatuswwas used for the stripping
of gas absorbed in the test section, as well as for the measure-
ment and comtrol of the liquid flow rate and temperature. The
‘apparatus and its function will be briefly described by
. following an imaginary "packet' of liquid from the exit of the
absorbed test section through the cycle that was normally
followed by the liquid, back to the entrance of the test
section.

After passing through the test section, the gas and liéuid
phases were separated in a glass cyclone. From there the
liquid was allowed to drain by gravity to an accumulating drum,
D-1. The liquid temperature was measured by a thermometer, T-2,
mounted in the drain line. The partially saturated liquid
flowed from the accumulating drum to the stripper because of
the vacuum in the latter vessel. The rate of flow was auto-
matically controlled by an on-off level-control device which
maintained a constant liquid leQel in the stripper. The level
controiler, LC-1, consisted of a mercury-filled glass manometer

- with one leg of the manometer being completely filled with liquid
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and forming a continuous columm of'liquid from the top of the
mercury to the top of the liquid in the stripper. The other
leg was open to the vapour at the top of the stripper. In this
way; the mercury in the manometer always assumed a level corres-
ponding to the liquid level in the stripper, regafdless of the
pressure (or vacuum) in that vessel. The side of the manometer
exposed to the vapour contained two wire contacts, one immersed
in the mercury, and the other placed in such a position that
‘contact with the mercury would just be made when the desired
liquid level was obtained. The two wires were conmected in
-series with two dry cells, a switch, and the low voltagé side
of a relay. The relay in turn was used to operate the solenoid
valve, LCV-1, which controlled the flow of partially saturated
liquid-incO the vacuum stripper.

A drawing of the vacuum stripper showing internal details
is included in Figure I-1 of Appendix I. The vacuum stripper
‘was supported at an elevation of about 7 feet above the intake
of the adjoining circulating pump, P-1l, to ensure that a suffi-
cient liquid head was provided for good operation of the pump.
The stripper vacuum was maintained by means of a largeﬂsiéed
water ejector, J-1, while the liquid in the lower portion of
the vessel was heated by a steam coil. By means of the centri-

fugal pump, P-1, the liquid was circulated at a rate of about
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6 gpm from the bottom of the stripper to the top and through a
large spray-nozzle. The circulating rate was adjusted by means
-of the pressure regulator, PCV-1, which also maintained constant
the pressure of a side-stream of’the liquid withdraﬁn.to_the
test section. During the degasification of the'liduid, the
rate of-boiliﬁg'was:controlled by adjuscinthhe steam:preSSure
regulator, PCV-2. The resulting tempgratufe of the 1iquid |
~ varied from about 18°C to 55°C dépending on the amounﬁ of
‘saturation, the 1iquid‘th:oughput,wand on which of the three
liquids, ethanol, water;vor'glycol,'was being processed. . The
. pressure likewise v;ried widely, for thevsame reasons, from
about 20 to 29 inches of mercury y#cuum,'as did the degree. of
saturation of the liquid'leayiﬁgiche vacuum stripper. The
amount of gas remaining-in‘th¢ 11qu1d after stripping variéd
anywhere frqm'znto 40 per cent of the SaturﬁtionAvalue based
on the absorption conditions. |
A shell-and-tube heat‘exéhanger, E-1, was provided for

cooling the degassed liquid prior t6.its use in the test
section. For a constant liquid flow rate through the-ﬁeét
section, the temperature'of the liqﬁid‘was qontrolled within.
t 0.3°C of the absorption test temperature. This control was

achieved by accurately regulating the flow of the cooliﬁg

water through the exchanger, by adjusting the supply.préssure
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.of the cooling water at the pressure regulator, PCV-1, as well
as by throttling the flow of cooling water by means of‘che
valve, F=3. In addition an exchanger by-pass valve, Fwé; was
provided for occasions when the heat duty was unusually low.
For maximum cooling, to obtain temperatures of process liduid
approaching cooling water temperatures, or while cooling the
viscous ethylene glycol, it was necessary to replace the water
effluent valve, Fés, with one of a larger size.

Two calibrated rotameters, R-1, and R=-1A, with slightly
overlapping ranges, were used to measure the flow rate of the
degassed liquid to the absorption tube. When a constant
temperature of the degassed liquid had been reached, no diffi-
culty was encountered in also maintaining a constant flow

through one or the other of the liquid rotameters.
Gas System

The function of the gas processing apparatus was to
supply a continuous stream of gas, at a known flow rate,
saturated with the vapour of the test liquid, and at the
temperature at which the absorption was to take place. When
CO2 was the test gas, two CO2 cylinders were required to
supply_high gas flow rates (up to 220 cfh) because of the

limitation on the amount of gas that could be continuously



90
withdrawn from one cylinder. Without special precautions, at
wiﬁhdrawal rates from a single cylinder exceeding 50 cfh, icing
of the ﬁressure regulator and adjacent equipment would occur.
For flow rates from both cylinders exceeding a total of 100 cfh;
an infra-red heat lamp was directed towards the pressure regu-
lators. 1In addition, small steam-heated double-pipe exchangers
mounted adjacent to the pressure regulators were used to ensure
that any CO2 leaving the cylinders in the liquid, form, would
be completely vaporized. No similar problem was encountered
with the He gas which could be withdrawn at all the.reﬁuired
flow rates from a single cylinder.

The dry gas from the cylinders was metered prior to humidi-
fication. Two calibrated rotameters, R-2, and R-2A, were used
to measure the gas flow rates, one for flow‘rates from about 1.5
to 20 cfh of the CO, and the other for flow rates from about 20
to 220 cfh. The same rotameters were used for He. Pressure
measurements were obtained at the gas supply header by means of
a 30-inch mercury-filled Merian manometer, P-1l, and the corres-
pondiné temperature measurements, downstream of the rotameter
by a thermometer, T-2, mounted in the piping.

‘The gas was saturated with the liquid with which it was to
be contacted, in a two stage process. The gas was first par-

tially saturated in a humidifier at a temperature above that
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used for the experimental runs. The partially saturated gas
was subseduencly cooled in a double-pipe exchanger, E-3, to
the temperature of the experimental runs. At this latter
temperature the gas was fully saturated at all times as evi-
denced by the presence of droplets of liquid in the gas flowing
into the entrance tee. In this way, saturation was readily
attained for all gas flow rates, and the small amount of 1i§uid
usually condensed during cooling added only negligibly to the
total liquid flow in the test section.

A detailled drawing of the gas humidifier is shown in
Figure 1-2 of the Appendix 1. The humidifier consisted of a
2-inch diameter pyrex glass column 24 inches long with provi-
sion. for circglating liquid from the bottom through a series
. of four spray nozzles into the top portion of the column.

The gaS‘Was bubbled through the liquid in the bottom and then
through the spray from the four nozzles. Sufficient heat was
normally supplied by the circulating pump, P-2, to raise the
temperature of the liquid somewhat above room temperature for
all the gas flow rates. A steam line was provided'for inject-
ing live. steam into the humidifier for the series of runs
using CO, and water at temperatures of 30°C and 45°C, The
flow rate of steam was controlled by a small globe valve, F-24,

- at a rate sufficient to saturate the gas.
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The amount of cooling of the partially saturated gas to be
performed in the exchanger, E-3, was determined from the gas
outlet temperature as measured by the thermometer, T-4. Gross
changes in the cooling duty were accomplished by cldsing and
- opening the appropriate valves, F-22 and F-23, and hence using
half of the available heat exchange area or all of it as
required. Finer temperature control was achieved by adjusting

the cooling water valve, F-=24.
Absorption Tubes

The gas-liquid contactors employed in this research con-
sisted of glass tubes mounted horizontally with provisions for
measuring the pressure and concentration at two locations along
the tube near the entrance and exit. The combination of one
s;andard type of entrance, the horizontal tee, and an absorp-
tion tube, 1.757 c¢m ID, was employed in the majority of the
experimental runs. The dimensions of the entrance .section for
the 1.757 cm tube were used as a basiS-fo; constructing dimen-
sionally similar entrance tees for the smaller (1.228 cm) and

larger (2.504 cm) tubes which were used with the CO,-water

2
system. in determining the effect of tube diameter. In a
linited series of experiments three other tube entfances,

having widely differing characteristics, were used with the
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1.757 cm tube to determine qualitatively the effect of entrance
type.

In addition to entrance type, the entrance length which
is required for the development of a definite flow pattern.
is another important consideration of tubular flow. The entrance
length in the case of single-phase flow is generally given by a
number of pipe diameters, which in turn 1s some function of
the Reynolds number. In the case of two-phase flow the depen-
dence on some modified Reynolds number or any other parameter
has not yet been established. On the basis of visual observa-
tions, the entrance length was fixed at 12.9 inches for the
initial series of experimental ruﬁs9 and later increased to
31.3 inches for the majority of the runs. In all the absorp-
tion measurements made, little or no quantitative difference
was found between the shorter and longer entrance sections.
For some test conditions, however, the shorter length seemed,
on visual inspection, to be barely adequate for the clear deve-
lopment of the flow patterns. Hence, the longer entrance
length was used for most tests. -

A typlcal test section with its associated equipment is
shown in Figure 5. Also in Figure 5 are shown the dimensions
of all the tubes and entrance types invest;gaced in this

research,
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Since the absorption tubes played a key role in this work
the construction, mounting, and related procedures will be
described in some detail. - Each-abso?gtion tube was constructed
from two sections of pyrex glass tube both having the same
internal diameter when measured by callipers, and a length of
approximately 4 feet. After the two sections had been joined
by glass blowing, glass nipples were installed diametrically
opposite to one another at two positions 92.25 inches apart
along the tube, corresponding to inlet and outlet sampling loca-
'tionso.-The average intern#l.diameter*for each absorption tube .
was subsequently obtained to a high degree of accuracy by -
measuring the internal volume of a portion of :he"tube.-vOne
end of the tube was sealed with a cork, the sampling and
pressure nipples were carefully sealed with plasticine, and
water from a volumetric flask was poured into the tube. The
height of the column of water with the tube in the vertical
position; along with the known volume, was used to calculate
the average internal diameter.

The entrance tees were blown from standard sizes of pyrex
glass tubing, while the outlet cyclone separators were blown
from round-bottomed pyrex flasks of a suitable size. The
portions of entrance tee and outlet cyclone directly adjoining

the absorption tubes were carefully matched in size, in each
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case, to that of the absorption tube itself.

In preparation for a series of experimental runs one of the
absorption tubes, as well as the associated entrance tee and
outlet éyclone, was supported on a metal framework by means of
laboratory clamps. The sections of the entrance tee, absorption
tube, and outlet cyclone were butted together and held by means
of tightly-fitting tygon sleeves. The gas and liquid supply
lines were connec;ed to the entrance tée by tygon tubing. The
outlet tube of the cycloneAwas connected to the liquid drain
1inefby means of a rubber hose held in place by hose=-clamps.
Precautions were taken to ensure that the absorption tube was
mounted horizontally and that the entrance and exit sections
were properly aligned. It was estimated that the maximum devia-
tion from a horizontal position was less than 0.1 inch in the
full length of the tube of over 100 inches.

When the absorption tube was in operation, the liquid
phase was sampled at .the entrance and outlet sample locations
by means of the sampling nipples provided. A detailed descrip-
tion of the sampling procedure is given in the section on
Sampling and Analysis. The pressure corresponding to the
sampling locations was obtained in.the-géé phase at the top
of the absorption tube‘by:megnsmof two 30-inch Merian mano-

meters, M-2 and M-3. The manometers were filled with water,
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ca:bon tetrachloride, or mercury, depending oﬁ thé;range.§f: .
pfessures to be measured. The glass preésﬁfe nipples were
connected to.the manometers with transparent tygon.tubing,-éo
that any liquid carried-intd tﬁe-tubing could‘be;readily.
observed. A gés supply line and valve connected to each mano-
metef~line permitﬁed‘a small amount of gas to be baésed through
the line and into the abspfpcion'tuﬁe prior. to tgkihg #. |
pressure reading. ,Thevgégsusedgfot this*purppseiWaQ-théiséme'U
' aélﬁhat:usedliﬂ’the“bbbor?ticn‘experiment; ﬁence-1: did,hbt-coﬁ-
Stituté'an imp@rity. ATﬁévf1ow was always’sﬁéll aﬁd»iniféquént,
.hencé it added to the-measuredvgas floﬁ'réte'in.the absbrpﬁidnf
only negligible. The.ﬁanomete:s ﬁere also”providéd_with smallb"
globe valves forfdémping'étheme¢pressure fluctuations. Eépecie
aliy during slﬁg‘flow, préssute:flﬁctuations were”bfféuch4a
magnitudé that,.wichout-damping,.suitablevpressuré meaéurements
‘couid not be taken,‘ The.teéc.section inlec:pteééure was 
,measuredurelative‘to‘the’atmOSpherﬁmmressurefin all~thé experi-
ments. For some experiments the1test-section‘outlet~p§essufé
was.similarl& measured. .injmost'rﬁns, however, ﬁhé.second
_manomeﬁer Qasvused to measure the pressure drop in the“test}‘

section.



98
Materials of Construction

As. indicated in Figure 4 (p.85), all of the interconnecting
liquid flow lines were constructed of standard steel pipe, |
coated on the inside for added protection against corrosion.
A'coating‘was also‘applied to‘allcthe other‘steel~surfaces ex-
pcsed to tbescirculatihg'liquid*including che”caeing of the
pump, P-l, the heads of the exch.anger9 E»l,'and'the liquid rota-
. meter entrance and exit blocks. For an initial series_of e#peri°
mental cuns with coé and water,fhowever,'che:Sceel-surfaces were
exposed to the dilute carbonic acia:solutions without the
internal protective cde;ingo It was fdund'that.ﬁhen a single
chafge of water was circulated.continuouslf'in'the'equiﬁment
for a period-offabouc 7 hours, . ferric 1on‘waé‘detectable in the
circulatiﬁg,liquid. Small amcunts of hydxcxide precipicate.
‘were observed when samples. of the liquid were injecte& into
dilute ceustic eolucions.u Since»the.equipment‘waéutc be used
with ethanol and ethylene glycol liquids which could not: he
replaced daily for economic reasons, it was necessary to prevent
'the contamination of‘these liquids.: All che.appropriate'piping
-and liquidvprocessing eqcipment'wae diéassembled and subjecﬁed
to a cdating pfégédure; The.sgrface81were washed with sbaﬁ and

water to remove any oily film, and scraped free of rust where
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necessary. The cleaned surfaces were then dried and coated with
a lead°based“métalrprimer. After the primer-coat had been
thoroughly dried,-tygon'paint,<dilﬁted with acetone to a suit-
able consistency, was applied, providing a second protective
coating. In this way, the steei suffacés were protected by a
smooth semi-flexible resistant coating. No significant deteri-
-oration of the protective coating was observed after repeated
service of the equipment for a period of time in excess of
one year.

Several of the initial rums with CO, and water were dupli-
cated after the liquid processing equipment had been coated,
and the results indicated that the presence of a small amount
of ferric ion in the water did not significantly affect its
absorption characteristics.

The remaining portions of the liquid processing equipment
were all comstructed from brass? copper, and glass, all three
of which were resistant to the liquid solutions used. The
gasvhéndling equipment was also constructed from these same

three materials, and no corrosion problem was encountered.
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PROCEDURE

The procedure for operating the experimental eduipment will
be described in two .sections, one pertaining to the liéuid sys-=
tem, the other to the gas system. The preparation of the gases;
CO2 and He, was essentially identical; however, the preparation
of the equipment and the test procedures differed somewhat for
the three liquids. The operating procedures for water, ethamol,

and ethylene glycol, therefore, will be described separately.
Liquid System

For all three liquids the general procedure was to esta-
blish a constant liquid flow rate through the test section,
and to maintain it for a series of experimental measurements
at the varying gas flow rates. - The liquid flow and temperature
could be kept constant; with a minimum of adjustments to-the
eéuipmenc; for long perilods of time and even for widely varying

gas flow rates.
Water as the test liquid

With water as the test liquid, the equipment was recharged
daily during a given series of runs. A flow of service water

was started into the vacuum stripper, and also to the water-
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cooled exchangers, E-l and E-<3. When a sufficient duantity_of
water appeared in the stripper, the circulating-pump; P-1, was
started. A water flow was then directed through the test
section at approximately the rate desired for the experimental
runs, anywhere from 0.6 to 4.2 gpm. The water leaving the test
section was allowed to accumulate in the drum, D=1, until the
drum was about one half full; equivalent to about 7 gallons in
quantity. The water ejector was then put into operation, evacu-
ating the stripper, and causing the water to flow from the
accumilating drum back into the vacuum stripper completing the
cycle. .Next the fresh water supply line was shut off. Subse-
quent adjustments were concerned with achieving a suitable
stripping rate, and obtaining the desired liquid flow and
temperature in ﬁhe test section.

A flow of steam was started into the heating coil of the
vacuum stripper, which was then adjusted to provide vigorous
boiling, but without bumping, of the water in the stripper.

The steam flow rate was adjusted.by resetting the steam supply
‘pPressure as controlled by thg‘regulacor, PCV=2, to some value
between 2 and 20 psig, depending on the throughput of the

. process water. The cooling rate of the water leaving the strip-
‘per was regulated to obtain the desired temperature at the

absorption tube entrance, usually 15.0°C. It was adjusted
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primafily»by throttling the cooling water flow»outiof'the_
- exchanger, E-1, When the outlet-vélve; F-3; wés”nearly open
or closed, however, the pressure'regulatqr, PCV-1, was adjusted
to some value between 4 and 30 psig, as reduired, to maintain
cont:ol‘of tﬁe.temperature at thé cooling-water flow valve,
F-3. Final small adjustmen;sewere<made to obtainwthe exact
flow rate of water: to the test sectibn,.preécribed for that
partiéular.series‘of'runs, énd to‘obtaiﬁ ﬁhe témperature to
within 0.300o A small gas flow of approximately 2 cfh was
started through the test section about 20 minutes before any
'~ measurements were to-be taken. This gas flow displaced any
air present in the equipment and also aided in deaetating the
circulating process water itself. | |

At the completion of a series of experimentaliruns, the
‘equipment was shut down.by‘first'ﬁreaking the Vacuﬁm in the
stripper (opening valve F-11) and'then_stbpping'the circulat-
" ing pump, P-1., The.steam.and_éooling wafef flows = were next
stopped, and the equipment was completely drained by means of

valves, F-15 énd F=16.
Ethanol as the test liquid

Absolute ethanol was employed as the test liquid for the

investigation of the effect of surface tension on the absorption
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rate. Because water had been previously used in the eduipment;
a thorough drying of the eduipment was necessary to avoid contam-
ination of the ethanol with water. - First the eﬁuipmenc‘was
dismantled where necessary to ensure that all the water com-
‘pletely drained. The partly dismantled lines and equipment were
- allowed to dry overnight. Air from the building air supply was
temporarily connected with rubber tubing to the long sections
of piping, and these sections were dried by means of a small
flow of air again left overmight. After the dried eduipmenc
was assembled, a small amount of ethanol was flushed through
. the equipment, thenh approximately 12 U.S. gallons of ethanol
was charged into the accumulating drum through the cyclone at
the outlet of the test section. The ethanol wasvallowed‘to
drain into the accumulating drum and stored there between each
successive series of experiments.

Because of its hygroscopic nature,'specialiprecaﬁtions
‘were taken to avoid contamination of the ethanol with water from
- the air. When the equipment was idle, all the outlets opening
directly into.the room were closed. In this way contact with.
- the room air was minimized. Also, in case of leakage in the
exchanger, E=1l, the supply pressure of the cooling water was
always maintained at a pressure below that of the ethanol.

Frequent additions of fresh ethanol to that initially
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charged were réduiredfbecause of the'relatiVelyvhigh evaporation
and sampling losses.

Apart from those differences already mentioned, the opera-
- tion of the equipment with ethanol was very similar to that with
water. The initial filling of the vacuum stripper before start-
ing the circulating pump, was accomplished by first starting the
water ejector and causing ethanol to flow from the accumulating
drum to the stripper. In all other respects the method of opera-

tion was the same as for water,
Ethylene glycol as the test liquid

Ethylene glycol was used as the test liquid for determining
the effect of viscosity on the absorption rate. - The experi-
‘mental runs using He and water were performed after CO2 and
ethanol had been processed in the equipment; therefore, as for
ethanol, a thorough drying procedure was required before the
glycol could be charged into the equipment without contamina-
tion,

Because ethylene glycol is highly hygroscopic, more rigid
precautions were taken against its contamination with water
vapour from the alr, than were taken with ethanol. In addi-
tion a viscosity test was devised and used at frequent inter-

vals during the experimentation for determining the water



| 105
.content  of the glycol. As measured by the test; at no time
- during the experimentation did the water content increase more
‘than 0.4 volume per cent above that already present in the
newly purchased material.

A 15 U.S. gallon plastic carboy was used to charge the
ethylene glycol into the equipment. The carboy was eéuipped
with a silica gel dryer for the top opening into which the
dryer was installea immediately after filling. An outlet
valve at the bottom of the carboy was used to drain the glycol
into the equipment. A temporary platform was erected above the
absorption tube outlet cyclone to support the carboy while the
glycol was being charged into the cyclone. Every outlet of
the equipment which could expose the glycoliﬁo the room air was
subsequently protected by a silica gel air dryer. Silica gel
dryers were installed at the outlet cyclone, in the accumulat-
ing drum vent line, and in the vacuum-breaking line at the
valve, F-1l1l. The dryers did not keep air out of the equipment
but were effective in removing the water from the air which
entered. When the equipment was being used, however, the
silica gel dryer at the outlet cyclone was removed, and later
reinstalled at the completion of each series of experiments.
The procedure for operating the equipment using ethylene

glycol as the test liquid was the same as for ethanol in all
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other resbeccs;
A series of ethylene glycol-water soiutions'containing»from

0 to 2 per cent water by volume, was acéurately prepared. The
viscosities of these solutions were obtained at 15°C using
Cannon-Fenske type viscosimeters; and the procedure described .
in a previous section. A graph showing the effect of the low
concentrations of water on the viscosity of ethylene glycol
solutioﬁs‘is shown in Figure 6, and the measured values are
given in Table 8 (p.83). Because of the sensitivity of the
viscosity measurements, a water content in the glycol as low

as 0.1 volume per cent was detectable.
Calibration of the liquid rotameters.

The liquid rotameters were calibrated by diverting the
liquid flow normally passing through the absorber test section,
to a 15 U.S. gallon capacity carboy mounted on a platform
scale, and recording the time taken to accumulate a measured
welght of liquid. A glass tee was installed by means of tygon
tubing into the liquid line adjacent to the entrance of the
absorption tube. A drain line for diverting the liquid into
the carboy, was joined to the temporarily installed tee and
provided with a screw clamp. It was therefore possible to

| circulate liquid through the normal flow channels, to attain
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a desired temperature and flow. through the rotameters and,absorp;n
tion tube, and then to divert the flow from the absorption' tube
to the weigh-=tank for calibration. 'When calibrating the rota-
meters for ethanol or ethylene glycol, the contents of the car-
boy were returned into the equipment, by way of the outlet
- cyclone, when the carboy became about one half full.

During calibration,-the liquid temperature was maintained
to within 0.3°C. The scales could be read within one ounce,
and had been recently tested and approved by the Weights and
Measures Section of the Department of Trade and Commerce.

The accuracy of the calibration, therefore, appeared to be -
limited primarily by the ability to read the position of the
float.

The rotameter calibrations are shown in graphical form
in Figures 11-1, w2,'°3 and the tabulated data appears in
Tables 1I-1, =2, =3 of Appendix II.

Gas System

An accuracy of within 3.0 per cent of the true gas flow
for all flow ranges from 1.5 to 220 cfh was desirable, but
difficult to achieve, because of the compressibility of the-
gas. Such an acceptable accuracy with the gas rotameters was

obtained by calibrating the rotameters at specific pressure
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settings, and thereafter using the rotameters at these pressures.
only. The control of the gas flow, as well as ﬁhe humidification
of the. gas, wére relatively simple. The measurement of the
pressure at. the entrance and exit of the test section, however;
was complicated by the extreme pressure fluctuations which

occurred during plug and 'slug flows.
Calibrations of the gas rotameters -

The gas rotameter; R-2, for use with COZ’ and covering a
flow range from approxiﬁately 1.5 to 20 cfh at room conditions,
was calibrated using a wet test meter. The wet test meter,
manufactured by the Precision Scientific Company of Chicago,
had a maximum capacity of 50 cfh and a rated accuracy in the
range used, of 0.5 per cent. The rotameter was calibrated at
three pressures, 4, 8, and 12 inches of mercury above atmos-
pheric pressure. This rotameter, when calibrated in the same
way for He, gave a range ffom 1.5-to 50 cfh at room conditioms,
at pressures of 4, 12, and 24 inches of mercury.

The calibration procedure consisted of temporarily divert-
ing the flow of gas from the absorption tube entrance through
the wet .test meter. The time taken for a suitable volume of
gas to flow through the meter as well as the rotameter pressure,

temperature, and float position were recorded. A particular gas
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flow rate was obtained by alternately adjusting‘the gas flow
valve, F-2, and the gas supply pressure to give the desired
rotameter pressuré as read by the manometer, M-1, and the
desired rotameter float position. The gas temperature at the
rotameter was measured by the thermometer, T-3, and remained
in the range from 18°C to 25°C for the calibration measurements.

The gas rotameter, R-2A, was calibrated for both CO2 and
-He by means of a large dry gas displacement meter. The
displacement meter, meter ﬁumber A65630, was manufactured by
the Canadian Meter Company of Hamilton, Canada, and had a
maximum rated capacity of 900 cfh. The rotameter, R=2A, was

calibrated using CO, for pressures of 4, 8, 12, 16, and 24

2
inches of mercury above atmospheric pressure, and in the approxi-
mate range from 20 to 220 cfh. The corresponding calibration
pressures for He were 4, 12, and 24 inches of mercury, and the
approximate range from 30 to 250 cfh. The procedure for cali-
bration using the dry gas meter was identical to that using

the wet test meter. The calculations associated with the cali-
bration measurements, and the resulting calibration graphs for

CO, and He are given in Appendix II.

2
The calibrations for the gas rotameters, and all subse-
quent gas flow measurements, were made in volumetric units,

cubic feet per hour, of dry gas at LSOC and 756 mm of mercury
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absolute pressure. Appropriate corrections for temperature;
“pressure; liduid vapour pressure, as well as for the duantity
. of gas absorbed by the liQuid, were made when the true volume-
. tric flow rates at the entrance and exit of the test section
- were required. The calculations involved are discussed in

more detail in the chapter on the Treatment of Data.
-Gas flow measurement and control

The procedure for obtaining a particular gas flow rate,
as for example 18 cfh of 002 (ét 15°C and 756 mm of mercury
pressure) , consisted of referring to the gas rotameter calibra-
tion graphs and choosing the appropriate rotameter, and rota-
meter settings at a fixed pressure for the desired flow.
The actual mechanical procedure of obtaining a particular
~gas flow consisted of successively adjusting the gas supply
pressure, and the position of the flow valve, F=2 (or F=2A).
Adjustments to the flow valve changed the gasjsuppl& pressure
as well as the flow. A number of alternate adjustments to the
flow valve and one or both of the cylinder pressure regulators
was usually required to obtain a particular float position and,
at the same time, a particular rotameter pressure. The method
- for obtaining any desired flow rate fof He was exactly com-

parable.
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An approximation was made in measuring the gas flow rates.
For ;he purpose of the calibration, the rotameter temperature
was adjusted to 21°C and the barometric pressure to 756 mm of
mercury. Gas density corrections were applied to the calibra-
tion measurements when the actual temperature and barometric
pressure differed from 21°C and 756 mm of mercury, as indicated
in .the Appendix 11. For all subsequent flow measurements,
however, the rotameter temperature and the barometric pressure
were assumed to be 21°C and 756 mm of mercury, respectively,
and no correction for the gas density was made. This approxi-
-mation greatly simplified the use of the calibration graphs
and introduced only small absolute errors to the flow measure-=
ments. The magnitude of the errors thus introduced can be
readily estimated. It is known (51) that for a gas the
. volumetric.flqy_gate;hrough a rotameter, for a particular
float position, usually varies inversely as the square root
of the gas density. The rotameter temperature and barometric
pressure for the majority of the experiments varied in the
- range 21%4°C and 756*8rmm of mercury, respectively. Since the
density varies inversely as the absolute temperature and
directly as the absolute pressure, the assumed value of the
. gas density could be in error by a maximum of 1.4 per cent

because of temperature variations, and 0.93 per cent at the
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lowest rotameter pressure used, because of.Barometric pressure
- variations. The rotameter flow, however, varying inversely as
the sduare root of the;gas density, would have a maximum possible
error of 0.7, and 0.47 per cent, introduced by ignoring the
actual rotameterutemperaCure, and barometric pressure, respec-
tively. These errors could be tolerated, sincevthey were
usually much less than the maximum values, and since the ability
to read the float position was liable to errors of a somewhat

greater magnitude.
Gas humidification and saturation

As briefly described in the section on Apparatus, after
being partially saturated with the vapour of the test liquid
in the gas humidifier, the test gas was cooled to the‘absprpk
tion temperature and at this. temperature was completely séturw
ated. If Raoult's law was assumed.to hold for the three
liquids concerned, the molar concentrations of vapour in the
gas at saturation would be proportional to the liquid vapour
pfessures. It is evident that the concentration of the
.~ ethylene glycol vapour in the gas would be small indeed, while
the presence of ethanol vapour in the gas would significantly
increase the gas volume.

Prior to start up, the humidifier was charged with approxi-
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mately 500 ml of the test liquid. The operation of the humidi;
fier consisted only of starting the circulating pump, P-2, and
recharging the humidifier when most of the liduid had vaporized.

For the majority of the absorption runs the gas temperature
was allowed to vary in the range from 1 degree less to 4 degrees
more than the prescribed test temperature. Better temperature
control was considered unnecessary for two*reasdns. First, the
. total heat content of the gas stream, for all the gas and
- liquid flow rates encountered, was small when compared to that
of the liquid stream., Temperature differences of the gas of
several degrees, therefore, had a negligible effect on the
liquid temperature. Next, a considerably amount of contact
between the gas and liquid occurred in the entrance tee and
entrance section, prior to any-concentratidn measurements.
Hence the gas was cooled to the liquid temperature, and the
excess vapour simultaneously condensed, because of the direct
contact between the.tw0>bhases. As indicated earlier the
temperature rise of the liquid Was'negligible. For these
- reasons the gas was usually maintained in a temperature
-range slightly above the absorption temperature.

The temperature of the gés flowing1into,the absorption
. tube was measured by the thermometer, T-4, mounted in the

piping. The cooling rate in the water=-cooled exchanger, E@3,
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was regulated by adjusting the rate of flow of cooling water
and; when necessary, closing and opening the appropriate
valves, F~22 and F-23, to double or halve the effective heat

exchange area.
‘Measurement of pressure in the absorption tube

A number of difficulties are invol§ed in measuring

- pressures in two-phase flow. The pressure gradient along the
tube is not constant, particulafiy for the bubble; plug, énd
slug flow regions. The interruption of phases as observed
at any one position of the tube, as well as the associlated
. pressure surges, are charac:eristid of twoéphase flow. For
this situation some “average' preésure must be measured.
‘Two-phase flow pressure measurements can be made in either
the gas phase (at the top of the tube) or the liquid phase
(at.the bottom of the tube). There is a disadventage in
measuring the liquid phase pressure; a second non-miscible
heavier liquid (such as mercury) is usually required as the

- manometer fluid. With mercury the manometer would become
insensitive to the rapid pressure fluctuations due to the
inertia of the fluid in the pregsgfe~11ne and manometer.

‘The measurement oflpressure in the gas phase was adopted

for this worklbecauge any desired manometer fluid could be
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used, and because of the relatively rapid response of this type
- of system.

The two manometers, M-2 and M-3, were mounted adjacent to
their respective inlet and outlet sampling locations. The inlet
manometer, always measuring the higher pressure, was filled
- with water, cafbon-tetrachloride, or mercury, depending on the
range of pressures to be measured. The fluids used in the
outlet manometer were either water or carbon tetrachloride.

The procedure for taking a pressure reading consisted of first
clearing the manometer line of any liquid by passing a small
amount of test gas through it. 1If the manometer fluctuated
widely the flucﬁuatipns were dampened by partly closing the
needle valve in the manometer line. The reading finally taken
was a "time-averaged' one, a pressure reading that persisted
for the longest period of time. Because of the nature of the
fluctuations, the time-averaged reading did not usually corres-
pond to the average of the maximum and minimum readings. The
method of taking a time-averaged pressure reading was employed
whether the particular manometer was used to measure presgure
relative to the atmosphere, or to measure the préssure drop
between the inlet and outlet sample locations.

