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ABSTRACT

The effects of column diameter, carrier gas coabsorption, and
solvent vaporization on the performance of a packed gas absorption
column are examined. The system investigated employs dichlorodifluoro-
methane as a solvent to remove krypton from a nitrogen stream and is
characterized by substantial nitrogen coabsorption.

Three columns with diameters of 2, 3, and 4 inches were con-
structed and packed with 34.5 inches of Goodloe packing. In addition to
the more conventional data, the experimental evaluation of these columns
included the use of a radioisotope and a gamma scanning technique which
provided direct measurement of the colums' molar krypton profiles. A
multicomponent gas absorption model was developed, based on the two-film
mass transfer theory, that allows the fluxes of all species to interact.
Verification of this model was achieved through comparison of the calcu-
lated results with experimental data.

With the feed gas flow rate between 6 and 36 1b moles/hr-ft2
and the solvent feed rate between 40 and 400 1b moles/hr-ftz, column
diameter was found to have no significant impact on the mass transfer
efficiency of this system when carried out in columns with diameters of
2 inches or greater. The absorption of krypton was found to be enhanced
and inhibited, respectively, by carrier gas coabsorption and solvent
vaporization. An injector system to add gaseous solvent to the feed gas
stream prior to its introduction into the packed bed was proposed to
eliminate the detrimental effects of solvent vaporization. Using this
injector to supersaturate the feed gas stream with solvent enhanced
absorber performance in the same manner as carrier gas coabsorption.
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CHAPTER 1

INTRODUCTION
A. BACKGROUND

Irradiation of nuclear fuels results in the production of sub-

85

stantial quantities of the radioactive isotope of krypton, Kr A

typical light water nuclear power reactor, for example, will produce
400,000 curies of Kr85 per gigawatt-year of electric power generated.(lz)
Some of this, less than 1%, is leaked to the reactor cooling circuit from
faulty fuel rods, but most is released when the fuel is sheared and dis-

85

solved during reprocessing.(ZI) Although nontoxic, Kr™~ has a half-life

of 10.7 years, and in response to the increasing concern over the possi-
ble long-term effects of radioactive emissions, the Environmental Pro-

85 must be

tection Agency has stipulated that the total release of Kr
limited to 50,000 curies per gigawatt-year of electric power generated
after 1983.(13) This then requires the nuclear fuel reprocessor to
remove approximately 90% of all fission product krypton from the
reprocessing plant off-gas and store it in a suitable repository.

In 1959, Steinberg(41’ 42)

suggested that krypton could be
selectively absorbed from the gaseous wastes of a reprocessing plant by
using dichlorodifluoromethane (R-12) as a solvent. A pilot plant was
built in 1967 at the Oak Ridge Gaseous Diffusion Plant (ORGDP) to deter-
mine the general feasibility of the fluorocarbon-based process. This

plant proved operable and successfully contained greater than 99.9% of

the krypton present in the process feed. Based on an analysis of the




overall performance of this pilot plant(46) and the experience gained
through its operation, a second generation facility was designed in 1972
and put into operation in late 1974.(44) This plant, shown in Figure
I-1, has greater flexibility, tighter control, and more sophisticated
analytical equipment than did the original test facility and is provid-
ing the data necessary for a thorough engineering analysis of the fluo-
rocarbon process.

The ongoing development effort at ORGDP has identified the
fluorocarbon selective absorption process as one of the most versatile
of the proposed off-gaé processing schemes for krypton retention. This
work will culminate with the detailed design criteria for the construc-

tion of a demonstration off-gas treatment facility.
B. PROCESS DESCRIPTION

The role of the selective absorption process in a nuclear fuel
reprocessing plant is to remove Kr85 from the plant's gaseous waste
stream and subsequently concentrate the krypton for long-term radio-
active waste storage. Three operations, absorption, fractional strip-
ping, and final stripping, are needed to accomplish these two objectives.
Each of these steps performs a separation by exploiting the prevailing
solubility difference between nitrogen and krypton in the process sol-
vent, R-12. Figure I-2 is a schematic of the selective absorption
process.

The primary separation is accomplished in the absorber. The
process feed gas, a nitrogen stream containing small amounts of krypton,

is compressed, cooled, and passed into the bottom of a packed gas
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absorption colum. Regenerated solvent is cooled and pumped into the

top of the absorber. The column is typically operated with the pressure
between 100 and 300 psig and the temperature between -5 and -30°F. With-
in these limits, most of the krypton can be absorbed. However, at the
conditions necessary to affect this krypton absorption, a large amount
of nitrogen will also be dissolved. The off-gas from this column is
nearly saturated with R-12 which must be removed before the gas can be
vented. The loaded solvent leaving the absorber is passed on to the
intermediate stripping stage.

Fractional stripping is carried out to desorb the nitrogen dis-
solved in the absorber and enrich the remaining dissolved gas in krypton.
This stage contains a flash chamber and a packed colum with a reboiler
that are operated at a pressure substantially less than that of the
absorber, normally 35 to 50 psig. The reboiler is kept at the satura-
tion temperature of the solvent, which is 52°F for a colum pressure of
50 psig. As the loaded solvent from the absorber enters the flash cham-
ber, a large portion of the nitrogen desorbs. The solvent then enters
the packed colum where another fraction of the nitrogen is driven off.
Since a perfect cut is not possible, the off-gas from this stage con-
tains some krypton and is therefore recycled back to the absorber where
it is mixed with the process feed at the suction of the gas compressor.
The solvent withdrawn from the stripper's reboiler contains dissolved
gas that is highly enriched in krypton.

The final stripping operation serves to recover the krypton and
regenerate the process solvent. This stage, which consists of a packed
colum with a reboiler and condenser, is operated at an even lower pres-

sure, usually 15 psig. The remaining dissolved gas is driven off in



this operation and collected as the concentrated gaseous product.
Essentially pure R-12 is pulled from the reboiler, cooled, and pumped
back to the absorber for reuse.

The primary process components of the ORGDP pilot plant can be
identified in Figure I-1 and are, from right to left, the absorber,
intermediate stripper, and final stripper. The colum on the far left
of Figure I-1 is a solvent distillation column which can be used to
separate the R-12 from any high-boiling component that may collect in
the reboiler of the final stripper. A detailed description of the ORGDP
selective absorption pilot plant is given by Stephenson, Eby, and

Huffstetler.(45)

C. PROBLEM STATEMENT

Engineering design of a commercial scale demonstration facility
requires packed colum scale-up data in addition to the usual pilot
plant performance information. Previous pilot plant work has yielded
only the performance data. The primary purpose of this thesis is to
examine absorber performance as a function of column diameter. This
work required the construction of three interchangeable test absorbers
and the operation and analysis of these colums as an integral part of
the ORGDP selective absorption pilot plant.

Carrier gas coabsorption has been shown to have a significant
impact on the dissolution of krypton in the fluorocarbon process
absorber.(26) This work has demonstrated that the flux of the solvent
can also strongly effect krypton absorption. These interactions,
although usually neglected in the analysis of gas absorbers, must be con-

sidered in a thorough engineering analysis of this absorption system.




Absorption data from the first generation pilot facility has
been subjected to three types of analysis through the course of the
ORGDP development program. Each effort presented a significant improve-
ment over the previous attempt by incorporating more detail and more
accurately representing the physical situation. Although none of these
approaches accounted for interaction between the fluxes of all three
components, the latest, done in 1975 by Merriman, did account for the

(26) 1¢

effect carrier gas absorption has on the absorption of krypton.
should be noted that these investigators did not have use of the rela-
tively newly developed packed column gamma scanner(43) and were primarily
limited to end-point analysis. These works were also hampered by rela-
tively limited flow measurement and control instrumentation.(34)
This thesis contains a more general engineering model of the
fluorocarbon process absorber. The derivation of this model included
allowances for the flux of krypton, the carrier gas, and solvent and the
interaction of these fluxes. The improved analytical techniques employed
in the present pilot plant provided the data necessary to fit this model
to the performance of the three test absorbers. This work represents the
final design model of the fluorocarbon process absorber. Stephenson(43)
has completed models of the intermediate and final strippers. Together,

these models will be used to establish the design criteria for the con-

struction of a full-scale facility.



CHAPTER 11

THEORY

Gas absorption is an operation in which a gas mixture is con-
tacted with a liquid for the purpose of selectively dissolving one or
more components of the gas and to provide a solution of these in the
liquid. The formulation of the differential equations governing gas
absorption is relatively straightforward. Determining solutions to
these equations, however, can present formidable difficulties unless
certain simplifying assumptions can be made. In this chapter, these
differential equations are developed, and several commonly used assump-
tions and their respective solutions are presented. The applicability
of these solutions to the fluorocarbon process absorber is discussed in

the following chapter.
A. DEVELOPMENT OF GOVERNING EQUATIONS

The equations describing gas absorption can be developed around
the differential column section depicted in Figure II-1. The gas phase

continuity equation for species j can be written over this volume as

€ 1 1 Nyg | Ny,
5t *rar T N YT o T Ry -1
where Cj = molar concentration of j in gas phase, 1b moles/fts,
er = molar flux of j in radial direction, 1b moles/hr-ftz,
Nje = molar flux of j in angular direction, 1b moles/hr—ftz,
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molar flux of j in axial direction, 1b moles/hr-ftz, and

rate of depletion of j from gas phase, 1b moles/hr-fts.