It should be mentioned that the measurement of two-phase

pressures by the method just described was not considered
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highly accurate. The accuracy of the pressure measurements
did not limit the accuracy of the absorptibn rate determina-
tions, however. In all cases, the pressures measured were small
relative to the atmospheric pressure, or to the absolute presé
sure. The gas solubility and hence driving force for mass
.transfer depended on the absolute pressure. Any errors in
the measurement of pressure above atmospheric, therefore, had
little effect on the accuracy of the absolute pressure or on

the absorption rate determinations.
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SAMPLING AND ANALYSIS
Sampling

In general, it was desirable to obtain liquid samples which
yielded tﬁe average Or "mixiné cup'" concentrations. Such
samples would be obtained if all the liquid flowing through a
given cross-section of tube in a fixed time interval was
trapped, removed into a sealed container, and then thoroughly
mixed. Although this was not possible in practiéé, sui;able
samples which were equivalent to the mixing cup variety could
be readily obtained, nonetheless., For all the experimental
runs, the liquid phase was in either a well mixed, or ‘in a
turbulent, region of flow. The concentration gradient through
the bulk of the liquid phase, therefore, céuld be expected to
be insignificant compared to that in a very small region nearv
the gas-liquid interface. Figure 7 shows vertical concentration
profiles for the COz-water system in the bubble, and slug flow

regions, as well as for the CO -éthylene glycol system in the

2
bubble region. The method for obtaining samples at the dif-
ferent vertical positions in the absorption tube is discussed

in a following section. It is apparent from Figure 7 that the

concentration gradient through the bulk of the liquid was very
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small relative to the overall gradient, from saturation at the
interface to the lowest value at the bottom of the tube. It is
also evident that any concentration chosen in a fairly wide
region betweeﬁ the bottom of the tube and the gas-liquid inter-
face would yleld a good approximation to the average or mixing
cup concentration. A sample drawn from a position approximately
midway between the bottom of the tube and the minimum gas-liquid
interface, therefore, on analysis would be expected to give a
gdod approximation of the mixing cup concentration.

Liquid samples were taken at the inlet and outlet sample
locations to determine the concentration change in the test
section. The method of sampling and analysis for each of the
gas-liquid combinations studied was usually somewhat different.

When CO, was absorbed in any of the three liquids, water,

2
ethanol, or ethylene glycol, the samples were withdrawn into
pipettes, charged into caustic solutions and subsequently |
analyzed by titration. For the He-water experimental runs,
small water streams were continuously withdraﬁn at both the
inlet énd outlet locations and passed through striébing columns
prdvided at these two locations. The He was stripped ouf of
the water by a COZ géé stream which was then passéd through a

thermal conductivity-cell (TC-cell) for analysis. Details 6f

the sampling apparatus for the four éas-liquia combinations
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are shown in Figure 8.

COZ-Water and COZ-Ethanol

The sémpling methods for the CO,-water and COZ-ethanol

2
system$ were almost identical. As indicated in Figure 8,

liquid samples were obtained by means of 3 mm OD glass tubes
inserted inside the glass sample nipples of the absorption tubé.
The small diameter sample tubes were held in place by pieces

of rubber tubing connected to the glass nipples. Liquid samples
could be taken from any vertical position in the absorption tube,
at both the inlet and outlet sample locations. During the

- progress of the experimental runs, the inlet and outlet samples
were always taken at the same sample position in the absorption
tube, approximatély midway between the bottom of the absorption
tube and the minimum elevation of the gas-liquid interface.

For very turbulent slug or annular flow regions however, when
bubbles of gas became entrained in the liquid, precautions were
required to prevent withdrawal of the gasvbubbles with the
liquid samples. For these turbulent flows, the sample tubeé
were lowered into the sample nipples, with the top of each

tube placed 10 to 15 mm below the bottom of the large absorp-

tion tube. 1In this way, the sample nipples effectively served

as gas-liquid separators, removing entrained bubbles from the
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liquid samples. The concentration profiles shown in Figure‘7
(p.119) were obtained at constant liquid and ga$ flow rates
- through the absorption tube, by varying the inlet and outlet
sample tube positions simultaneously in measured increments.

Because of the low solubilities of 002 in water and ethanol,
relatively large samples of these liquids were required for
analysis by titration. Samples were accumulated in pipettes
mounted below the absorption tube and joined to the sampling
tubes with rubber tubing, as shown in Figure 8 (p.121). While
the samples were being taken it was important to avoid exposure
to the air to prevent loss of the absorbed gas. Each sample
-pipette was arranged so that, during sampling, the liquid
entered at the point of the pipette, and slowly filled it to
overflowing. The liquid overflow was diverted to a drain.

A volume of liquid approximately equal to the sample volume
was normally purged through the pipette to ensure that the
sample finally contained in the pipette was a representative
one.

The pipette size for all the CO,-water samples was 100 ml.

2

For the COz-ethanol runs smaller pipettes of 25 and 50 ml were
used. The pipettes were clamped in location with the supply
and overflow tubes connected at all times except when the

samples were actually being transferred to the sample flasks.
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The sampling rate was normally kept in the range from 10 to 40
ml per minute. Samples were taken simultaneously at the inlet
and outlet sample: locations for each different combination of

gas and liquid flow rates.

COZ-Ethylene glycol

In addition to the concentration profile measurements, a
second qualitative test was berformed to determiné the extent
of mixing in the ethylene glycol phase. 1Ink was injected with
a syringe into the liquid near the entrance of the absorption
tube. Sketches of the different vigual patterns observed with
different CO2 and ethylene glycol flows are shown in Figure 9.
The mixing in'the liquid phase appeared to be good, as already
suggested by the flatness of the concentration profile. The
superficial Reynolds numbers for the liquids were of the order
of 8000 (turbulent) for water and 200 (laminar) for ethylene
glycol. Because of the low Reynolds number great care was
initially taken in sampling the glycol, and was subsequently
found unnecessary. In fact the similarity of tﬁe concentration
profiles for the two liquids seems anomalous, and this simi-
larity is discussed further in a later section.

The sampling method used for ethylene glycol was a some-

what elaborate one, chosen to obtain representative samples
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even for large concentration profiles in the liquid phase.
Details of the sampling equipment are shown in Figure 8 (p.121).
The test section for the C02~ethy1ene glycol series of experi-
ments included the entrance tee, the total length of the absorp-
tion tube, and the outlet cyclone separator as well. 1Inlet and
outlet samples were taken from the liquid supply line upstream
of the entrance tee, and from the outlet cyclone; respectively,
to measure the concentration increase in the test section.

Even if a large concentration gradient existed in the 1i§uid
phase of the absorption tube, an average outlet concentration
could still be obtained by utilizing the cyclone action for
mixing the liquid in the cyclone separator, and withdrawing

a sample from there. The inlet sample was necessarily of a
uniform concentration. This method of sampling had the inherent
complication of including in the contacting system the entrance
tee, an initial tube section where uniform flow may not have
been established, and the outlet cyclone. The assumption was
made that the flow pattern in the initiai section of the absorp-
tion tube was rapidly established and its contacting effective-
ness was equivalent to that of any other portion of tube. This
appeared to be a good assumption because the visual flow pattern

was fully established in most cases within 12 to 18 inches from

the entrance tee, and because the entrance length (12 to 18 ..
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inches) was a small proportion of the total effectivé tube
length of 127.1 inches. Further, it was possible to make
measurements of the amount of absorption which occurred in
the entrance tee and outlet cyclone for all the ethylene
glycol flow rates used, and to correct the overall absorption
rates accordingly.

| Mixing of the ethylene glycol was promoted in the outlet
cyclone to achieve a uniform concentration. As indicated in
Figure 8 (p.121l) a moveable glass stand-pipe was installed
inside the cyclone drain line, with very little clearance
between the two. Any ethylene glycol flowing into the cyclone
filled it to the level of the stand-pipe, and overflowed into
the stand-pipe and then through the regular drain line. A
small hole was blown in the glass stand-pipe approximately
5/8-inch below the top edge to serve as a sample point.
A sample line consisting of stiff 1/4-inch diameter polyeth-
ylene tubing was forced through the small hole in the stand-
pipe and was held there by a ridge cut around the tubing.
The other end of the polyethylene tubing was inserted through
a small hole drilled for it in the rubber hose connecting
the drain line to the cyclone. In this way, the sample tubing
supported the‘standwpipe and permitted external adjustment of

its position. By adjusting the position of the stand-pipe the
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outlet cyclone was maintained about one half full for all the
002- ethylene glycol experimental runs. The liduid in the
cyclone appeared to be well mixed by the action of the liquid
flowing into the cyclone. In the cyclone most of the surface
liduid layer which had been in contact with the CO2 tended to
flow radially toward the stand-pipe and then out the drain line.
This was a desirable effect since a sample taken from below the
liquid surface then showed a CO2 content which largely excluded
that resulting from absorption in the cyclone itself.

Inlet and outlet samples were taken by means of two 100 ml
pipettes. Needle valves were installed in both the inlet sample
line,as well as in the polyethylene outlet sample line to regu-
late the sampling rates. In all other respects the method of
sampling was the same as for water and ethanol.

An estimate of the amount of absorption occurring in the
entrance tee and outlet cyclone was made separately for each
different combination of flow rates and temperature that were
used during the absorption experiments. The method consisted
of passing the ethylene glycol through the absorption tube as
a single phase and permitting contact with the CO, gas only in
the entrance tee and outlet cyclone. Prior to each test, co,

was passed through the entrance tee and absorption tube to

ensure that the entrance tee was adequately purged. By means
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of a temporary line, CO2 was allowed to flow continuously into
the outlet cyclone during the test to ensure that the cyclone
contained only 002 gas. Inlet and outlet samples were taken
by the same procedure used for the regular ethylene glycol
absorption runs. The only abéorption‘nhich.occurred during
these tests, therefore, was that in the entrance tee and outlet
cyclone. It was assumed that the amount of absorption in the
entrance tee and outlet cyclone remained the same for one
ethylene glyccl flow and temperature regardless of the gas
flow rate. In all probability this was not a highly accurate
assumption, particularly for high gas flow rates, when an
increase in liquid turbulence at both the entrance and outlet
was evident, The amount of absorption due to these sections
was a very small fraction of the total amount of absorption
in the tube, especially at high gas flow rates. The error in
measurement of the overall absorption rates would be in little
error even if the amount absorbed in the entrance tee and

outlet cyclone was in error by a factor of two or more.
He-water

During the He-water experimental runs the liquid samples
were withdrawn from the same two locations in the absorption

tube (92.2 inches apart) that were used for the Cozawater,
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and COZ-ethanol experiments. The sampling for He-water differed
from that of the latter two systems in that the samples were
continuously withdrawn and continuously analyzed at both the
inlet and outlet sampling locations. The accuracy of the analy-
sis depended on maintaining constant sample flows through small
stripping columns. Because of the pressure surges character-
istic of some regions of two-phase flow, maintaining constant
sample flows was nu simple task. Since the details of the con-
trol of the sample flow rates were so closely associated with
the He analysis itself, a more detailed description will be

deferred to the next section.
Analysis

The analysis for dissolved CO, in the three liquids,

2
water, ethanol, and ethylene glycol, was almost identical.
The analysis entailed the reaction of the sample with an ex-
cess of a known volume of standard sodium hydroxide solution
and back-titration with standard acid. The system C02-water
has frequently been used for mass transfer studies because
of the relative simplicity of the analysis. An identical

method of analysis was shown to be suitable for solutions of

002 in ethanol and ethylene glycol, as well as in water.

Solutions of He in water, on the other hand, presented a
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much greater problem since He is chemically inert in solution;
and only sparingly solublé. Because of its relatively high
gaseous thermal conductivity, however, gas-phase He mixtures
could be analyzed by means of a calibrated TC-cell. A method
of stripping He from the water solutions by a carrier gas was
developed for obtaining gas-phase mixtures suitable for analysis

by thermal conductivity.
COZNWater

The titration of carbonates and bicarbonates with acid is
usually considered to be a double-indicator titration, with the
first end point occurring when all the carbonate has been con-
verted to the bicarbonate, and the second, when all the bicar-
pqna;e has been converted to dissolved COZ' The fifst, and
second-end points occur at approximate pH values of 9, and 4,

respectively. The analysis of dissolved CO, was similar to,

2
but not identical with, that for carbonate sdlutions. In the
initial step, the volatile CO2 in the sample was converted to
a stable carbonate-bicarbonate mixed solution by injecting the
sample into a volume of standard sodium hydroxide sufficiently
large to convert at least some of the 002 to carbonate. An

indicator in the solution for a pH of 9, corresponding to the

first end point, confirmed the presence of the carbonate.
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When titrated with acid to the carbonate-bicarbonate end point
(pH 9) the sample solution then contained an amount of bicarbo-
nate equivalent in number of moles to that amount of CO, origi-
nally present in the sample. Back-titration with acid to the
first end point, therefore, yielded by difference the molar
4quantity of bicarbonate, or of original COZ’ in the sample.
Titration to the second end point could have been performed as
a check on the amount of standard caustic used, but was not
required for the determination of the co, originally present
in the sample. |
The normality of both the sodium hydroxide and the hydro-
chloric acid solutions used in the volumetric analysis was
0.100. This normality was chosen to provide sufficien;ly large
volumes of titration to ensure a reasonably accurate analysis
even for low concentrations of CO2 in the water samples. For
the 100 ml sample size used, the maximum volume of sodium hyd-
roxide required ﬁas 45,47 ml, for a water sample completely
saturated withCO2 at 15°C and 1 atm pressure.
The end-point for the carbonate-bicarbonate titration was
not expected to be as sharp as for most alkalimetric titra-
tions (52), but by means of a special mixed indicator an

adequate accuracy was obtained for most of the analyses., The

mixed indica;or chosen was cresol red-thymol blue which,
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according to Simpson (53), was expected to give a relatively
sharp colour change at the carbonate-bicarbonate end point.

The maximum probable error due to analysis was estimated to be
eduivalent to 0.1 ml of solution for a titration volume of
5.0 ml, or about 2 per cent.

Prior to a series of experimental runs, a 250 ml erlen-
meyer flask was prepared for each sample that was to be taken.
A volume of 0.1 N sodium hydroxide corresponding to the
expected 002 content was drained from a burette into each
flask, a few drops of indicator were added, and the flask was
then sealed with a stopper. During the sampling, the tip of
the pipette was kept below the caustic surface to avoid loss
of €O, . The sample flasks were sealed and set aside for titra-

tion when the experimental runs had been completed.
C02=Ethanol and Coszthylene glycol

For the absorption runs with the CO,-ethanol and C02~

2
ethylene glycol systems, the method of analysis for the
dissolved CO2 was identical with that outlined above for CO2
dissolved in water. Before the method was adopted for ethanol
and ethylene glycol, however, it was necessary to show that
the reaction of CO, with sodium hydroxide produced the same

reaction in these two liquids, and that the mixed indicator
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changed colour at the carbonate-bicarbonate end point for both
1iduids. The suitability of the procedure was tested by using
solutions of‘water containing increasing proportions of ethanol
(or ethylene glycol). Equal quantities of sodium carbonate
were dissolved in pure water, and in a number of ethanol-water
solutions with increasing ethanol content, and pH curves for
titration with acid were obtained. The same procedure was
followed in the preparation of solutions of water and ethylene
glycol. Figure 6 (p.l07) shows the resulting titration curves
for the ethanol solutions, and the titration volumes for the
ethylene glycol solutions. In both cases the analysis of the
carbonate Qas independent of the liquid concentration. In
fact, the carbonate-bicarbonate end point was somewhat sharper
in solutions containing ethanol than in water itself,.

For the 002~ethanol experimental runs sample volumes of
25 and 50 ml were taken, because the solubility of 002 was
considerably higher in ethanol than in water. The solubility
of CO2 in the ethylene glycol was much closer to that in water

so that 100 ml samples were taken for runs with this system.
He-Water

For the absorption runs with the He-water system the water

was continuously sampled and analyzed at both the inlet and
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outlet sample locations by means of two identical specially
designed He analyzers. The operation of the analyzers entailed
the counter-current stripping of the He from the water in minia-
ture packed columns using CO2 as a carrier gas. The column
effluent water, stripped of its He, was discarded, while the
effluent C02, containing the He, was passed through a calibrated
TC-cell for analysis. A flow diagram for one of the units isl
shown in Figure 11,

Accurate analysis for He depended on maiﬁtaining the flow
rates of both the water sample and 002 stripping gas consﬁant,
and then measuring them accurately. To keep the liquid sample
flow constant a constant-head overflow tube was installed
above the stripping column. A sample flow was continuously
withdrawn through a 2 mm diameter plasticlsample line. A
portion of the stream was passed into the stripping column
while the remainder was allowed to overflow by way of the
constant-head tube. The rates of both streams were controlled
by small Teflon needle valves. The constant-head tube, pro-
viding a low and constant liquid head, enabled accurate flow
control into the stripping column. The column itself was
constructed from a 24-inch‘long 12 mm nominal OD section of
glass tubing with enlarged inlet and outlet sections. The

column was packed to a depth of 20 inches with 6 mm glass
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helices. The water level was kept constant in the bottom of
ehe column by an inverted U-tube with a small hole blown at the
top of it to eliminate a siphoning effect. The 1iéuid sample
flow was measured at the column effluent line by means of a
25 ml graduated cylinder and a stop watch, and maintained
between 7 and 11 ml per minute.

A constant flow rate of 002 to each stripping column was
accurately maintained by a Moore constant-differential flow
controller, in conjunction with a high quality 40-turn Hoke
needle valve. The flow of Cbz to each column was passed
through the reference side of the TC-cell then up through the
column, through a silica gel dryer, and then through the
measuring side of the TC-cell. The 002 flow rates were
measured bf soap~bubble meters installed downstream of the
'TC~cells.v The flows were maintained in the range from 60 to
75 ml per minute.

Good stripping was expected in each,of‘the columns
because of the low water flow rates and relatively high gas
flow rates. The stripping action was enhanced by keeping
the concentration of the He in the CO2 very low, less than
0.01 mole fraction for all analyses, so that the driving

force for stripping was always nearly the maximum. Both of

the TC-cells were calibrated by using water saturated with He,
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and passing various measured flow rates of the He-saturated
water through each of the stripping columns. For one column,
the calibration was repeated using packing depths in the
‘column of 12.75, 16, and 20 inches. The three resulting cali-
brations gave a single line. All these calibrations are shown
in Figure 12, and supporting data are listed in Table III-3
of Appendix III. The fact that the various depths of packing
gave identical calibrations for the one column, indicated that
the stripping of the He from the water was essentially complete
even for the 12.75-inch packing depth., The calibration of the
TC-cells with He»saturafed water was simplified because of the
nearly constant (although small) solubility of He in water with
changing temperatures.

The electrical circuit for éach of the TC-cells shown in
Figure 11 (p.l36) was a standard one for such detectors. A
current of 140 ma was supplied to the heating circuits of both
TC-cells. 1In each case the same milliammeters were used during
calibration and subsequent analyses so that any absolute
errors in the milliammeter readings were not reflected in the
analyses. The TC-cell signals were measured by two Student
potentiometers graduated in divisions of 0.1 mv. The zero
reading of the TC-cells was taken when the water in the equip-

ment had been deaerated for a periocd of at: least 1/2-hour.
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The flow of He was then started through the eduipment and the
experimental runs were allowed to proceed. Because of the very
rapid sampling and the analysis possible with the Tchells; only
15 to 20 minutes elapsed between successive pairs of concentra-
tion measurements. At the completion of a series of measure-
ments the flow was stopped, and the water in the equipment
was again circulated for about 1/2-hour for a check on the zero
positions of the TC-cells. Any shift of the TC-cell potential
readings, usually small, was corrected for by assuming a drift
linear with time. The TC-cell method for the analysis of the
He in water as employed in this research was considered highly
successful in view of the problems normally encountered during
analyses of this type. The maximum probable error of analyses

was estimated to be about T 4 per cent of the measured values.
Prebaration and Maintenance of Standard Solutions

The 0.1 N sodium hydroxide and hydrochloric acid solutions
used for the volumetric analysis of CO, were prepared by
diluting commercially prepared sealed ampoules of the concen-
trated liquids. The solutions were prepared in large quantities
of about 8 to 10 liters of the sodium hydroxide and 3 to 4
liters of the acid. To check the normality of the sodium

hydroxide solution a standard solution of potassium acid
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phthalate was prepared. The concentrated liquids, as supplied
by The British Drug Houses (Laboratory Qbemicals) Company, were
specified to have a maximum concentration tolerance on dilution
of 0.1 per cent. The concentration of the initial batch of
the standard caustic was determined using the potassium acid
phthalate standard and was found to be within the 0.1 per cent
tolerance specified by the supplier (British Drug Houses Ltd.).
The concentration of the diluted acid prepared in the same way
as the caustic was within the same limit of accuracy when
titrated with the standard sodium hydroxide. Thereafter, when
new batches of the 0.1 N acid and base were prepared from
ampoules of the concentrated materials, by suitable dilution,
they were titrated one against the other., If the titration
volumes were within 0.4 per cent of one another (or within
0.1 ml in 25-ml volumes), the concentration of both solutions
was assumed to be, therefore, 0.1000 t 0.d004 N.

The normal procedures for ensuring that the standard
solutions were carbonate-free were followed. The ampoules of
conceﬁtrated caustic were guaranteed by the suppliers to be
carbonate~free, and on testing after dilution with specially
prepared CO,~-free water, a negligible amount of carbonate was
found. Special precautions were taken to keep the stock

solutions of standard acid and base in a carbonate-free
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condition. Concentration changes of the standard solutions

over a period of three months were negligible.



144
TREATMENT OF DATA

The absorption data were obtained as mean or "mixing cup"
concentrations at the extremities of the test section. Pressure
measurements were also obtained to permit the calculation of
absolute pressures at the inlet and outlet. In the following
section, the methods of calculating the NTU (number of transfer
units), and the mean volumetric gas flow rate for the.absorptibn
tube test interval, are presented and discussed.

At a constant temperature, pressure, and‘constant condi-
tions of éontacting, the driving force for absorption would be
expected to decrease along the absorptidn tube due to.an increas-
ed concentration of absorbed gas in the liquid. For all experi-
mental runs the absorption temperaturé was measured and found
to be essentially constant, the pressure change in the test:
section, also measured, was found to be small with respect .to
the absolute pressure, and the volume of gas absorbed when-
compared with the total gas flow through the tube was.also .
usually small. Except for the concentration in the liduid,
therefore, it appeared that with reasonable accuracy the . .-
conditions along the tube could be taken as constant at their
average values. For such a system, where the potential ..

(diiving force) is linear in the variable defining the amount
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transferred, the logarithmic mean potential applies over the
entire tube length (54). 1f the properties of the 1i§uid were
chaﬁged appreciably by the presence of the absorbed gas, then
the logarithmic mean driving force would be inaccurate. To
conclusively determine whether the amount absorbed was, in
fact, 1ineér1y dependent on the logarithmic mean driving. force
over the entire concentration range, an experimental test:
was carried out using the COp-water system at constant gas.
and liquid flow rates but with increasing inlet concentrations
of absorbed gas. The variation in inlet concentrations was
achieved by changing the boiling rate in the vacuum strippef.
Table 9 shows the experimentally obtained values of logarithmic
mean concentration driving force and amounts absorbed.(as well
as the conditions of the experiments). Figure 13 graphically
shows the results, which clearly show the linear relationship.
The range of concentrations for this test far exceeded those
covered in most of the experimental runs, and hence the use
of the logarithmic mean driving force for absorption in this
work appears to be well justified. It follows from the .. ..
definition of NTU that the values of NTU must be independent
of the concentration of the entering liquid, when calculated
from the quantity of gas absorbed and the logarithmic mean

driving force. The calculated values of NTU for the tests
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TABLE 9

AMOUNT OF COZ ABSORBED AND LOGARITHMIC MEAN DRIVING FORCE

Absorption tube: 1.757 cm ID; test section 7.983 ft

Sample size: 100 ml; 1.0 ml 0.1 N NaOH equivalent to 1.0 - milli-
moles per litre

Flow rates: Qater, 1.50 gpm; CO9, 86.5 cfh (slug flow)

Barometric pressure: 764.5 mm mercury

Run Amount Concentration LMDF NTU
absorbed driving force
millimoles millimoles millimoles
per litre per litre per litre
In Out
901 8.80 42.0 32.4 - 37.2 0.237
902 8.80 42.1 32.5 37.25 0.236
903 7.15 34.45 26.5 30.47 0.235
904 7.10 34.55 26.65 30.6 0.232
905 4.4 22.1 17.9 20.0 0.220
906 4.75 22.95 17 .4 20.2 0.235
907 2.9 , 13.5 9.8 11.65 0.249

908 2.8 13.4 19u7 11.60 0.241
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CZ-C'. ABSORPTION IN TEST SECTION, MILLIMOLES PER LITRE

Figure 13. Quaﬁtity of Absorption for Varying Inlet

Concentrations and Logarithmic Mean Driving Force
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described above are also listed in Table 9, and can be seen to
‘be essentially independent of inlet concentration. The defini-

tion of NTU applicable to this work is then,

NTU = (€; - S A (7)
(cf - ¢y -(c3~-¢))  f
*x
, C]. - Cl
In ———
C2 - C2

where Cq, 02 = jnlet, and outlet concentrations, millimoles per
litre
* %k
Cis Cp = inlet, and outlet saturated concentrations,
millimoles per litre

mass transfer coefficient, cm sec”t

>
]

= interfacial area, cm2

= liquid volumetric flow rate, cm3 sec‘1

&o

As stated above, the assumption was made that the conditions
for mass transfer along the test section were essentially
constant. Some gas was in fact absorbed in the test section,
however, as well as in that portion of tube upstream of the
test section, h;gggar, decreasing the total quantity of gas
flowing, and, in addition, the pressure along the tube did
change, even if only by a small amount relative to the absolute

pressure. These factors were taken into account in calculating

the mean gas volumetric flow through the test section. The
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amount absorbed in the entrance section was calculated by
assuming that the same flow pattern and transfer conditions
existed there as in the remaining portion of the tube, and
that, therefore, the NTU per unit length of entrance likewise
was the same. From the NTU in the test section, the amount
of absorption therein, and the length, the éppropriate coﬁ~
centration driving force, and the amount of absorption were
calculated for the entrance section. It can be shown that
the amount of absorption in the entrance section is closely
given by the following expression,

E oy (] - cp

Cy =~ Cy = E (8)
1 - 5L (NTU) :

where Cy = tube inlet concentration (millimoles per litre)
Cy = test section inlet concentration
Cf = test section inlet saturated concentration

E

length of entrance, ft
L = length of test section, ft

NTU = number of transfer units in test section
The arithmetic mean quantity of gas flowing through the test

section is then given by,

(Qp)m = o - £ [(cy - Cg) - &y - )] (9)
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where (QG)m = mean dry gas flow in test section, cfh at 15°C,

756 mm
Qg = gas flow at tube inlet, cfh at lSOC, 756 mm
f = conversion factor, from millimoles CO, per litre

liqﬁid, to gas volumetric units, cfh at lSoC,

756 mm (depends on liquid rate and gas solubility).
The final correction for the‘mean gas volumetric flow was that
for temperature and pressure, which was simply a conversion from
cfh at 15°C and 756 mm to the actual absorption temperature
and actual mean test section pressure, The above calculations
were incorporated in the main IBM 1620 computer programs which
were used in processing all the abéorption data, and which
are 1i$ted separately in Appendix IV for the different gas-
liquid systems. The experimental data and calculated values
for all the runs as listed in Appendix V include the actual
quantitative corrections to the gas.volumetric flow resulting
from transfer into the absorbing liquids, and the test section
pressures being different from‘those'at which the flows were
originally measured. The magnitude of these corrections was
usually small in comparison to the total gas flow rates in the
absorption tubes, the maximum occurring for the C02~ethanol

system, for which the gas solubility was greatest.
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EXPERIMENTAL RESULTS

In this section the experimental results are shown graphi~
cally on logarithmic plots of NTU and mean gas superficial
velocity (Vg), at constant liquid rates. The range of gas
velocities at each liquid rate includes the regions of bubble,
plug, slug, and (sometimes) annular flow. A graph showing the
effect of entrance type is also. included. Lines drawn through
the data points on all of these graphs are visually estimated
mean representations.

The computations of NTU, mean gas superficial velocity,
and other information from fhe raw experimental data were
laccomplished by means of an IBM 1620 computer. The FORTRAN
programs for these computations are given in Appendix Iv.

In Appendix V are to be found the raw experimental ﬁeasurements
and calculated data for various systems, from which all the
values were taken for the plotted gfaphs. The experimental
data for each series of runs (pérformed in a single day)
include the gas and liquid flow rates, flow region, the titra-
tion volumeg, pressures (or pressﬁre drops) for the inlet

and outlet locations of the test section, ﬁube diameter,
absorption temperature, and barometric pressure. The calcu-

lated values include the amount of absorption, logarithmic
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mean concentration driving force, NTU, mean gas volumetric
flow, gas volumetric correction, and mean gas superficial

velocity.
Effect of Gas Density

.A graph of the absorption curve for the CO,-water system,
obtained from measurements taken at a single liquid rate but at
two absorption pressures (10 and 20 psia) is shown in Figure 1
in the section on Theoretical Aspects. The absorption condi-
tions were as follows: temperature, ISOCs tube diameter 1.757
cm, and liquid flow rate 1.07 gpm. When the gas superficial
velocity is used as the ordinéte, the data for both pressures

fall closely on a single curve.
Absorption Curves at Three Liquid Superficial Velocities

Absorption data were obtained at three superficial liquid
velocities for each of the four gas-liquid systems, CO,-water,
He-water, COz-ethanol, and CO5-glycol using the 1.757 cm
absorption tube. Absorption data were also obtained using
the COp-water system for two additional tube sizes, 1.228
and 2.504 cm in diameter, and at the same three velocities.

To permit comparisons of the absorption behaviour fdr the

different systems at the same liquid superficial velocities
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three separate graphs are given. In Figures 14, 15, and 16,
absorption curves at superficial liquid velocities of approxi-
mately 0.5, 0.9, and 1.8 fps, respectively, are shown. The
effeéts of the primary variables cannot be observed directly
by-an inspection of these graphs since the primary variables
could not be independently varied, as discussed in some detail
in the section on the Design of Experiments, so that in most
cases combinations of effects only can be observed. The values
of liquid phase diffusivity, surface tension, and liquid phase
viscosity, for each of the gas-liquid systems corresponding to
the absorption curves shown in Figures 14, 15, and 16, can be

obtained from Tables 3, 4, and 5.
Effect of Increased Liquid Flow Rate

Absorption data for the COj-water system using the 1.757
cm tube were obtained at three liquid superficial velocities
in addition to the three already mentioned, namely at 1.2,
2,6 and 3.6 fps. The resulting absorption curves, including
a repetition of the one for a liquid superficial velocity of

0.5 fps, are shown in Figure 17.
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Effect of Entrance Type

The effect of thé type of'entrgnce was.heasured gsing tﬁe
COz-watér system and the l.757—c@ ﬁube. In additionvto the -
standard horizontal tee entrance, three other types of entrances.
were used (please refer to Figure 5)? The gmouﬁt of absorption
was determined in the test section for each of the éntrances
using thfee particﬁlar gas flow rates, a conétant»liquidirate,
and (except forjﬁﬁe type of eptrance) identicél absorption;
conditions. Ihe entrance types provided wideiy different ﬁixing
characteristics. It was thereforé expected thét if thevtypé.of‘
entrance”in any way affected the absorption réﬁg downsﬁream §f:
the entrance, this would have been readily obsetvable. The |
resulting amounﬁs of absofption in the test section, cotrespondf
ing to the different entrances, are shown in Figure 18 as
valyes superimposed on the abSorptipn curve.for the equivalent.

conditions of flow and the regular type of entrance.
Effect of Temperature on Absorption Rate

| A number of additional absorption runs were performed using
the COznwater system, and the 1.757-cm absorption tube, but at
three other temperatures, 5.3, 30.0 and 45.0°C. For these

experimental runs the liquid rate was.held constant at 1.07
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gpm (equivalent to a superficial liquid velocity of 0.9 fps).
The effect of temperature in these experiments should be largely
that of the resulting changes in the liquid phase diffusivity,
and»liquid viscosity, since the corresponding change in surface
tension is small. These data were not included when correlations
were developed, but were used as a check on the reliability of
the correlating expressioﬁs for predicting the behaviour of

the CO,-water system.
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DEVELOPMENT OF CORRELATIONS

The extreme differences between the bubble and slug flow
regions, in hydrodynamics, shape of the interface, and mechan-
isms for mass transfer, suggests the treatment of these two
regions as distinctively separate cdntacting processes. In the
following sections two different correlations will be presented,
one pertaining to the bubble region and extending at least in
part into the plug region of flow, and the other representing
slug flow behaviour but including part of the plug region, and
extending at least to the slug-annular transition. Both‘correla“
tions are particularly designed to illustrate, as far as
possible, the major flow characteristics and probable transport
mechanisms of their respective regions, rather than to merely
give an empirigal description of experimental data. The corre-
lation pertaining to the bubble-plug region was obtained by
direct dedﬁction from observed qualitative and quantitative
experimental facts. This correlation is more general than that
for the slug region and, in all probability, therefore, can be
extrapolated without much loss in accuracy. The correlation
_ for the slug region, on the other hand, was purposely restricted
to a narrow region of liquid rates for which the relation between

NTU and gés superficial velocity, at constant liquid rates, was
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linear on an arithmetic plot. Because of this restriction, it
was possible to obtain an unusual insight into the mechanisms
of mass transfer and support for the theory proposed by
Kishinevskii (discussed previously) for highly turbulent trans-
fer processes. The general criteria for extrapolating the slug
correlation can be qualitatively deduced, however, as considered
in the section on Discussion and Conclusions. These develop-

ments will now be discussed in detail.
Bubble Region

In the development of a mass transfer correlation for the
bubble region, a typical test section containing many bubbles
will be considered. For this transfer process, where the log-
arithmic mean concentration driving force applies, the material

balance for 002 has the form,

* *

o (€, - ¢)) - (€, - Cp))
Ny = Q (Cy = C1) = Kk (A) c* - C"’ o (10)
In i 1
C, - G

where: N, = transfer rate, millimoles secm1

QE = liquid superficial flow, ml secw1

concentrations millimoles cm“3

@]
]

interfacial area in test section, cm2

>
i
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kL = transfer coefficient, cm sec
To avoid consideration of the actual concentrations and mean con-

centration driving forces in the test section, expression (10)

can be reﬁritten to a good approximation as,
Qﬁ NTU = kg (A) (11)

It is recognized that the transfer coefficient in the above
expressions is in all probability dependent on the square root
of the product of the liquid diffusivity and surface renewal
rate, according to the penetration theory model.