N.
jz

R.
J
At steady state, if the radial and angular fluxes are assumed to be

negligible, equation II-1 reduces to

dN.
dlz = R.. 1I-2
z j

According to the plug-flow model, neglecting axial dispersion, the axial

flux can be expressed as

N;, = Gysps I1-3

molar bulk gas flow rate, 1b moles/hr-ftz, and

where G
ij = bulk gas mole fraction of j.
This further reduces the species continuity equation to
d(Gy.B) _

R L . -
I R.j II-4

In gas absorption, the rate at which the gas phase is depleted

of component j, Rj’ is the rate at which j is absorbed by the liquid.
The Whitman two-film theory(49) is commonly used to describe this inter-
phase mass transfer. According to this model, thin gas and liquid films
separate the bulk gas from the bulk liquid. All the resistance to mass
transfer and, correspondingly, the only concentration gradients present
are confined within these films. Transport through the films occurs by
molecular diffusion. At the gas-liquid interface, it is assumed that

the gas and liquid compositions are in equilibrium. Figure II-1
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demonstrates the application of this theory to the differential column
section under consideration. Although some experimental evidence does
not support this model, in most cases, equilibrium does exist at the
interface and the two-film theory can be used to successfully predict
interphase mass transfer.(48)
As these films are very thin compared to the radius of any
curvature present, they will be assumed to have slab geometry with con-
centration gradients existing only in the direction perpendicular to the

gas-liquid interface. Flux across the gas film can then be described by

the one-dimensional representation of Fick's law of diffusion for ideal

solutions.
o,
Ni Ty L Na  Dr @ T1-5
where Nji = molar flux of j across the gas film perpendicular to the
gas-liquid interface, 1b m.oles/hr-ft2 interfacial area,

yj = gas phase mole fraction of j,

DjM = molecular diffusivity, ftz/hr,

CT = total molar concentration, 1b moles/fts, and

o
[}

distance in the gas film, ft.
At steady state, if the diffusivity and total molar concentration are
assumed constant, integration of equation IT-5 from the bulk gas, across

the gas film, to the gas liquid interface, yields

DjMCT n (QJ : YJ: i)

N.. = Q. II-6
ji 73 4 Q- 5B

b



5
¢}
=
(¢}
(el
1

thickness of gas film, ft,

G
Yii = interfacial gas mole fraction of j, and
Q= Nj/E N -

This relation strictly applies only to stagnant film diffusion. In
order to apply equation II-6 to turbulent systems, the grouping DjMCT/GG
is replaced with FGj’ the Colburn-Drew mass transfer coefficient.(lo)
This parameter, a function of the physical properties of the system and
the conditions of flow, accounts for the additional transport due to tur-

bulence and has the same units as the terms it replaced, 1b moles/hr—ftz.

Thus,

Q

) S BRA T
=Q gy M ({—

). I1-7
j = YjB

N..
ji
As Nji is the interphase transfer per effective interfacial

surface area, the product of Nji and a, the effective interfacial sur-

face area per unit volume, is the rate of gas phase depletion of j, or

a = R.. II-8

Substitution of equations II-4 and II-8 into equation II-7 gives

W. - vy..
52 dz, T1-9
j 7B

Gja n

d(Gy.,) = W. F
(Gy;p) = Wy
where W. = d(Gy..)/dG.
ere Wy = d(Gy;p)/
A similar development based on the liquid phase leads to
V. - X,

- J "B )
d(ijB) v5 FLja n (V.j - xji) dz, I1-10
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molar bulk liquid flow rate, 1b moles/hr—ftz,

=
"

>
|

iB ~ bulk liquid mole fraction of j,

ey ]
"

Lj Colburn-Drew liquid phase mass transfer coefficient for j,

1b moles/hr-ft2 interfacial area, and

el
]

interfacial liquid mole fraction of j.

Equations II-9 and II-10 show the interaction between the inter-
facial fluxes of the different species present. If the bulk flux, dG,
is large and positive, the absorption of species j will be enhanced,
exhibiting greater flux than would be expected from inspection of just
its concentration gradient. On the other hand, if the bulk flux is
large and negative, indicating bulk movement into the gas phase, the
absorption of j will be inhibited. If this negative flux is large
enough, species j can be caused to move against its concentration
gradient. Toor and Sebulsky(47) termed this last effect ''reverse dif-
fusion.'" These interactions can be of considerable importance in the

analysis of a gas absorbér, but unfortunately, are usually ignored.
B. ABSORPTION OF ONE COMPONENT

If it can be assumed that only species j will undergo inter-

phase transport,
dG = d(Gij), I1-11
and equation II-9 simplifies to

1-y..
d(6y;p) = Fgza in (l—_yl_i) dz. 1I-12
jB
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Although G will vary with column position, GC’ the molar flow rate of

insoluble gas(es), will not. Since

Y. dy. .
d(Gij) = G¢ d(T_Tlgf_J = G, B g 1B

jB

II-13

11-14

Substituting this into equation II-12, rearranging, and integrating,

. G dy.
z - s 38 B :
- y
Ys - —JL
jBO FGja (1 ij) n (1 - ij)
where Z = depth of packing, ft,
YjBI = inlet bulk gas mole fraction of j, and
ijO = outlet bulk gas mole fraction of j.
Since

ij - in = (1 - in) -1 - ij)’

equation II-15 can be rewritten as

7= ijI ( G ) [ - in) - (1 - ij)] dij
F..a 1-y..
Y Gj _ _ 1
jBO (1 ij) (ij in) n (1 m— )

jB

II-15

II-16

11-17
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Z=fijI (- ¥5) imm

I1-18

) dysp
F 1-
Y350 GJa( Y;p) (YJB Yii)
where (1 - y. )1BM log - mean of (1 - y ) and (1 - yJB)
Although G, FGj’ and a are all expected to vary along the
packed bed, the ratio G/FGja is usually assumed to be constant, removed
from the integral, and defined as HTG’ the height of a gas transfer

unit. Equation II-18 can now be expressed as

7 = HT Ys jBI (1 - yj)iBM dij
G - Y. i = Ves)

I1-19

The remaining integral, defined as the number of gas transfer units,

Nrg

for the log-mean to the form

, can be further simplified by substitution of the arithmetic mean

Yipt Wi 1, 1Yo
N RS j + L on (—dB9y IT-20
16 Yipo 3B Yii) 2 i yJBI)

j

which can be graphically integrated.
An analogous set of expressions can be derived by the same

procedure from the liquid phase continuity equation.

C. OVERALL COEFFICIENTS

Overall mass transfer coefficients are often used to avoid the

difficulties involved in determining interfacial compositions. The gas
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phase overall mass transfer coefficient is defined such that

W. - y.*
d(Gy..) = W. . ) II-21
( yJB) j FOGJa 2n (wJ " ij) dz,

3.
(¢}
(0]
(¢]
i
A

0Gj = overall gas phase mass transfer coefficient for species j,
1b m.oles/hr-ft2 interfacial area, and

gas phase mole fraction of j that would exist in equilib-

<

e
*
"

rium with the bulk liquid.
1f, again, it can be assumed that only one component is
absorbed, G/FOGja is constant, and the arithmetic mean can be substi-
tuted for the log-mean, a development identical to that shown previously

can be used to reduce equation II-21 to

Z = Hy Nogs 11-22

where HOG = G/FOGja, height of an overall gas transfer unit, ft, and

Y ]
Ng =/ PV L1 (1 Y380, I1-23
Yigo O3 - Y3 27 1 yyp

number of overall gas transfer units.
In dilute solutions, the last term in equation II-23 is negli-
gible and may be omitted. Also, the gas and liquid flow rates become
nearly constant in dilute solutions, so a mass balance on the absorbing

species, j, around a section of colum which includes the top can be

written as
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If it can be further assumed the equilibrium distribution curve can be

approximated by a straight line over the region of interest,

% = -
Y. m ij + b, II-25

an expression can be derived for yj* which does not contain ij. Substi-

tution of this relation into equation II-23 yields

Y.
jBI dij

Y.