The development will first be undertaken for the case for
which the volumetric liquid feed rate is constant, and also con-
siderably greater than that of the gas rate, (QE]%)ng). The
absorption curves for such a situation can be observed in
Figure 16, Two assumptions will be made coﬁcerning the frequen-
cy and shape of the bubbles produced with varying gas rates,
in accordance with the discussion in the section on Theoretical
Aspeéts, First, the frequency of the bubbleé remains constant
with.aﬁ increasing gas rate at constant liquid rate and there-
fore, the increase in bubble volume is directly proportional
to the volumetric rate of flow. This assumption is based on
qualitative observations that not only for one liquid, but for

all liquids tested, at the same superficial liquid velocities,



164
the frequency of the bubbles appeared to be approximately con-
stant. The second assumption is that the bubbles maintain geo-
metric similarity while increasing in size with increasing gas
rates. As pointed out earlier, the amount of transfer area
would be expected to be proportional to the 2/3 power of the gas
volumetric flow rate for bubbles which expand uniformly in all
dimensions, or nearly directly proportional to the gas rate for
plugs expanding unidimensionally with increased gas flow. The
first situation corresponds approximately to low ratios of gas
to liquid volumetric flow rates, while the plug case corresponds
to higher ratios.

The values for the NTU for all the liquids used, at a con-
stant liquid velocity, show the same approximate dependence on
the superficial gas velocity. For example, this similarity for
two liquids of widely differing viscosity is well shown in
Figure 16 for water and ethylene glycol. Such a similarity of
behaviour with gas velocity, together with the observed constant
bubble frequency at a constant liquid rate, implies that kp,
the transfer coefficient, must be reasonably constant in a
given gas-liquid system as the gas velocity increases, and the
observed variation in NTU with gas flow is a consequence largely
of changes in interfacial transfer area, at least at low gas

rates, Additional support for this conclusion may be drawn from
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experimental observations made concerning the mixing effects in
bubble flow. These.effects are illustrated in Figure 9 for
horizontally flowing bﬁbbles in ethylene glycol. Even in this
case, where the superficial liquid Reynolds number was about 200,
the mixing and eddying due to 'induced turbulence'' was rather
astoundingly vigorous. Any local concentration differences
would be quickly and efficiently dispersed by this action, and
the concentration profiles actually measured in the glycol
solutions, shown in Figure 8, confirm this conclusion. For any
liquid, therefore, flowing at a constant rate, changes in bubble
size would bevexpected to have much less effect on the transfer
rate than changes in bubble frequency.

Although it is difficult to describe quantitatively the
shapes and surface areas of the bubbles as gas flow varies,
some useful relationships can be derived. The surface area of
each bubble has already been shown to vary as (Qg)n, where n
has values between 2/3 and 1. The surface area in a test sec-
tion of length, L,, and containing a certain number of bubbles,
will be proportional to the {ﬁumber of bubbles times the " area

of each bubble ', that is,

n
A o ;,f-‘; Q@) (12)

where £ is the bubble frequency, secwl, and Vg is the bubble
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velocity. The bubble frequency appears to depend primarily on
the liquid flow rate, Qﬁ, and so it can be assumed that ff}:
'v(QE)m. The bubble velocity, Vg, is proportional to the true
average liquid velocity, (Vg + Vg), 80 one can also express
this proportionality as Vgog (Qg + Qﬁ)p. Making these substi-
tutions in (12), |
(Q](z)mL ( o)n
@+ @F ©

AeoC (13)

The transfer coefficient, kL, for a submerged object is
known to be generally a functioﬁ of the degree of turbulence in
the ambient fluid, and hence for this case of horizontally
moving bubbles, it must depend strongly on the number of bubbles
per unit length of tube because of the induced turbulence, due
to presence of these bubbles, and probably to a faﬁher iesser
degree, on the true‘average liquid velocity itself. On these

assumptions, one can write,

q
QD)
(14)
g @

The k£ is the part of the transfer coefficient dependent on
parameters other than the flow quantities:
The above relationships are now substituted into equation

(11) giving,
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ob 2

Q@ n
QE NTU = k'LA oCc K, [M] (Qg) (15)

For the case of Qf >>vQ8; that is, for bubbles approaching
vspherical or elliptical shapes, ''n" in the above equation should
have a value of appro#imately 2/3. 1f the exponent 'b" is
assumed to be equal to unity, than equation (15) assumes a
particularly simple form,

Q NTU«kI:(Q°>2/3 ae

L G
and this expression should apply for all liquid rates at low gas
rates in a given system. A logarithmic plot of QE(NTU) vs Qg
for the CO,-water system is shown in Figure 19. Values of
QE(NTU) (which are equal to kLA) can be seen to fall on a
single line in the region of low gas rates for a range of liquid
volumetric flow rates from 5 to 34 cfh. This provides a good
deal of support for the foregoing assumptions in general, and
particularly for the assumption:that the exponent, b, can be
taken as equal to unity. Equivalent tests for the effect of
liquid and gas flow on the mass transfer rate for all other
gas~liduid systems investigated yielded essentially identical

"n_on

results., In all cases the exponent ''n" for low gas flow rates

‘had a value approximately equal to 2/3.
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As the gas flow rate increases relative to the liquid flow,
the slope of the ki (A) vs Qg curve should become a decreasing
function of Qg as the gas volumetric flow becomes of the same
order of magnitude as the liquid flow. If the exponent, a, is
sufficiently large, that is, greater than 2/3, then when
QE;;QE, maximum values of the quantity kL(A) might be observed.
This maximum would show most clearly at low liquid rates. If
long plug flow occurred at flows of gas high relative to those
of the liquid, (n=1), then it might be possible for kL(A) to
become essentially independent of the gas rate. These charac-
teristics are exactly observed in Figure 19 for the lowest liquid
rate. The inference is that the index, a, is greater than 2/3,
and has a value between 2/3 and unity.

The original equation (15) can be considerably simplified
if the exponent, a, is taken as equal to unity, and the final
correlating equation then becomes,

. | .

(VE + VONTU oC Ky (V) (17)
This expressibn brings all the data for each of the gas-=liquid
systems into good agreement over wide ranges of the bubble and
plug flow regions. The ability of equation (17) to bring
together all the data for each of the gas-liquid systems studied,

particularly those for Cozuwater and COzwglycol, and for the
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index, S, to be very nearly the same for all systems and
between 2/3 and unity, provides considerable evidence that
the model for mass transfer chosen for this region of flow is
correct.

The effects of the variables, diffusivity, viscosity,
surface tension, and tube diameter, were introduced into expres-
sion (17) as simple dimensionless ratios with the basis of
comparison being thz CO,-water system at 15°C and the tube
dimension of 1.757 cm in diameter.- Thus in the bubble region
the correlating expression for all the variables becomes:

d
Z = (vﬁ + vg)NTU[fj [g:]e

[’” *] g[-?l‘-]hoc w® a8
Mt LDy
where: 49= diffusivity

O = surface tension

}L= viscosity

D = tube diameter

vo, v = gas and liquid superficial velocities, fps

G L
indices:
d = 0,50
e = 0,50

g = 0.14
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subscripts:
w = values for CO,-water system at 15°C, tube diameter
1.757 cm
X = equivalent property for each of the other gas-liquid
systems and conditions.
The powers chosen for the dimensionless ratios were those which
tended to bring the data into closest agreement with the refer-
‘ence system. The experimental .data as correlated using equa-
tion (18) were calculated by means of an IBM 1620 computer,
and are graphically‘represented in Figure 20. A linear rela-
tionship on the logarithmic plot was. fitted to these data, and.
the equation of the best straighﬁ line was fitted by the method

of least squares. The resultiﬁg eéuation is as follows:
z = (0.2024) (v3) (0-8073) (19)

Equation (19) was derived for a range of gas superficial velo-
cities from approximately 0.1 to 3.0 fps. This range included
bubble flow and was extended well into the plug flow region.
The number of transfer units for a length of tube 92.2 in, can
be predicted from equation (19) with a probable error not

exceeding 15 per cent.



172

ol

(NTU)(V:-'-\G'), FT. PER SEC.

120
]

w

0.8075
Z= 02024 (V))

PROBABLE ERROR =zI5%

LQJ

for the Bubble and Plug Regions

b
(e ] (&) o . ) 1
L+ ® ﬁé &

; ’¢ - . ' ‘ . h
.Ql_l . ‘ |
%1 ® CO-WATER
’o; B . O HE-WATER

el i L]

] @.}/ o €O, ETHANOL TUBE = 757 CM. I.D.
C—— - - o h
x v ? & €Oy 6LYCOL, 30°C.
G\.ﬂg ' O coz6LYCOL,IS°C.
" © CO;WATER: TUBE = 1.228 CM. 1.D.
N © CO;WATER; TUBE= 2.504 CM. .D.
TEST SECTION LENGTH = 92.2 IN.
0.0I i 1 A 1 i L i 1 l
0.l 1.0 30
VG", SUPERFICIAL GAS VELOCITY, FT. PER SEC.
Figure 20. Correlation for Two-Phase Flow Absorption Rates



173
Slug Region

For the turbulent slug region an attempt was made to show
quantitatively that the degree of turbulence itself affected
the extent to which the various system variables, diffusivity,
viscosity, surface tension, and tube diameter, influenced the
rate of mass transfer. That is to say, for example, that the
effect on the transfer rate of the liquid phase molecular diffu-
sivity was in turn affected by the degree of turbulence. Such
an interaction between the molecular properties, diffusivity,
and viscosity, at least would be expected if either the Kishi-
nevskii theory, as discussed earlier, or some other transfer
process in addition to that of simple surface renewal, were
operative in the slug region of flow.

The linear relationship on an arithmetic plot of the NTU
and gas superficial velocities for essentially all the gas~1iquid
systems and conditions, made it possible to readily separate the
effects of the’various variables. Except for the experimental
runs with the C02=water system at two liquid superficial velo-
cities exceeding approximately 2 fps, a good linear NTU~V8
relationship was obtained.

The methods and reasoning which were used in producing

the particular type of empirical correlation developed here
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are outlined in the following section. Figures 21, 22, and
23 show NTU and Vg'data for all the gas-liquid systems, plotted
on linear coordinates, each gfaph corresponding to a single
superficial liquid velocity, respectively, 0.53, 0.91 and 1.79
fps. The values for these plots were taken directly from the
best visually estimated lines through the actual experimental
data of Figures 14, 15, and 16. Actual experimental data and
appropriate computer ﬁrograms could have been used for establish-
ing best straight lines fitted by the method of least mean
squares; however, as subsequent analysis will show, the omission
of such procedures does not significantly limit the accuracy of
the overall results.

The major underlying assumption for the slug region (which
was also assumed in the bubble region) will be restated here.
It is, at equal gas and liquid superficial velocities, the mass
transfer rates are directly comparable and any difference in
transfer rates that is observed for .different systems, therefore,
is the consequence of system variables other than flow. It is
recognized that such an assumption becomes more dubious as the
- velocities of both phases increase,-generally increasing the
probability of kinetic energy effects and flow interactions.

In addition, it is known that the fraction of the tube volume

occupied by liquid is governed not only by the flow variables,
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but to a lesser extent by viscosity and surface tension. An
estimate of the effect of these liquid properties on the liquid
volume fraction can be obtained from void fraction correlations
such as those of Lockhart and Martinelli (55), or Hugbmark and
Pressburg (56). The evidence that specific limits for the slug
and slug-annular regions at fixed gas rates correspond approxi-
mately to constant values of the liquid superficial velocity,
is also not completely convincing. Results obtained in these
studies, howevef» indicate that the magnitude of the liquid flow
effects themselves, without changes in any other of the liquid
properties or conditions; is small (but not negligible) in
ccmparison to that caused by these other properties and condi-
tions. Referring to Figures 21, 22, and 23, for any one gas-
liquid system (and temperature), a variation in liquid super-
ficial velocity by a factor of more than three changes the
slope of the NTU»VS line somewhat, but changes the magnitude
of the actual value of NTU at a specific gas velocity by only
a small amount compared to the changes in NTU between different
gas-liquid systems. This is particularly evident when comparing

the relationships for He-water and CO, -glycol,

2
A further observation can be made from Figures 21, 22, and
23. Increasing slopes invariably correspond to increasing

intercepts. An empirical equation suggested for each of the
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systems, therefore, is as follows:
NIU+ k=bc+bVa=>b (c+Vp) (21)

where: b ¢ -« k = intercept at Vg = 0

NTU = number of transfer units for 7.683 ft of tube
VZ = gas superficial velocity, fps

o
G

determines the position of the intercept;

b = slope of NTU-V_ relationship: and factor which
depends on.physical properties for each of
the gas=-liquid systems, and also on Vﬁ

¢ = proportionality constant which depends only

o
on VL’

k = single constant for all systems and conditions

for all gas=«liquid systems

In equation (21) only the variable 'b" is a function of the
liquid flow rate as well as of the properties of the gas-liquid
systems, The variable '"c¢'" is a function of the liquid super-
ficial velocity only, and is therefore constant for any one
liquid rate, while the constant "k'" is completely invariant
with flow rates and system properties.

The particular form of equation (21) was chosen because
only the single variable '"b'" was dependent on the physical
properties of the contacting fluids. It was therefore possible

to relate the slopes of any two NTU*VS straight lines, corres-
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ponding to different properties but at the same liquid super-
ficial velocity, directly to the effect of the difference in
the properties concerned. The determination of the constant
"k", and variables, ''b" and '¢", involved an extensive trial-
and-error procedure, It was somewhat simplified because the
value of the constant, "k",‘necessary to fit the experimental
data was obviously small, Becaqse of the trial-and-error

procedure used, 1t was éasiest to evaluate the variable 'c"

o
for the three values of V,. These values of "c¢"

, along with
the effect of VE on the variable '"b", are graphically shown in
Figure 24, For the limited range of liquid flows, the effect
of Vﬁ on both of the quantities '"b'" and "¢" is linear.

In the same way as was done for the bubble region, the
effects of the different system variables were expressed as
éimple dimensionless ratios, which appeared to best describe
the experimental data. Separate exponents for these dimension-
less ratios were determined, however, for each of the three
liquid rates, these rates corresponding to changes in degree
of turbulence. The correlating equation for the slug region,
obtained by comparing the NTU-Vg slopes for the different

systems, and based on liquid superficial velocities not

exceeding 2 fps, is then as follows:
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X=NTU+ k =F b (c + VQ) (23)
where: k = 0.014
b = 0.0164 + 0.115(Vy)
¢ = 4.60 - 1.960(Vp
VE, VZ = liquid and gas superficial velocities, fps
F = 1.0 for the CO,-water system at lSOC, tube diameter

1.757 cm
B e

where: o@= diffusivity

O = surface tension
M= viscosity
D = tube diameter, cm
w = values for the CO,-water system at 15°C, tube
diameter 1.757 cm |
x = equivalent property for each of the other gas-
liquid systems and conditions
For each liquid flow rate the exponents for the four
dimensionless ratios were obtained by the general method out-
lined in the section on the Design of Experiments. The vari-

ability in the effects of the molecular properties, viscosity
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and diffusivity, due to the changes in liquid flow rate, is
most pronounced. Figure 25 graphically shows the changes of
the exponents with the liquid flow rates, for the effects of the
three physical properties and the tube diameter. The data for
the values of the exponents which apply to equation (24) are
also listed in Table 10.

Figure 26 shows a plot of NTU and VZ for the CO,-water
system for the two additional liquid superficial velocities
exceeding 2 fps. The relationships are no longer linear. If
values of the NTU at superficial liquid velocities exceeding
2 fps and for other gas-liquid systems are required, it seems
likely that the CO,-water curves shown in Figure 26 could be
applied, and suitable extrapolated indices for use in equation
(24) could be obtained from Figure 25, to give acceptable
values for the mass transfer rates in this portion of the slug>
region.

The gas superficial velocities for the proposed correla-
tion fanged from 2 to 40 fps, while the liquid superficial
velocities ranged from 0.53 to 1.79 fps. A test for the pro-
posed correlation is graphically shown in Figure 27, where the
experimental NTU values are plotted against those predicted by
equations (23) and (24). The relatively small scatter from the
45° line, with a probable error of approximately 10%, indicates

the satisfactory degree'of correlation achieved.
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TABLE 10
EXPONENTS FOR DIMENSIONLESS RATIOS IN EQUATION (24),

VARIABLE WITH LIQUID SUPERFICIAL VELOCITY

Vﬁ = liquid superficial velocity, £fps

0 ” o o _
Ratio Exponent VL = 0,53 VL = 0,91 VL 1.79
Diffusivity d 0.374 0.307 0.193
Surface tension e 0.151 0.228 0.193
Viscosity f 0.086 -0.028 -0.161

Tube diameter g 1.32 1.063 0.913
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DISCUSSION AND CONCLUSIONS

One of the major observations from the results of this
investigation concerns the role of turbulence with respect to
the rates of mass transfer. The mixing and eddying effects
which have been observed in ethylene glycol at superficial
Reynclds numbers well in the laminar region indicate that

*'induced turbulence’

caused by changing directions of flow
within the bulk of the liquid can be a much more significant
source of mixing than that due to an average velocity vector

in the direction of flow. For both. the bubble and slug regions,
it would appear that there are two major causes of the accen-
tuated turbulence which seems to be a characteristic feature

of two-phase flow. They are first, the effectively changing
cross~-sectional area of the flow channel for each phase, and
next the existence of a movable interface which permits an
interaction of forces between the.phases.

The success of the model for liquids of widely differing
properties, which relates the source of turbulence in bubble
flow to the presence of the bubbles themselves, suggests that
a simple Reynolds number based on tube dimensions and the

flows of one or both phases is not a satisfactorily descriptive

quantity for the flow characteristics for the bubble region,
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Similarly in slug or annular flow, a Reynolds number based on
tube dimensions and true linear velocities of one or both phases
might be very useful, but is again difficult to relate to true
two-phase flow characteristics. For these reasons, the condi-
tions of flow have been described simply by phase superficial
velocities, It is probable that a '"bubble" Reynolds number
might be a significant parameter in bubble flow, but such a
Reynolds number is difficult to define explicitly because of
the unsymmetrical nature of bubble flow.

Because of its complexity, and lack of similarity to

that for single-phase flow, the mass transfer process in two-
phase flow would seldom appear to warrant treatment in a manner
similar to that for single-phase flow. Mass transfer in single-
phase flow is involved with transfer from a solid boundary which
is (normally) immobile. The shear force at the wall is mani-
fested as pressure drop and (for single-phase flow) is well
defined by the flow rate, physical properties, and channel
dimensions. The transfer of both shear and mass occurs at the
same location, at the channel wall, and is governed by related
flow characteristics, and for this reason relationships between
mass and momentum transfer have been successful. In two-phase
flow, on the other hand, although the shear at the wall is also

manifested as pressure drop as for single-phase flow (but not
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so well defined), the mass transfer occurs at another location
in the flow channel altogether, at the interface, and is there-~
fore dependent on the host of variables influencing the condi-
tions of the interface. Further, as a rzsult of this work, it
appears likely that the mechanism of transfer changes in dif-
ferent regions of two-phase flow. Hence, for two-phase flow
the relationships between shear at the wall and mass transfer
at the interface, if they can be determined, will, in all
probability, bz highly complex. The methods of study most
likely to be successful in two-phase flow are those which are
fundamental in nature, and which avoid direct comparison with
the usually completely dissimilar phenomena for single-phase

flow unless such a comparison is logically justified.
Bubble Flow

The physical model -as developed for bubble flow in the
section on Development of Correlations, and the resulting
correlation as described by equation (18) will be discussed
in this section. One of the most significant factors in these
results is the dependence of the transfer rate on the liquid
phase diffusivity to the 0.5 power. This gives strong support
to the usefulness of the surface renewal or penetration theory

models for mass transfer in this region. The 0.5 exponent for
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the diffusivity ratio is further substantiated by applying the
bubble flow correlating equation to the CO,-water results
obtained at various temperatures. As indicated earlier, absorp-
tion data were obtained at one liquid rate, 1.07 gpm, one tube
size;, 1.757 cm, and at three temperatures (in addition to 150C),
5.3°C, 30°C, and 45°C. For this range of temperatures, the vis-
cosity ranged from 0.60 cp to 1.50 cp, while the liquid diffus-
ivity ranged from 35.08 (10w5) to 1.07‘£10‘5) cm2 secbl. As
would be expected, the temperature variation had only a small
effect on the surface tension. The exponent on the viscosity
ratio in the correlating equation (0.14) was small, so that
the viscosity effect on the absorption rate would be expected
to be likewise, small. The approximately three-fold variation
in diffusivity was used as a further check on the effect of
diffusivity on the absorption rate. Figure 28 shows a plot of
the least mean squares line and the 157 probable error limits
for the bubble flow correlation, and the C02-water data obtain-
ed at the various temperatures. The fact that these latter
data fall exactly on the same correla;ing.line constitutes an
| independent check of the applicability of the correlating equa-
tion particularly with respect to the effect of liquid phase

diffusivity on the mass transfer rate in bubble flow.

There is what appears to be an anomalous effect of viscosity
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on the transfer rate in the bubble region. One might expect
that the assumption that the degree of turbulence is a result
of the number of bubbles or "mixing stages', if not completely
accurate, would err in the direction of reduced turbulence with
increased viscosity. From expression (18) it is noted that the
index of the viscosity ratio although small (0.l4) as might be
expected, is in the direction which indicates an increased
transfer rate with aigher viscosity liquids. The likely explan-
ation might be that for more viscous liquids a greater fraction
of the area of each bubble is exposed to the liquid. For
ethylene glycol the assumption that a constant fraction of each
bubble supposedly ineffective for mass transfer because of
direct contact with the tube wall, may not be accurate.

Because of the liquid viscosity, as each bubble moves, more
time may elapse for the drainage of liquid down the sides of
the tube, in this way effectively increasing the fraction of
interfacial area per bubble available for mass transfer. This
appeared to be at least qualitatively true from visual observa-
tion of bubble flow with ethylene glycol. The increase in
transfer rate for the more viscous liquids would then be a
direct consequence of an increased interfacial area.

For large ''chain bubbles' rising up through a liquid, two

observations which appear pertinent to this work have been
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~ reported by Calderbank (57). The first is that liquid phase
mass transfer coefficients for a continuous sequence of bubbles
rising through a depph.of liquid.are found to be appreciably
greater than those for individual bubbles, which are equal in
size and under otherwise identical conditions. The difference
is ascribed to the effect of the bubbles wakes which leave the
liquid in a more turbulent state in the case of the ''chain
bubbles'. This effect gives more credence to the phenomenon
referred to as "induced turbulence' in horizontal bubble flow.
The second observation made by Calderbank is that the
liquid phase coefficients of mass transfer for large bubbles

rising in a liquid can be expressed by the common type of

relationship:
shoC (Sc)?*? (Re)® (25)
where: Sh = Sherwood number
Sc = Schmidt number
Re = Reynolds number .
n=0.77

Another explanation for the observed dependence on viscosity
of the méss transfer rate in a two-phase bubble flow is that
the interfacial area remains constant, and that equation (25)

is applicable. For such a situation, whatever the true definition
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of the Reynolds number, the exponent ''n'" would of necessity
have to be less than 0.5 (actually 0.36) in order-for the
observed net dependence of the transfer rate to be directly
proportional to the liquid viscosity to the 0.14 power. Mass
transfer coefficients increasing with viscosity have not been
reported in any of the reviewed literature. It appears most
likely, therefore, that the first explanation‘for the effect of
viscosity is the mocre probable.

As indicated in the section on Theoretical Aspects, one
would probably expect that bubbles in liquids having lower
surface tensions, but otherwise having comparable physical
conditions and properties, would be longer and thinner and hence
provide a larger interfacial area per bubble. 1In comparing the
results for the 002=ethanol and 002~water systems a slightly
higher transfer rate for the COzwethanol systems might be
expected, therefore, after accounting for the difference in
liquid diffusivities for these two systems. This behaviour was
not observed, however, On the contrary, as indicated by the
correlating equation (18), the lower surface tension greatly
reduced the rate of transfer for comparable conditions. This
effect is similar in this respect to the damping effect of

monolayers which reduce surface rippling, and thereby reduce

surface areas and transfer rates. The damping effect of
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monolayers has normal}y been considered a consequence of the
“"resistance to local compression'. Since the reduction in
transfer rate was observed for pure (absolute) ethancl as the
test liquid, the interface was expected to have been free of any
monolayer. For a turbulent "clean' interface according to
Levich (58), a reduction in surface tension should enhance the
transfer rate. For a number of reasons this writer is not will-
ing to accept that for the experiments with.the COzwethanol
system, the observed reduction in the transfer rate could have
been caused by the presence of a monolayer, even although this
would seem to explain the experimentally measured effect.

The reasons are that absolute ethanol was used in the experi-
mental equipment, which was initially flushed with this liquid,
and then charged for a series of experiments. After a period

of experimentation of several weeks, a noticeable drop in trans-
fer rate at equivalent flow conditions occurred, then indicating
the presence of contaminants. After a second flushing and
~complete recharging with fresh absolute ethanol, original
results were reproduced, and again after a period of opefation

a reduction in transfer rate was observed. The results for

the reduced rates of transfer were discarded because of presumed

contamination. The results, duplicated for the fresh ethanol,

therefore, are considered to reflect the true effect of the

4
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surface tension of a pure liquid. No completely logical explan-
ation for this observed effect of surface tension has been found
in recent publications, nor have any experiments designed to
separate the effects in such dynamic systems as two-phase flow
been found in the current literature., Although it is outside
the scope of this research, a purely hypothetical reason
for the observed effect of surface tension can be suggested if
one makes the following assumptions:

(a) The interface can be treated as a membrane which vibrates
because of localized eddying.
(b) The amplitude of vibration is mainly determined by buoy-
ancy and other hydrodynamic conditions.
(¢) A vibrating string represents a one-dimensional view of
the two-dimensional situation of a vibrating membrane.
(d) The transfer coefficient is directly proportional to
the frequency of vibration, at. constant amplitude, for
the two-dimensional membrane.
1f the foregoing rather gross assumptions were true, the fre-
quency of vibration would be directly proportional to the
square root of a tension force of a étring (59), and equi-
vvalently the mass transfer coefficient would be directly pro-
portional to the square root of a surface tension force for the

interfacial membrane, as obtained in equation (18). The above
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hypothesis illustrates that there may be a completely logical
reason for the dependence of mass transfer on surface tension.

A second explanation for the decreasing effect on the mass
transfer rate with liquids of lower surface tension can be
obtained from the work of Baird and Davidson (60). They observed
that for large single bubbles immersed in a 'pure' liquid, the
mass transfer rates were approximately 50% higher than the rates
calculated from surface renewal theory. They attributed these
high transfer rates to the presence of interfacial capillary
ripplaes, which had a marked effect on the transfer rate exceed-
ing the contribution of the ripples to the interfacial area,
by providing a source of mixing in the interfacial region.

The interfacial ripples were eliminated by the addition of a low
concentration of n-hexanol. While this additive was expected

to lower the surface tension, and hence reduce rippling, it was
not considered to otherwise affect the surface renewal rate.
Baird and Davidson continued their experiments with ''Lissapol",
which was more strongly adsorbed, forming a continuous monolayer
at the interface, and redﬁced the transfer rate even further.
The relation between the work of Baird and Davidson and this
research is that if one assumes .that capillary rippling was
present.at the interface with water in bubble flow, then the

absence of such rippling could be expected with ethanol, having
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a much lower surface tension. Any slight increase in surface
area with ethanol, due to bubble elongation, would appear to be
more than offset by the absence of rippling, which might well
be the cause of the observed reduction in the mass transfer
rate in this work, as in that of Baird and Davidson.

The role of the horizontal tee entrance as a bubble form-
ing device is of considerable interest in estimating the effect
of tube diameter or. the rates of mass transfer in bubble flow.
If this type of entrance is likened to an orifice in a horizon-
tal plate, use can be made of the work on bubble formation of
Van Krevelin and Hoftijzer (61). For the occurrence of ''chain-
bubbling', equivalent to high gas rates, the bubble volume was
found to be independent of viscosity effects, surface tension,
and even of orifice diameter. The proposed equation relating

bubble diameter and the other variables was as follows:

)0.4[ Ay ]0.2
AL+ Pe

D, = 0.279(Q, (26)

where: Dp = diameter of equivalent spherical bubble, ft
A FPe

This equation supports the previously mentioned observation that

volumetric gas flow rate per orifice, cfh

[}

liquid and gas densities

in this work the bubble frequency appeared to be independent of
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viscosity and surface tension. Measurements were not made to
test the effect of ‘the density ratio, which must approach unity
closely for the gas-liquid systems used in this work. A signif-
icent conclusion of equation (26), if the analogy to the hori-
zontal orifice ié still maintained, is that the bubble frequency
would also be expected to be independent of the tube entrance
size for the two-phase absorber. If this were true, then
equation (17) would still be expected to express the relation-
ship between the transfer rate and the variables V: and Vo,
the liquid and gas superficial velocities. The parallel
between the vertical rising chain-bubbles and bubbles formed
in a horizontal tee must break down, however, since the bubble
frequency was visually observed to be much higher in the small
diameter (1.228 cm) absorption tube than in the larger ones.
The large exponent of 2.0 for the diameter ratio in equation
(18) is indicative of the high dependence of the absorption
rate on tube diameter. Particularly for the large (2.504 cm)
tube, and at the lowest liquid rate, a considefable deviation
from the proposed correlation is noted, probably due to the
bubbles in the larger tube flowing proportionately nearer to
the top of the tube, and hence affecting the degree of agita-

tion in the bulk of the liquid to a lesser extent. This

behaviour suggests that the ratio of bubble diameter to tube
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diameter would be a necessary parameter of a correlation, for

smaller values of this ratio.
Slug Region

As discussed in the section on Theoretical Aspects, two
effects were to be expected with regard to the mass transfer
rates in the turbulent slug region of flow if the Kishinevskii
theory was applicabie to portions on the gas-liquid interface.
The first was that at a consﬁant liquid rate, increasing gas
rates might be expected to increase the fraction of the extremely
turbulent "slug crest' area in the test section and, therefore,
cause a decreased dependence on diffusivity at the higher gas

O

rates. As can be observed from the NTU-~VG lipes in Figures

21, 22, and 23 for the CO,-water and He-water systems at any

2
one liquid rate, if such a decreased dependence on diffusivity
was obtained at all, it was small indeed. Further consideration
of the mass transfer process at any one liquid rate, suggests
that the accelerating effect of the increased gas flow on the
liquid phase may be significant. The consequence of this
acceleration is that less liquid is present in the tube at
higher gas velocities, and the liquid, slug crests included,

travels at a much higher velocity through the tube. The total

. amount of liquid in the tube at any one time is obviously less
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at higher gas rates (that is, the void fraction increases), and,
therefore, the number of slug crests present in the test section
is probably smaller. The velocity of the liquid as well as the
number of slug crests present in the test section are assumed
to be comparable for equivalent gas (CO2 and He) superficial
velocities. 1In consequence, a comparison of the absorption rate
curves at any one liquid rate is not useful in either supporting
or disproving the theory of Kishinevskii.,

The second effect expected in the slug region was that at
constant gas rates, increased liquid rates would decrease the
effect of molecular diffusivity. It was qualitatively observed
during experimentation that the quantity of liquid in the tube
increased with increasing liquid rates, and in addition the

degree of agitation increased also to a pronounced degree.

o
G

21, 22 and 23, it is evident that the slope for the He-water

By a comparison of the slopes of the NTU-V. lines in Figures
system approaches that for the COZ-water system at the highest
liquid rate (1.792 fps). This indicates that the effect of
the molecular liquid phase diffusivity appears to be decreas-
ing in its influence on the rates of mass transfer at higher
degrees of turbulence., The magnitude of this effect is quanti-
tatively shown by the ihdices to be used in conjunction with

equation (24), in Figure 25 and Table 10. The exponents of
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the viscosity ratios appear to give further qualitative confir-
mation of the Kishinevskii theory, showing that viscosity plays
an increasingly important role in the rates of mass transfer as
the turbulence increases,

Recent work by Davies, Kilner, and Ratcliff (62) discredits
the work of Kishinevskii on the grounds that in their experiments
in a stirred vessel, the transfer rates, in the absence of

splashing and emulsification, were dependent on the square root

of the liquid phase diffusivity for comparable conditions,
regardless of the stirring rate. Although it is unfortunate
that the experiments of Kishinevskii were not described in
enough detail to indicate the extent of the agitation, and
condition of the interface, it appears likely that the condition
of the interface for his work was not comparable to that of
Davies et al. The application of the Kishinevskii theory to
this present research was made because of the obvious extremely
turbulent behaviour of the liquid which included splashing and
emulsification at the interface. Because of the successful
application of the principles of the Kishinevskii theory to

this work, it appears that the Kishinevskii theory is an entirely
possible explanation for the observed absorption phenomena in‘
two-phase flow.

The dependence of the mass transfer coefficients on
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diffusivity to an exponent of less than 0.5 can be independently
observed by the use of the experimental COz~water data obtained
in the slug region of flow, at various temperatures. As indi-
cated earlier, absorption data were obtained at one liquid
rate, 1.07 gpm, with one tube size, 1.757 cm, and at the
three temperatures, 5.3°C, 30°C, and‘QSOC. Also as indicated
earlier, the diffusivity range for these temperatures was a
factor of three. For this particular liquid volumetric flow
rate, the effect of both the surface tension, and viscosity,
were very small because the former was only slightly tempera-
ture dependent, and the latter had an exponent for the viscosity
ratio of 0.028. Figure 29 shows a graph of the experimental NTU
values plotted against those predicted using the slug flow
correlation. It is noted that although the exponent for the
diffusivity ratio is 0.307, the.data for the three temperatures
lie along a single straight line parallel and close to the 45°
line. The conditions for this series of experiments make it a
relatively stringent test of the effect of diffusivity. The
comparison of the absorption rates does not depend on the
accuracy of independent diffusivity determinations for two
systems, one including the gas H2 or He, for which such deter-

minations are invariably difficult to make with accuracy, but

instead on the values of diffusivity frequently measured over
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a wide temperature range for the one gas-liquid system, C02~
water. In addition, the gas density for these experiments
can be considered constant in comparison to the variationé
between that of He or H, and such gases as CO2 and 02. This
provides a second independent check that the exponent for the
effect of diffusivity for this particular condition of turbul-
ence is, in fact, less than 0.5, or 0.307.

The. fact that the data all lie slightly above the 45°
line suggests that a gas density ratio parameter, raised to a
small exponent should possibly be introduced into the correla-
tion for higher accuracy. It is recalled that the effect 6f
the difference in gas densities between He and"CO2 was ignored
in the determination of the effect of diffusivity. It is
obvious from Figure 29 that the effect of gas density is
small, and may result in predicted values of NTU being approxi-
mately 5 to 10% too high, depending on the particular gas
density.

The effect of surface tension is noted to be smaller in
the slug region than in the bubble region. The reason for
the direction of the effect of surface tension is not immedi-
ately obvious, decreasing values decreésing the rates of trans-

fer. It might also be expected, in the light of the reduction

in the effect of surface tension in slug flow when compared to
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bubble flow, that‘a continuing reduction would be obcained:at

higher degrees of turbulence in the slug region itself. The
| effect of surface tension would be expected to be reflected in
changes in interfacial area, or in the degree of microscopic
turbulence of the interface. In slug flow, the former seems
to be the more 1ike1y explanécion for the decrease in transfer
rates with decreasing surface tension, and would possibiy be
due to the variation in void fraction with a change in this
property of the liquid. According to Hughmark and Pressburg
(63), the liquid fraction will vary -approximately as CTp’
where O is the surface tension, and the exponent, n, is esti-
mated to be of the order of 0.2. .Thus, if one assumes the sur-
face area at equal gas and liquid rates to be directly propor-
tional to the amount of liquid .in the tube, the effect of a
decrease in surface tension of the pure liquid will be to
decrease the transfer rate. Because both of these effects of
interfacial tension on the transfer .rate act in the same direc-
tion, the rather appreciable dependence of the absorption fafe
on this property in the slug régipnuof flow beéomes understand-
able. |

The dependence of transfer rates on tube diameter was

found to be less in the slug region than in the bubble region,

and was consistently reduced with increased liquid turbulence.
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It would appear logical that tube geometry would be of lesser
importan@g‘at higher liquid rates. The interaction of the
phase velocitie; in increasing the turbulence, would be
- decreasingly affected by the tube walls. It is interesting to
vnote that in Figure 25 at the intercept of the d-VE curve the

value of "d" (2.0) obtained for the bubble region falls directly

on the extrapolated line determingd by the other values of
"d" for the slug'region.

In conclusion, there is a need to conclusively determine
for increasingly turbulent two-phase flows whether a different
mechanism of mass transfer is beginning to operate, for example,
Kishinevskii's theory, or whether the observed results are the
consequence of the same process occurring at very different
rates at the same time and in different locations, because of a
great variation in the amount of transfer area existing per
unit volume of fluid. Although the present work does not
settle this point, nor was it intended to do so, present evi-
dence seems to favour the former viewpoint. Now that the
pattern of absorption behaviour.is known, and the relative impor-
tance of the system variables, it should be possible to design
unique experiments to investigate the rate process under more

carefully controlled conditions,
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APPENDIX 1

PROCESS EQUIPMENT SPECIFICATIONS

1. Rotameters

R-1.R=1A (liquid)

Manufacturer: Brooks Rotameter Company
Model: R-1l, R-8M=25-2; float, 8-RV-14-2
R-1A, P-9M-25-2; float, 9-RY-14
Capacities: see calibration curves Appendix II
R-2,R-24 (pas) |
Manufacturer: Brocks Rotameter Company
Model: R=2, R=-6M=25-1; float, pyrex (spherical)
R=2A, R«9M=-25-2; float, 8-RV-3
Capacities: see calibration curves Appendix 11
2. Pumps
P-1
Supplier: Pumps and Power, Vancouver
Model: MPJS°33°H, deep-well jet self-priming, centrifugal
Capacity: 6.1 gpm at NPSH of 6. ft, inlet and discharge
pressures, full vacuum and 30 psig (water)
Motor: 1/3 hp, 3450 rpm, directly connected

Special features: mechanical shaft seal suitable for vacuum
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P2

Manufacturer: Eastern Industries Company

Model: E-=1, type 100, laboratory, centrifugal

Capacity: approximately 0.25 gpm at head of 30 ft (water)

Motor: 1/15 hp, 5000 rpm, directly connected

Heat Exchangers

E-1

Type: shell-ani-~tube, single-pass both shell and tube

Tubes: approximately 320,5/16-in 0D copper tubes, 42 in long,
arranged in a triangular pitch, %-in on centres

Shell: 6-in OD |

Baffles: approximately 25% cut, every 6 in

Heads: flanged to match shell flanges, steel, coated with
primer and tygon paints

Area: approximately 50 sq. ft, based on tube outside area

E-2, E-24 | |

Type: double-tube, internal tube 3/8-in copper, external
5/8-1n copper, 4 in long.

Construction: brass end~pieces silver soldered, inlet and

outlet nipples, %-in also silver soldered

E-3

Type: double-tube, internal tube %-in copper, external

3/4-1in copper, overall length 30 in
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Construction: brass end-pieces and three %-in copper
nipples silver soldered

4, Drum

(]

D-1
Size: 1ll-in diameter, 26-in length, approximate volume
11 U.S. galloms
Material of construction: stainless steel
5. Water Ejector
J=1
Manufacturer: Schutte and Koerting
Model: O
Capacity: approximately 1.5 scfh gas at 26 in mercury vacuum
6. Thermometers
T-1, T-2, T=4
Manufacturer: W. H. Kessler
Type: ASTM, solid point, range 0°C to 30°C, 0.1°C divisions
T=3, T-5, T=6 |
Manufacturer: Kimble Glass
Range: =-10°C to 100°c, 1°C divisions
7. Pressure Gauges
P-1, P=2
Range: 0 to 30 psig
P=3
Range: 0 to 50 psig
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APPENDIX IIL

CALIBRATION OF GAS AND LIQUID ROTAMETERS

TABLE II-1

CALIBRATION OF LIQUID ROTAMETER, R-l1, FOR WATER AND ETHANOL

Liquid Tempegature Weight

C 1b
(15.0)
Water 15.2 25
4.7 25
15.0 20
15.1 15
15.1 10
15.3 5

Time Flow rate Rotameter
min gpm Reading
2.92 1.027(a) 1.00
2.91 1,031 1.00
2.92 0.822 0.80
2.91 0.619 0.60
2.90 0.414 0.40
2.90 0.207 0.20

(a) calculation of flow rate based on water density of

8.334 1b/gal

. (13.5)
Ethanol 13.4 6
13.5 6
13.8 6
13.6 6

0.813 0.608(b) 0.540
0.860 0.899 0.797
1.01 1.056 0.923
1.49 1.117 0.979

(b) calculation of flow rate based on ethanol density of

6.605 1b/gal
Water 30.0 15

(c) calculation of flow rate
8.307 1lb/gal

Water 45.2 15

1.675 1.078(c) 1.04

based on water density of

1.69 ©1.074(d) 1.04

(d) calculation of flow rate based on water density of

8.263 1b/gal.
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TABLE 11-2

CALIBRATION OF LIQUID ROTAMETER, R-1A, FOR WATER AND ETHANOL

Liquid Tempegature Weight Time Flow rate Rotameter

C 1b min gpm Reading

(15.0)

Water 15.3 10 2.76 0.435(a) 0.40
15.3 15 1.78 1.011 1.00
14.7 25 1.99 1.508 1.50
14.8 25 1.47 2.042 2.00
15.3 25 1.19 2.52 2.50
1504 35 1.41 2.98 3.00

(a) calculatin of flow rate based on water demsity of
8.334 1ib/gal

(13.5)

Ethanol 13.7 6.0 0.730 1.24(b) 1.12
13.5 6.0 0.579 1.57 1.43
13.4 6.0 0.419 2,17 1.96

(b) calculation of flow rate based on ethanol density of
6.605 1b/gal
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TABLE II-3

CALIBRATION OF LIQUID ROTAMETER, RQLA,AFOR ETHYLENE GLYCOL

Temperature Weight Time Flow rate Rotameter
°c 1b min gpm Reading
(15.0)
15.0 5 2.290 0.234(a) 0.97
14.9 8 1.492 0.574 1.66
15.1 11 1.070 1.101 2.72
15.0 15 0.915 1.75 3.82
15.1 20 0.914 2.34 4.90

(a) calculation pased on glycol demsity of 9.337 lb/gal

(30.0)

29.9 - 6 2,004 0.324(b) 0.79
30.0 8 1.249 0.692 1.40
29.9 11 1.037 1.146 2.10
30.0 15 0.981 1.65 2.90
30.1 20 0.997 2.17 3.70
29.9 30 1.359 2.39 4.04

(b) calculation based on glycol density of 9.253 1lb/gal
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TABLE 11-4
CALIBRATION OF GAS ROTAMETER, R-2, FOR CO, FLOW

Rotameter Wét Test Meter Flow Rate

Reading Temp. Pressure Volume Time cfh cfh
°c in Hg c¢f  min 15°C,756mm 15°C,756mm

(a) (b) (c)
4.0  23.1 4.0 0.05  2.33  1.218  1.229
4.0 23.6 12.0 0.05 1.97 1.440 1.456
10.0 23.8 12.0  0.10 1.28  4.44 4 .49
10.0 24 .0 4.0 0.10 1.45 3.92 3,97
20.0 24.0 4.0 0.20 1.26 9.01 9,11
20.0 20.0 12.0 0.20 1.12 10.10 10.10
30.0 18.4 4.0 0.30 1.23 13.76 13.66
30.0 19.0 8.0 0.40 1.56 14,50 14 .44
30.0 17.8 12.0 0.40 1.47 15.38 15.27
40.0 21.0 4.0 0.50 1.57 18.00 18.04
40.0 21.0 8.0 0.50 1.49 18.96 19.00
40.0 21.2 12.0 0.50 1.40 20.16 20.10
48.0 21.5 4.0 0.50 1.34 21.06 21.20
48.0 22,2 8.0 0.50 1.27 22.26 22.40
48.0 23.2 12.0 0.50 1.20 23.52 23.72

(a)

(b)
. ()

volume of COp at barometric pressure 757 mm, saturated
with water at 74°F, using wet test meter Ch.E. 1668.

volumetric flow rate of CO,, dfy basis,

%

volumetric flow rage of CO
of 21.0°C and 7

con

ditions

dry basis; for rotameter
mm (nominal) pressure.
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TABLE II-5

CALTBRATION OF GAS ROTAMETER, R-2A, FOR CO, FLOW

Rotameter Displacement Meter Flow Rate
Reading Temp. Pressure Volume Time Volume cfh
oc in Hg cf min cf  15°C,756mm
(a) (b) (¢)
20.0 21.5 24.0 0.50 1.00 0.488 29.5
52.0 21.0 " 2.0 2.19 1.976 54.25
98.0 20,0 " 2.0 1,30 1.976 91.1
150 16.0 o 4.0 1.73 3.905 134.2
200 . 12.5 " 5.0 1.64% 4.88 174.
231 7.6 v 5.0 1.41 4.89 203,
20.0 19.5 16.0 1.0 2.16 0.976 27.0
98.0 15.0 " 2.0 1.39 1.976 84,1
150 14.0 o 3.0 1.42 2.976 123.7
200 14.5 " 5.0 1.79 4.88 160.8
50.0 22.0 " 1.5 1.82 1.454 48.2
20.0 22.0 12.0 1.0 2,29 0.976 25.7
52.0 21.5 " 2.0 2.48 1.976 48.1
98.0 21.5 " 3.0 2,20 2,908 79.6
150 18.8 " 4.0 2.01 3.91 116.3
178 16.0 " 5.0 2.12 4.89 136.4
20,0 22.0 8.0 1.0 2.46 0.976 24.0
50.0 22.3 " 1.5 1.99 1.454 44,1
100 22.7 " 3.0 2.26 2.91 78.0
150 22.0 " 4.0 2.09 3.88 112.2
2.0 22.5 4,0 0.25 1.91 0.244 7.75
7.0 22.7 " 0.50 2.14 0.489 13.83
12.0 22,8 " 0.50 1.71 0.489 17.92
20,0 23,0 " 1.0 2.64 0.977 22.44
35.0 20,2 " 2.0 3.63 1.944 0 32.18
50.0 20.6 " 2.0 2.79 1,940 41.75
75.0 20.8 " 2.0 2.03 1.940 57 .4
98.0 23.0 " 2.0 1.65 1.954 71.8
106 20.0 " 3.0 2.24 2.908 78.0

(a) volume of COp at barometric pressure of 756 mm and tempera-
ture of 23°C, passing through dry gas displacement meter.

(b) volume of CO, at barometric pressure of 756 mm and tempera-
ture of 15°C (dry basis).

(c) volumetric flow rate of COp, dry basis, for rotameter condi-
tions of 21°C and 756 mm (nominal) pressure.
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CALIBRATION OF GAS ROTAMETER, R-2, FOR He FLOW

Rotameter Wet Test Meter
Reading Temp., Pressure Volume Time
oc in Hg cf min

(a)
5.3 23.3 4 0.050 1.602
8.9 23.3 " 0.050 1.629
12.5 22.0 " 0.125 1.510
16.6 22.0 " 0.250 0.910
20.0 22.0 i 0.250 0,684
23.2 22.3 " 0.500 1120
7.0 23.0 " 0.050 0.9499
4.0 22.9 " 0.050 2.130
4,0 21.0 12 0.025 0.890
5.9 21.0 " 0.050 1.183
10.7 21.5 " 0.125 0.865
17.7 21.0 " 0.250 0.707
24,8 21.0 " 0.500 0.906
32.1 21.0 " 0.750 1.006
8.1 23.0 " 0.125 1.507
14.0 23.0 o 0.250 1,020
40.7 22.5 o 1.00 1.050
47,9 22.5 b 1.00 0.906
9.3 22.5 24 0.150 1.073
12,9 " " 0.250 0.970
17.2 " " 0.375 0.910
22.9 " " 0.750 1.263
30.1 " " 1.00 1,228
39.2 " " 1.00 0.938
48.1 " " 1.00 0.783

Flow Rate
cfm cfth
15°C,756mm
(b) (c)
0.03121 1,786
0.07673 4,391
0.1656 9.480
0.2747 15.72
0.3655 20.92
0.4464 25,55
0.05005 2.864
0.0235 1,343
0.02809 1.608
0.04227 2.419
0.1445 8.269
0.3536 20.23
0.5519 . 31.58
0.7455 42.66
0.08295 4,747
0.2451 14.03
0.9524 54,50
1.104 63.18
0.1398 8.00
0.2577 14,75
0.4121 23.58
0.5938 33.98
0.8143 46.60
1.066 61.00
1.277 73.08

(a) volume of He at 753 mm, saturated at 75.0°F, using wet test
meter 1668,

(b) volumetric
and .

75.0°F.

flow rate of He, dry basis, at 753 mm pressure

(¢) volumetric flow rate of He, dry basis, at 756 mm pressure
and 15.0°C, for rotameter conditions of 21.0°C, and
756 mm (nominal) pressure.
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CALIBRATION OF GAS ROTAMETER, R-2A, FOR He FLOW

(a) volume of He at 753 mm and 75.0°F, dry basis.

Displace. Meter

cf:.
(a)

1.00
2.50: -

3.00
3.5
4.0
400
5.0

0.50
1.00
1.00.
1.50
1.50
1.00
1.50
1.50
2.0

Rotameter
Reading Temp. Pressure Volume
: oc in Hg

8.20 23.5 24
3605 " L1]
43.;6 , " 1Al
54.4 1" i}
62°0 " H
7203 1" "
8508 1] "W

3.8 23.3 24

609 " "w
1100 " L)
14.6 " 1"
21“2 " 11
10.7 1 1]
16.6 " "
20“5 " 1Al
30‘0 ” 11

3.6 23.2 12

} 6.2 14 "

900 ” "
15.6 " "
22.6 " 1]
2808 " "

FEHEREOO
VLN ONWL
Sounouwo

Time
_min

1.117

1.090
1.087
1.133
1.007
1.107

0.912
1.288
0.952
1.210
0.925
0.978
1.080
0.917
0.943

1.097
1.180
1.249

- 1.063

1.007
0.849

Flow Rate
cfm cfh
_ 15°C,756mm
(b) (¢)

10.8784 52.7
2.398 143.9
2.700 162.0
3.160 189.6
3.446 207 .8
3.898 233.9
4.432 265.9
0.5380 32.27
0.7619 45,71
1.030 61.80
1.217 73.02
1.592 95.52
1.003 60.18
1.363 81.78
1.605 96.30
2.081 124.9
0.4473 26.84
0.6237 37.42
0.7856 47.14
1.154 69.24
1.462 87.72
1.734 104.0

(b) volumetric flow rate of He, dry basis, at 756 mm and 15°c.

(¢) volumetric flow rate of He, dry basis, at 756 mm and 15°C,
at rotameter conditions of 21.0°C and 756 mm (nominal) -

pressure



11-11

80

40

30

0

2

il

25 !HL! 'l‘c

GL 00 O'Gl

)

Q

0

1V "Hd'D ‘sisva ANA ‘MO 20D

ROTAMETER READING AT 21°C., PRESSURE AS SHOWN

Ccalibration of Rotameter,

R-2, for CO9

Figure I1-4.



11-12

250

..200 :

3

A

S0

il

skl

s

00

200

50

W 962

Jo

o
e
Sl 1v

H3D

0
ROTAMETER READING AT 2i°C

5

b

"]

SISVE AMA ‘MOTH 200

¥

i

il

L

20

PRESSURE AS SHOWN

Calibration of Rotameter,

R-24, for CO,

Figure II-5.



11-13

100

o
PRESSURE AS SHOWN

6

= .Wmmi.
e =

of-:

(o]
0
N

AHNOMIN ‘WIN 962 Do Gl 1V HID ‘SISVE

300

15

ANG ‘MOT4 WNM3H

5

A

°C

ROTAMETER READING AT 2|

Calibration of Rotameter,

R-2, for He

Figure II-6.



I1-14

i
iy

R

1
4

H

f

1!

Hif

T

111

UERTEE

i

|
|
[
ili
il
i

i

1
it

60

i

I

W 9G.

$

ROTAMETER READING AT 2i°C., PRESSURE AS SHOWN

Do

Gl IV

H4

o)

Sisva Ad-

[

MOTd WNIM3H

Calibration of Rotameter,

R-2A, for He

Figure I1I-7.



I11-1

APPENDIX III1

SAMPLING AND ANALYSIS

TABLE I11I-1
CONCENTRATION PROFILE IN LIQUID, IN BUBBLE AND SLUG FLOWS
WITH COo-WATER SYSTEM

1. Bubble Flow:

Prote Concentration
Position (inlet sample point)
wm (a) millimoles/1
“2 4070
0 : 4.85
2 %4.90
4 4.95
6 5.00

Note: bottom of bubbles approximately 8 mm from tube bottom.

2. Slug Flow:

""1 9.85

0 9.90
1 9.90
2 - 9,90
3 10.00

Note: bottom of slugs approximatély 5 mm from tube bottom.

(a) probe position measured from inside bottom level of
absorption tube 17.57 mm in diameter.

Note: saturated concentration approximately 45.7 millimoles
per litre.



ABSORPTION RATES IN ENTRANCE TEE AND OUTLET CYCLONE

Glycol Flow Rate
gpm
0.62
1.07

2.10

TABLE III-2

FOR ETHYLENE GLYCOL

NTU
at 15°C
0.00386
0.00333

0.00114

NTU
at 30°C
0.00421
0.00281

0.00112

I11-2

Note: NTU values calculated with no gas flowing through the
tube, but with the liquid in the tee and cyclone exposed

to the gas.
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TABLE III-3

DATA FOR CALIBRATION OF He ANALYZER FOR INLET SAMPLE POINT

' Ratio of Mole
Water CO, rates(102) fraction
rate rate ml water/ He in Potential
Run ml/min  wl/min ~ ml CO, C05(10%) millivolts
E 0.495 76.5 0.647 0.601 0.120
0.696 76.3 0.912 0.847 0.180
0.960 75.9 1.265 1.175 0.255
1.420 75.6 1,878 1.745 0.375
2.14 /5.2 2.846 2.644 0.545
2.85 74,7 3.815 3,546 0.750
3.36 76 .4 4,516 4,196 0.895
F 0.178 76.6 0.232 0.215 0.031
0.387 76.4 0.506 0.470 0.077
0.576 76.2 0.756 0.702 0.128
0.885 76.0 1.164 1.081 0.214
1.92 75.3 2.550 2.368 0.500
2.80 74.7 3.748 3.481 0.736
4 .46 73.5 6.068 5.636 1.182
L 0.564 75.5 0.747 0.681 0.118
1.04 74 .4 1.398 1.274 0.280
1.90 73.6 2.580 2.351 0.503
3.28 72.7 4,510 4.110 0.875

Note: column length in each case 20 in of packing.
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TABLE III-4

DATA FOR CALIBRATION OF He ANALYZER FOR OUTLET SAMPLE POINT

Ratio Mole
Water COy rates(loz) fraction
rate rate ml water/ He in Potential
Run ‘ml/min ml/min ml CO2 002(104) millivolts
H 0.526 77 .40 0.680 0.6195 0.110
0.909 77 .16 1.178 1.074 0.214
1.23 76.92 1.599 1.458 0.304
1.85 76.69 2,412 2.199 0.458
2.58 75.64 3.411 3.109 0.643
3.49 74.74 4,669 4,256 0.897
%.25 73.96 5.746 5.238 1.092
5.15 73.21 7.035 6.413 1.346
6.12 72.78 8.409 7.665 1.586
6.88 71.84 9.577 8.730 1.775
7.69 71.43 10.77 9.817 1.980
8.26 71.12 11.61 10.58 2.129
J 0,292 77 .90 0.375 0.342 0.078
0.521 - 76.95 0.677 0.617 0.136
0.990 76.16 1.300 1,185 0.248
1.77 75.50 2.344 2.137 0.456
2,32 74 .95 3.095 2.822 0.564
4,65 73.40 6.335 5.776 1.216
4,80 - 72.84 6.590 6.008 1.259
5.55 72.15 7,692 7.013 1.472
6.20 71.80 8.635 7.473 1,614
7.34 71.16 10.31 9.400 1.907
K 1.19 76.00 1,566 1.427 0.278
2,45 74.75 3.278 2.987 0.603
3.53 73.90 4,777 4.354 0.895
6.64 72.15 9.203 8.387 1.703
7.63 71.20 10.716 9.766 1.954

Note: depth of column packing: H, 20 in
J, 16 in

K, 12-3/4 in
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APPENDIX 1V
IBM-1620 FORTRAN PROGRAMS USED IN

CALCULATIONS OF EXPERIMENTAL RESULTS

Programs for Computing NTU Values for the Various Gas-Liquid

Systems

The general method consisted of calculating the absolute
pressures, and supsequently the concentration driving forces
(correcting for the vapour pressure of the liquid), at the inlet
and éutlet of the test section. The NIU values were calculated
according to equation (7) in the section on Treatment of Data.
The correction for the amount of gas absorbed in the entrance
section was made by applying equation (8), and the arithmetic
mean gas flow rate in the test section was calculated from
equation (9). The arithmetic mean gas volumetric fl§w_rate
was calculated at the mean test section teﬁperature and pres-
sure, and from it, the mean superficial gas velocity. The
length of a transfer unit (LTU) was also calculated. A coded
number system to describe the type of flow (bubble, plug, etc.)
was also included for reproduction in the computer print-out
of the data and calculated values. .The small variations in

the programs will be separately described:



1v-2
1. ggzéWaten:‘ The two values of E/L in equation (8) were
introduced directly into the program. These values corresponded
to 0.13964 for the 12.75+«in entrance length (£), and to 0.33947
for the 30-in entrance length. Constants & and B were intro-
duced to convert the pressure measurements in inches of
manometer fluid to mm of mercury.
2. COp=Ethanol: The calculations followed an identical
pattern.to those for the COp-water system.

3. L£O,-Ethylene Glycol: The entrance length was zero for the

COy-glycol system. The NTU values were calculated for the
entire tube length therefore, and were corrected for the amount
of absorption in the entrance tee and outlet cyclone. The
amount of the corrections is listed in Appendix III. The NTU
values were multiplied by a factor (0072541)'80 that the values
were then based on a length of tube 92.2 in, comparable to

that used as the test section for all the other systems.

4. He-Water: The calculation for the concentration driving
force for the He-water system differed from that for the C02°
water system, because of the difference in method of analysis.
The ratios of water to CO) flow rates were required, along with
the potentiometer reading to give the liquid-phase He concen-
trations. The equations for the He concentrations vs‘millivmlt

readings, as shown in Figure 12, were used directly in the
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program for the concentration determinations.

Program for Computing the Correlation Variables for the Bubble

and Plug Regions

The program was mainly involved with the calculation of the
correlating variable according to equations (17, 18). Absorption
data for gas superficial velocities exceeding 3.0 fps (slug
region) were excluded. & fegression line of the correlating
variable on Vg, che gas superficial velocity, was obtained by

the method of least squares.

Program for Computing the Correlacion Variables for the Slug

Flow Region

The program was involved with the calculation of the
correlating variable for the slug region. Absorption data for
gas superficial velocities of less than 2.0 fps were excluded.
The various coefficients for the dimensionless ratios, as shown
in Figure 25, were used for the corresponding values of liquid

superficial velocity.
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PROGRAME FOR COMPUTATION OF NTU AND CORRELATING VARIABLFS
.—.FORTRAN 2. COMP.ILE..

C oM TION OF N ARHOM DIOXINF WATER
60 PRINT OV
1 FORMAT (/53HSYSTEM TUBE CM BP MM 0oL GPM  TEMP CA SATC ML VP MM)
REAN2,LT0yDyBP yOL s TEMP,CSAT yVP,A,R,C
2. FORMAT (1N F7.3,2FR.3,2FA,203F8,3,1FR.5)
IF (LIO) 704,80,70 :
70 PRINT 3,L10¢Ds3POLsTEMP ,CSAT,VP
3 FORMAT (1646FR,3)
'AREA = 0,0008454 0 #D
PRINT W

1u___ FORMAT(/67H RUN 06 CFH P IN PO _C IN_ C OUT TYPE OGM_VCOR TUN

} TOUVE )
50 READ U4 yNOyOGP 14PN ,CY1,C2,J
N FORMAT (18,5F10 L, I4)
IF(NO)S 1460451
51 PIMN = pP+aspl
e POUT = PIM-BePD
f PMEAN® 0,5« (PTN+POIT)
FO = (PIN=POUT)/2.99
PPIN = PIN=VP
PPOUT= POUT=-VP
DFIN = PPIN®LSAT/76C,0-C1
DFNUT= PPOUT#CSAT/T760,~C2
DFLM = (nFIN-DFOnT)/LOG(DFINIDFOUT)
TUN = (C2-C')}/DFLM
TUL = 7,.6R3/TuN ) ]
CONCE= 0.339“70TUN-DFIN/(‘.D-.‘697u'TUN)
TITR = 8,0203«0LeC

. VOLE = TITR® ICONCF+0,5#({C2=CV) )% (27 3,24TFMP)/2735,2eTA3, 0/ (PMEAN VP
o AL AL IR A A S LA A I ol Fh i

QGCORw 06756 .0/ (PMFAN=VP ) #(275,2+4TEMP ) /28R .2

QGM = QGCNR-VOLF

VELG = OGM/AREA/3600.0

PRINT ToNO+OGP1,FDyC14C2¢J0OGMIVOLF ¢TUN,TULVELG

7 FORMAT (I o VFT.2obFA .2, 130 1F7.2¢VF8,2,1FT 4y IFAL 1, IFT 3 )
PUNCH ByNDydsDOGM s TUN TUL s VELG

8 FORMAT (U 13,1FT7,2,1F7 .45 Fb.1,1FT,3)
60-T0 SO

/0 STOP
END. .

FORTRAN 2 COMPILF,

c COMPUTATION OF NTU EOR _CARRON NINXINF ETHANOL

60 PRINT 1 ] ;

1 FORMAT (/53HSYSTEM TURE CM RP MM 0L GPM  TEMP C SATC ML vP MM)
READ2,LI0+D4RP,QOL, TEMP,CSAT,VP,A,H,C )

2 FORMAT (14,1F7,3,2F8,3,2F6, /.3;& 3, 1FR,5)
IF (LIN) .704R0, 70 .

70 PRINT 3,LI04DsBPOLyTEMP,CSAT,VP

3 FORMAT (16,6F8,3)
PRINT 14 '

14 FORMAT{/6TH RUN 0G CFH P [N PN C IN C OUT TYPF 0OGM VCOR TUN
} TUL VG )

5¢ READ 4,NO+OG,P1,PD,C1,C2,. -

u FORMAT (T8,5F10,k,14)
IF(NOIS1,60,51

51 PIN = HBP+A®P)

POUT = PIN-H8PD

PMEAN= (3,58 (PIN+POUT)

PPIN = PIN-VP

PPOUT= POUT-VP

DFIN = PPIN#CSAT/760.0-C)

NDEOUT= PPOUT#(CSAT/760,-C2

DFLM = (DFIN-DFOUT)/LOG{DFIN/OFOUT)

TUN = (C2-CV)/DFLM

TUL = 7,683/TuN

CONCF= 0,339u7eTUNaDFIN/( 1,0, 169748TUN)
TITR = 8,02030QLeC

VOLE = TITR®{CONCE+Q.5#(C2=CV))8(273,2+TFMP)/275,20760,0/ (PMFEAN=-VP
1) )
OGCOR= OG8756 .0/ (PMEAN=VP) o (273, 2+TEMP)/28b.2

OGM = OGCOR=VOLF

VELG = OGM/360C0.8/0.0C2010

PRINT 74MOy QG PV, PDyC1,C25 0y OGMyVOLE  TUN, THIL, VFLA

7 FORMAT (Thy IFT ,204F6,2,130 VK7 .24 1FAL231FT uy TFA T, IFT. 3 )

PUNCH 8 4N(, Jy OGM, TUN, TUL, VELG .
[ FORMAT ([b, 13, 1F7.,2,1F7. u.lkh.l.lFl 3)

GO TO &C

80 sTop




PROGRAME FOR COMPUTATION OF NTU AND CORRELATING VARIABLES

FORTRAN 2 COMPILE,

READ 4 4MO,0G,P1,00, VI, VIUT,TGIN, 1nﬂ|r.tlﬂ HOUT y J

C CIMPUTATION OF NTU FDR HELTUM. WATFR
SO0 L PRINT_ T _ . :
1 FURMAT (/54HSYSTEM  TURE Cv 30 mn L GPM O TEMP (- SATZ MF VP v4)
) REAN? yLIN N8P 4Ly TEUP, CSAT VP, ALR,
22, FORMAT !19,‘F?,3LZEﬁL3 B V  ET . 30 AR R 3 e BN e
TF CLIOY 723,83,70 .
To PRIMT 35L10,2,3P, 0L, TEMP,CSAT 4VP : :
FORMAT (]6,4F8,3) :
. AREA = 3,2204454%Nsn
L PRIMT M4 . : .
b FORMAT, (£70AL N 0% CFHL P PD WO IM A OUT TYPE 954 VULE
INTU  LTJ VELG ) =

FORIMAT (Tu,1F7,2, zFﬁ 29 0F T, 3, Iu)
IF(\I’))QI 63,51 .
PN 23244 D)

BIMN=Rebn L

) CRVAIRET .
PMEAM= J,5#(2 (M0 )T)
PO IN = PIN-v?

U] II_'II H

BT e PRtTegp T
RIM =52, 3/T5IN/4 1
ROJT_ =85,/ T500UT/W0ul..