Non =
0G G
jBO ij - [(ij - yJBO) r? XjBI] m-b

, 11-26

which can be integrated to the form

W o1 ’m[(ijI—ijBI'b)
0G 3 .M "Ujpo - ™ Xjpy - O)

mG mG
1 - 7;) +'TT . 11-27

Assuming that Henry's law applies (b = 0) and defining the ratio %?—as

A, the absorption factor, equation II-27 becomes

1 -mx
NOG =T—%x fn [

YiBI iBI
(= 123 @ - A) + Al 11-28
Y380 ™ *jBI

which is Colburn's(g) integrated form of the design equation, probably

the most commonly used relation in the analysis of gas absorbers.
D. EQUIMOLAR COUNTERDIFFUSION

The special case of equimolar counterdiffusion camnot be evalu-

ated through use of the previously derived expressions. As the molar
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flow rates do not change (dL = dG = 0), equations II-9, II-10, page 12,
and II-21 become undefined. It is therefore necessary to reevaluate

equation II-5,

Njg =5 I N - Dy a—l II-5

As the flux across the gas-liquid interface from the gas to the

liquid is equal to the flux in the opposing direction,

TN, =0, I1I-29

which simplifies equation II-5 to

Nj; = Dy Cr dy;/de. 11-30

Integration across the gas film followed by substitution of equations

I1-4, page 10, and II-8, page 12, into the result yields
d(Gij) GG a (yj le) dz. I1-31

As was done earlier, the quantity DJ.MCT/cSG is replaced with a mass

transfer coefficient giving

d(Gij) = ija (ij - yji) dz, 1I-32

where ij = the equimolar counterdiffusion gas phase mass transfer coef-

ficient for species j, 1b moles/hr-ft2 interfacial area.
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Overall coefficients are also used in this situation to avoid
determining interfacial compositions. The gas phase coefficient is

defined such that
= - vk -
d(Gij) kOGja (ij Y; ) dz, I1-33

where kOGj = the overall equimolar counterdiffusion gas phase mass trans-
fer coefficient for species j, 1b m.oles/hr—ft2 interfacial
area.

Even though equations II-32 and II-33 are strictly valid only
in the case of equimolar counterdiffusion, because of the simplicity of
these relationships, they are often used in the evaluation of other
situations. In order to apply mass transfer coefficients determined in
this fashion to nonidentical situations, it is necessary to convert the
k-type coefficient to an F-type coefficient. This is done by equating
the appropriate flux equations, solving for the F-type coefficient in
terms of the k-type, and applying the F-type coefficient with the more

general flux equation to the new conditions.
E. THEORETICAL PLATES

This method of absorber analysis evaluates the packed column
with stage-wise contactor theory. A theoretical plate is defined as a
height of packing where the gas stream leaving is in equilibrium with
the liquid stream leaving the section. At the top of the column, with
the solvent feed and column off-gas fully defined, a mass balance around
the top theoretical plate and the applicable equilibrium relations may

be solved to yield the magnitude and composition of the gas stream
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entering and the liquid stream leaving the top plate. This procedure
will provide the information necessary to repeat the calculation for the
second theoretical plate. By continuing down the column in this fashion
until the given composition change is realized, the number of theoreti-
cal plates required will be determined. The product of the number of
theoretical plates and the height of packing equivalent to a theoretical
plate (HETP) is then the depth of packing needed.

Unfortunately, the HETP must be determined experimentally, and
varies with the size and type of packing used, the gas and liquid flow
rates, and for a particular system, the composition of both the gas and
liquid streams. In order to use this method an enormous amount of
experimental data is needed. This difficulty, caused by the fundamental
difference between tray and packed colums, has caused this method of

analysis to be largely abandoned.



CHAPTER III

PREVIOUS WORK AND PRESENT APPROACH

The performance of the fluorocarbon process absorber has been
analyzed by three different methods since the inception of the ORGDP
development effort. In 1970, pilot plant absorption data were evaluated
using both Colburn's equation and theoretical plate approach. A more
detailed incremental model was constructed and fit to the experimental
data in 1975. In this chapter, these methods will be reviewed and the
more general approach adopted for this work will be presented.

The results of the first two of these methods were published by

(46) Initially, Colburn's integrated

Stephenson, Merriman, and Dunthorn.
form of the design equation, equation II-28, was used in conjunction with
experimental absorber end-point data to determine the number of overall
gas transfer units for a variety of operating conditions. These values
of NOG were then divided into the depth of packing, yielding an HOG for
each case. However, as shown in the previous chapter, equation II-28 is
built on the assumptions that only one component is transferring phases,
and the gas and liquid flow rates are constant throughout the column.

The experimental data, on the other hand, indicated that the flow rates,
in particular the gas flow, changed appreciably due to carrier gas
coabsorption. As this approach cannot handle such variations, averages
of the inlet and outlet flows were used in these calculations. The

HOG's that were determined were then correlated to these average flow
rates. As the authors pointed out, there is no way of knowing a priori
what these averages will be, so they developed a correlation between the
feed flow rates and the averages to be used.

21
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A theoretical plate approach was the second of these two ef-
forts. The number of theoretical plates was calculated for each set of
data using the method outlined in Chapter II. The HETP for each case
was found by dividing the packed depth by the NTP' This analysis repre-
sented an improvement over the first approach as it allows flow rate
variations and the flux of all species to be taken into account. As in
the first analysis, the HETP's were correlated to averages of the gas
and solvent flow rates.

Both of these methods provided adequate correlations of the
experimental data. However, although the average flow rates are a func-
tion of the feed rates, they are also a function of several other param-
eters, including contacting area and thus the colum's dimensions. In
the design of larger columns, extrapolation of these feed flow rates to
stage height correlations would be highly questionable. From a theoret-
ical standpoint, as Colburn's equation will not account for the flux of
more than one species, and the theoretical plate approach treats the
packed bed as a stage-wise contactor, these methods of analysis do not
accurately represent the physical situation.

The third model described the fluorocarbon process absorber
much more thoroughly. Merriman(26) developed and applied a rather unique
approach which accounted for not only the flux of krypton, but also the
carrier gas flux and the interaction of these fluxes. In addition to
predicting absorber krypton removal, this model was then capable of pre-
dicting the load to be placed on the intermediate stripper.

Merriman quantified the nitrogen flux through the use of the

liquid phase counterpart of equation II-33,
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d(LxNB) = kOLNa (xﬁ - XNB) dz. I1I-1

This was intergrated over the packed depth assuming xﬁ to be constant at
1/mN. The result of this integration depends upon the assumption made
as to the variation of kOLNa with L. Merriman found that in any given
test L varied only slightly and kOLNa was not significantly dependent on
L. Equation III-1 was therefore integrated assuming kOLNa to be constant
and L to be constant at the feed value. The resultant expression was
evaluated with experimental end-point data and provided an average value
of kOLNa for each set of experimental data. These were then correlated
to the average Schmidt and Reynolds numbers.

The total krypton flux was divided into two separate components,

flux due to diffusion and flux due to bulk movement,
N = ND o+ NE 111-2
The total and diffusive fluxes were described with equation II-33 as

T T
NK = d(GyKB) = kOGKa (YKB - yﬁ) dz, I11-3

and
N = k. a (Yo - vE) dz 111-4
x = kogx@ Oxp - ¥E) 925

while the flux due to bulk movement was described as

dG. III-5
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Considering the two components nitrogen and krypton,

. )
=N kogkd g = Y9 dz + ko O - xg) dz. I11-6

In the case where Ykg is small, substitution of equations III-3 through

ITI-6 into equation III-2 yields

I11-7

According to this approach, if one can evaluate kOGKa and kOLNa and cal-
culates the bracketed term using the expected averages of the end-point
conditions, equation III-7 will provide the effective average overall
mass transfer coefficient which accounts for both transport mechanisms.
A correlation for kOGKa is needed to apply equation III-7.
Substitution of equations III-3, III-4, and III-5 into equation III-2

shows that
kOGKa (YKB - y%) dz = d(GyKB) - Yxm dG = G dyyg- ITI-8

This expression can be used to determine kOGK

rate is known. For each set of data, Merriman calculated the change in

a provided the gas flow

the gas flow rate in incremental steps over the packed depth with equa-
tion III-1, using the correlation for average kOLNa to provide local
mass transfer coefficients. This gas flow profile was then used with
equation III-8 to determine Yig at incremental positions across the

colum. A value of kOGKa was found for each set of data such that the
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calculated ratio YKBI/YKBO matched that of the experimental data. These
values were correlated in the same fashion as were the values of kOLNa'

Merriman tested the validity of this approach by determining
kgGKa for each data set from equation III-3 using the same procedure
that was used to determine kOGKa from equation III-8. These values com-
pared very favorably to those predicted by equation III-6.

This model was not developed to accommodate any solvent flux.
However, at the time this work was done, the absorber feed gas stream
was essentially saturated with R-12, so no driving force existed for any
solvent flux. Even if the feed gas stream had not been saturated with
R-12, the absorber was being operated at approximately 25 atm and -25°F.
At these conditions, the equilibrium gas phase mole fraction of R-12 is
less than 0.01, and the small amount of solvent flux that would occur
could safely be ignored. Currently, the absorber is being operated with
a feed gas that is not saturated with solvent and at the much lower pres-
sure of 8 atm where R-12 represents almost 5% of an equilibrium gas
phase. Higher temperatures have also been considered to reduce the
refrigeration requirements of the process, and, in particular, the
experimental portion of this work was conducted at approximately -15°F
where an equilibrium gas phase consists of 11% R-12. Clearly, in these
cases, the movement of the solvent into a subsaturated feed gas should
be considered.

Rather than incorporate the flux of R-12 into Merriman's model,
for this work, it was decided to take a more conventional approach.
Equation II-21, page 16, its liquid phase counterpart, and equations
I1-9 and II-10, page 12, are all capable of describing the flux of each

of the three components and the interaction of these fluxes. Because of
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the ease with which interfacial compositions can be determined for this

system, and to be consistent with Stephenson's intermediate and final

stripper models,(43) the model contained herein is based on equation
11-9,
4Gy..) = W IR .
( ij) = W FGja n (W. - y'B) dz, 11-9
J J
and equation II-10,
V. - X
d(ijB) = V. Fi.a fn (V. ) dz II-10



CHAPTER IV

EXPERIMENTAL APPARATUS AND PROCEDURES

Use of a gas absorber model based on equations II-9 and 1I-10,
page 12, requires specific knowledge concerning the mass transfer coef-
ficients FGja and FLja for the system of interest. As this information
was not available for the fluorocarbon process absorber, experimental
pilot plant data were needed so that correlations for these quantities
could be developed. In order to identify any effects attributable to
colum diameter, it was necessary to collect performance data from
several absorption columns. Additional pilot plant absorber performance
data were required to permit the accuracy of the model's predictions to
be judged against experimental observations. These data were provided
by an absorber test loop equipped with interchangeable columns that was
designed, built, and operated as an integral part of the ORGDP selective
absorption pilot plant. The equipment and procedures used in this

experimental effort are described in this chapter.
A. PROCESS PIPING

The absorber test loop was designed to provide quality data on
the mass transfer occurring within the fluorocarbon process absorber.
The loop was constructed in parallel with the existing pilot plant
absorber and replaced it in the flow scheme of the ORGDP pilot plant for
the duration of this experimental campaign. A schematic of this loop is
shown in Figure IV-1. Three test columns were fabricated for installa-
tion in the loop. The four process lines were flanged to allow these

27
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packed beds to be easily interchanged. Auxiliary pilot plant equipment
supplied the test loop with feed gas flow rates ranging from 7 to 17 scfm
and solvent feed rates of 0.5 to 1.5 gpm. The process piping and test
columns were insulated with 2 to 3 inches of polyurethane foam and
covered with mastic sealer.

Goodloe packing had been chosen for use in the fluorocarbon pro-
cess and was therefore used in this work. This rolled wire mesh packing,
shown in Figure IV-2, was selected on the basis of its large surface area
to volume ratio and high throughput. The operating characteristics of

(28) and the flow rate capabilities of the pilot plant

Goodloe packing
limited the test columns to diameters ranging from 2 to 4 inches. Con-
sequently, the three columns were constructed with diameters of 2, 3,

and 4 inches, providing a fourfold range in cross-sectional area for
examination.

Three feet of packing was used in each of the test columns.
Previous pilot plant experience with Goodloe indicated that a depth of
3 feet would provide detectable compositional changes across the bed yet
leave measurable amounts of krypton in the colum off-gas. In addition,
this depth is not sufficient to lead to segregation of the phases so
redistributors were not required.

As the three columns were constructed to be interchangeable,
they are nearly identical. The packed section of each column was flanged
to allow inspection of the packing and permit the colums to be used in
future studies involving different packing materials. The packed sec-
tion of the 4-inch-diameter column is shown in Figure IV-3. This segment
of each colum consists of a 40-inch piece of Schedule 40 304L stainless

steel pipe with flanges welded flush with both ends. As recommended by
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Metex Corporation,(28) the manufacturer of Goodloe packing, a subway-
grating-type packing support was fabricated and installed in the pipe an
inch from one end. In addition to providing support for the packing,
this structure helped distribute the gas flow and align it perpendicular
to the face of the packing. In none of the colums did the area of this
support exceed 40% of the total cross-sectional area. Following the
packing instructions provided by Metex,(zg) six pieces of 316 stainless
steel Goodloe packing were installed in each of the three sections, giv-
ing each colum a total packed depth of 34.5 inches.

Top and bottom sections, shown in Figure IV-4, that flanged to
both the packed section and the process streams were constructed for
each column. Pressure taps consisting of 1/8-inch Schedule 40 pipe were
installed in each of these sections. The liquid distributor, mounted in
the top section, was adjusted to seat directly on top of the packing so
as to minimize the amount of mass transfer occurring above the packing
and, in addition, to serve as a packing restrainer.

Teflon gaskets were placed between the three sections which
were then bolted together and hydrostatically pressure-checked at 150
psig. The assembled 4-inch-diameter column is shown in Figure IV-5.
Figure IV-6 shows the same column insulated and installed in the test

loop.
B. PROCESS INSTRUMENTATION

The process instrumentation was designed to both control the
process and provide the data needed for analysis. All control loops
operated in the feedback mode and employed indicating PID controllers.

Hard copies of the values of all required process parameters were
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Figure 1V-5
ASSEMBLED FOUR-INCH-DIAMETER COLUMN
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Figure V-6
FOUR-INCH-DIAMETER COLUMN INSTALLED IN TEST LOOP AND INSULATED

1
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periodically generated by a digital recorder. The process instrumenta-
tion is shown schematically on Figure IV-1, page 28.

The solvent flow rate to the test column was measured with a
rotameter and controlled with a liquid control valve. The level in the
solvent surge pot situated between the absorber and intermediate strip-
per was monitored with a capacitance probe and maintained with another
liquid control valve. A hand-operated needle valve was used to control
the feed gas flow rate. The gas flow rates in and out of the test
column were measured with linear thermal mass flowmeters. The pressure
taps on the columns were connected to a differential pressure trans-
mitter which yielded the pressure drop across the bed. The top pressure
tap and a regulated gas supply header were connected across another dif-
ferential pressure transmitter to determine the total column pressure.

A control valve located on the absorber off-gas stream was used to main-
tain the column pressure. Copper-constantan thermocouples were installed
in each of the four process streams approximately 6 inches from the point
the test colum flanged into the loop. Sample withdrawal ports were
situated in both gas lines.

All process instrumentation was designed to be accurate to
within *1% and was calibrated immediately prior to the experimental
campaign. Thermocouple readings were determined to be accurate within
+0.5°F. Stephenson, et al.,(45) have prepared a detailed description of

the ORGDP selective absorption pilot plant instrumentation.
C. ANALYTICAL METHODS

Two analytical methods were used to obtain data not provided by

the process instrumentation. Mass spectrometry was used to analyze
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samples of the inlet and outlet gas streams, and a radioisotope tracer
technique, developed by Stephenson,(43) was used to obtain operating
krypton profiles of the test colums. As tracer techniques are not com-
monly used in the chemical processing industry, and since such a method
was heavily relied upon in this work, it will be discussed in some

detail.

Radioisotope Tracer Techniques

Although the use of radioisotope tracer techniques is not wide-
spread, such methods can be of particular value in mass transfer studies
as they are highly sensitive and can be performed without the disruptive
effects inherent in sampling techniques.

Radiotracer techniques have previously been used in several
engineering applications. Notz and Meservey,(sz) Ackley and Notz,(l)
and Schaffer(37) used radiation detection equipment to measure the
equilibrium solubilities of various gases in liquid CO2 and R-12.

(20) and McCaw(24) discuss the

Fulham and Hulbert,(14) Jones and Jones,
use of an external gamma scanning technique to study sieve tray damage.
A gamma source and detector were mounted on opposing sides of a column.
A density profile of the column was determined by raising and lowering
the source and detector in unison along the face of the colum and not-
ing the variation of the detected count rate. From these attenuation
profiles, sieve tray damage and liquid holdup were deduced. Markas and
Beckman(zs) used a radiotracer technique to study flow patterns in a
toluene-water extraction colum. In this work, the toluene was tagged

1

with 113 , and an external gamma detector was used to determine entrance

effects and flow distribution problems.



38

In order to perform radioisotope tracer analysis, an appropri-
ate isotope and detection equipment must be available. The isotope
chosen must behave as the species or phase under study. The necessary
detection equipment consists of a detector sensitive to the energy of
the isotope, an amplifier, a pulse height analyzer, and a timed pulse
counter.

A thorough description of radiation detection equipment is pro-
vided by Chase.(7) For detection of gamma radiation, a thallium acti-
vated sodium iodide crystal is commonly used. When struck by a gamma
photon, this crystal emits a pulse of light of an intensity proportional
to the photon's energy. This light pulse is converted to an electrical
signal via a photomultiplier tube. The resultant electrical signal is
amplified and fed to the pulse height analyzer which discriminates
between the energy levels of the signals and routes only those in the
region of interest to the counter. The counter accepts and totals these
pulses for a preset time interval.

It is possible that the detector will be struck by more than
one photon within the resolving time of the equipment in which case the
counter will register less than the actual number of counts. The resolv-
ing power of the detection system depends on the decay constant of the
detection crystal and the time constants of the associated electronics.

The true count rate can be expressed as

ng = no/(l - no'r), V-1

where ng = true gross count rate,

observed count rate, and

3
1]

-
]

resolving time.
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In most cases, the experiment and equipment are designed such that
noT < 0.01 and o is essentially ng-

In most environments, G includes not only radiation from the
source, but ambient background radiation as well. This background radia-
tion must be determined and separated out, usually by counting with the
intended source removed from the view of the detector. The net count
rate is then

T]N = nG - HB, Iv-2

true net count rate, and

where N

ng background count rate.

The true net count rate is related to the number of moles of
tracer present in the counting volume by

ny = nN/sVé Aj’ IV-3

where nj = moles of j in counting volume,
€ = counting yield,
VC = counting volume, and
Aj = specific molar activity of j, disintegrations/g mole-min.