XIN T SRIVe (4, %2508V IN+3,055)
YFIN. sX[Ne),3199253P/740, D68 .060/22,011
IF (VvOyuT=-1,535) '3'13,11

XOUT =ROUT# (4,754 1eVvIUT+3,D59)
30 10 12
XOUT =ROUTe#(5,3838V T ~1,2260).,

VEOUT=X0UT#0, 01925845/ 752,38 18, 561/ 22517
DFTN =PPIMe(SAT/T63.2-YFIN .
DFOUT=PPIUT #CSATZZ50 . D= YEOLLY

DFLM = (DFIN=- UFOUT)/lOG(DFIV/DFWUT)
TUN  =(YFOUT=YFIN}/OFLM
TUL = {.683/TUN

TITR = #,3233+0L«C
CONCE=D, %39u7»ruv-nF1M/(l 0-0.,1697u4aTUN)

“VOLE =TITR¢(,ONCE+ SSe(YFIT~ YFINT 1 %996, %6/(PMEAN viP)

2GLOR= 038756,0/ (PMEAY) -
A3M = Q3CIR-VOLE

VELG =QGV/AEA/36DD,0°
PRINT 7,NOy03,P1, Fn.YFlN YFOUT, J.usw.voLEvTUN'TUL-VELG

FOIMAT (IU,\F7 2o UF 5,29 T30 VFT 24 FA,2y 1FT Uy 1F6,1,1F7,3 )
PUNCH 8,90, J,26M, TUN, TJL'VFLG .
FOMAT (Ju,13,1F7, 2.1%7 M VPR YL IFT, 4)

30 .19 53

T

STOP
CEMD

i C
' 69

3 g —

FORTRAN 2 COMPILF,

COMPUITATION. NF NTU FOR CARBOM DIOXIDE ETHYLENE GLVCOL
PRINT 1

1
2

FORMAT (/53HSYSTFM  TURE CM RP MM OL GPM  TEMP C  SATC ML CYCLO)

REAN2,4LIOWNI3P QLY TEMP 4CSAT CYyA,8,C
FORMAT (Tu,1F7,3,2FB.3,2Fb6.2,1FR.5,2FR,3,1FA,5)

70
3

TF (LTHY 7T54RG,70
PRINT 3,0 10,D¢RP,0LTEMP,CSAT,CY
FORMAT (46,6FR,3)

PRINT lu

FORMAT (/&7TH RUN QG CFW P IM P C IN C OUT TYPE OGM VCOR TUN

i TUL VG )

READ U4 4NO» 0G.P1,PD.C1vC2'J
FORMAT (18,5F10.4,]4)
IF(ND)S1,60,51

PIN = BP+ASPY
POUT = PIN-H#PD
PMEAN= 0,5#(PIN+POUT)

PPIN = P[N=0,]
PPAUT= POUT-0,)
DFIN = PPIMeCSAT/7402,0-CY

DFAUT= PPOUTCSAT/T760.-C2  °
DFLM = (NFIN=DFOUT)/LOGIDFIN/DFOUT)
JUN = 0,7258)#((C2=C1)/DFLM=CY)

TUL = 7.6R3/TUN
TITR = 8,0203¢20L+«C
VOLE = T]TR®) ,58(C2-CV)0({275,2+TEMP)/273,2070),G/(PMFAN-2,

1

0GCOR= QG#756,0/ (PMEAN-,1)#{(273.2+TEMP /28R .2
OGM = QGCOR-VOLE : E
VELG = 0GM/3600.0/0,332613

PRINT TyNOOGyRV,PNyCT,C20Jy0GM,VOLFTUN,TUL,VELG
FORMAT (I8, V1FT7 ,2,uF6,2,13y1F7.241F8.2, 1F7.us1Fh,1,1F7.3 )
PUNCH ByNO J e DGM,TUN,TULWVELG

80

FORMAT (xu.xz TET 2, VFT LUy IF61LVET )T
GO Tn 50
sTOP

IV-5



PROGRAME FOR COMPUTATION OF NTU AND CORRFLATING VARIABLES

T U FORTRAN 2 COMPILF.

[+

CORRELATION OF VARTABLES FOR BURRLE AND PLUG RFGIONS
READ T, N'SUMX.SUNV'SUMXX.SUMXY

T e T FORMAT OB UF 10 )Y

u READ 2,LI1Q40T,0LDIFF,ST4VISC
2 FORMAT (JU,3F6.3+2F7.3)
i IF (LIQ) #0,80,5

5 VELL = QL/T7.u481/60.0/(0, OCORBSN.DT’DT)t

PRINT ¢ .o
T REORMAT /82K L 10 TURE oL GPRDTFF-~ S TENS-VISC -~ VELL— ¥y~

PRINT B8,LIOWDT QLyDIFF,ST,VISC,VELL

8 FORMAT (l“vBFb 303F7 3)
PRINT -1 - e e e e e e .

1" FORMAT (/50H NO J QGM NTU LTU VELG FACTOR CORR Y

F  =SQRTF{1,465/DIFFe73, 55/ST)'(|.IHIVISC)"O 1uaDT/3, 0R76ODT

T READT3yNO TS Q6My TUNY TULYVELG ™ 7 T T TR mmmmm—m———

3

70
95

FORMAT (14s13, F7429 1FT.ly YFb6. 14 1F7.3)
IF (NO) u,4,7C

IF (VELG - 3.0) 95,95,40

I = TUNs#Fs(VELL + VELG)

Y = 0.,u3u29#L0GF(2)

6

14

X & QL U3L29+LOGF(VELGT™ TTTmmmmmmmmm——
PRINT 64NOyJyQGMyTUNsTULVELGF 42
FORMAT (IUyI341FTe24 1FTlyIFT, 29‘F7 %oZF7 h)‘

------ “PUNCH 10 ¢NOy JyOGMy TUNy TULy VELG yF3 2

FORMAT (I4,13,VF7.2y 1F7oly IF7.201FT,342FT,4)
N = N+

SN R SUMK " e e e e e
SUMY = SUMY + Y
SUMXY = SUMXY + XeY
©USUMXX = SUMXX + X#X
GO TO 60
DN =N

XB = SUMX70N
YB .= SUMY/DN
~ B = (SUMXY = DNsXBeYB)/{SUMXX - DNeXBaXB)

A= YB"~ B#XB

PRlNT l2oNoSUMX.SUMY SUMXX'SU”XY.A'H

Ty T T FORMET 7N UF 12,54 2FT0S) 7 - T mmmmommmen e

sToP
END

)

1V-6
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1v-7

PROGRAME FOR COMPUTATION OF NTU AND CORRFLATING VARIABLFS

FORTRAN 2 CNMPILE.
C CORRELATION FOR SLUG REGION
READN TyN'bUMX'SUMY'bUMXvaUMXV

L FORMAT (Tu,4F10,L)"

4 READ 24L10Q4sDTy0OLyDIFFsSTVISC

2 FORMAT (I4y3F6.342F7,3)
IF (LTn) 804R8C,5

5 VELL = QL/T.,481/760,0/(C.0C08L54eNT DT )
PRINT, ©

9T FORMAT "(/W2H LTOTUBE 0L GPM UIFF S TEMS ' VISC  "~VELL™ )
PRINT ByLIOyDTyQLsDIFF,STyVISC,HVELL

4] FORMAT (14 43F6,3,3F7,3)
PRIMT 11 . . B o

11 FORMAT (/5Ch NO J OGM NTU LTUY VELG FACTOR CORR Y )

IF (VELL=C.758) 20,430,320

20 Foll 86570 IFF) o4, 37048(T3,53/78TYen, 'Gl!t?.YH/VISCI’S UB6R DTV, TSTY
leel,32
GO TO 60

3¢ IF (VELL~1.3) uCoSOoS"

LG Fa(l,U65/DIFF)es 307e(73,53/5T) e 2280 (VISC/ 1o 1h)nea00,0284(NT/Y,75

l?)nol 63
. GO TO &C . - —— - e e
5¢ Fa(l U65/DIFF)on ,1935e(73, 55/ST)“'.|95'(VISC/! 1 )eedU, 1618 (NT/ 1,75
17)en,913
60 READ 3,NOyJyQGMy TUN, TUL ¢ VELG o o
5 FOPMAT (TU,yI341FT742y IFTaly IF6 Yy IFTL3)%#

IF (NOY kb, TC
DT TF T IVELG S RGN B0y 60 G T T e e s e
95 Yal,0/Fe (0064 + JCVISeVELL)# (U, 608 1,960VELLA+ VELG) - 0,0%y
X = TyM '
PRINT 69MOyd9OGMy TUN,y TUL,VELGFyY
) FORMAT ( [y T34 1F T2 W Tolg1FT7.2yFTu302FToli)
PUNCH 14 yNOyJyOGMy TUNy TULy VELGF4Y
AU FORMAT T (WY T3y YFT 20 TRy WFTL 2V TR 3y2FTOWY 7~
N s N+1 '
SUMX sSUMX + X -
SUMY = SUMY + ¥

SUMXY = SUMXY + XwY
USUMXX = CSUMXX ¥ XeX

GO TO 60
8¢ LM =N

Xb = SUMX/DN

Yi = SUMY/DN

B = (SUMXY = DNeXBeYH)/(SUMXX - nNoxnaxu)
Y B RS e

- PRINT |z,n.sumx.sUMY.sumxx.sunxv.a,a

12 FORMAT (/1 1F 0ok TF16.04 1K 1003, IF10,4,2F9.6)
L gTap e 2 L e Oy T e R IR e e 0
E£MD
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APPENDIX V
LISTS OF EXPERIMENTAL DATA, CALCULATED VALUES OF

CORRELATION VARIABLES, AND RELATED CALCULATED RESULTS

Lists of Experimental Data and Calculated Values of NIU for

the Various Systems

The experimental runs were all numbered so that values
from the three separate lists of calculated results could be
related, if desired. Two number-codes were used, the first
referring to "system'':

Number System

COZ“‘waterooooooooo.oo“
He-Wateér eeeooososoosoe
CO»~EthanolecceesocoseyTube size, 1L.757 cm
CO,-Glycol at 30°C...
CO0;=-Glycol at 15°C...
CozwwateroooooooooooooTUb‘E! $ize, 1.228 cm
C02='Watef.....o....o..Tube Sizeg 2.504 cm

NP WN

The second number-code referring to "type" or flow region is as

follows:
Number Type (flow region)
1 bubble
2 bubble~plug transition
3 plug
4 plug=-slug transition
5 slug
6 slug-annular transition
7 annular

The values for "SATC ML" are saturated concentrations at the



V-2

absorption temperature and 760 mm pressure, and are given in

the same units as "C IN" and " OUT" for the particular series

of experiments, usually ml of 0.1 N equivalent base for a

100-ml sample, or millimoles per litre.

The units of the various other listed variables are as

follows:
Variable
QG CFH

P IN, PD

QGM

VCOR

TUN

TUL

VG

Definition and Units
gas flow, cfh at 1500, 756 wmm (dry gas)

pressure, pressure drop; inches of carbon tetra-
chloride (at 21°C), unless otherwise noted

mean gas flow rate, cfh at absorption temperature
and mean test section pressure, saturated

the sum of the volume of gas absorbed in the
entrance section and one half that absorbed
in the test section; units same as for QGM
NTU, dimensionless

LTU, ft

gas superficial velocity, fps

Lists of Calculated Correlation Variables for the Bubble

and Slug Regions

The listed variables not previously defined, and their

units, are as follows:



Variable

DIFF

S TENS

VISC

VELL

J

FACTOR

CORR ¥

V-3
Definition and Units
diffusion coefficient, cm2/sec (105)
surface tension, dynes/cm
viscosity, cp
liquid superficial velocity, fps
same as "TYPE", defined by second code-number

products of all dimensionless groups raised to
appropriate exponents, dimensionless

(a) ordinate for bubble correlation; fps
{b) predicted NTU value for slug correlation;
dimensionless



COMPUTATION OF NTU

EXECUTE FORTRAM PPOGRAM. =

30,R0 1.20 .13 2.30 8.32

SysTeM TJURE CM BD mM. 0l GPM__TEMP ( _ SATG ML VP MM S
1 V.T57 754.020 YR 15.:33 wh w75 12,800
RUN OG CFH © IN PP C_IM_C _QUT TYPE LGM R L
4} 135,80 4,95 1,88 3,u0 17,22 > 13, : S P
42 193,10 3.22 1,82 5,60 35,50 5 103,24 v.%u\u 22.4 15,089
43 72,70 2,00 1,37 u,20 13,00 5 73.04 L1 2508 30,6 7.77h4
we 36,95 1,58 1,v8 1,23 7,20 5 34.52 I AR I SI.S’ 1,640
us 124 .50 3Y o, f 3,63 ) 1.37 18 JNET7Y 134, RN
b6 52 255 W29 1,u 5,30 1 4,29 .30 0955 8‘.8'“_,h;7 _
u7 8 ,A2 W70 W l.o‘ 5.30 2 8.9 W28 .f903 85,2 L02u
48 12,88 A0 g VT3 5,70 3 12,79 31,0982 TR.Y 1 ,361%
49 18,28 - 1,932 HR 1,90 6,80 3 T8.02 .36 JYTD b65.6 1,014 ~
53 28,20 1,30 . .,02 2,007 7,50 4 28,23 L3 ,1386 RS M 3,005
51 47.0C 1.70 1,32 1,70 9,303 S5 47,13 LS9 L1533 39,3 5,017
52 62,40 1,93 1,33 1,70 13,30 5 60,62 67 2239 38,3 6,152
SYSTEM TUBE LM RP MM QL oPM TEMP C SATC ML VP “4M
) 1.757 758,203 2,100 15,980 W>.u7T 12.A%3 e
RUN G CFH P IN  ¥D  C IN C OUT TYPE WGM  VCOR  TUuN TuL VG
53 4,88 2.5¢ 2,5¢ 5,60 18.50 ) 4,38 .49 3 182,85 Lol
54  7,R6 3,05 2,95 9.30 12.20 1 7,16 L350 YL '.70£
55 11 .0R 3,60 3,28 9,90 13,78 V. 10,25 OB A6, 0 | 2]
56 13,28 3,70 35,38 9,70 15,02 1 _1},05 13 21063 B6,1 1 -
57 16,71 4,00 3,62 12,20 16,30 3 15,72 1} 1356787, u
58 23.22 5.00 4,06 7,60 12,00 3 19,00 207 6.5
59 27.00 5,00 3,37 H.MD 13,00 5 25,87 C 1336 57,4
60 36,480 6,10 w28 9,60 u, 70 5 35,20 1,33 1542 w98
6V 86,90 B3 5,97 13,87 V7,EI 5 ub,9% 1,87 ,202f 3/.8
62 _b8,60 12,82 7,86 12,18 20,30 5 45,54 2,16 32792 24,3
43 Y5,80 12,70 8,08 13,97 24,95 5 688,72 2,00 L2571 14,3
64 150,05 17,20 13,09 13,80 29,60 6 141,08 V1,4
49 122,00 18,90 10,02 13,62 20.4) 6 115,58
66 102,50 12,99 b.u5 13,40 25,30 -5 97,35
&7 93,40 12,50 B,2u 13,30 24,22 5 88,7 L0256 18,9 9,445
SYSTEM TUBE CM BRP MM oL GPM TEMP C  SATC ML VP MM
\ 1.87> 757.2%9 1,500 15.000 u5,873 12,R0C
RUN .0G CFH P IN  PD  C IN C OUT TYPF LGY VCOP  TUuM TuL Vi
T4 1,32 1,32 1,00 2,22 3,45 ) 1,17 235 N29y 254,90 LUk
75 2,23 1,18 1,15 3,60 5,83 1 172 J33T OGkETTYI 2 227
76 3,58 1,32 1.3 5,50 7.9 3,27 .35  .PLOT 154 ,u 3Ry
77 . 5,85 1,45 1,41 5,3¢ y,52 5.32 W59 WOHBMT Q0,4 ;
T8 901 1,95 1 ,R8 4,70 9,062 1 Hu7 BT R I T Y N s B
SYSTEM TUBF CM RD Mu OL GPM  TEMP € SATC ML VP Mwm
A T o873 759,420 1,500 15.°G0 WS 0f7c  12.850
RUN OG CFH4 P IN PP € IN C NUT TYPE WGM VCOR TuN TUL VG
79 12,29 2,35 2,6 &.1G 9,V3 V7 .0 RCEI TS 2 Y A IR S
8% 15,84 2,45 2,23 4,37 H,72 1 15,06 .84 L1222 A2,Y 1,094
B} 19,32 2,75 2,uu 5,3 9,50 5 18,63 LT8R 120 Ab,S 2,068
82 28,90 3.37 2,98 &,9C 11,52 a 28,1s RO (V383 57.2 S.72R
83 36,90 3,97 3,39 6,70 11,88 5 36,17 .05 S, uZA 53,8 4,778
84 48,30 4,RY 4,04 4,00 12,RD 5 47,25 1,10 :.1aT7H
SYSTEM TUBF (M RP sMM  OL GPM TFMP C  SATC ML VP “M
[ 1,875 758,227 1,525 15,300 u»,u7%. 12,895
RUN OG CFu P JNv ° PD ¢ IN € NUT TYPF QOGM  VCOR  TUN TUL V6
9. 3,57 1425 1,25 4,00 6,35 1 3.8 L2 L0581 132,D N2
91 u 79 1,80 1,40 u.oﬁ“‘?‘@;‘ 1T w3 RTINS Y o P e 120 Ry4n .
92 19,30 2,60 2.50 8,10 12,20 3 8,70 J6  JY1IB3 ALLQ 2,476
93 57.30 5,10 4,59 B.20 16,80 5 55,83 . 1,63 ,2656 2H.0 7.395~
Qu 115,30 7.,3C 6,60 11,00 26,00 5 N2,8 2,91 ,E738 V3,4 T&,R50%
95 192,70 11,00 9.48 12,50 34,40 6 188,05 U,69 1,0966 7.0 24.379%
SYSTEM TUBE (M RP MM  OL GPM TEMP C SATC ML VP MM -
1. 1.575 759,200 623 15,000 45,470 12,800
RUN 0G CFH P IN PP C IN. C OUT TYPE Q4M VCOR TUN TUL VG
112 Je2u 27 28 1,70 3,90 1 1,08 6 0525 1us,2 143
113 2,48 .34 351,70 5.8 1 2,22 2R L0900 85,3 298
1Ty 5,80 Ju5 A 1,90 6,82 2 5,uB B8 L2016 A3V 72T
135 13,39 53 63 2,00 7,50 3 D,08 Wu2  J137s 55,7 1,335
116 15.30 J3 270 2.6 7,43 3 15,06 JAY L1327 57,8 9,094
17 292,22 Y R4 2,40 T7.50 3 25,04 .39 L,V283 59,87 2,A55
(R Y:] 5 30,Au J6 0 L1523 504 4,059




COMPUTATION OF NTU

oL GPM

198,32

256

SYSTEM TUBE CM BP MM TEMP C  SATC ML VP MM
1. 1,575 757,420 520 15,000 w5 u7s 12,832
RUN.OG CFH © IN- PD. C IN € OUT TYPE W@GM VCOR TUN TUL V6
119 V19 1,35 1,22 2,20 11,52 5 43,85 L T3 ,2872 3137 _Seb12:
125 63,72 V.67 1.4l .2,70.13,52° 5 42,53 WS 2971 25, R BAVH
121 85,00 1,RG 1,58 3,307 13,50 5 85,2 LR 2826 0 20, 11,200
122 113,50 2,88 2,05 3,50 15,15 & 113,65 92 3298 25.2 15,053~
123 144,23 2,95 2.38 3,60 17,50 5 44,02 1,71 w12y 1b6.6 19,076
124 169,00 3,60 2.8u 4,00 19.90 5 V65,76 1,29 921 15,4 22,353
SYSTEM TUBE CM 8P MM QL GPM TEMP C SATC ML vP MM .
1 1,575 753,320 2,100 15,200 uS5..73 12,830
RUN OG CFH P IN PD  C IN ' C OUT TYPE OGM VCOR TUN TUL VG
125 1.36 1,92 2.0V 3,10 4,05 1 1,13 W24 02587 353,54 2150
126 2,82 2,12 2,08 4,15 5,55 1 2,b8 .37 0365 219,) ____329 .
T127 - 14,80 3,70 3,57 9.ud 13,15 7w o7 ALY 89,2 CEYS
128 130,63 14,60 15,47 16,00 28,52 6 125,05 3,42 ,5us58 4,0 'b 56U
129 191,70 18,60 14,09 18,20 34,40 6 182,33 4,65 LAR74T 8,7 24,151
SYSTEM TUBE CM BP MM QL GPM TEMP C SATC ML VP MM
i 1,575 752,500 2,700 15,225 u5,u70  12,AN0C - _
“RUN QG CFH P IN ~ PP C IN C OUT TYPE OUGM VCOR TUN
135 1.9 2,95 2,11 uw.ul) 5,55 1 1,64 W30 Wn2vl
131 6§07 2,52 2,52 6,10 8.8% 1 5.72 .65 .a571
132 12,79 3,42 3,29 10,20 13,50 ) 12,35 (BT L1299
135 14,53 3,60 3,431 11,22 14,68 V 13,84 RY 1574
134 19,74 4,29 3,88 12,50 15,90 3 18,48 LA L7
K 135 11,67 3,30 5,20 12,70 15,80 1V 1,02 LA 1024
: 136 Yobd 1,98 2,91 4,30 5,30 V. },u3 W26 0252
; 137 8,73 2,90 2,90 8,25 11,00 ¥ B4 .12 0788 97.u 1,079
i 138 17,04 3,96 3,64 10,70 14,0 3 16,77 B9 10586 T2.T 2.222
o 139 23,30 " 4,90 3,96 11,90 15,60 3 22,56 LO7 1194 AB,3 2,988
; TRT 30,10 5.A0 8,48 12.10° 16,00 3 29,30 1,04 1265  60.6 38T
~SYSTEM _TURE (M RP MM Ol GOM TEMP € "SATC ML VP MM
S 1,575 755,220 }.500 165,000 u5,u70 12,855
RUN 0G CFH D _[v_ 20 € IN_C QUT _TYPE OGM__vCNR _ TUM TUL V6
Wi V.64 1,00 1,20 4.7 1 Touz 20 3336 278.3 158
2 2083 1,20 1,24 7,00 b 2.8 L39 /8550 139.5 .328
J43  T.8) 1,7k 1,75 42 11,20 1 7,25 AT Y024 TuL9 063
Wi 10,06 2,12 2,08 7.9 12.30 1 15,28 A3 1277 hu.T 1,342
145 15,93  2.m0 2,.%%  H,50 13,23 V1,34 LRB  ,139n. §5,1 1,007
l46 25,10 2,04 20,8V 9,37 13,43 4 24,58 B2 L1316 58,3 3,258
W7 w3, 08 a,tu 3,72 9,70 15,03 5 39,37 l."“ V637 wh,9 50200
Wwg 69,00 5,60 u.%3'13.93-19., 5 A(LR0 1,84 2715 24,2 #,061
SYSTEM TURE CM. BP MM OL GPM TEMP C SATC ML VP MM
1 1,757 -757.323 L5723 15,332 b5,u70 12,893
RUN OG CFH' P IN- PN C IN C OUT TYPF QOGM VCNR TUN
149 2,35 1,15 1,21 3,RC 5,53 1 2,25 W31 ou2s
153 3,99 1,27 1,29 u,X0 6,70 1 3,59 Jubh o, na1%
157 20,74 2,67 2.55 .G 11,38 3 19.8% NEACL
152 55,20, 5.26 4,69 8,40 15,25 5 54,11 1,28 2253
153 107,80 7,82 5,62 15,90 21,60 5 155,29 2.06 3735
154 151,55 9,39 7,76 V2,40 26,32 5 147,77 2.73 5468
155 190,40 11,83 0,685 13,80 35,00 6 V05,28  3.26 747
SYSIEM TURF (M BP MM  OL GPM - TEMP C  SATC ™ML VP MM -
1 1.757. 755,380 1L.805 15,228 45,478 12,803
"RUN 0G CFH P IN ¥n O C IN £ ONUT TYPE G4GM  VCOR  TuUw TuL Ve T
156 5,89. 1,43 Y,u6 5,20 ov,15 1 .15 L85 .OTu5 97,7 Y
V87 12,7 2,25 2,25 5,ul 10,30 1 12,06 .93 1345 57,0 1,244
58 17,88 2,46 2,4 5,55 9,AC 3 17,12 R V6. AD.P V1,472
159 121,20 7.82 -6.69 9,00 5 119,70 2,32 ,n0135 19,0 12,701
165 163,RC 9.86 8,48 12,20 5 161,33 2,83 8294 4,8 17,172
T6t V14,7 V1,70 9.2 11,30 27.0¢ 6 191,59 © 3,74 #4733 12,3 22.%39
162 21,65 2,79 2,63 6,05 123,20 4 21,27 T8 VS a6l 2,004
: SYSTEM TUBE CM RP MM OL GPM TEMP C <SATC ML VP MM
. 1 1.757 759,200 VoD 15,070 4b. T8 12,803
RUN OG CFH P IN PN .C TN ¢ nuT TYPE OGM  VCOR  TUN TUL VG
165 18,76 1,55 1,81 500 8,63 4 lu.3l 62 1927 62,9 1,949
T 22,60 1,70 1,647 400 980 w22, V68 12687 59.9 2,350
165 31,50 2,12 1,03 -u,35 10,005 - 6 5 80,7 3,29k
166 _B6,u0 3,52 3,08 5,18 15,000 & TLEh 2RSS 26,9 9,097
V6T V137,60 W8T b 2w 5,00 14,00 & 1%4,35 1,70 k322G 9 T dn nidl
1oy 7.05 LTLND 26030 h 19501y 2,83 (RQHY 20,7710

V-5
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COMPUTATION OF NTU

V-6

)
B

T USYSTEM T TUBE CM RP MM OL GPM  TEMP € SATR ML VP Wik

i Vo757 750,500 1,070 15,308 BS,u75. 12,958
* i . . - L.
i RUN OG CFW P [N PN C IN € NUT TYPE 4GM  vCOR  TFUM TuL VG
i 169 71,32 RV Wy oot,e0 5,800 10 1,13 L2100 L3857 190 1 Jion
: 172 3,02 b5 b 200 5.0 ) 2.73 B L 06u) 1y ,7 291
i 71 877 1.12 1,13, 3.3° 7.90 1 5,33 B2 19T AG.S G
; 172 11D 1,26 1,26 3.78 8,70 2 10,05 .67 L1314 SH.b - 1,164
: 173 13,66 1,36 1,36 5,40 8,57 5 15,27 LA 205 672 1
1Tu 16,27 1,85 1.39 -3.3¢ 8,20 3 15.93 GA T YITT TRTLEVLAYR
5 175 54,90 3,03, 2.6 " 0,20 11,00 5 54,72 1,0h  ,2125 36,2 5,825
. 176 167,10 6,02 5,26 5.,RC 26,50 5 160,63 2,77  MTu2 16,2 17,755
i 177 198,30 1.27 6.14 &.4C 22,75 5 T97.28 2.3V . GoTA 13,0 I 45K
SYSTEM TUBE UM HP MM OL GPM  TFMP ( SATC ML vp Mm
VOLLT57 7w, udg TLATC 5. T0Y ws BT 72LATE B
RUN OG CEH P JNM  PD € TN ¢ OUT TYPE UGM_ vCOR  TUN Tul VG-
V78, 02,0 W59 62 2,30 B4 1 VRS 0k tugr 15A.7 LIYT
179 3.87 T2 T30 2.0 5. 3,268 ,ul ,nthe A1nz,0 CRuk
: 182 6.26 .21 92 3,37 v.an 1 5 .89 S 076 TULA Ny
' 181 v, 72 1,79 V00 330 6,20 1 9.26 - 66 VAT AIUTTTTL0uAT T
i 182 12,69 1,32 1,30 5,30 H.uD 3 12,29 LB L1352 57,6 0 1,30e¢]
i85 15,84  1.u1 1,37 3.6p K20 5 15,57 V63 1227 bé.b 1 aADT
SYSTEM _TURE CM RPp MM__ Ol GPM TEMP C  SATC ML VP MM
i 1.787. 760,400 L6250 15.66C B5.u73 12,857 -
_RUN_QG CEH P IN [ )] '('. N C_NUT TYPE LGM V(;Qﬁ___]‘l[l‘\!_‘_“ = Trl_l.l:r_ » “V(;_ '__»
193 1.32 27 L3R 2,60 4,68 ) [P T T T R LY T ALY
194 3.22 .37 LT 2,85 6,65 1 2.86 L3900 0050 un,A W30k
195 5,53, Lud 5L 2,90 c7.u5 1 5.11 LT 50 66,7 .50l
196 = 8,25 .55 W65 340 8,45 1 776 BT V288 5948 THZh
197 10.96 W69 J0 0 3,40 BMD 20 10,85 ¢ 81 L128H 59,6 1,123
199 12,74 W62 L72 3,36 8,32 3 12,35 51 L1284 59,R 1,304
199 16,31 .73 .81 3.,u5 8,00 3 16.CTC L7 166 A58V ,TO5TTC
200 19.26 .86 QU 3,75 B.37 4 1y.22 M3 1093 78,2 2,723
S1. 31,22 1,'9 1,26 .85 9,15 &5 31,03 M 1138 67,5 5,373 X
SYSTEM TURE (M BP MM . OL GPM TEMP C  SATC ML VP MM
] 1.757 759,920 620 15,000 45,470 12.R00 .
RUN OG CFH P IN PN C.IN C OUT TYPF OGM VCOR TUN.  TUL VG
262 42.5¢ 1,5V 1,19 3.6C 9,55 5 42,22 62 1557 B934 ,u9h
205 54,30 1.68 1,27 u,15 11,15 5 53,95 R A L I LY
204 TZ.60 1,84 1,37 4,55 13,15 4§ 72,20 W02 2397 3240, T.485
205 96,60 2.u8 1,66 5,00 1405 5 96,23 1,07  2H&)a 26,8 17,22)
266 134,10 3,62 2.21 5,9C 17,75 & 135,83 1,30 .%594 21,3 w167
207 177,06 S5.%4 2,54 T 7,53 21,60, 5 VT4.7R 1,5y 651 16,5 b ,603%
208 197,20 6,94 3,38 8.3C 23.80 5 194,33 ° 1,ARC L8415 14,2 20,604 |
SYSTEM TURE CM RP MM DL GPM TEMP € SATC ML VP MM
) 1,757 766,200 3,660 15.000 ub,u7G 12,807
RUN QG CFH P IN PD € IN C 0OUT TYPF OGM VCOR
2€9 1.59 6,R8 3,45 3.,un 4,30 1} VL3 .26
213 2.R7 6.9% 3.hEa 4,20 5.5 1 Z27.3% g
21 5.81 7.,u7 3,91 6.00 7.60 ) 4,07 77
212 9,87 8,87 4,77 1,00 12,10 1 8,65 1,00
213 15,58 10,03 5,57 13,45 16,06 1 14,07 1.2% )
: 214 23,70 11,73 6,52 13,90 16,80 3 21.77 1,ul
' 215 35,10 13,05 7,13 14,50 18,15 5 30.37 1.77
i 2V6 44,70 15,30 8.ul 15,55 19,8C 5 41,05 2.C7
. 217 75,40 22,70 11,69 17,75 24,50 5 68.09 3.35
218 97,06 25.50 12.74 19,60 27,70 5 87,33 w0 ,3358
SYSTEM _TUBE CM RP MM oL GPM __TEMP C SATC ML VP inM
Vo1, 757 758,930  3,8C0 15,000 uS.u73 Y2.R1)
RUN OG CFH P IN _PD € IN__ G OUT TYPE QGM VCOR TUN  TUL VG
219 2,07 3.,ks 3,57 5.5% 6,35 1 V.66 LLTTURTT 35208 AT
: 223 7,57 4,55 4,23 7,50 8,80 6,96 63 ! 218, JTHOX
i 22}. V1,u9 S.,u6 4,74 10,70 12,90 1 10,h) 1,08 116,58 1,108
222 1R,L5 6,79 5,47 11.uf 4,37 3 16.96 1,43 86,7 T 1.855
223 65,80 13,76 10,75 16,00 22,02 5 41,45 3,05 34,5 6.54)
224 152,32 14,30 13,92 19,15 28,18 5 ou,36 4,78 19,3 10,04y
225 134,30 21,RD 16,up 22,00 32,55 6 123,13 5,03 3587784
226 172.02 26,70 20,13 24,70 37,60 7 155,29 8.3C 8.9 16,528
227 187,40 27,R0 20,98 25,00 37,RP 7 149,52 H,0u  .R633  H,H 1H,.Nu3




COMPUTATION OF NTU

\

SYSTEM "TUBF CM BP MM
}

V,757 747,600

nas
o 0

3

by 470

12,805

TOL GPM TFMD (. SATC ¥ML vP MM
15,0058

RUN-QE CFH P IN  PD € IN € OUT TYPF QGM VCOR  TUN TUL V6
228 5,08 4,09 3,93 7,35 ¢,.70 1L L,67 50 W37 26,4 M7
229 L B.72 5,89 W63 K,k 10,30 1 Bo17 CGU JEEPTTTRS R T e
230 13,10 0,13 5,27 9,95 12,u5 V12,34 W03 ,n7u9 122,80 1, %y
: 231 27.20 H.21 6.6 11,15 14,36 5 26,23 1,208 . ,T998 76,0 2,797
: 252 59,30 135,12 15,05 15,00 19,15 5§, 57,05  2.01 i858 4l 3 6072
H 93% A9 AT 44,00 12 RY 15,65 24,95 § Au,0h 5,16 ,32372 25,7 9,742
) 234 125,20 20,72 15,78 17,87 29 ,A0 -6 11/ 82 u,46l WSuZ2h s, 1 12,530
; 235 16k ,A0 24 A% 18,90 10 30 32,87 6 V5u,0% 5,24 LAT1> VP 16,007 |
) SYSTEM TURE CM BP MM OL LGPV TEMP C SATC ML VP MM
i 1 V.757 752,407 1,079 7 6,320 62,910 6,635
RUN OG CF4 B IN PN C IN C OUT TYPE QOGM  VCOR . TUM
256 u.b3 .06 97 6,15 9,75 1 3.92 60  .0654
257 8.8 1,16 1,15 6,85 12,20 1| 7.36 02 %22
238 12,79 1,37 1,34 7,45 12,98 3 11,55 ,03 L1054
_.._239 2u,32 1,0). 1,85 8,25 12/95 § 22,93 .81 17915
; el w5 7 3,130 2,08 9,02 15,85 5 L3288 10K 1380
i 241 R7,20 3,88 3,53 12,20 21,00 5 H2.73 1,96 23565
i L 242 122,90 4,90 u4,ub5 15,00 25,05 5 116,82 2,5y L3217
: 243 T6L.70 5.66 5,98 15,15 29,37 5 (66,31 3,01 J207T
; SYSTEM TURF (M 8P mM 0t GPM  TEMP L VP uM
: i (RS AR X% Tl N AT O S T Y -3 I Eela
RUN OG CFu P IN kN C IN € OUT TYPE OGM  vCOR  Tuwm
244 L ,6R JTu T3 1.8% w25 v w,RuT TURETTNE
‘ 245  B.4b8 0,96 L0 1,05 5,30 1 ».62 65 1366
‘ 2u6 12,83 1,18 1,36 2,10 580 3 13, k4 L6A L1395
. ZuT TISRTTTIUIV OV RE C2ul 9LRD 5 25 ,mi (65 L1302
: 2uy B5.70 3,27 3.8 3,15 7,80 5 49.{ 20 u%
: 249 BB YT u,53 4,34 4,05 11,25 5  Qu,HR eI )
253 125.30 5.2h W.,A1 w.76 13,27 5 132,87 TR TR R T
251 165,80 6,49 5,96 &6,1C 15,75 5.17&F,M Bhud
SYSTFM TURE CM BP MM OL GPM. TEMP € SATC ML VP MM
1 ), 757 757,000 1,070 45,000 21,u20 71,07 . o
RUN Of CFH © IN PP+ C IN C NUT TYPF whAm vCAe  Tud Tul . ove
252 4,73 .68 Wb V15 2,70 ) LI L33 ,"40Y a1k L2 RTT
253 T K3 LAY TR 5 S T S A Y - P IS
258 12,85 1,87 1,03 | A VuHy JET O 1310 58,2 1,.REG
255 25,1 V.65 1,53 1 5 ?27.,5d U5 1208 60,5
256 ub5,32 2,53 2.28 ¢ 5 RL,7 NEERYALE R
257 86,70 3,34 3.0n 2 5 02,75 V.25 L,R837 20,07 1n.0X1
258 122,93 u,09 - 3,67 3 5 14475 1,52 Jm9z6 15,5 15,427
© 259 165,33 5,63 5.7 3 5 V96,367 2,32 WeA51T 11,8 25,003
For runs number 260 to 306 inclusive only, the inlet pressure, P IN,
-~ . given in inches of mercury; (PD) given in inches of CCl, as previously.
‘T e e L £y — P — . .
. SYSTEM TURFE (M .RP MM __ OL GOM TEMP C SATC ML VP MM
Je 1 1,757 753,100 Vo272 15,385 w5478 12,840
I RUN OR.CFY P IN £n C 1IN C OUT _TYPFE OGM VLNR TUN Tul, VG N
26%  6.27 9,95 &1 5,15 9.u5 ) 4,19 LRH JNH3E  vI1,.8 ubh :
2617 w.20 9,95 . 96 5,20 11,10 ) 6,22 7O - 1155 A6 JAA2 i
. 262 13,31 9,95 1,u) 6,35 12,55 2 9.28 A6 1283 §9.P L98A ;
; 265 2B.3C V5.05 1,38 - T.CC 12.10. 4 20.R5 &8 1523 75,3 2.219 :
| 268 55,75 9,93 2.63 9,83 16,75 5 ul.e7 LO% L1819 50,6, u%h :
265 RALDC - 9,95 3,12 11,15 21,85 5 A4 33 L .ub 2407, 31,7 6,8u7 ‘
266 127 A2 15,00 3,80 11,749 24,20 5 95.,A9 V.79  .3758 75,7 15,77k !
267 165,00 10,35 4,53 15,75 20,83 5 122,53 1,95 3575 21,4 V3,742 ‘
SYSTEM TURBE CM BP MM___ OL GPM__TEMP C _SATC ML VP MM
1 Vo 757 762,800  L.2005 15.08% 45,470 12,R00
RUN OG CFH P IM - PD € IM € OUT_TYPF O6GM  vCOR TUM TuL d
268 3.,u2 1,85 5,03 4.0 5,501 2.9 .bA 0241 318,90 287 x
i 26% 5,97 1,13 6,56 1,05 6,05 5.13% 7R L0270 282,64 NIV
270 13,23 1,35 .H.11 6,80 8,83 -1 11,61 1,34 0821 w73 1,236
271 26,3 1,61 9,64 8,35 11,15 5 21,68 TV, AR J7ok 00,5 2,9v7
272 34,5 1,91 11,12 105,085 13,65 5 31,087 2,29 ,0973 76.9 3/307
Co2¥35  5L,X0 - 2,43'13,7h 12,55 18,30 5 47,960 3,94 . JIBV3 42,3 K,104
274 78,20 2.99 16,90 15,65 22,06 5 h5.67 4,82 2224 38,5 A,989°




COMPUTATION OF NTU

-7.R5 9.09

18.30

SYSTEM _TUBF CM_RP MM OL GPM YEMP C  SATC ML VP MM
i 1,757 755,72C 4,208 15,007 WS /Y 170,RER
RUN OG CFH P IM PN C IN C OUT TYPE UGM VCOR - TUM TUL”  ve
M 275 2.2 1,02 5,79 3,25 4,00 1 1,60 SC TL.0179 428.,6 70X
. ?(6 TO.RT 1,65 9,14 10,15 12,10 1+ 18,22 1,32 ,0559 137,2 1,039
) f?? 26,50 1,7R 10,62 12,70 15,50 5 25,99 1.91 JNBT3 B7T,9 2.766%
¢ 278 u5,22 2,20 12,63 14,45 18.65 5 61,06 2.7t L1337 57.E &,371
: 279 87.70 3.38 18,8 18,60 25,15 5 78,21 4,59 ,2547 33,1V 8.325°
i 283 109.08 - 3,79 20.79 21,06 29.05 5 96,21 5,76 ,3%09v 21,8 15,240
H 281 137.60 u4.33 23,54 25,65 33,160 6 120,15 7,37 .u7g2 16,8 12,788
i 2682 176,10 5,10 28,52 26,20 37,7C 6 151,09 9,34 .705C 10,8 14,081
203 189,20 5.32 30,00 27,20 37,80 7 155.03 8,50 L4611 11,6 16.5C)
SYSTEM TUBE (M RP @M OL (GPW TEMP C SATC WML VP MM
i V757 T57.72%5 1,079 15,2080 w>b 473 12,A0D
RUN OG CER P N PH € IN L NUY TYPE GGW VCNR TUN TUL VG —
284 2,70 11,18 1,55 4,05 9,20 1 1,88 Ll LOoud 131 w1568 N
. 205 S.A6 11,08 1,63 7,50 11,654 ) 3,78 B2 T 9T ) a3 ,
! 265 T2 02TV, 08 "V R 7,70 Va,bo 1 8.53 “RB .V343 57,7 L aa
: 28T - 25.90 V1,19 1 ,RE 8,7 .l 3 14 87 T2 125 68,2 1.T96
- 288 31,00 11,19 1,903 9 .05 14,35 4 22,4 - 68 JID6T T1.9 2,357
269 UT.80 V1,V9 2,07 10,.R5 17.60 5. 34,33 98 V7433 5375  3765% :
1 290 A5.50 11,19 2,R3 13,50 21.20 5 41,62 1,4 " 2365 32.L A.So8 0
i 291 155,480 11,20 4,03 14,65 20.7T5 5 112,04 W08 W3A09 21,2 12,725
2Y2 163.00 11,22 U,12 14 .88 29,A5 5 110,21 2.99 3845 19,972,584
SYSTEM .TUBE (M RP um OL GPM _TFMP C  SATC ML VP MM
i ] 1.757 757.79C T.072 15,373 4o b7 12.RYG
P .
RUN OG CFH P IN #D € IN € NUT TYPE (GM  VCOR  TUNM TUL VG -
293 Z.98 -8.39 BR 2,50 4.27 7 Z.52 BT U595 126,9 V2589
294 .95 -8,29 Ot 3,40 6,25 b,32 A0 L1038 Tu,2 0 AT2 :
295 12.29 -8, 1.23  b,23 7,0 5 16,61 70,1078 71.2 |.7AA :
796 TB.98 <R,15 T,.L5 G§.95 8,707 75 75709y TH TUVZ3I5TTA2VYT 2766
297 28.50 -7.91 2,40 7.R% 11,30 5' 3B.99 LT L1543 49,8 4,153 i
4 298 37,20 =-8,15 2,65 12,60 14,15 5 51,75 91,2329 37.8 - 5.508 ¢
I 299 GT.L0 -7.57 3.58 16.85 20,80 5 55.95 1,07 2970 2Z5.% 5.955% |
_SYSTEM _TURE (CM_BP MM Of GPw:- TEMP C_ SATC ML VP MM
Vo1 757 T62.760 1,675 15,000 uS,u70 12,800
RUN OG CEWM ® N vD G IM C OUT TYPE wGM _YCOR  TuN . TUL VG
330 1.51 -8.03 . .60 2.45 3.65 1 1T,A% 2~ Jasrl 236.7 RE27
3 3,82 -B,06 .72 3,19 5,35 V¢ 4.21 S3 61T es.T ug
302 - 7.19 =8,16 1.0y 4,25 7,50 2 9,24 .80 1228 42,5  .903
323 9.80 -B,07 1.20 5.5 8,42 5 12,83 AR V265 02,7 1,346
324 15,84 =R.15 1,66 5.7C 4,35 - 21,80 65 TR 73,3 2.7BH
355 7.4l -8,12° 2,20 6,15 9,25 5 31,95 LB L1209 65,0 3.ed
356 38,10 15,35 "5 §3.5¢ 1A V933 39,7 5.77u

V-8
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COMPUTATION OF NTU

SYSTEM TUBE CM B8P MM
31,757 747.500

RUN
351
352
353
354
355

. 356

357
358
359

RUN
375
376
377
378
379
380
381

32

383
384
385
k-1

" RUN

387

37,

349
389
390
390
391
391
392
392
393
v3
394
vy
395
3¢5

RUN
396
36
397
397
308
398
399
399
400
400
4ol
401
402

06 CFH P IN  PD
1,98 . L u7 T
b,0u .55 .AR
5.99.  ,67 .99
4,68 A1 1,22

15,48 1,09 1,59
25.80 1,39 2,08
34,50 1.85 2,64
59,60 2,47 3,u6
107,40 3,72 5,07
SYSTEM TUBE CM BP MM

3 1,757 750,700

QG CFH P IN PO
1,66 L2 W71
2.92 51 o179
5.73 .60 .99
9.06 86 1.3

16,67 1,17 1,70
20.53 1,30 1.97
27,40 - 1,52 2,25
L3,80 2,06 2.98
8Lk, uD0 2,89 4,07

115,30 3,73 5.25

166,70 5,83 T7.87

190,80 6.R9 9,28

SYSTEM TURE (M BP MM

3 1.757 750,700

QG CFH P IN PD
1.5 JU43 .72
1.54 43 .72
3.52 53 .Bu
3,52 .53 « Bl

26,30 1,45 2,20
20.30 1,45 2,20
38,10 1,88 2,72
38,10 1.88 2,72
V53,60 2,24 3,24
53,60 2,24 3,24
B8,10 2,97 u&.21
88,10 2,97 4,21

145,10 u4.B3 4,61

145,10 u,B3 6,61

193,00 6.87 9,39

193,00 6.87 9,19

SYSTEM TUBE CM RP MM

3 1.757 747,000

06 CFH P IN PD

11,45 A8 1,07

11,45 B8 1,47
14,52 95 1,61
14,52 .95 1.61
19.97 1,18 1,88
19,97 1,18 1,88
25,60 1,37 2,17
25,60 1.37 2,17
40.20 1.81 2,8}
40,20 1.81 2.8}
91,00 2.91 4,28
91,0 2,91 4,28
186,00 6.57 8,92
6,57

. 02

186,00

8,92

oL GPM  TEMPAC SATC ML VP MM

1,040 13,500 36.600 28,700
C IN C OUT TYPE WGM VCOR TUN
bous 2, .22 . 0368
1,90 3,50 1 3,09 1,12 .0500
2,70 5,05 1 4,58 1,66 .0763
3.90 6,70 U 7,06 1.99 .0953
4,90 7.85 3 14,04 2,11 1042
5,50 8.35 S5 2u,87 2,05 L1026
6.20 8.75 5 34,12 1.81 ,0935
7.35 12,50 5 58.21 3,78 ,2077
9,80 17,16 5 105,79y 5.54 3437
OL GPM TEMP C SATC ML VP MM
1,040 13,500 36.600 28,700
C IN C OUT TYPE UGM VCOR TUN
1.25 2,35 1 .95 .76 0333
1.65 2,95 2,12 .91 L0399
2,95 5.00 bV 4,51 1,44 (0665
U, 15 6,85 1 7,50 1.91 L0921
5.45 7.95 3 15,5 1,77 .0888
5.55 8.05 4 19,55 1,77 .089)
6.15 9,75 5 25,85 2,54 1338
7.20 11.35 5 uz2.40 3,00 .162)
7.70 13,25 5 83,24 4,08 .2273
Q.40 15,65 5 114,40 u,67 2792
12,40 18,10 6 166,99 4,26 287y
12,95 18,65 6 191,25 4,26 2944
OL GPM TEMP C SATC ML VP MM
1.040 13,500 36.600 28.700
C IN C OUT TYPE QGM VCOR TUN
K. .50 1 .9 .69 .0304
1,75 2,60 ) 1.00 .59 0260
2.80 4,55 1 2,83 1,23 .0562
2,95 4.55 }V  2.53 1,12 .0515
5,R0 9.30 5 24.79 2.51 1282
6,00 9,60 5 2u,72 2,58 L1331
6.80 11,05 5 36,44 3,07 41639
6.85 11,25 5 36,32 3,19 1705
6.95 13,30 5 50.82 u4.72 ,2573
©7.20 13,15 5 51,04 L4,u0 ,241s
8,90 15.55 5 B6.14 4,99 2942
8.70 15,80 5 85,77 5.36 .31u8
10,80 19,65 5 1u2.U6 6,96 4523
11,75 19,45 5 142,95 6,47 4249
12,65 21.55 6 190,66 7,09 .u998
12,75 21.85 6 190,46 7.29 5176
OL GPM TEMP C SATC ML VP MM
1,040 13,500 36,600 25,700
C IN C OUT TYPE OGM VCOR TUN
L,60 7,40 2 9.96 2,00 .0978
5,15 7,95 2 9.96 2.30 .0997
4,95 7,60 3 13,28 1.89 ,093u
4,90 7.75 3 13,13 2,08 1006
5.15 7.75 4 19,00 1.85 L0921
5,15 B.15 4 18,70 2.5 L1071
5,50 8,30 5 2u,64 2,07 1042
5.50 B8.65 5 24,46 2,26 V142
6,40 10,40 5 3Y,02 .2.90 .Y522
6,15 10.35 5 38,87 3,05 .1590a
9,10 15,40 5 B9.91 4,74 .2812
8.90 15.20 5 89,92 L4.73 .2787
13,00 22.25 6 184,20 7,52 5435
12,95 22,90 6 183,48 8,23 .59

TUL VG

208.6 . 130
153, . 329
100,6 JLBR

83.5 751
73.6 1,494
Tu.B 2,647
82.1 3.632x
36.9 6,195
22.3 11,259

TUL VG

230.4 « 102
192,0 0226
115.5 480

83.u « 798
86,4 1.65uX
86,1 2,080
57.3 2.752
47.3 u4.513
35,7 8.859:
27 .5 12.175 ¢
26,7 17,772
26,0 20,354

TUL VG
251.9 4096
2948 107
136,6  .258

49,1 270
59.9 2.639
57.6 2.631

46,8 3,878
45,0 3,866
29.8 5.u00x
31.8 5,443
26.1 9,768
24,4 9,129
16,9 15,162
18,09 15,2134
15.3 20,292
14,8 20,270

TuL VG

78.5 1.068
77.0 1.060
82,2 1.u13
76.3 1.397
83,3. 2.022
71,7 1.990
73.6 2.623
67.2 2.603
50,4 u.153

48,3 b4.137
27.3 9.569
27.5 9.570

14,1 19,6Cu
12.8 19.528




.

COLPUTATION OF NTU

SYSTEM TUBE CM RP Mwm

QL GPM TEMP C SATC ML VP MM

3 1.757 749,700 2,100 13,500 36.600 28.7CC
RUN OG CFR P IN  PD  C IN C OUT TYPE QGM OR ) T 3
M03 162 1,45 2,49 72,05 2,45 )¢ Teiz 'Co8s .0122 635.5 ' u110
H03 1,62 1,45 2,49 1,90 2,40 | .98 .70 .0153 501,9  ,10u -
“OB 3,00 1,51 2,62 2,70 3,55 1 1,03 1,19 0268 256,84 4205
404 3.061 1,51 2,62 2,65 3,50 1 1,93 1,19 0267 206,9 +205 =
405  B.12 1,82 3,05 .45 5,7 1 6.66 1,76 JOL19 182,09 LT89
405 B.12 1,82 3,05 4,40 5,55 ) 6.,R1 1,62 L0385 199,5 W 725
436 14,08 2,32 3,76 6,60 8,05 1 12,51 2.05 .0526 lus5,0 ),352 -
406 14,08 2,32 3,76 6,60 8,05 1 12,51 2,05 .0526 Iu5,9 1,332
407 20,02 2,83 4,39 7,70 9.95 3 17,53 3,22 .0862 B9.,0 1,R0h
407 20,02 2,83 4,39y 7.8C 9.95 3 17,68 3,07 ,0825 93,0 1.RH1
408 33,20 3,78 5.53 10,45 12,00 5 30,1 3,52 L1051 73,V 3,279
408 33,20 3,78 5,53 10,30 13,15 5 30,22 b, 11 L1225 62,6 3.216
409 B4,70 7.93 7.9C 13,70 19,10 S5 78,30 8.CH .285C 26,9 8.333
409 B4,7C 7,93 T7.9C 13.85 19,70 S 77.54 B.B4 3155 24,3 8,253
410 182,80 14,20 17,30 17,35 25,RC 6 169.91 14,05 L4117 12,5 18.083
410 182.B0 14,20 17,30 16,9C 25.8C 6 169.0%5 .91 ,6360 12,0 17,991
SYSTEM TUBE (M BP MM QL GPM  TEMP € SATC ML VP MM
3 1.757 756,300 2.70C 13,56C 36,600 2b.700
RUN QG CFH P IN  PD  C IN € OUT TYPE QGM VCOR TUN TUL V6
411 2,17 1,48 2,58 2,35 2.75 1 V.67 W55 40122 625.R T8 2
u1 2,17 1,48 2,58 2,3C 2.RS 1 1,47 .76 0168 45u,R 2156
k12 5,13 1,62 2,73 3,80 .60 1 U6 1,11 ,0258 297,2 43
312 5,13 1,62 2,73 3,75 u,7¢ ‘1 3,95 1.32 ,0307 25C.0 W21
413 11,82 2,15 3,52 6.00 7,65 1 9.A4 2,32 .0581 132,0 1,047
413 11,82 2,15 3,52 5,95 7,45 1 10,05 2,10 .0526 1u5,R 1,070
uiu 18,71 2,53 4,02 7,65 9,65 1 14,35 2,82 ,0753 102,0 1.527
Blu 16,7V 2,53 4,02 7.5 9.20 1 iu.78 2,39 L0632 121.,3 1.573
415 26,50 3,18 uU.89 9,40 11,85 3 23,71 3,88 L0994 77.2 2.52u4
815 26,50 3,18 4,89 9,75 11,80 3 24,30 2.90 .0837 91,7 2,586
416 51,20 5.33 6.96 11,90 15,70 5 46,73 5,50 1757 43,7 L.974
416 51,20 5,33 6,96 12,05 15,30 S5 47,57 4.67 L1493 51,4 5,062
417 150,20 12,70 15,00 17,35 2u4,6C & 138,82 11,47 L8897 15,6 W, 774
417 150,20 12,70 15,80 17,50 24,40 6 139,46 10.83 w642 16.5 1u,8u3
SYSTEM TURE (M RP MM QL GPM TEMP .C  SATC ML VP MM
3 1,757 751.00C 2,100 13,535 73.200 28,700
KUM OG GFH P IN  PD  C TN € OUT TYPE WAM VECNAR  TUN JTuL VG
b1y V.60 d,u> 2,51 3,75 u.65 | 1.03 A3 J0137 559,6 « 10y
By 3,090 1,55 2,469 a6,RC H.TH ] 2.7h 137 L0304 2u4,2 290
¥20 10,07 1,95 3,29 10,65 1,54 I Tohe 2,77 L0681 112,6 JHIb
21 17,66 2.62 b s 16,65 25,75 1 15.36 2,92 LOR30  95.0 1,434
422 25,30 3,10 4.80 19,00 2u.25 3 22.3vy  3.77 .26 T0.7 2.383
423 35,20 3,RS 5,70 21,05 27,u0 5 3V,7u  w,59 V385 S55.n 3,3/4
24 75,80 7.7 H,95 28,50 3v,70 5 68.9> w.ha 3075 24,0 7,338
u25 152,30 13,30 15,60 35.20 Su,20 5 139,74 13,47 6898 V1,0 14 AT72
426 167,80 16,00 18,463 U3,38 S¢,90 6 17u,A64 12,5¢ 7382 13,0 18,584
SYSTFEM TUBE CM RP MM nL LGPM TEMPR C SATC ®L VP MM
3 V,757 750,100 1,670 13.50C 73.22C 28,70C
RUN OG CFH P M (41l C IM C NUT TYPF 0GM  VCOR  TUN TuL VG
u27 1.u0 0 W70 4,45 6,30 .79 b6 0288 266.3 L3Ry
428 L,10 .50 L0 8,35 v,7C ) 3,056 1,21 .Chuu 1810 325 -
L2y 11,76 LAR 1,53 10,60 16,95 2 9,90 2,33 ,1i38 a7.4 0 1.053
3G 18,28 1,12 1, HL 11,85 17,70 3 16.% 2,06 L1076 71,3 1.792
L3V 28,70 1,32 2,19 12,75 19.25 5 23,28 2.39 L1212 63,3 2.u78
U32 39,20 1,79 2,RS5 14 RO 23,40 5 37,uv 3,21 702 us.v 3,991
B33 BI,UWO0 2,77 4.28 18.95 31,75 & Tyl 4] 4,94 2896 26.5 8.hd}
L3k VLG .HE 5,03 7,22 25,65 uwl A5 S5 M7, H2 6,57 0522 16,0 15,732
B35 182,50 6,61 9,05 28.85 Lb,65 5 1Ty,R6  T.46 5590 13,7 19,142
SYSTEM TURF CM BD MM OL GPM  TEMP C  SATC ML VP MM
3 VL7557 751,720 610 13,800 73,200 28.700
RUN OG CFH P IN  PD  C IN C OUT TYPE QfM  VCNR  TUN TUl. V6
w36 1.514 .12 .32 3,25 5,90 1 1.92 LS4 ,ONDT 1886 109
437 .02 .16 a1l 5,85 9,R3 2.24 .90 A7)0 10v.u +238
usid  6.70 .26 83 5,688 12,05 1 5,43 1,55 ,1212 43,4 .578
439 11,08 .39 JT7T O 6.70 158,05 2 9,75 1,76 w22 54,0 1,038
wd 17.27 Ju2 W03 7,80 4,75 3 16,43 1,52 123y 61,9 1,748
44y 25.30 JTYO1,15 0 8,70 15,80 5 24,78 VL, 49 1236 A2.) 2.A34
B2 52,28 1,10 1,65 11,45 22,30 5 H1.,R3 2,33 ,2057 37.3 5.814
Y3 98,70 1,79 2,45 14,25 31,85 S5 9H,33 3,00 ,3722 22,6 1D.ué5
buh 179,30 3,00 4,05 23,45 L3115 o 180.93 4,67 .Shae 14,0 19,100
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COMPUTATION OF NTU

SYSTEM. TUBE ‘CM BP MM QL. _GPM  TEMPAC SATC ML VP MM
3 L757 T47.500 L6100 13,505 36, 602 28,700
RUN QG CF4 P IN PD € IN C OUT TYPE QGM VCOR TUN TUL VG
4y 5 1,99 W20 W48 2,05 4,05 1. 1,25 .83  ,D633 121,2  ,133
up 6 4,0 .25 .55 2.65 5.80 1 2.90 V.32 .1037 7u4.0 ,308
W7 7,67 L85 . ,69 3,05 6,60 2 6,52 1,49 ,119). 6u.b 693
w8 12.74 .56 W07 Tu 10 TUTO 2 11,79 1,52 T L1253 61,2 1.255
we 29.85 75 1.24 4,55 8.0 3 20,15 V.43 .1368 S6.1 2,144
459 83.30 1,03 1,70 5,50 V1,15 5 42,76 2.44 .2152 35,6 4.551:
U5 1. 79D 1.69 2,21 6,30 17.05 5 77.71 5,03 .u748 16,1 8,270
u52 146,60 3,36 k4,35 9.85 25,35 5 143,60 8,53 .0684 7,9 15,283.
SYSTEM TUBE CM BP MM 0L GPM TEMP C SATC ML VP MM
S35 T5T. 79,900 . 1,070 13,500 - 75.200...28..700 ..
RUN QG CFH P IN  PD C IM C NUT TYPE OGM. VCOR TUN TUL V6
80 1,51 . .37 .81 3,80 5,50 ) L .96 .61 WD262 293,00 . .102
481 2,49 46 .91 4,05 7,13 1 1.82 LT7 ,0338 226.8 193
w82 t.71 LTT 1,40 6,80 10,95 v 6,37 .65 L0747 102.7 L6738
f BB 13,68 . 1,081,780 7,50 13,25.03.0.02,330.2000000 0971 L7900 1290
ugh 19,83 1,30 2,13 8,15 13,80 4 18,55 2,06 0963 TY.7 1.97u
485 31,20 1,82 2,67 8,90 15,75 5 29,88 2,52 J11l94 64,3 3,180
UB6 61470 2,4k 3,3Y 10,85 21,85 5 59,82 b.Iu ..2063. 37.2.. 6.367T. ...
487 118,00 4,17 5,90 15,60 32,40 5 115,23 6,63 .3688 20.8 12,204
488 186.60 7,28 10,10 21,80 42,05 6 182,90 8,41 5378 14,2 19.u65
) QL GPM  TEMP ¢  SATC ML VP MM
1,757 757.200 L1100 13,530 73.200 28.700
RUN DG CFH P IN PO C IN C OUT TYPE QGM VCOR TUN TUL V6
g9 V.60 1,60 2,74 3,u0 4,25 ) 1,09 .59 0127 601.5 116
OO0, 3.07....1.69...2.85 8,83 6.15 L 2,21 .84 ,0207 369,k .236 _
491 "7.76 2,16 3.65 5,50 8.53 1 6,22 )} 74 D392 195.7 662
492 16,80 2,88 4,67 8,00 11,90 1 14,49 2,74 L0643 119,3 1.542
493 27.20 3,65 5.62 9,20 14,30 3 24,25 3,60 .0865 88B.7 2.581 .
Lo 47,90 5,03 (.55 10,95 18,80 5. 43,28 5.62 03 5u.7 4,606
495 73,40 7,45 9,80 15,35 27,45 5 65.53 8.8y .2u34 31,5 6.97b
i SYSTEM TUBE CM BP MM QL GPM TEMP C SATC ML VP MM
s 3. 1.757 751.900 _+610 13,500 73,200 28.700 e
i RUN QG CFH P IN PD C IN C OUT TYPE QGM VCOR TUN TUL- VG-
i w71 1,63, 10 .28 3,50 6.15 1.5 .54 ,0u4D8 187.0 122
TTTTREZTT 2,627 L11. .32 3.95 7.55 1 1.98 T L0563 136.3  .210
: u?3  6.32 .2) .48 5,15 10,80 1 5.39 1,17. .0916 83,8 574
urTh 11,76 . L0 LT9 6,15 13,40 2 10,70 1.52 1211 63,4 1,138
u7s  20.67 JE2TTOVTTL25TINLED 3 190977 1,80 7 L1215 63,1 12,126
476 35,60 A2 ,u0 9.65 19,00 5 34,97 1.98 14690 u5.u 3,722
477 61.90 1,20 1.73.11,90 24.60 5 61.43 2.76 .2u74 31,0 6.538
B '"ura 117,10 2,38 3.00 16,45 33,70 6 }17.26 3,90 .3889 19.7 12.u78
SYSTEN  Tuae (M B8P “ﬂ“.,“lnfkv IE&R.&.HGAIF M8 VP My -
2 S CYANIA N VL3700 15,303 73,962 12,8033
N0 a5 GRS P> 1. [N U OUT_TYPE URM_ VOLE sl _LTU vFLc i
835 .54 ¢ 2,3%  7.85 1 ! ﬁu .00 LAY HO, MR :
536 2.22 R S T TS I | 5,07 1232 7w, V23U
Lol 6a28 TR W TH 2,95 12,85 1 s d -565
T5h ‘4 Lf 1T 5 27 1505k s S IS PP FLT™S I
509 21, 1,68 5,27 15,89 4 .ot RV uli. 5 2 335
513 3%, ?" 2,42 7,48 21,5% 5 L1 2584 2y .6 W 1TH
5 2.7 9,35 29,80 5 L2 kg 18,5 7,952
1. 03 4.25 11,59 3¢,95 5 VAATZ 1206 12,187y
3 174,00 i 13,81 usn,u3 4 LR919  H,6 1H.E57
] SYSTEM  TUAF CM 8P 44 OL GPM TEMD (  SATC MF VP M
. 2 t.75¢ rSu,132 1,078 15,932 734062 12,830 .
: N) a6 LEu 21 PD - H O IN W OUT TYPE OGN VULE AT LTU ° VELG ;
P_.514 1,32 .53 &4 031 1 1,31 9,90 JOLA3 16507 ) :
: 5¥y . 2.04 .55 .58 7.8 1 2,27 00,07 7632 121.3 7 :
s16 5.59 .78 LT85, 75 4,50 | 5,49 0,00 Lilu9n 51,3 +58S ;
5 T 10,03 1,12 1,08 6,95 18,63 2 . 10,12 21 .22716 36,9 _1.37f% .
S5T8 V.S d,le .02 7.0 1w 7 T2 )1,k L1 2169 35,0 1,217 i
519 19,0 1,359 1,32 6,81 14,30 L 19,348 L3V 20828 37,8 2.062 '
220 26, “5 Vo .66 T.T6 0900 5 26,79 v L2390 36,6 2,822 i
521 Tun, 2. 2 9,81 24.38 5 I 27 .5 :