The counting yield is defined by the physical relationship between the
source and detector. This value, fixed for a given system and geometry,
consists of the detector efficiency and any attenuation by material
situated between the source and detector. The quantity eVC can be con-

sidered a system calibration factor to be experimentally evaluated.
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A useful quantity and one much used in this work is the ratio
of the moles of tracer at one point to that at another,

n eV
NZ) ( cl

w1 V2

njz/njl = ( ). Iv-4
When using this ratio, the calibration factor eV’Cl/eVC2 can be deter-
mined by ratioing the true net count rates of a common standard taken at
each position.

As radioactive decay is a random phenomenon, there is a certain
amount of error inherent in any single measurement. It is usually
assumed that the actual value is within one standard deviation, o, of the
measured value. As the best available estimate of the actual value is
the measured value itself, the best estimate of the standard deviation
is

o(ng) = g/, Iv-5

If the calibration factor evcl/svcz were determined by counting a

standard and taking background readings, through use of the relations

o(A-B) = [02(A) + o2 (B)]Y/2 V-6
and
o(/E) = g [EPHZ .+ @E)y2l/2, Iv-7

it can be seen that o of the resultant molar ratio of equation IV-4 can

be expressed as
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G2 - ™B2, "Gl ~ "cBl. . "c2 * B2
"Gl " “31)(” Gz - " BZ) [( - 1)
¢ ¢ G2 - "B2

o(n;,/n51) = (

+n n +n
+ Bl + cG2 cB2

7 7
gy - )" (ggp = Nep2)

N1 ¥ Nep1 112

Y2, V-8
(g1 = Ned)

where the subscript c indicates counting rates taken in the determina-
tion of the calibration factor. Gardner and Ely(ls) present a thorough

discussion on the statistical handling of radioisotope measurements.

Pilot Plant Gamma Analysis

The feed to the fluorocarbon process from a nuclear fuel
reprocessing facility is expected to contain 1-10 ppm krypton. Pilot
plant work in such a low concentration range required an analytical tool
of high sensitivity. A radiotracer method was chosen as it provided the
needed sensitivity and could be performed without disturbing the system.

The choice of isotope was obvious in this case, and Kr85 itself
was used. Although Kr85 is a 99.59% beta emitter and only a 0.41%
gamma emitter, beta is completely attenuated by metals and a beta detec-
tor would have to be placed inside the process piping. In addition,
beta is strongly attenuated by the process solvent which would severely
confound the analysis. Gamma emissions, on the other hand, can be

monitored external to the system and are not appreciably attenuated by
R-12. (43)
85

It was therefore decided to monitor the gamma emissions of

Kr



42

Stationary gamma counting positions are located on each of the
four process streams connecting to the test absorber. These are indi-
cated on Figure IV-1, page 28. At each position a 1.5- to 2-inch-thick
lead shield encases the process piping to reduce the ambient radiation.
When placed inside this shielding, the detector is held perpendicular to
and in contact with the pipe.

A portable gamma scanner was constructed to provide operating
krypton profiles of the test colums. The scanner is shown schematical-
ly in Figure IV-7, and the actual unit can be seen in Figure IV-8. A
2-inch-thick lead shield was mounted on a carriage that rode up and down
the side of the column on vertical tracks, being lifted by an overhead
electrical hoist. A pointer installed on the carriage indicated its
position on a scale inscribed on one of the tracks. A 1-inch-diameter
hole was bored through the shield to provide a window between the column
and the detector. By using this scamner to determine count rates at
various column positions, it was possible to determine the molar krypton
profile of the column without disturbing it. Such profiles were an
invaluable source of information in this work. Stephenson(43) has
applied this scanning technique to a variety of unit operations with

great success.
D. EXPERIMENTAL PROCEDURES

A series of experiments were conducted at the ORGDP pilot plant
using the absorber test loop to obtain the required performance data.
The experimental campaign ran from October 1977 through February 1978.
During this period, the pilot plant was operated 24 hours a day, 4 days

a week. In total, 55 tests were completed, approximately 18 per column,




43

3

LIFTING HOOK

LEAD SHIELD

/

=

DETECTOR AND PHOTOMULTIPLIER TUBE

Fenl PACKED COLUMN
Pl INSULATION

S

’

Figure IV-7
SCHEMATIC OF PORTABLE GAMMA SCANNER



44

4 CARRIAGE TRACKS

] ! 3 Ll { . i
} : E .2 ¥ B FOUR-INCH-DIAMETER

80 - B § I | TEST ABSORBER
CARRIAGE AND it} gl " L

LEAD SHIELD

POSITION
INDICATOR | *

Figure IV-8
TEST ABSORBER WITH GAMMA SCANNER



45
encompassing the largest possible range of flow rates. Most of these
were conducted near -15°F and 8.3 atm. The 4-inch-diameter column was
the first evaluated in the test loop, followed by the 3-inch, and then
the 2-inch column.

After a colum was installed and insulated, the gamma calibra-
tion factors were determined. The gas compressors were started and
nitrogen was circulated through the test loop. One to two curies of
Kr85 were then added to the system. The krypton content of the absorb-
er feed gas was monitored with the gamma detection equipment, and the
flow rate was recorded at 10-minute intervals. After about 3 hours,
these parameters stabilized indicating that the krypton had been evenly
distributed throughout the system. A gamma scan of the column was then
taken with 1-minute readings being made every 2 inches. The background
radiation was determined by repeating the scan with a 1.5-inch-thick
lead plug inserted in the window of the lead shield. With no solvent
present, the krypton concentration was constant throughout the column,
and any differences between the net count rates at the various positions
were attributable to the calibration factor eVC. By subtracting out the
background and ratioing the net counts at the bottom of the column to
those at each column position, the factor eVCl/eVCZ, for use in equation
IV-4, page 40, was determined for each position on the particular column
relative to the bottommost position.

Once these calibration factors were determined, the solvent
pump was started, and the remainder of the process was brought on-line.
Controller set points were established, and the process parameters were
recorded at 1/2-hour intervals. The krypton content of the inlet and

outlet gas streams was periodically checked. When these values
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stabilized, data were collected and new set points were initiated.
Steady state was reached approximately 7 hours after start-up or follow-
ing a change in the liquid flow rate. The system responded much quicker
to changes in the gas flow rate attaining equilibrium after about 3
hours.

Data were collected after the process had convincingly demon-
strated its stability. The process parameters were recorded at 10-
minute intervals, and several gamma readings were made on the inlet and
outlet gas streams. The radiation detection equipment was also used to
verify the purity of the solvent feed. A gamma scan of the colum with
background readings was then completed in the same fashion as described
earlier. These data, along with equation IV-4, page 40, and the pre-
viously determined calibration factors, provided profiles of the rela-
tive amount of krypton present in the colum. Following the scan, the
process variables and the count rates of the process streams were re-
examined for fluctuations. If none had occurred, samples of the absorber
off-gas, absorber feed gas, and process feed gas were respectively pulled
into evacuated Monel cylinders for laboratory mass spectrometry analysis.
New set points were instituted, and the recorders were reset to 1/2-hour
intervals. Figure IV-9 shows a typical set of data. The error bands on
the krypton profile were calculated with equation IV-8, page 41, and
showed no significant variation from test to test. Several of the data
sets are shown in the next chapter with the remainder being listed in

Appendix B.
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CHAPTER V

SOLUTION OF MODEL EQUATIONS AND COMPARISON OF RESULTS

A computer code based on equations II-9,

W. - y..
d(Gy.,) = W. F..a & 1) 4z, I1-9
Grjg) = ¥ Foge in (r—y ) <
and II-10,
V. - X:p
d(Lxsp) = V; Fpsa tn (V-J—l—j . le() dz, II-10

was developed to predict the performance of the fluorocarbon process
absorber. This required the determination of correlations for FGja and

F In this chapter, the techniques used to find solutions to the

Lja.
model equations are described, and the correlations found for the mass
transfer coefficients are presented. The predictions of the model are
then compared to experimental absorber performance data to verify the

validity of the model.
A. SOLUTION OF MODEL EQUATIONS

Given the flow rates and compositions at one surface of a dif-
ferential slab of packing, the model calculates the values of these
variables at the other surface. The information provided is used to
solve equations II-9 and II-10 for the flux of each component occurring

within the increment. Mass balances around the section are then solved

48
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utilizing these fluxes to yield the flow rates and compositions at the
opposing surface. The code was arbitrarily constructed to start at the
top of the packed bed and work its way down, using the results of the
last calculation as the starting point for the next. The calculations
are performed over a 0.01-foot-deep packed section. This choice of
increment size is discussed in Appendix D. Figure V-1 is a flow chart

of the model. A Fortran code is listed in Appendix E.

Interfacial Concentrations of Nitrogen and R-12

In order to calculate the flux from equations II-9 and II-10, it
is necessary to obtain the mass transfer coefficients, the interfacial
area, and the interfacial compositions. The interfacial concentrations
of nitrogen and R-12 are determined by taking advantage of the low con-

centration of krypton. As the krypton concentration is below 10 ppm,

1.0 V-1

YRi Y Ni

and

e

Xpi ¥ XNi 1.0, V-2
where the subscripts R and N refer respectively to R-12 and nitrogen.
This reduces the problem to one of determining the equilibrium mole frac-
tions in a two-phase binary system. These values are calculated through
simultaneous solution of equations V-1 and V-2, with Henry's law for
nitrogen and Raoult's law for R-12. The Henry's law constant used for
nitrogen and the expression used for the vapor pressure of R-12 are pre-

sented in Appendix A. As the absorber is assumed to be isothermal, and
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these constants are functions of only temperature and pressure, the
interfacial concentrations of nitrogen and R-12 are fixed throughout the

column by the temperature and pressure of operation.

Calculation of Mass Transfer Coefficients and Interfacial Area

As the correlations for the mass transfer coefficients and the
interfacial area will be discussed later, let it suffice to say at this

point that these values are calculated from an expression of the form

Shia = C; ReGCZReLC3Sch4, V-3
where Shj = Sherwood number of component j in specified phase,
Fs RMA/DJ.Mp,
Re. = gas phase Reynolds number, QGMAG/uG,
Re; = liquid phase Reynolds number, QLMAL/UL,
Scj = Schmidt number of component j in specified phase, u/ijM,
2 = characteristic length, ft,
MA = average molecular weight of specified phase, 1b/1b mole,
o = density of given phase, 1b/ft3,
W = viscosity of given phase, 1b/ft-hr,
Cl’ CZ’ C3, and C4 = constants of the correlation.

The evaluation of equation V-3 requires a substantial amount of physical
data for each species. The physical properties used in this work are
listed in Appendix A.

The characteristic length, %, tends to be a rather ambiguous

quantity for a packing like Goodloe. In cases of this type, Treybal(48)

suggests using the diameter of a sphere with the same surface area to
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~ volume ratio as the packing. Shulman(38) suggests incorporating the
operating void fraction of the packing. In this work, the characteris-

tic length is defined as

g = 6/Ap(1 - eo), V-4
where Ap = surface area to volume ratio of the dry packing, 585 ftz/ft3
for Goodloe,(zz) and
€ = operating void fraction of the packing.

The operating void fraction is determined by a method Stephenson(43)

developed based on the operating and static liquid hold-ups. This cal-
culation is described in Appendix C.

As only small amounts of krypton are present, the viscosity of
the gas phase is calculated as the viscosity of a nitrogen-R-12 mixture.

This value is determined with Wilke's correlation,

N N
= I (y.u;/ I y.%..), 1b/ft-h V-5
Mo = L (ylul/j=1 ¥5%35)» 1b/ft-hr,

1/2 1/442.0
L R D R IR s Ce
where ®i. = 172 .
b w7 (1 + Mi/Mj)
The viscosity of the liquid phase is assumed to be that of liquid R-12.
The average molecular weight of each phase is the mole fraction
weighted average of the weights of nitrogen and R-12. The gas density,

G is the mole fraction weighted average of the densities of R-12 and

nitrogen, each being determined from its equation of state. The density

of liquid R-12 is used as the density of the liquid phase.
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The diffusivity is the only factor that will cause the mass

transfer coefficients calculated with equation V-3 to differ between the
species in a given phase. In the gas phase, as a molecule of R-12 or
nitrogen will rarely encounter another molecule of anything but R-12 or
nitrogen, the binary diffusivity of these two components is used for
both. In the absence of experimental data on this system, the correla-
tion of Hirschfelder, Curtiss, and Bird is used with the improvement

offered by Wilke and Lee,(36)

B2 [ov + m)/ oM 1YE
D.. = 1 % 1) , cm”/sec V-6
1) p Oij £

where B = 0.00214 - 0.000492 [ (M, + Mj)/MiMj]l/z,
T = temperature, °K,
P = pressure, atm,
Oij = Lennard-Jones force constant, R, (oi + oj)/Z,(36)
Q = collision integral, 1.06036/T°0.1561 +
0.193/60.47635T’ + 1.03587/e1‘52996T‘
+ 1.76474/e.7>.89411T"(31)
T = T/eij, and
eij = Lennard-Jones force constant, °K, (eiej)l/z.(36)
As Dij = Dji’ FGRa and FGNa have the same value. To determine the dif-

fusivity of krypton in the gas phase, all three components must be con-
sidered. As this calculation requires the flux occurring within the
increment, its description will be deferred.

In the liquid phase, as in the gas phase, the binary nitrogen-

R-12 diffusivity is used for both species. For krypton, the binary
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krypton-R-12 diffusivity is used. Both of these are calculated with the

correlation of Wilke and Chang,(36)

-8 ?Biiif_ cmz/sec V-7
0.6’ ’

i Yy

Dij = 7.4-10

where My = viscosity of the solution, centipoise, and

<7
!

b = molal volume of the solute at its normal boiling point,
cms/g-mole.
After the above calculations have been performed, values of

FGNa, FGRa’ FLNa, FLRa, and FLKa are available for use.

Determination of Nitrogen and R-12 Fluxes

With the bulk flow rates and compositions known, and values of
the mass transfer coefficients, interfacial area, and interfacial concen-
trations having been calculated for nitrogen and R-12, equations II-9
and II-10, page 12, can be solved for the total flux occurring within

the current increment. Since
d(Gij) = d(ijB) V-8
and

dL

dG, V-9

equations II-9 and II-10, page 12, can be equated and rearranged to the

form
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(dG/FGja dz)
(Yin - X:n) €
€ - (rax ; 1/F. 2 &2 ‘“[‘ZJB ( = X::)

Gj Lj? ¢ YiB T %ji

(dG/FLja dz)

(y:: - x;.) e - Y.s o+ X,
P E S 11 By oy, V-10
(ij - X..)

J1

As the properties of nitrogen are known better than those of R-12,
equation V-10 is written for nitrogen and searched with a bisection
routine for the total flux, dG.

Once the total flux has been found, the individual fluxes of
nitrogen and R-12 are calculated. Equation II-9, page 12, rewritten to
the form

(dG/FGja dz)

y:: dG - YiB dG e

ji .
(@/Fg;a d2) s v-11

d(Gy

iB)
l1-e

is used to calculate d(GyNB) and d(GyRB).

Determination of Krypton Flux

The flux of krypton is also calculated with equation V-II. How-
ever, before this can be done, it is necessary to know Vi and FGKa'

Through rearrangement of equation V-10, it can be seen that

(dG/F dz) (dG/F dz)
DY © Lkt 0y S e

[(1/mK-1-(1/mK)e

+ X
KB V-12

YKi (dC/Fga dz)] (dG/F @ d2)
e

+ 1.0
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Therefore, if FGKa can be determined with equation V-3, the flux of
krypton can be obtained. In order to calculate FGKa’ DKM is required,
and, as was mentioned earlier, this diffusivity should be that of krypton

in a nitrogen-R-12 mixture. This is calculated as an effective binary

diffusivity(® with

N
_Z [XJBd(GyKB) - xKBd(Gij)]/DKj
1/D = 22 V-13
KM N ,
d(Gyyr) - Xpn I d(Gysg)
Oyi) - Xga )

where the required binary diffusivities, DKR and DKN’ are determined with
equation V-6. As DKM is a function of d(GyKB), equations V-13, V-3,

page 51, V-12, and V-11 must be solved in an iterative fashion. The flux
of krypton, d(GyKB), is determined from this system of equations by a
method of progressive substitution with the variation in the value of

DKM being used as the convergence criteria. When convergence is obtained,
all the fluxes occurring within the current increment have been deter-

mined.

Conditions at the Bottom Surface

Given the flow rates and compositions at the top surface of a
differential slab of packing, and having determined the fluxes occurring
within the increment, the conditions at the bottom surface are easily

calculated. A mass balance around the increment yields

CRottom = GTop + dG, v-14

Leottom = LTop +dL, V-15
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,. _ Stop O3B op) * 4(6Y5p)
jB Bottom GBottom

s V-16

and

_ LTopf(ij Top)

+ d(ijB)
*iB Bottom :

LBottom

If the current increment is not the bottommost of the packed bed, the
results of equations V-14 through V-17 are used as the starting point
for the calculations on the next increment.
B. CORRELATIONS FOR THE MASS TRANSFER
COEFFICIENTS AND INTERFACIAL
AREA
The published correlations for mass transfer coefficients can
often be expressed in the fomm
2. %5 (35)

Sh. = C, Re “Sc.
J J

1 V-18

Some values of the constants Cl’ CZ’ and C3, reported for gas transfer,
are listed in Table V-1. Table V-2 contains some of the values pub-

lished for liquid phase transfer. The expression

V-19

(48) In this work, it was

is often used to report the interfacial area.
felt that the data were not sufficient to independently determine cor-
relations for Fj and a. Instead, correlations for the product Shja were

developed.