45,99

A

u,ho2
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COMPUTATION OF NTU

V-12

M...TUBE C¥_AP

MM

oL _GPM

TEMP_C

SAIC

VE

“F MM I
Vo757 754,630 VLOTS O 15,990 13,962 12,8030
S MO ‘,,‘3§-,C FH p) [t H 1M H OuUT ‘IYP‘: u_Gj;!‘_,__y_i)__l_:E_ RN LTH VL— LG .
522 7R .51 8532y hus T T7e 348225,5 T3
523 1,67 .53, .58 3,97 7.56 1 1.66 0,00 ,2563 154,2 17
524 3,79 ) W7D 5,22 12.36 1 3,78 0,03 J14d  65,)  WM32
525 9,83 .98 . 1,98 7,28 14,43 1 9.1 LI1 1077 38,8 1,005
526 13.58 1,07 1.20 7.54.18.33 3 13,66 .01 .1910 40.2 Juha
527 15,72 1,19 1,25 7,39 1¢,05_ 3 15,73 01 o WHeo  B) 1 1,40
528 23,90 1,60 J.53 T7,R8 1B,Dh .5 23,85 0 oz w2z e 2,559 7
529 20 3,00 2,79 10,34 24,26 5 uH,9s 01,2675 23,7 5.,21)
530  70.52 3,82 3,38 12,50 33,11 5 75.01 Lo LR673a 20.0 Ten52
931 159,50 5,15 4,56 13,99 41,93 5 157,06 33 LR85 11,6 16,013
Y32 227,00 5,83 5,60 15,94 45,78 5 224,648 03 WB221 9.5 23,004
SYSTEM - TURE CM 30 4y L GPM  TEMP C  SATC MF vP Mu
2 1.737 756.300 1,070 15,090 73,962 12,839
5 VO QG CFH P PD H IM H QUT- TYPE UGM VNLE MTU  LTU  VELG
i 5%% .30 .51 5% 2,73 6,20 1 1,29 2,90 .05u7_142,2 LI N SR
L 534 b, 62 537,56 3,88 T.85 |- 1,610 13,00 T,0624 123, a1
j 935 2,84 59 L4617 5,26 10,21 1V 2,A3 0,79 0831 95,8 2301
/ 536 71.39 95 293 0,09 17,21 1. 7.34 LD L1768 w34 2183
; 937 11,97 1,14 1,20 6,33 17,89 2 11,92 01,2019 3u,0 1.26Y
L 538 18,50 1,38 1,5 6,36 16.75 3 I8.n3 DV V798 u2,7 1,962
539 22,50 1,54 1,57 6,73 17,09 & 22.u) LN 1972 38,9 2,345
540 30,80 2,07 2,12 7.50 19.33 5 30,65 .01 42051 37.4 3,262
Su ) 45,80 3,61 3,22 11,36 206.42 5 66,23 31 3uky 22,3 T.M9
542 97,00 3,98 3.5 13,04 35,75 5 94,97 .02  ,u521 16,9 12,227
43 133,43 4,85 4,25 4,04 37,66 5 131,00 W32 J5455 140 TL,039
S4h 2331 5,35 4,69 1L,66 42.67 5 197 43 WI3 ,T35T 10.9 21,238
SYSTEM TURE (M AP My OL GPM  TEMP 'C SATC MF VP MM ’ i
2 1.757 752.000 2,793 15.09) 7D.962 -12.99)
NO- 0G CF9 P11, PO H IN H OUT TYPE OGM VOLE NTU  LTU  VELS
555 1.30 1,66 1,80 . 1,52 4,55 1 1,29 0,00 .0u57 164! R ERE
I . 556 - 1.67 1,74. 1,88 2,21 560 T 1,66 0,03 L0525 146.7 CTTT R
[ 857  2.u4 ¥,827 1,92 2,27 6,47 1 2,03 0.29 Q648 Mg, .259 %
i 558 4,13 2,09 2,16 4,06 8.92 .\ 4,12 0,07 2774 99,2 L u3Y
; 559 7,05 "2,55 2,54 5037 12,935 1 7,03 (91,1398 69.9 .49
: 850 12,00 3,22 3,08 7,05 Mu,uB. 1 11,96 .0V L1267 60.6 1,273
: 561 15,06 3,39 3,25 7,53 15,18 3 15,01 WO15 L1317 58,3 1,594
i 552 1B ,R) 3,87 3.%6 T7.B7 15.29 3 18,72 L1 1242 59.9 1,09%
; 563 25,00 4,99 3,94 7,54 16.67 5 24,81 L 1585 B 2, AN
! 564 32,30 5,85 4,56 T.83 18.57. .5 31,94 W32 JIB98  w),b 3.,u35
[ 585 w290 7,12 5.35 6,04 20.68 5 K2.%4 02 VAVZTTUREUVTWURUW T
I 966 65,20 9,75 (.D) 11,5) 27.92 5 A% ,92 3% L3290 25,6 A.903
L . .
: _SYSTEM TUBE CM BP MV - L pu SATI .
: 207 1,757 752,000 2,100 0
NO 06 CFH P PD.___H IN H OQUT:ITYPE QGM _VOLE __ NTU. LTU VELG .
567 1.30. 77,66 1,80 1.88 L,03 1° 1,29 0,00 .0325 236.% 138"
S68 1,90 1,78 1,88 3.,20. 6,08 1 1,89 0.00 .0uue 172.0 .202
569 2.4k 1,82 1,92 3,72 7.03 1 2,43 0.00 .0516 148,86  ,259
S70° "4 13 2,09 2,16 1,38 9.39 1 4,12 0,00 L0802 -95.7 ' <439
571 7,05 2,55 2,54 5,31 12,22 1 7,03 .01 11028 47,2 W TU9
5712 12,00 3,22 3,08 6,23 .80 1. 11,96 .01 Jlu56 52,7 1,273
§73 15,06 3,39 3,25 6,49 15.28 3 15,00 .01 .1502 51,1 1,598
5T 18.80 3.87 3,56 7.28 15,77 3 18.72 .01 .lues 52,4 1,993
: 575 25,00 4,99 3,94 8,07 16.81 5 24.81 01 L1524 50.3 2.64).
! 576 5,85 4,56 9,52 19,06 5 31,99 .01 716 uu.7 3,805
i Tel2 5,35 10,58 21.95 5 42,35 .02 .2115 36,3 4.508
: 75 1,00 12,42 28,70 5 63.92 .03 L3277 23.4 6,R03
[ L) WL_GPM. _TEMP C _SATC ME VB MM
2 L7557 TR1. A0 2,139 N5 580 Ty ek 2, qaa
NO a6 CFEH Pl PN d_IN 4 JUT. TYPE HGM VOLE LYRRY] LT VELS
5 V.67 ~1.84 1,90 2,85 5.61 | V.65 Gedd  LOu27 179,64 17
5.3V 2,01 2,03 3,07 7,53 I 5,33 3,20 ,0554 138,70 «352 :
- (aDT. 253 2,50 _ha37 V1.6 1 120 IR PR Sl I £- X SRR -3 NSO
: : 13,06 75,885 520 T 0 78 16,75 3 13,92 01 U358 58 .6 Hz2
U3 24,20 L,25 3,8 1,82 16,00 3 20,91 L1 J1uH9 5168 2,225
534 30,02 5,87 LMY 6,52 17.63 5 29,12 W02 WV0pn 39,9 3,163 —
585 49,90 H.68 6,19 9.0% 23.57 45 u9,07 02 2790 2d.m 5,023 .
. Sab 83,00 12.25 8,31 12,4y 32,51 &  T7.A& JOn L,ulr8 18,3 8,204 .
: SHT 120,20 16,33 10,38 16011 w1l 28 5 122,47 .ué_mgﬁﬁ'T L12.T 13,035
O T R Y AR LR TH U6 .82 T76. 80 06T T T8l VTR a7yl

19,51
b
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COMPUTATION OF NTU

o SYSTEM _TURE_CM 8P MM DL GPM __TEMP ( SATC MFE VP MM .
¢ 2 V.757 756,832 20702 15,822 7).962 2,830
el NO OB CEMC P PO H ML X LTY
: 5897 T2 0T 287 1 V69.% \
- 590 3,01, 2,03 2.0u 3,35 2! 0699 139,48 34y
. 591 19, _”nmg,ss 2,88 5,25 13,75 1 1).%4 Juls 5y ,2
TR0 IALIY R8T 850 6,7 15,82 37 07,45 IS5 THOE
: 593 39190 718 5,19 9,28 21.01 5 39.23 2127 3601
L 594 82,20 12,26 K. 38 11,62 30,05 5  Tv,.7h 23936 19,5 8
i S9RTT33. 3378 67 10.32715,357 10,51 5 144,07 RHEY VYD 7z
' 596 182.2) 19, 33 11,82 17,54 uH.10 5°173,25 LA 9.u B L2
i SYSTEM TU3E €Y BP MM OL GPM TEMP ( SATC MF VP MM
P 2 V.757 750,400 620 15,802 72.962 12,833
; NOT 06 CFH P PO H IN H OUT TYPE OGM  VOLE  NTU LTJ
B 597 1.3 .31 L3101 2,817 8,95 1 1.30 .32 0975 787
: 598 167 .34 .35 2,96 13,85 1 1.AT  3.00 12258 A3.,7
; EE I N Y R LMY 2,98 11,76 1 2,67 0.9 .'u24 53,7
: 633 u,56 Wu§ L6 3,32 13,69 2 u.59 0,00 L1710 wu.b
031 7639 W51 .50 8.35 13,35 2 7,43 2,00 1655 6.l
632 710,90 L5877 B6  BVIWT2 60 3 10,096 0,00 L 155H 49,2
603 15,98 72,71 3,73 13.38 3 16,07 0,02 L1600 uy.D
SYSTEM  TUBE €M RP MM 0L GPM  TEMP (., SATC MF VP MM
2__).T57 746,909 2620 15,023 73,962 12,838 o )
MO 06 CFH P1 ©PD H IN H OUT TYPE WGM  VOLFE MTU  LTU  VELS
8du 1.3) .30 W31 2,76 8,77 1 .31 2,32 L0956 R3,3 LN
65 2,23 .3y W36 3,57 V1,05 | 2,92 ).JJ 248 61T ETS
&6 5,90 Lu6 ThH o a.27 13 95 2 . 5,09% 200 1630 k7, .ﬁju
607 10,340 50 55 4,13 Db 5 12,40 0.39 L1672 85,9 L1307
LR N &) ST TR A 2 S R T R W R 14 T O %" Sy
639 27,09 ,91 .08  u,u2 15 59 4 27.27 0,00 1910 10,2 2,003
610 uL.6) 1.47 1,32 6.13 19,00 5 k4.04  0.0D .2302  33.3 L.784
611 49,60 1,95 V7,65 B.UB 26.26 . 5 70.11 LOT 3090 22,0 T7.u63
"SYSTEM TURE CM AP MM 0L GPM_ TFMP C  SATC MF VP MM e
2 T.757 Tu9o,usg L6200 15,005 73,962  T2.R5] ~
i NO 06 CFH Pl PO H IN H OUT_TYPE_WGM_ VOLE. _ NTU_ _LTU
: 612 4,56 Lok LB7 O h,60) 13,91 2 4,89 79,00 T h6k BN
! 613 B.T7 .56 .52 BT 14,07 2z B85 3,20 L1541 uH,?
6la 13 AR . A8 W63 S.uz 14 313,97 0,33 L1503 51,
68T, ) Ou T T u RIS T N s
ola 35,00 1, Volu o 6,88 17,75 5 35,21 3.00 L1026 39,8
517 A8,83 2, 60 1.R8 9,34 29,32 5 _BY.0H LI1 . Wudey 18,9 X
518 w9 13 2,57 2,74 11,71 38,356 5 149,49 D1 ,Az39 12.3 \
_SYSTEM  TURE CM_3P MM Ol _GPM _ TEMP_ L. .SATC_ ME VP MM
Z 1,757 7Tu9,u00 1,070 15,000 70.962 12,820
NJD  OG CE4 Pl PD___H IM H QUT TYPE WGM__VOLE MIY  LTU  VELG,
619 1,32 63 .63 2,93 6,91 1 1.3 23,03 .0621 12%,5 NET]
522 1,71 b6 o8 3,15  T.R2 1,71 3,92 0736 04,3 .42
521 3,23 LIT 78 4,05 10,72 1 3,20 2,02 1384 73,7 345
622 735,60 2 U9TZ2,27 7,90 19,59 5 35,70 .01 2019 36.2 3.R9)
' SYSTEM TUAE CM RP mM  OL GPM__TEMP C SATC MF VP My’ —
i 2 Vo757 Fuo,u00 2,100 15,220 12,962 12,83)
: ;
L ND 03 CFH__pP1 PD H IM_H OUT _TYPE WGM _ VOLE MU LTU_ VELG
5237 03 TL.AE 00 P L T Y 1.3 3.33 ﬂigb 275, q L]
624 - 2.R6 2:05 2,99 2 82 4,58 | 2,86 2.9 .7545 131, L3225
625 5,50 2,46 2,ud 4,10 9,72 7 5.50 L 586

TL093ua Ky, O
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COMPUTATION OF NTU

SYSIEM TUBF_CM RP MM OL GPM _TEMP C SATC ML CYCLO
5 1,757 755,920 07D 15.00C 47,270 0063
RUN _OG_CFH P _IN PN "C_IN € OUT TYPE WGGM* vcnR TUN TUL VG
; 6206 1,59 A8 58T 2,50 5,.RQ [ T.by W13 ,0788 ulT .k « 153
. o627 2.62 T4 6,39 3,15 4,”RC | 2,42 L1600 0250 306.7 257
628 5,53 AT 73w 3,85 5,RC 2 5.22 W22 WN355 216,05 1556
629 9.7C A9 7,58 3,45 5.55 3 9,34 217 032 233.6 LO9L
630 12,02 .98 8,05 3,50 5,70 4 12.u8 W22 .0345 222,2 1.328
631 8,12 1,08 9,16 3,75 6,10 .5 17,54 23 G375 285,7  1.,R69
) 652 26,70 1,15 15,65 4,00 6,70 5 25.97 27 JOL37 V75,A 2,76
; 633 34,2 1,36 11,60 4,40 7,80 S 37.6C. <33 J05A4 V36,1 4,002
SYSTEM TURE (M RP MM OL GPM  TEMP C SATC ML CYCLO
5 1,757 756.100. 1,076 15,000 7,272 el
! RUN QG CFH P TN rD C IN C OUT TYPE OGM  VCOR TuN = | TuL VG
; 654 4.0y LR1 6,58 3,20 5,15 ) 3.78 L1900 ,0301 255.0 405
. 635 7.27 BO  T,25 3,25 5,60 3 6.92 .23 037D 207.5 737
; 636 . 12,74 .98 B8.62 3,20 5.35 4 12,32 V21 N334 229,00 1,301
; 637 65,10 1,70 1400 4,65 9.5 5 642.76 W8 LNB39 91,5 AL680
_ 638 90,90 _ 2,02 16,83 5.30 1Vv.R5 5 B7.21 LU L1167 65.8 9,281
639 135,10 2,63 21,R0 64,30 15,55 5 124,34 .90 1749 43,0 13,659 .
640 171,20 3,13 24,60 T7.10 18,30 5 160,96 1,58 ,2207 3u4.8 17,130
O e ' .
iusvgrcn THKE (M RO MM QL..G2M __TEMR _( SATC. ML _CYCLO
5 1,757 752,002 AZY 15,300 w7273 30300
RUM UG _CFH D[ J<la] CEM_ . C oUl TYPEe g6M__VvCAR TUM TUL VG
aul 1.5y Jul 3,49 : 1.7 N L2 2?2.“ 156
bu? 2453 L3 8,78 2.38 L1350 G035 28, L25h
[N 211 SO~ 0% s UL AL S8 41 S = 2. 2027 L8 1,089 '57.5 501
) o4 Y YT .57 4,65 5 3 .56 L8 LUb00 ih3,b 1,008
I 685 13,23 87 Wk 2,30 b b 12,97 LT JGLH) 159,611,381
! bub_ 1 86 WU 5,80 2,38 b u_ 18,54 O 0528 the.h 1,073
| CeuT 27,30 TJho 6,20 2,50 6, 5T 26.R6 ' .21 LC5Tb 132,9 D ,ASK
i but  ad 50 A 7 05 2,70 1.20  h 39 ,R2 26 WJOToy 1038 U238
i SYSTFM  TUBE. CM AP MM 0L GPM  TEMP C SATC ML CYCLO
i o> Vo7n7 152,000 620 15,000 47,2 LO0390
RUM 06 CFH P [N PN CIN COUT TYPE LAM O VCOR  TUN il V6
ouY L. 3,09 . uh 3,00 1,90 u,85 1 3.92 5 GUS9 1RT L6 JBGo
- LA 1,23 WO u.AY 2,30 ..k 5 __T.02 T4 0899 153,6 JIUT
651 YGL.AD V.02 b0 3.8 9,83 5 A9.23 37 098 K9,0 0 7,368
652 92,30 b,le 9,02 5,75 11,ah 5 9C,30 S L1508 5001 L9,A19
AN EREY 1,55, 12..00 0 w20 )8 b 129,02 WST W AH3Y W1V 7 13,732
bk VB2 11,00 u,hh 1A,14 5 170,02 AT 22200 34,5 TR,TRY
SSYSEEM  TURE 'M.ha.;mLk ol GPM O TEMP_C. SATC ML_CYGLD
) & | ape 2,000 45,0000 wr.2ve LI0NE '
CRUN CGCER_R M 24 C_IMN _C OUT_TYRE Wil VCOR_ TUN TUL VG ;
655 bobha b, RH 13,25 3,05 3,65 ) 1,08 1 D049 R156,7 o157
656 2.88 1, T ,01 3.55 u4,u3 ) 2,65 L6 01327582, 87 282
LA5T, L haAl _la ﬂc 15,70 4 15 helh 3 54302 .21 .Ol?h 436,08 W56k
628 9Ky 2,033 17,30 u, 5.8 5 9.ul S22 W0V86 BI2.A oe
. 659 13 ,4n L5 18,30 b, OC 6.30 5 12,08 .27  ,0229 33L.b 1.352
AT 19,93 2 .u1 20,60 5,25 7,00 5 1u,9b 33 0291 263.5 2.7017 .
Aol 27,00 2,82 21,40 S, 70 1,85 H 26,048 Jul D365 2100 2,773 '
662 LY, 10 2,97 25,40 6,70 v.AC 5 38,84 S5 0508 151, L 138
SYSTEM  TUBF CM HP M 0L GPM  TEMP G SATC ML CYCLO
5 1.757 744 ,5CC 2,100 15,060 wv,2YC ,C0N0
o ] —
RUN 06 CFw 0N D € IN £ OUT TYPF ORM  YCOR  Tum | Tul VG
[OOSRV SO SN o7 TN IOy 4 TUUNION (D 2 SN, S oI S 4. WO | .02 20 _JClbuy u65,9 23v6
bb4 7,00 1.2y ) ,83 4a 15 5,30 3% 6,64 W22 WM w2, o 70T I
665 21,60 2,51 2.,n7 5,13 6,85 5 2C0,ul W335 0207 266,8 2,173
b6 6 65 BT B A X80 7,00, 11,905 59,04 TT7 L7389 183,90 AL.283 :
AOT  HT LR w21 n VA 9,20 h R 5 81,05 1.0h 1562 TZ2.3  R.A26
H6Y 135,00 5,67 SH,b6 11 H5 20,05 5 122,61 l wy  GVa9n k& ,2 13,00y
609 O 0.6l 5154, ﬂg_ 2255 _Hu, le nyY7 .

Llaab

00335,

23,08 .25.840..

ng
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COMPUTATION OF NTU

SYSTEM TUKE CM AP MM 0L GPM TEMP C  SATC ML CYGLO !
} S 1,757 754,208 2,100 30,000 36,070 kel Y : :
| o : ‘ -
! RUN O6 CFH P IN PO C IN € QUT TYPE UGM  VCOR  TUR TUL V6

671G w21l 1,19 1,37 K 850 5,85 ] b ,04 20 _.aD305.7252,9 I YA S

671 7.07 1.,3u 1,29 u.75 5.95
672 21,2 1.,R9. VR4 5,40 7,50
613 300 2,86 2,82 1.85_12.00
67Tk BBAS 3,39 3,28 9,35 15,30
675 132,30 b4.31 4,08 11,19 19,30
676 172,80 5,19 n. 8K 12 N4 22,55

T.02 W0 .026Y9 284,09 747
20,85 L 42 0890 156.6 2,390
A2.69 By V58 80,3 6.6(3
Bh R 1,18 ,160h 5.3 0,940
127,70 1,60 ,260) 29,5 13,591
14,34 1,0 __.3529 21,7 17,09}

bro vl oo

.SYSTEM TUBE CM RP MM OL GPM TEMP ¢ SATC ML CYCLO
5 1 757 156,400 2,300 38,000 36,070 62110%

PE OGM  VCOR TUN THL V6

RUV 0/ CFH P [N BD- C IM COUT TY
. Y & 4 dobi 1.0 8,79 4 15 4,85 .1 1.56 14, 0139 592, 166
: 678 2,73 1,12 9.us- 8,00 8,00 1 2,65 16 0172 buy . 282
! 679 5,22 1,22 10,62 4,30 S,u5 2. Sl .25 L0258 3G1.3 WSUT
i 468G YOou 1 b7 12,854 W,65 6,00 5 Y,92 W27 WN303 253,01 1,066
681 13 .82 1.6 10,00 5,00 6.65 b5 13,80 L33 L0377 203.3  1.hby
682 19,87 1,83 15,80 S5,U5 7,35 5 1Y,87 JAR O J0LuZ 173,00 2,105
i 83 2770 _2.00 17,00 6.G0. 8,35 5 27,AY _ M7 L0962 136.5 2,047
i 6BL WY 90 2,33 206,10 A.50 9.8 5 ul,74 b6t LAB16 QM. L 43
f SYSTEM _TURE CM BP MM ° Ol _GEM__TEMP € SATC. ML_CYCLO
! 5 . 1,757 75%,900C VLOTO 33,080 36.070  LDC2KO
gmw”mmRUNMQGmfFH e__IN ] C AN L OUT. TYRE OGM __ VCOR.__TUM UL V6
§ 975 1.59 3,82 3,81 2,60 3,85 1 V.83 . 13 0256 380.0 .62

976 2,58 4,35 4,3 2,60 4,15 1 2,53 L6 D323 257,06 2469

977 5,37 b.,99 - 5.03

3.05 5,10 1 5.39 .21  JCus3 173.0 J573

978 - 9. Th  6.00 5,95 3,25 5,60 3 9,90 24 L0516 4B, T 1.054

Y79 1428 _6.80 £.30  3.20 5,50 6 1%3.508 .28 _ b3 152.6  1hu6

980 1R, 12 (.02 6.RT 3,30 5,85 5 18,68 .27 L0563 136.3 1.077

YBT 26,40 T.75 T.IC 3,45 6,25 5 20,13 .29 W£625 22,7 2,987
JAL TS5 5 BOL.BW 39 JOR66  d@H.A B.347 Y

9H2 - 39, R2 9.0 v,iC 3

SYSTEM TURE CM RP MM (0L GPM  TEMP C SATC ML CYCLD
S——La781 T54.000 1024 00200030400 8..a 00280

RUN OG CFH P IN D C IM € .NUT TYPE GGM  VCOR  TUM TuL v

983 22.03% Taltd 7,12 280 5.5 5 224,61 W29 L0001 V27,7 2008

988 62,30 11,15 10,95 3,75 b.85 b 63.7h L83 1206 h3.6  A.703

685 87,20 13,10 12,RC 4.35 10,95 5 HH,92 69 L1637 ub.9 9,163
bih 134,30 17,30 16,30 .00 .35 5 135,07y ,02 V1 31,0 Tu,bby
687 175430 21,30 19,18 5,05 17,15 5 i75.,68 1,15 L 0 THLAGT

. SYSTEM TURE CM_BB MM 0 GPM _ TEMP C  SATC ML _CYCLN
4 o

5 1,757 753,803 620 30,00 36,070 . ,C0u20

RUM. 0G_CEH P IN en Co AN C_OUT_TYPE OGM __VCOR _TuM - YUt _v6_
688 1.6 2,09 2,06 1,75 3,65 1 1.60 LY L0388 1097 70
689 2,63 2,24 2,26 1,85 u, 10 2.62 L1300 ,0ubb 16500 279
690 5.07 2,29 2,29 1,90 1,55 1 5,16 L6 U557 137,7 549
691 9.80 3,08 3,01 2,05 5.00 3 10,0v 8 WD0629 122,17 1.07h
692 13,00 3,48 3,49 2,15 5,50 4 13.k) L2000 0725 105,0  1.027

W 693 18,70 3,90 3,95 2.35 5,658 5..19.31 W20 w0710 V0C .0 2.062
6yy 27,00 w47 4,35 2,30 6,37 5 28,02 W22 WOBVZ Qu,T 2,040

; 495 13,10 5,22 5,30 2.,u5 7,05 5. ul,60 J28 WIN35 TN .2 BLL2T .

! SYSTEM TUBRF CM RP MM oL GPM TEMP C SATC ML CYCLN

! 5 V.757 752,800 620 30,003 20,770 .07420

i RUN OG CFH P oI PD  C IM G OUT TYPF wGM  VCOR  TUM TuL VG

I 506 6.07 2,87 2,52 2.0 4.5 2 6,21 LA L Thol 1867 LY

i 697 9,01 2,07 2,96 2,30 5,25 3 9,38 LB W 0635 120,.R L0498
698  A3,u3 6,35 6,81 2,75 RAD 5 A5.RD W36 J13A0 562 T.705
Ay BT LTO  (L,u5  T.LT 3,15 10,15 5 90,89 L3 L1605 nb 3 0,473

e X32NBL00 9,03 O B S50 12,055 M1 88 W37 22820 (31,6 15,1008

T30 176,023 12,40 11,20 1,00 15,25 5 WHO by V3045 25,2 19,210
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COMPUTATION OF NTU, EFFFCT OF FNTRANCE TYPE

SYSTEM _TUBE CM BP MM

. QL GPM_TEMP C SATC ML VP MM_ R
1 1,757 754,000 ‘.070' 15,000 45,470 12,8C0
RUN 0G CFH P IN _PD _C IN C OUT TYPE QGMa VCOR aTUN  TUL _ V6
703 6,20 1,26 «30 5,75 9.0 3 5.6  ,65 L0988 T7.7 600
TOL 12,29 1,B7 49 6,30 10,75 3 all.65 .79 1233 62,2 - 1,240
. 705 53,40 4,55 1,58 8,00 14,30 5 52.50. V,lu .1866 b1,
706 6.20 1,10 .24 3,35 6,35 '3775LTE 537,075 ETTO
707 12,29 1,59 JUl W,00 7,35 «08B61 89,1 1,263
708 53.40 4,50 1,30 7,60 13.50 o 1715 B4 T 54595
TI09 T 6,207V ,87 T J1275,537BL.T0TT 67 JOBUT 90,6 «609
TIO 12.29 2,37 1,27 4,75 8,60 1014 75,7 1,251
711 53,40 4.50 1,30 8,85 15,15 5 L e1943 0.1 5,586
712 6,20 1,29 L39TEE 9,10 L1056 7207 L8594
713 12.29 1,88 «67 5,90 10.35 « 1220 62,9 1,280 .
C T4 53,40 L.48 1,77 7,35 13,95 5 52.48 1,20 1928 . 39,8 5,586
Runs 703 to 705 inclusive, regular entrence
Runs 706 to 708 inclusive, liquid through run of tee
Runs 709 to 711 inclusive, gas through concentric tube
Runs 712 to 714 inclusive, tee same diadeter as tube
. COMPUTATION OF NTU FOR VARIOUS ENTRANCE CONCENTRATIONS
SYSTEM TURF UM BP MM (L GPM  TFMP € SATC ML VP NM -
! V,T57 T6u,.855 LIEer 4« NN 'S T S el B el
RuNlOG CFH P [N rn AL C.HUT TYPE QGM VCOR TUN TOL VG
981 71,30 6,05 L.b1 4,00 12,80 5 av.WLT V1T L2376 32,3 T.395
902 T1,30 6,05 4.6 3,90 12,75 5  6v.T 1,07 . ,236Y 32,4 7,395
903 71,30 6.05 8,61 11,55 18,76 5 69,60 05 238K T 32.h  T.uTH .
sl 71,38 0.5 4,60 i1,u5 18,55 5 49,70 - ,04 L2337 32,0 7.hi9Y
905  7V.30 AH,05 4.6 o 27,30 5 78,06 LS8 42153 35,6 T 57 ;
936 71.30 6.G5 4,61 05 271,83 5 10.0 63,2368 32, T.h5Z '
Yo7 71.32 6,85 u,.6) 5 35,40 5 70,26 V39,2581 33,7 7.u78 !
908  T1,3C 6,55 u.b) 5 74427 .37 Jou2u 31,6

T 3p.uy

74087

V-16



COMPUTATION OF NTU

SYSTEM  TUBE (M _®P MM 0L _GPYM  TEMP. G SATC ML VP M .
1 1,757 752,300 TVLOYO 0 u5.3TT 2v.uzl 7,00
y
RUN 08 CFH D [N v NUY TYPS YRM  VvCAR  TLN TUL VG
! Ti5 1,61 S k) L6501 7Y ) Tas,n LAl
TH4 2,33 .59 Wb 4.0z 1 2 .86 W2 174,2 3N
717 4,52 72 W 4,85 1 5,20 1 721 1
718 .61 1,21 V.02 5.75 1 1.26 W2 46,56 1,199
719 11 .84 1,09 1,28 LT 2 e, 0y LR 53, c1,uyh
725 15,02 1,25 1.58 Ly 317,085 L7 51,3 1,010
el 20,88 1,75 T, 73 2L u - e R o7 55,7 2.6047
724 33.62 2,3% 2,27 L5 5 36,92 52 gu 5 3,033
= . - —- Po—
: CSYSTEW TURE TV RD @M QL GPM  TEmB C  SATL WL VO ww
: T T 2.538 735,800 2 00 N5 NE nsoern 12,800
! RUN Q6 CFH ® I8 #0h € IV € NUT TYPT aGw veAR - TuN VOUTT
123 2.3 (36 . B 2,78 8.5h b 1.a1 2 M0 594, ,m05
24 3.52 37 36 2,00 3,05 1 3.25 Z { W17
725 5,32 R0 VAT 4,0 H L35 0 PR IV R
726 8.78 W38 W30 6,50 8,25 ) b4 SH TS 'hl.ﬁ R TE ]
727 lu,08 b JMT 1T,65 12,60 2 lu A7 AR W THYE 125,72 T09
T2 21,32, W55 JAD 1V 35 18,55 20 21,7 WO WA T TRTTY Y
129 35,60 W73 ST 1V 50 15,80 50 35,89 N 23 1555 V700
732 53,02 1,2 99 11,60 4,0 5 3,32 . R4 LT9H 9K 2.7vu
SYSTEM  TUBRF CM AP mw 0L GPM TEMP € SATC “L VP uwm
7 2500 752,305 1,133 5,700 4s.uvs tz2,a00
: RUN 0G CFw P N PN C T8 € OUT TYPE wnv  VGNAR  FuM TUL VG
750 1,63 05 Vv 8.25 5,15 17T g T e T euar s 8T AT
752 2.72 By L3 wna 5.l 2 260 Y A P S R ] 134
733 3,31 27 W59 0,23 6,45 2 u,0y W23 W03Y> 2o6,1 a20)
754 8,95 12 W7 5,25 b.u5 3 8.92 W22 W8V ko ,R dLbY
755 Ly A7 24 27 5.0 W25 s w7y W23 R2E 25T, W73
T34 22,4 265 W75 14,95 6,15 u 22,569 9/ D529 zuH.C 1,189
757 36,72 1,22 bous 4 ,P0 4,45 " 5 37,13 W37 YR t,0u4
s 758 603,77 VR V.81 5,30 (.l 5 Al.60 Wb L D62R '22.2 3.170
i 73y Vi 70 2.,b0 2,20 6,55 11l.ho o5 115,71 Q2 V368 a6,1  ALTIGH
Tud VTBY, 70 3,30 2,70 7,85 13,55 5 183,34 1,79 16HE 15,5 9,404
SYSTEM _TUBE LM RP MM OL LPM  TEMP C  SATC M. VP HM
7 2,804 753,1 3,950 15,300 u5,u¥7 12,800
RUN OG CFH P IN PD C IM € OUT TYPE -NGM  VCOR  TUM TUL V6
Tul 1.63% .00 W7 U, 20 4,65 1 1,37 29 L NH1276wT 0 e Al
Tu2 2.78 Q4 1,00 4,70 5,30 1 Z.ub L3R LTE52 sy 124
Tu3 5,11 .29 1,0 6,35 7,25 4, 62 SH L T259 520.7 242
Tul 13,22 1,07 1,23 11,80 12,30 ) 9.hQ N T332 229 .3 Loy
Tu5 19,88 1,89 1,u0 14,15 15,72 | 1v .22 .M Tue, O0T
fuo 39 .m0 2,35 2,1} 12,30 14,43 3  3Ib.bb . 1,37 V15,0 2,225
T47 67,00 w12 3,85 14,65 17,23 5 60510 0,67 86,85 %,LBw7
748 111,25 6,50 4,05 15,25 18,85 5 100,06 2,RY 59,7 5,721
LS YSTEM o TURE- LM BR.MM. . —0L—GPM  TEMR. G SATG- ML VRN S
7 2.504 Tu9,un) 5,858 15,000 u5.,u73 12 ALT
| RUN_OUG _CFH P JN PN C IN (DU TYPE urm VCOR___TUM JTub VG
fay  1z2.ke 1,22 1,25 V1 85 13,26 1 Y, Lo 173.5 A2}
53 310 V.93 V1V, TR 11,95 13,90 5 34, 'ﬁ 1,28 125.5 1.598
31 5120 3.0). 2,29 12,00 W4 uh 5. 57050 n 152.6 _2.095X
752 V13,80 5,05 3,52 15,37 19 0% 5 112,38 2, 57,3 S.fbY
S 753,13y, 8,10 3,78 16,05 20,20 5 136,79 .2, 75 LY ,0 7,168
754 170,30 8.60 4.8 16,75 21.,A5 -5 167,32 3,24 40,6 H.T51
"SYSTEM  TURF CM HP MM~ 0L GPM TEMP C  SATC ML vp MM
Y 4 2.508 753,500 2,010 15,000 a6 M0 12,800 ...
RUV 0OG CFH © [N PN, C IN C OUT TYpPE ufM vCO2  TUM THL VG
733 w310 89 BE 5,10 10,65 3 39 RO RS 0720 105,08 2.090
756 72,00 1,05 1,28 8,R0 11,05 5 49,06 1,(F LO21 63,3 L ALAh6
57 116,70 1,08° 1.55 9,30 13,70 5 116,72 1,u8 1329 57,7 6,114
ISB N6 25 2,22 1859 L5 04, 00 5 186,25 179,163k BT,S_ T.A0L
7959 VH5 VY 2,64 2,05 10,10 16,15 5 1R3,0L 2.0 ,192) 39,0 §,h35S