GAS PHASE CORRELATING CONSTANTS FOR EQUATION V-18(38)

TABLE V-1

Author Packing C1 C2 C3

Ju Chin Chu Spheres and

Cylinders 1.48 0.56 1/3
Shulman Raschig Rings

and Berl Saddles 0. 45 0.64 1/3
Aerov and Spheres, Slabs,
Umnik and Rings 0.395 0.64 1/3
Gildenblat Dumped Rings 0.407 0.655 1/3




LIQUID PHASE CORRELATING CONSTANTS FOR EQUATION V-18(38)

TABLE V-2
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Author

Packing

1 2 3
Van Krevelen Rings 0.00595 0.67 0.33
Tsiparis Rings 0.0021 0.75 0.50
Onda, Sada,
and Murase Rings 0.0107 0.49 0.50
Onda, Sada,
and Otubo Rings 0.00625 0.50 0.50
Sherwood and
Holloway Rings 0.00333 0.65 0.50
Saddles 0.00258 0.72 0.50
Ramm and
Chagina Dumped Rings 0.00216 0.77 0.50
Pall Rings 0.00236 0.77 0.50
Stacked Rings 0.00192 0.77 0.50
Tubes 0.00177 0.77 0.50
Blocks 0.0019 0.77 0.50
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Rather than attempt to obtain relations of the form

C

Shja = C1 C1 Re

2 G~L-", V-20

Scj
it was decided to let the Reynolds numbers absorb the flow rate depen-
dencies of the interfacial area. In addition, as the temperature and
pressure were not varied significantly in the experimental portion of
this work, no attempt was made to determine C3, but rather the values

most commonly reported were used. Thus, the correlating forms,

C

. 2. %5 13 ]
Stha = C1 ReG ReL Sch V-21
and
C; Cz
P 2 3 0.50 _
Stha C1 ReG ReL Sch V-22

were assumed.

Three sets of experimental data from each colum, covering a
wide range of flow conditions, were used to determine the constants in
equations V-21 and V-22. Acceptable model fits to these experimental

data sets were obtained through use of the expressions

1.005 o 1/3 V-23

Sh..a = 2.3 Re Gj

GJj G

and

0.605 Re 0.45 Sc 0.50

G L Lj v-24

Stha = 8.0 Re

for each species in the given phase.
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The krypton profiles generated by the model and the above rela-
tionships are compared with the nine experimental profiles in Figures
V-2 through V-10. In tests 125A1 and 201P1, Figures V-9 and V-10, the
calculated and experimental profiles are offset. This discrepancy 1is
attributable to the method used to acquire the experimental profiles.
The calibration factor for the bottommost position was determined from
a reading made with the detector centered at the top edge of the packing
support. If when collecting a data set the reading at the bottom posi-
tion was made with the detector slightly lower, the detector would see
more of the packing support, which more strongly attenuates gamma radia-
tion than does the packing, and an artifically low reading would be
obtained. As the remainder of the readings are ratioed to this value,
the entire profile will be shifted upwards. Conversely, if the bottom-
most reading was taken with the detector positioned too high, the profile
would be lowered. Unfortunately, no means of reproducing the required
position was provided other than the scale inscribed on the tracks. The
same offset can occur at the topmost point due to the liquid distributor,
but in this case only the topmost point would be affected.

This shift will not, however, affect the overall shape of the
profiles, and agreement between the shapes of the experimental and cal-
culated profiles indicates that the model is accurately describing the
behavior of the colum. The shapes of the calculated and experimental
profiles agree quite well in all nine cases even though the experimental
profiles were obtained from three different columns and cover a wide
range of flow conditions.

As the model starts at the top of the colum and works its way

down, using the results of the current increment as the starting point
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for the next, any errors will accumulate at the bottom of the column.
It is useful, therefore, to compare the calculated and experimental
values of the feed gas compositions and flow rates. These are presented
in Table V-3 along with the operating conditions for the nine sets of
data used. As krypton is present in only trace quantities, the feed gas
is essentially a binary mixture and only the concentration of R-12 is
listed. Here, also, the agreement is quite good.
C. COMPARISON OF EXPERIMENTAL DATA
AND MODEL CALCULATIONS

The model and the data closely agree for the nine sets of data
used to formulate the mass transfer correlations. However, a more valid
test is a comparison of the model's calculations with experimental data
not used in the development of the model. The remaining 46 sets of the
data are compared to the calculations of the model in Appendix B. The
agreement in these cases is similar to that obtained in the nine sets
discussed previously. An overall comparison is provided in Figure V-11
where the experimentally determined feed gas flow rates are plotted
versus the calculated values for every set of experimental data col-
lected. As can be seen, these values agree within 5%. With the solvent
feed rate between 3.3 and 9.3 1b mole/hr and the gas feed rate between
0.23 and 1.6 1b moles/hr, the calculations of the model accurately match

the performance of each of the three test absorbers.
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CHAPTER VI
DISCUSSION OF RESULTS
A. COLUMN DIAMETER

The main purpose of this work is to examine the effect of column
diameter on the performance of the fluorocarbon process absorber. The
performance of packed columns in which the ratio of the colum diameter
to the diameter of a particle of the packing material is less than eight,
can be significantly influenced by wall effects.(4) As the particle
diameter for Goodloe packing is not clearly defined, it is necessary to
determine the extent to which wall effects influence the performance of
the ORGDP pilot plant absorber so that pilot plant data can be extrapo-
lated for the design of a larger column.

The calculations of the model described in the last chapter are
based on the flow rates per unit cross-sectional area. Other than this,
no allowances are made for column diameter. The same mass transfer cor-
relations are employed for each of the three test absorbers. Yet, as can
be seen from the experimental and calculated krypton profiles in Appendix
B and from Figure V-11, where the experimental and calculated values of
the gas feed rate are compared, the model matches the performance of the
three colums equally well. Therefore, when operated at the same condi-
tions, with the flow rates expressed per unit cross-sectional area, there
is no significant difference between the performance of the three
colums. These columns are then large enough that their performance is

not influenced by wall effects. Furthermore, in this system, the mass
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transfer efficiency of a colum large enough to avoid significant wall
effects, is in no other way effected by column diameter. This is the
same conclusion Groenhof reached in his work with Raschig rings.(16’ 17)
For the fluorocarbon process, with the solvent feed rate between 40 and
400 1b moles/hr-ft2 and the feed gas flow rate between 6 and 36 1b moles/
hr-ftz, pilot plant absorption data obtained from colums with diameters
of 2 inches or greater can, in fact, be directly extrapolated for the
design of a larger facility, as claimed by the manufacturer of Goodloe
packing.(zs) The model developed in this work will adequately describe
the performance of a larger colum, provided the colum is properly
designed. Particular attention was given to the design of the test
absorbers to ensure good distribution of both phases. In large diameter

colums, uniform distribution may be difficult to achieve and should be

an important design consideration.
B. CARRIER GAS COABSORPTION

The effect, identified by Merriman,(26) that carrier gas co-
absorption has on the performance of the fluorocarbon process absorber
was examined through use of the model developed in this work. Three
cases were calculated which varied only in the amount of nitrogen
absorbed. Since more nitrogen is absorbed in cases with large solvent
feed to gas feed rate ratios, the three cases were calculated at the
temperature, pressure, and feed flow rates of test 1026Al1, in which this
ratio is relatively large. In order to isolate the effect of carrier
gas coabsorption, in each case, the feed gas was saturated with R-12,
thereby essentially eliminating any driving force for the flux of nitro-

gen or R-12 across the gas phase. The three cases differ in the nitrogen
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content of the solvent feed. The solvent is saturated with nitrogen in

case I, contains one-half the equilibrium amount in case II, and is pure

R-12 in case III. The krypton profiles for these three cases are shown

in Figure VI-1.
If the solvent feed is not saturated with nitrogen, a driving i

force exists for the transfer of nitrogen across the liquid phase. How-

ever, as the gas phase is saturated with R-12, it will not transfer just

nitrogen to the liquid phase, but rather both nitrogen and R-12 in a

ratio equal to that of the gas phase concentrations. Figure VI-2 shows

the sum of nitrogen and R-12 flux profiles and the krypton flux profile

for each case. In case I, as the solvent feed is saturated with nitro-

gen, no driving force for the transfer of R-12 or nitrogen exists and

hence none occurs. The flux of krypton, therefore, arises solely from

its own concentration gradient. In case II, there is a driving force

and interphase transfer of nitrogen and R-12 does occur. At the top of

the colum where the solvent is the purest, the largest driving force

exists, resulting in the greatest flux. The interaction between the

fluxes of nitrogen, R-12, and krypton, as described by equations II-9

and 11-10, page 12, causes the flux of krypton to be greater than that

caused by its concentration gradient alone. This increase in the flux
of krypton, due to coabsorption of the carrier gas, is reflected in the
increased removal shown in Figure VI-1. Case III shows the same effect
as case II; but as a greater driving force exists for the transfer of
nitrogen, the R-12-nitrogen flux is greater, causing a corresponding
increase in the flux of krypton and even better column performance.
Figure VI-3 shows the dramatic change in the gas flow rate along

the colum due to absorption of the carrier gas. Obviously, a method of




77

10
T: s
0.8 s
Y
s
06 — °*,
[ ]
[
]
04 — s,
$,
|
[ ]
'
02 [— |
KRYPTON ° 8
RATIO 3
(n/ng) ‘
01 | ® CASEI (xy FEED = *Ni) 3
0.08 — A CASE N (xy pEgp = XNi/2) ;
0.06 |— @ CASE Ul (xy gggp =0) z
0.04 |— %
0.02|—
0.01 l | | | | |
0 5 10 15 20 25 30 35
BOTTOM TOP

COLUMN POSITION (IN.)