V=17
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COMPUTATION OF NTU

V-18

CSXYSIEZM  Tuas oM o Ep '\‘M IRt ) ISMD O GATS ML Yp am
7 2,574 795,900 PoI32 10,070 B.bT0 12,802
RUN LG CEE 2 i B (o A G UL TYRE, 45N NGO TUY R VT X —
(52 1.7 12 S 2,95 I l 58 ‘b W02067 371,06 W OR2
761 i L1200 3,00 2 V20 .19 JG256 2990 Vre
SR 27 S m 12 V6 a,08 o Tian W25 W03M3 223 W32
i 165 9a,) 1,33 1,07 5,55 5 93,70 SO L3996 7T w000
! To4 'hb.2? 2,72 2,15 6,37 5 7 ,¢ 1.06 1563 4v.1l 7.T53
; (65 - THY BT 2,20 2,00 6.15. D .IH2,62 1 18 WYToe6 s a
) SYSIEM  YURS (M HP s OL GP4 TEMP € SATC ML VP MM
' - 5 Va2258. 1596070 520 18,005 wh uTl 12,880
i RN GG CFR Poofat PD C Ty nuT TYP: OGM VONR TUN TuL Vs
! ros ) u3 ) Vb / 05 Q230 H1050 73,1 237
| o7 2.2 1,27 0 9.10 1 B TTIRRY TG J373
; 168 4 hR 1,64 5.05 11,65 N N1+ .?le 36,5 603
i L
169 5.8 5 [T BN T Y AE O W2TYS 27,0 L0V7
1 H,2r 2 foou25 13,9000 3 T.T2 W59 L1HTT B2,6 0 1,AB2
mw 1,98 .2 T T .L2.,685. V.5 W57 a7l 48,0 2,515
(fz2 198U 5 h,28 12,95 5 19,3 W0 2067 35,0 LG21N
Trs 35,50 TT BGSD 17, 5 Bz.bhh 1,09 J3uHM 22.0 0 TGV13
i SYSTF 4 TURE CM 65D oL GPM L TEMPE O SATC M VP MM
) V2728 Th2 LAOT 1 00D Wn YT 12,ARC
ORI of ST B PR ¢TI L nUT TYRF UG VCOR  TUN TUL VG
(ty 616 2,08 2,57 6,60 12.55 3 - A L2228 3,5 1,340
.orrs LBI  MURL 9525 A% A 4,64 L89PH 12,8 13,862
(ro 12,00 12,65 3%,22 5 106,05 2,37 ,ovB2 Toh 25,200
ot 17,62 17,00 .22 6 44,13 2,93 1.3677 5,6 31,1008
(s Vgb, 22 zrmscApu.a: P TR (o TR Sy (O S R W21 AT TSN A AU IR Y20 4,0 LG, J300
SYSVEs  TUKF G BP wM 0L GPM TEMP  SATC ML VP kM
[ 3 .mJ42zhAL55 Lt 293 18 000 L WS BTS2 ALD
: LSSV ATeR off S S I = T A N C 1IN ¢ 0OUT TYPE 0GMT vEOR  TUM V6
Ty 1,56 . calb 6D 2,90 SOl A a0y W26
T8I 207 W52 S B oug 15,75 ) L1969¢ L2380
781 5,58 Y4 Bl 3,8y 15,05 z L7 2571y Y
182, ... 5.ky PN SO <1 S ~E R WY Ro | bh L2510 1,119
163 [T LA 1,100 3,90 0, 2 .57 230356 .77
TR V1R 3 38 1 32 k1,38 7ﬂ 3 L350 L, 81h LY
(85 19,001 185 2,15 o,.050 15.15U.1 Jalt3 eV 02302 L tuy
THa 31,37 2,75 2,A% 5,00 17 ,A% 3 30,04 62 EAh20 AeTU3
LSYSTEYN . TUBE GM B2 vy Ol GoM Tesme O SATC N VR MM
Coh 1,228 71,600 V293 1o 020 b uYG 12,800
2 06 CFH PIN L PO L CO LM L C OUT TYPE QGN___MEOR TUM_Tub o VG
. Tol  AZUA0 3,93 5,45 7,30 24,25 0 A2W8D L95 URYI9T 12,0 15 AEs
: (88 10y 32 7,585 6,55 12,80 25,55 5 108,56 1. 4( 1.0L470 T.3 23 ,.h05
e L 1B 1YL 12 80 1080085 82 608639 1,82 11,6690 b6 31,898
TOD V9D AT 18,00 15 A0 2u RS 42,9 785,01, nv 2,221 3.0 4,312
SYSTEM TUSE (M .AP XO" GPM  TEMP C. .SATC.ML .VP Mh._ . . .
) 1,229 751, o020 15,000 uo, u78 12,800
ERUR AL f‘r—’n (=3 &3] Pl Co I C. DUYL_TY. (GM__VCOR - TUM. Tl VG
791 a E] Ll U687 V16,0 $ 205 i
192 5 b d.26 W56 JTHEG . wiLA $215
I Y 12,80 02 JIuIR__5u,I 610 |
190 S b, 1,13 1802 42,6 LAY |
795 5 3 7.2u 1,22 2001 3R.3O1LSTR
T [ - £.92 WA L1u38  su.A 2,380
! 197 ’ ¢ 42 5 8,70 1.0 857 ul, 3 u,.o7W .
' 798 31.50 15.u3 1% BoAD 17,50 5 29,47 1,55 2722 28,2 6065
SYSTEY  Tunk (W RP Mu 0L GPM  TEMD ( SATC ML VP wam
b V.28 751,00 1,020 15,000 uH W70 12,803
NO06 GFW DN PO C IN € NUT TYPE OGM VCOR  TuM TuL VG
83,00 25,20 14,07 11,05 28,15 5 BY,23  3.22 L6478 11,8 12,907
02200 1 12 34,55 . 5. B.0) 8,05 1.0239 Y5 18,218
JGO2T AT VT LA Xy DS 6 1RO 569 01,3569 Heh 25,751
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CORRFLATING VARIABLF FOR BUBBLF-PLUG FLOV

LI0 TUBE QU GPM DIFF S TENS VISC VELL

\Y

|3

19

LIO TUBE QL GPM DIFF

1 1,787 J62C 1,465 73.53C IR «52v
MO J OGM NTU LTU VELG FACTOR CORRAY
45 1 Yo7 J0G57Y 136,00 . 9008 U367
S | ¥ S S Fy29 i E9SCTT U SRE T TTE RS T T 9998 U936
49 3 18,02 J1ITE 654,60 1,018 L9998a . 28062
2. 1.08 0525 146,20 S U3 .9998  .G352
""" 3 22 GOCE—BSTI 29— oYy L GTRGT T o
My 2 S.u8 L1216 63.1C 2727 L9998 L1527
&8 3 10,08 1378 55.70° 14355 .9998 ,256b
LI IR M = ¥ . B . 74 - I 4% { R A2 R L A - K. T o S
117 3 26G.C4 - ,1283 59.8C 2,655 ,9998 ,ulbu
195 1 Ve12 LCH9B 154,0C <119 L9998 (322
WU 12786 T TC9SCGTBCTRT 30 L9998 LT T
195 1 5S¢ LVISC 66.T7C L5LU L9698 L1235k
Ilvs 1 TeT6 1208 5Y.60 «B26 L9998 L1T7u>
- BN L G4 RN £ ¢ 1 Y- N 0741 SR L 4PY T VIt P 7 FRCAVA] - S b G
9 3 12,35 ,128B4 S9.80 1,314 .99Y88 2366
199 3 16,00 1166 65.8u 1,703 9998 2602
N 200 w900 IOy T CT20 2T 023 TTY99E T 2TeY T T T T T T
LID TUBE OL GPM DIFF S.TENS VISC — VELL
TTST R OTU— T ouss— 7505350 LraL 1% TS T mmm———
NO U OGM MTU LTU VELG FACTOR CORR Y
165 4 Td, 3 t e 140 L ragd s e 9"’9'“"';9‘7?6_"";“3u'°1—' o
1ok 4 22415 1282 59.9C 2.358 9996 L4193
) 169 1 1,13 0385 199,48 <120 L9998 L0397
- - LA VR A g Ty o1 Rk A f » B Manat - AA 4. Runt Vi Y o I e
171 8.33 L1190 o64.5C «BBA 9908 2140
172 .2 10,95 1314 Su.u0 1,166 9998 L2731
- e ) vy 3 hET2T 2T et 20T TITWN R TTI999 T (2965 T
174 3 15,93 41271 6C. LT 1,696 9998 ,3315%
178 1 1.85 Cu90 156470 197 9998 ,CS5u4
1Ty 3 2S T CTUS IO 90 TTTY U L 999yTT L9 T
180 1 5.89 €976 Tb.6C «627 49998 L15C3
sl 926 1277 6C. W 966 L9Y98  L2u25
- 182 3~ 12,2977, T332 757,60 71,3087
183 3 15,57 L1227 62.60 1,657
2601 LR AR 01 5T B Al I s (W FL 1Y S T o
201 1 6,22 L1155 6640 662 49998 L1819
202 2 9,28 L1283 59,80  .9v8  .9YSu 2L 3Y
- 26320 TRy TSI 23 TS G292y 9 99T 3203 e
284 1. 1,58 ,0585 131,16 168 .9998 ,.G632
285 1 3.78 G791 97.1C 03 49998 L tCu?
- 255 Lo I IR - 1. 3= S I G | A B 4 B R
287 3 16,RT  .11Z5  6b.20 1.7G6 L9998  .3Cu7
2BB 4 22,04 L1067 TH.90 2.357T .9598Ba 3488
T2 TNV ST 0595 2B 90 Ta209 T w9990 T GT (R - - e e e
294 6432 L1034 Tu.2C 672 49998 L1639
295 3 16,61 LICTB V1,20 1,768 .999b L,280i ) .
Y TS TS YOy U235 6 IO 2T TEE TS990 T M E B e e e e
e 1e83 U371 2C6.7C o198 L9998 L(ulC
301 Be21 LCTTT 98B,7C Jhuy  .9995 L1057
T T30 T2 YN TTTIT228 7 62050 "L 983 C.9998 2328
33 3 12,83 J1265 60.7C 1,366 9998 2882
3L u 21,5C J1CEB 73,30 2.,2b8 999w 3354

S TENS VISC

CVELL
1

1 1,757 1,5CC 1.465 73.53C |, i 28(%
NO J QGM NTU LTuU VELG FACTOR CORR Y
74 1 Fo1C 20299 256.9C o146 9998 .Cu26
751 o727y Q= P20 — 22T 999y ~ S CeXS o
TT 1 5432 0847 9C.6C TGS 9998 .t6bl
78 1 B4 L1136 6T.5¢ 1,113 .9998 2714
G Rl T FBGT 5B TLC eSS G 9998 -, 3653
BO 1 15.C6 1220 62.9¢ 1.996 .9998 ,3996
BY 3 18,63 L1120 6B.5C 2.468 ,9998 .u197
@GR M TGSl T2, CL - u 821 L 9Y9H - L GYRA
91 1 L34 LGTG2 109.uL J5Th L9YGR L 13C1
92 10.7¢ L1183 64,90 2,476 9968  ,LLkb3
ST T 2 (03367 228.30 0 L 168 09998 LCL93
W2 1 2.4R U550 13Y.50 .328 L9998 L URAs
w3 T.25 1028 TH,0Q «96C L9998 L2293
DIyt G 2R 12T T 6L 71,362 L9998 L3373
W5 1 Mu 34 L1304 55,16 1,960 9998 L Lu32
WY 1 2,05  JLB25 18C.60 216 9998 U636
156 17 3,59 G613 125.2C 382 .9998 1018
151 3 1Y ,EN L1181 65,00 2.CRC L9998 L 30sH
T T gy P R VR TES 9T TR G588 W99OR  c, TuEE
157 7 12,66 L1345 57,00 1,284 9998 a,3LLA
158 3 17,42 L1160 66420 1,822 L9998 3598
B S R 'S DY RS BT 2.26L  L9YYB L LDST

67, G




CORRELATING VARIABLE FOR BUBBLE-PLUG FLOW

LI TUBE oL GPM TFF

11,757 1.070 V.072 75.100 1.5C5

|
NO J OGM NTU
269 1 5.13 L2
210 Y T TINel %21
271 5 21,58 Li76b
276 1 18,22 L0559
99 ~8.09u25 -12
LID
NO J 0GM NTU
236 .1 3.92 .G65R
2%y T34 0 01022
238 3 11,55 L1054
239 5 22.9¢ ,0915
LIO TUBE OL GPM DIFF
NO J oGM NTU
280 1 Lot L1031
245 1 Bok2 L1366
266 3 13,uL4 L13¢5
287 5 25,48 1392
LIO TUBE QL GPM DIFF
11,757 1,07C 3.C8C
NO J QGM™ NTU
252 1 5.u2 ,0890
RS R T Y, T JLLy
2548 3 14,89 131y
255 5 27.58 L1268
TTTTTIS T U 1,790 L0534
e 1 2.R6 L0736
nt 1 5.20 L1060
e TI8 1 V1,267 Jeus
7 2 14,04 L1523
720 3 17.95  ,1u95
T2y

24,87 L1531

S TENS vIsC
TTTEESTST 29 WCCTL 68 730830 7 T, 16

LTU

LTy
282460
L7, 340
150,50
157420

9438

LTy

VELG
116,60 417
75.10  .783
T2.8C 1,229
83,90 2,u37
S TENS vISC
71,2CC LBCC
LTU  VELG F
Tu uG  JL9H
56,20 918
55,0¢ 1,430
55,10 2.712
S TENS VISC
68,800 599
LTU  VELAR F
86,20 « 577
53,00 1.0u2°
58,20 1.585
60,50 2,936
13,8  L.191
104,20 « 304
72,40 554
46,60 1.199
50.40 1,495
51,3C 1,910
2.647

50.10

VELL
VL7992

NO J OGM NTU VELLG FACTUR CORR Y
T T QT TR TG TR TR 6T ST M0 2. TAB U990 L 6665
125 1 Po13  .C232 330,60 o150 9996 L LusT
1260 1 2,08 L5365 216. 4 V329 .9908  LGTTh
T e g P OV TG T2 YL RS TTIYY08 T T G
15¢ 1 labl L0291 263,58 2217 JYYQR L5844
155 | 13,84 L1CTW 7T1,5C 1,335 .9998 L5893
U - T . B S Y Y St o G T T € e N TY 1R R L T 1
135 1 TH.00 VTukeC ,990u L3330
156 | 3Lh,uC 0 L1846 ,9998 (LYo
e S OBl 1.CTO ¢ 9GeR - (9208 <o e o

158 3 16,77 1056 72,70 2,222 9998 L u23H
139 3 22.56 1194 64,30 2,988 9598 5707

LI0 TUBF OL GP#M DIFF S TENS VISC  VELL

1 1757 30006 1 u65 Ta. bolug 2,560%
NO J aBM  NTY LTU  VELG FAGCTOR CORR Y

210V 2438 U231 331,20 4234 L99YH  ,ubST
e S B B R Ty o TVROLTE  T1529 ° L9998 -, 1269
212 1 B.65 1270.0¢ 0921 ,9998 L2102
213 17 lu.07 UG T UG8 LG99u (3307
- ZTO"3 2107 7 Cou CRITET T 2,318 Ti9998  JL5HS
219 1 Te66  LG217 352,5C V17 L999R L i5UL
221 1 W,u1 0 LG5y 116,50 1.16A L9¥98  L2u 17
TTTTITTITITITTITI22 U BTTIE 96 JLBY3  B6L0U 1.805 L9698 L3894
: 228 10 ba67  LU3TY 206,60 JUYT .9098 L 113u
229 1 B.'T L0527 145,60 LBTC L9999y L 1BUTC
- ZECTTTTON203E LETLEY 102,50 1.314° L9GYR L2001
251 8§ 26,23 L0998 76490 2.792 ".9Y98 L5341

e —— TTUTURF OU"GPM DIFF S TENS VISC  VELL

1,757 4,200 1,465 75,530 1,146 3.505

VELG FACTOR CORR Y

566
1,236
2,297
1.939

6.8

TURE QL GPM DIFF SATENS VISC

«9998 L1019
« 9998 .2511
$ 9901 LuL©3
W9Y9H 3087
126} 19,3265 156-,66972 ,827CG0
VELL
«913

FACTOR CORRAY

t.V124 0973
1.1124 . L192R
1.1124 251
1oV124 L3410
VELL
. 913
ACTOR CORR Y
<9094 L131%
9UQua L2275
.9094  ,2973
«9COL US89
VELL
«913
ACTOR CORR Y
» 7800 L1034
. 78008 ,2208
8.7800a ,2568
. 78008 L3807
« 7500 L0460
. 7800 0698
« 78008 L1213
LTBOC L2712
«T80C  .2861
. 7800 ,3292
Jh282

«780C

V-20



V=21

CORRELATING VARIABLF FOR BUBBLE-PLUG FLOW

LID TUBE OL GPM DIFF .S TENS VISC V‘ELL‘ ’
T T 1GTRT 06100 2495072558007 1,360 0 48204 s e

NO J QGM NTU LTu VELG FACTOR CORR Y :
TTTTTTTTTURE CTUTT .02 7 L, 0407 188,60 2109 152185 L0312 0t e

2.24 L0701 109,50  .238 1.2185 .06u8

10,70 L1201 B3,U0 V138 V1G2188 - J2BHT - oo s e
19,97 1215 63,10 2,126 1.2185 3918

, :
UZE 1S b3 L1210 63,80 W57 1, 2185 g1619 oo o o oo
B39 2 9,75 L1422 54,00 1,038 1.2185 ,2700
W0 3 16,43 L1239 61,90 1,748 1.2185 L3425 :
W1 5 24,78 ,1236 62,10 2,638 1,2185 4757 - B i
K72 1. 1,98 0563 136,3C .20 ',2185 0501 ).
473 1. 5,39 0916 83,80 574 1,2185 ,122)

2

3

L1O0 TUBE oL GPM DIFF S TEMS VISC ~VELL "
3 1,757 1,07C 2.95C 23,u4CC .‘.360- 913

SIS NQTYUCQGMCT NTUC LTU CVELG FACTOR CORR™Y
31 1 1,22 L0368 208,60 130 1,2185 .Cu67
352 ) 3,C9 -,0500 153,40 .329 1,2185 L0756
"353 1 .58 .0763 106,60 ..488 71,2185 - ,1302
354 ) 7,06 .G953 HC.50  .75) 1,2185  ,1932
355 3 Ju,04 L1082 73,60 1,494 1,2)85 °,3056 :
T35 6T S 28, BT L1026 THIRCT 2,647 1.2185  BuS] o s
375 1 .95 .0333 23C.40  .102 1.2185 ,0u12. '
376 1 2,12 .0399 192,60  .226 1.2185 ,0553
377 1 bS] 0665 115;50 <480 1,2185 1129 - - S
378 1 7.50 .0921 83.46 798 1.2185 .1920
381 5 25.85 .1338 57.30 2.752 1.2185 .5975
T UBBT ) (90 i030N 251,90 096 (12185 (0373 ¢ o oo
387 1 1.00 .0260 294.80 .107 1.2i85 .0323
368 ) 1,68 LOLOW 189,7C . 178 1.2185 .0537
388 | 1,82 ,03u2 224,20  .193 1,2185 .0u61 -
389 1 2,83 L0562 136.6C  .258 1,2185 ,0802
389 1 2,583 L0515 149,10  .,27C 1,2185 0742 :
390 5 28,79 L1282 59,90 2,639 1.21858 5549 1w oo
39C 5 24,72 L1331 57,60 2.631 1,2185 L5748
396 2 9.96 ,C978 78,50 13060 1.2185 ,235)
396 2 9,96 ,0997 77,00 1,060 1.2185 ,2397
397 3 13,28 L0934 B2.20 1.413 1,2185 L2647
397 3 13,13 L1006 76.3C 1.397 1.2185 2832 '
T U398 W 195000 ,092) 83,307 2,02271. 2185 ¢ 329k cm s ns
398 ' 18,7C L1071 71,70 1.99¢ 1,2185 .3788
399 5 2u,6h L1042 73,60 2,623 1.2185 ,L490
399 5 2u.ss L1182 67,20 2.603 1.2185 893 A
427 1,79 ,0288 266,30  .084 1.2185 ,0350
“ou28 e F 3,05 J05us 11,00 o325 1,2185 L0820 oot
429 2 9,90 1138 47,40 1,053 1.2185 ,2726 -
H3C 3 16.Ak L1076 T1.3C 1,792 1.2185° 3547
L3155 23,28 ,1212° 63,3C 2,478 1.2185 5008
u80 ). .96 ,0262 293.0C .102 1,2185 0324
w81 1 1,82 ,C338 226,80 193 1,2185 L0455 :
L UB2 k< Gu3P OTHT 102.7C < o678 Vi2HBS MR- e

483 3 12,13-:,0697) 79.0G 1,290 1.2185 L2606
Lok u 18,55 L0963 79.,7C 1,974 1,2185 3308

L10 TUBE QL GPM DIFF S TENS VISC  VELL
3 1,757 2,100 2,950 23,10C 1,360 1.792
NO J  QGM  NTU  LTU  VELG FACTOR CORRAY
403 1 1,12 L0122 625,50 .19 1.2185  .G28y :
WOS 10 e 667 JOB19 U TB2a9C ¢ T TV 285 (Y77 e o
466 1 12.5) L0526 145,9C 1,332 1,2185 L2002
W7 3 17,53 ,0B62 B9.CL 1.866 1.2185 ,38u2 ,
e QT BT 68 WCB257 93,06 1V, BET 1, 2185 (3693 ¢ o s ]
Wil 1 1,47 .CleB 45L,8C  .156 1.2185 L0398
K12 1 4,16 JC25R 297,20  LLu3 1.2185 . 0702
412 1 3,95 JU3GT 250.CC ~ wb2) Ve218S 08280 - T o oo
|
]

413 9,84 L0581 132,00 1,047 1,215 .2C10
413 16,65 0526 145,80 1.C70 1.,2185 1834
e g b Ty 35 S CT5 3 Y620 0C T 114527 (13218503045
4l 1 14,78 L0632 121,30 1.573 1.21R5 ,2591
415 3 23,7 .0994 77,2C 2.524 11,2185 5228

STrulS - 302wy 30 "T0R3TY 91, TC 2,586 1L 2VBS - BuGS v T
g 1 1.03 .0137 559.6C «169 1.2185 ,LC317
421 1 15,36 LCACO 95,90 -1.63u8 31,2185 L3340 - :
e g R 223G 1086 TG TO 2038377102185 1§82 e e
489 1.09 L0127 4C1,.5C «116 1,218 0295
uwe 1 2,21 L0207 369,40 236 1.2185 L0511
I LA | 63227 ,0392 195,7C ' .662 142185 V172 - T
492 1 4,49 ,C6M3 119,3C 1,582 11,2185 ,2612

493 3 24,25 0865 8R.T0 2.58) 1.2185 ,u609

68 -10.90949 -69,17206 20.23141 24,36837-,68233 ,83654
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- CORRELATING VARIABLE

»

FOR BUBBLE -PLUG FLOW

[

2 VOTRT 2,000 3,690 75,530

NO U (84 NTUY LT

VELE  FACTOR COPR Y

G658 JLOGL Bia, O

« SHA LT

i - LIO TUBF OL GPM DIFF SaTEMS VISC. VELL
! : . S 2. 1,757 620 3,690 75,530 . t.ul 529
! MO Y oGM  NTU LTU VELG FACTOK COPR Y
597 1 1,30 0975 78.70 138 s629y L Cu09
Sy 1 6T 1205 0570 DR £ B A A ) Oop-1o
59y 1 2,67 Jlu28 53.70 L28L L6299 LGT3
60l 2 LeSR L1719 Ly,60 JUBT L6299 JVIGT
&UT 2 T03 L T655 Lo UL AL YA A AR I )
602 3. 10,96 L1558 u49.20 1,166 L6299 L1663
' 603 3 16,07 WJ1E0C BBLG 1V, TIG . 6299 L2257
—oCu T Te3T  .C9s58 BUL3C REAANL YA A LIy
Ceis 2422 1244 61,70 . 236 6299 0599
606 2 . b.Y6 L1630 4T Cb3h G629y V1YL
o T 3 TUGUT L1672 BH.9U TTCT 6299
626 3 19,00 L,le2t LY.RL 2,118 L6499
6Ly b 27,27 L9V uE20 2,903 L629v¢
517 2 Gedy L1500 4V.T TTET T 6299
613 2 BeB3 L1891 Lu.2 939 Jh2vY
6lL 3 15,97 GI8GL bl 0 T uBT. 620y
- BI5 I 2,25 W15 TS BTS2V SE T 629y
. .- LTO TUBE L GPM DIFF S TEMS VISC VELL
i - TS T T UTT 5. 890 T3St T IET AN R o
NO J QM NTU LTU VELG FACTOR COKPAY
St 7 YA LY AL Y SN T Y A A AR T B o
SUR 3 In LY L1962 39,10 1,541 L6299 L3753
569 4 21,96 J1BBY 4,80 2,338 L629Y  .3Tu7
5TT 7 AT W TCEE3 T TES L TT CIUTT eIV IUSET
515. 1 2.7 JL632 121,30 $22V 4629y Jlho!
: 516 Sl L1L9L 51 .3C «BHE L6299 Jluin
: < I G I (P I S C € . TP R UTT S 6299 7268% T
: Sty 2 Ml ub ,2169 35,40 1,217 Le2vy 2910
; D19 b 19,38 L2028  37.8C 2,062 629y 3900
i 5205 T 20 (T R 20VE TIEVAT T 2VBSZ LGV TN T?
523 1t Te66  LGHO63 130,20 JNTT 629y JLBBe
524 1 3478 NIl 65,10 JUGZ2 L 6290Y  LUOTY
525 7 L70% iR N R AR 12 1 - Gl ey £/ 5= R L A e L
526 3 13,86 J19I0 BLL20  T,u5L 0 L6294
TS LB A KRR E 11T TR P ¢ 1 oI i S 7 A -
' 528 & 23.b6b «IBE2  wZ.6l 24539 624y
' 533 1 1,29 0547 a0, 2¢ S 137 L b29Y
) D'Du ¥ oY 02U 3. Te » 1T T OIY -
f 535 "1 2.83  LCBUY . 95,.Ri L3 L6299 .
536 Te36 L1768 w3, 41 «THE 6209
557 Z L e e 1 e T e B A B o R
' 53 T g ns CITYH 2,70 1,662 L6296 :
i . 539y & 2z.h! 1972 30,90 2,365 J62vY
jrT e (LAl Py TORs 1 P B /8- T a1 Y e W
[P0 Vo7 JLT3A 1L, %0 e Ju2 Jb2yy
621 1 3420 JM0wh 70T P3R5 L 620Y
LTO TUBE OL 6GPM DIFF S TENMS vVISC VELL
Loy V762

556 1 ba12 JOT7Th 99,20 WUEG L6028y WMok
5591 PRSI e At g sl L S AT A L N 7T L
; Sov b M1, 9h L1267 6L.KD T, CHZOYAA L LG
: 561 3 Iv.{1 L1317 bB.AL L b2GY 2813
N ] B N AR 4 L o R rAL Y-
563 5 2u.&1  ,1585 buou, M YA
567 142 L1325 236,37 LO29Y
7] Saman g PR A 2 )3 L' s ualit b o b eELYYT L
569 2403 J081h ThE.6: PB29Y
ST | Le12 JURLD  yh YD 6264
57— TTCE TV N2 TN 20T W 6299
572 1 11,06 Jlubs 52,70 1,275 .62yy
573 3 15,01 L1502 51, '8 0299
T =2 SR A S SO AN KN o (Mt et St L 7 B P A 1
575 5 24,81 J152u 5L 30 2.64) L6299
579. 1 lebt  Cu27 179.6C JNTT 629y
e i | 3. 30T GUS56TTIEL T V352 J629YT
581 ) T.06  LICLT To.T7C WTHT L6299
S82 3 13,92 L1396 56,60 l,uE2 Lb62%Yy
L1 I R A R A L 3 2 1 U S A b A Sy VA R
58y | 2,00  Lub3 169,20 " ,212 L6299
o9t | 2.06 (699 1L B 629y
SIS T TS Ta620G G282 T
Y92 3 IT.85 185U 4y Wil 1,000 46296 J3615
- LIS 1 T A B 0 o LT A VA 7 e 13- X S
2.86 L0585 151,20 CBUR LA209 T LUTT3
YA

V-22
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CORRELATING VARIABLE FOR BUBBLE-PLUG FLOW

v-23

LIN TUbE OL GPM DIFF ~S TENS VISC VELL

«913

L 1757 L620 .28 BT.90G 135,9CL  .529
NO J° OGM  NTU - LTU  VELG FACTOR CORRAY
688 1 V.60 L03b4 199,70 L1767 1,97Ry 0531
1 : ovY 1 rAXYd «UGBHS THO. T 221 Y TJ9THY LUTIS i -

L 690 1 5,16 - ,0557 137.7¢ 549 1,0749 1188
' 691 3 G099 L0629 122,1G 1074 1,9789 1995
. L4 3 30T sUTZLOT TLS WYL LI A - ) 4 o L0
! . 693 5 19,37 G717 1GT7.0C 2.062 179789 3676
: 694 5 28,00 LOBIC 9u,7C 2,985 1,978BY 4,5625
; 696 2 521 LCHET 136, 7C Lo T T, OTRY 13z - -
: 697 3 9,38 L0635 120,8G .99 1,978Y <1919
. LIoTuBE WL OFF UTEF D TERS VIS \A-19S

L 1,757 1,070 285 B7,90¢ 13.9CC

; NO—J CGMTTINTY YU VETF FATTOR™CORK Y
: 975 1453 U256 3CC.GC s 162 1,978 LLS5ul
‘ 976 1. 2453 L0323 237.L0¢ 269 1,9TRY L(T55
AR e 3 L ORI TYSIT IS BRI AL A gl
v Y18 3 990 L0516 1LH,7C 1,066 1,97HY
: Y79 & 13,58 L0503 152.6C 1,446 11,9789
F B0 5 T80 0563 56,30 VL 97T L 9THY T e -
: YBY 5 27,13 L0625 122,70 2.887 1.978Y
983 5 22.61  L06C1 127,76 2,406 1,9789
LIO TUBF oL GPM DIFF S TENS VISC velt

L 1,757 2,160 o285 BT,000 13,900 1,792

VELR  FACTOR CORR Y

NO J LOGM NTU LTu
671 3 T.02 L0260 28L,0C  LTuT 1,078Y 1351
[ X4 5 LT HU 2LLTL TO6,, 6L 232077, 9789 F=NA -
YA 1o56 L0139 582,10 J166 1,976Y  CR3R
678 1 2.69  JG172 Hhu, 0 202 1,978 LGTUA
G797 SR VGT T T25ET 3030 CTYSET TVLDT8Y T L e T
68¢ 5 9e92 L3033 253,10 1,04% 1.9Toy 170K
681 5 T3 Rl PR DI A A X o PR S 0 1 Lo s D = 14 A4 T Y
662 5 TIYLRT  JLuU2 173,40 2,115 1,97RY L3417
6H3 - 5 27 69 L0562 130,50 2,047 1,074y L5271
96  —13,056n4 =TH basL 1y, 1323 26.553h9-,TCUB2 70037 ¢
LIO TUBE QL GPM DIFF S TENS VISC VELL
S 1,757 .620 L1142 49,300 26,500 «529
NO J “OGM  NTU LTU  VELG FACTOR CORR Y
B ) 1 . l.u7  ,C2B1 272.80 ¢ 156 2.5247 L0486 :
T T TR T T T T2 38T L UBS T 2B TRG Ty 25t 2, S2U T 069l e e s
643 2 5,27 L0uH9 157,00 .56t 2,5247  ,13u6
6l 3 9.56 L0500 153,40 1,018 2,5247 ,1953
- CUUUBESTTHTTI2U9TT L 0uB Y 159,60 1,380 2,527 L2319
646 4 18,54 ,052u 186,40 1,973 2,527 L3310
6u7 5 26,86 L0578 132,90 2,858 2,52u7 ,u49u3
""" BET TR UB2 T OUGY TYBY L B0 IR0 T2 52U T T 0965 T T e s
650 3 7.02 L0499 153,60 JTUT 2.52u7 L1607
T CT0  TUREOL"GPM DIFF S TENS VISC ~ VELL®

S 1,757 1,070 142 49,300 26.5C0 913

NO™J7 Q6™ NTU” 7~ " "LTU " VELE “FACTOR CORR Y oo
626 1 1,u4 ,0188 07,40 «153 2,5247 ,0506
627 1 2,42 40250 306,70 «257 2,527 L0738
T A28 2 5.22 ,0355 216,00 «556 2.5247 L1317
- 629 3 9.34, L0328 233.60 «904 2,527 L1579
630 4 12,u8 L0345 222,20 1,328 2.5247 L1952
B3TTSTTITISE T 037372050 TC 1,869 72,5247 L2620 L
632 5 25.97 L0437 175,60 2.764 2.,5247 .u057
- 634 ) 3.78 .0301 255.0C <403 2,5247 L100C
TTTTTTTTTT 635 73 T6.92 0 (0370 2G7.50 <737 2.5247 15Ul
636 4 12,32 ,0334 229.u0 1.311 2.5247 1875
TTTTTTTTTTTTTTTTLIOOTUBE OL GPM DIFFTUSTTENS VISC O VELL
5 1.757 2,100 .42 49,300 26.500 1.792
- TTNO U T QGM NTU LTu VELG FACTOR CORR Y &
655 1 1.48 ,0089 B56.70 « 157 2.5247 0438
: 656 1 2.65 ,0132 580.80 «282 2,52u7 0691
TS T U U030 (0176 436,00 T 564 22,5247 CL104T#
658 5 9.40 L0186 412,60 1.00) 2,5247 L1311
659 5 12,98 L0229 33u4.40 1,382 2,5287 L1835
TTTTTTTTTTTTTTTES TR T89S T ,0291 263,50 2,017 2.5287 ,2798
661 S5 26,05 .0365 210,40 2.773 2,52u7 ,u207
TTTTTTITTIUAE R N BT S04 865,90 0 396 2,5247  L,0906
664 3 6.64 -,0182 820,00 »7C7 2.5247 L1148
665 5 20.ut L0287 266.8C 2,173 2,5247 L2873




CORRELATING VARIABLF FOR BUBBLF-PLUG FLOW
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PREDICTION OF NTU BY SLUG CORRELATION.
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NTU BY SLUG CORRFLATION FOR COp WATER AT VARIOUS TEMPERATURES
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PREDICTION OF NTU BY SLUG CORRELATION
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