Figure VI-1

EFFECT OF CARRIER GAS COABSORPTION ON
ABSORBER KRYPTON PROFILE



5.1072

102 |— ] A

51073 — . N
SUM a A
OF a " a
R-12 s
AND - a
NITROGEN . a
FLUXES ] A

(lb-moles ) s
hr-ft3 . A
w3ig. _ = A

R ® O CASE! (xy FEED = *Ni)
A A CASE Il (xy FggD = Xnil2)
a W O CASE )l {xy Fgep = 0)

sa0d -,

104

L d
GW

10-8

7/

KRYPTON
FLUX

KCIETEY
s 8658555358888

hr-

| | | 1888?888%855
0

0 5 10 15 20 25 30 35
BOTTOM TOP
COLUMN POSITION (IN.)

Figure VI-2
EFFECT OF CARRIER GAS COABSORPTION ON FLUX PROFILES

78



0.55
(] 0 0000000000000 000000 09
050 |— g » A 4 A
" ey A, A
GAS FLOW a5 A,
RATE ™ A,
‘Ib-moles) a ™ A
hr . - A
045 [— . A
- A
s A
® CASEI (XN FEED=xNi) [ ] 4
A CASE Il (XN FEED = le/Z)
040 |— ®  CASE Nl (XN FEED=0) a
a
[ ]
035 | . +
0.30 | | | | | I
0 5 10 15 20 25 30 35
BOTTOM TOP

COLUMN POSITION (IN.)

Figure VI-3

EFFECT OF CARRIER GAS COABSORPTION ON GAS
FLOW RATE

79



80
analysis which assumes that only one component transfers phases or that
the gas flow rate is constant, such as Colburn's equation, equation
I1-28, page 17, should not be applied to an absorber in which the car-
rier gas is absorbed to an appreciable extent as artifically high mass
transfer correlations would result.

Although the effect due to carrier gas coabsorption can be
increased by increasing the solubility of nitrogen either through reduc-
ing the temperature or increasing the pressure, these parameters are
often fixed by other process considerations. However, for a given set
of operating conditions, in the fluorocarbon process, full advantage is
taken of the enhanced absorber performance caused by coabsorption of the
carrier gas by providing the absorber with a solvent feed consisting of

essentially pure R-12.
C. SOLVENT VAPORIZATION

Several of the experimental and calculated krypton profiles
shown in Appendix B, those of test 1207P2, for example, contain a slight
hump in which the molar krypton ratio exceeds unity. This indicates
that the amount of krypton at this point is slightly greater than the
amount present at the bottom of the colum. During the development of
the model, it became apparent that this effect was caused by vaporiza-
tion of the solvent into the subsaturated gas feed. In essence, this is
the inverse of carrier gas coabsorption.

In a manner very similar to that used for carrier gas coabsorp-
tion, the model was used to examine the effects due to vaporization of
the solvent. Three cases were calculated in which varying amounts of

solvent were allowed to vaporize. The calculations were made at the
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temperature, pressure, and feed flow rates of test 1117A1. The low feed
solvent to feed gas flow rate ratio of this test allows a significant
amount of the solvent to vaporize. In order to avoid the effect of car-
rier gas coabsorption, the solvent feed was saturated with nitrogen in
all three cases. The cases differ in the R-12 content of the feed gas.
The feed gas consists of an equilibrium mixture of nitrogen and R-12 in
case I, contains one-half the equilibrium amount of R-12 in case II, and
is pure nitrogen in case III. The krypton profiles for these three cases
are shown in Figure VI-4. The profiles for cases II and III clearly show
a build-up in the amount of krypton within the column.

Figure VI-5 shows the sum of the nitrogen and R-12 flux pro-
files and the krypton flux profile for each of the three cases. In
cases II and III, where the feed gas is not saturated with R-12, a driv-
ing force exists for the transfer of R-12 across the gas phase. However,
similar to carrier gas coabsorption, as the liquid phase is at equilib-
rium, R-12 will not be transferred alone; but rather the flux from the
liquid phase to the gas will consist of R-12 and nitrogen in a ratio
equal to that of their liquid phase concentrations. In case I, as the
bulk components of both phases are essentially at equilibrium, there is
no flux of either nitrogen or R-12, and the flux of krypton arises sole-
ly from its own concentration gradients. The flux of krypton in this
case is always positive, and the krypton profile steadily decreases up
the colum. A driving force for the transfer of R-12 does exist in
cases II and III. The resultant flux of R-12 and nitrogen in these
cases is largest at the bottom of the column where the gas phase con-
tains the least R-12. This flux, however, is in the opposite direction

that the krypton would move in deference to its own concentration
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gradients. The interaction between these opposing driving forces, as
described by equations II-9 and II-10, page 12, causes the flux of
krypton to be less than that in case I. Where the R-12-nitrogen flux is
large enough, this interaction causes the krypton to move against its
own concentration gradient. Consequently, in cases II and III, the bot-
tom portion of the column is actually functioning as a stripper, which
causes the hump in the krypton profiles and the deterioration of column
performance. This is the ''reverse diffusion' described by Toor and
Sebulsky.(47)

Figure VI-6 shows the increase in the gas flow rate caused by
vaporization of the solvent. As was the case for carrier gas coabsorp-
tion, analysis of a column in which solvent vaporization occurs should
account for flow rate variations, allow all components to undergo inter-
phase transfer, and account for the interaction between the various
fluxes. The application of more simplified approaches would result in
mass transfer correlations of lesser magnitude. In cases where both
carrier gas absorption and solvent vaporization occur, as in the fluoro-
carbon process absorber, the flow rate of the column off-gas can be
greater, smaller, or very close to the feed gas flow rate. The effects
of carrier gas absorption and solvent vaporization probably go unnoticed
or are ignored in many of the industrial systems which employ volatile
solvents or soluble carrier gases. Analysis of these systems with the
more commonly used simplified techniques would produce results which
when extrapolated to other situations might lead to significant errors.

The feed to the fluorocarbon process from a nuclear fuel
reprocessing plant will not contain any R-12, and therefore represents

the worst possible case with respect to solvent vaporization. However,
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if the feed stream could be saturated with R-12 prior to introduction
into the absorber, the detrimental effect of solvent vaporization should
be eliminated. Following this line of thought, an injector system, cap-
able of adding gaseous R-12 to the process feed, has recently been fab-
ricated and installed in the ORGDP pilot plant. Absorber tests have
been conducted with a feed gas consisting of pure nitrogen and, through
use of the injector, feed streams containing various amounts of R-12.
Although a thorough analysis of these data has not yet been completed,
the column did perform as anticipated. A hump appeared in the krypton
profile when the feed gas was pure nitrogen. The size of the hump
decreased, and the overall performance of the absorber was noticeably
improved in tests in which the injector was in use. When the injector
was used to saturate the feed stream with R-12, the hump disappeared
completely as expected. Furthermore, the injector was used to create a
feed stream that was supersaturated with R-12. In this case, the excess
solvent should condense within the column and, as in the case of carrier
gas coabsorption, cause the flux of krypton to increase. This in fact
occurred, and the column performed better during this test than it had
in any other case. Although further work is needed on the injector

system, it appears very promising and, in principle, might be applied to

improve the performance of other absorption systems.




CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS
A. CONCLUSIONS

Through the course of this work, the following conclusions were
reached:

1. The mass transfer efficiency of the fluorocarbon process
absorber is not significantly effected by colum diameter when carried
out in Goodloe packed columns with diameters greater than or equal to
2 inches.

2. Absorber performance data collected at the ORGDP pilot
plant can confidently be extrapolated for the design of a larger facil-
ity.

3. The model developed in this work will adequately describe
the performance of a properly designed pilot- or full-scale column.

4. As shown by Merriman,(26) the absorption of krypton is
enhanced by coabsorption of the carrier gas.

5. Solvent vaporization can occur in the fluorocarbon process
absorber and will adversely affect the absorption of krypton.

6. The detrimental effects of solvent vaporization can be
eliminated by saturating the feed gas with R-12.

7. Supersaturating the feed gas with the process solvent will

improve the performance of the absorber.
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B. RECOMMENDATIONS

The following recommendations are made for future work in this
area:

1. The effects of carrier gas coabsorption and solvent vapori-
zation should be included in the analysis of any absorption system
employing either a soluble carrier gas or a volatile solvent.

2. The solvent injector system should be thoroughly evaluated
for application to both the fluorocarbon process absorber and gas
absorption systems in general.

3. The absorber model should be expanded to include species
other than krypton that might be present in the feed to the fluorocarbon
process.

4. As more accurate solubility data become available, it should
be incorporated into the model.

5. If the test absorbers fabricated in this effort are used in
any future program, a method for accurately reproducing the bottommost

position for the gamma scanner should be provided to avoid the shift in

the krypton profiles encountered in this work.
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APPENDIX A

PHYSICAL PROPERTIES

A. KRYPTON

Distribution Coefficient

The equilibrium gas-liquid distribution of krypton can be

expressed in the form of Henry's law,

y = mx, A-1
where m = Henry's law constant, D/P, and
D = distribution coefficient, atm.

Values of the distribution coefficient for krypton in R-12 have been

(41)

determined by several investigators. Steinberg performed the

initial work at Brookhaven National Laboratory. Yamamoto and Takeda(so)
obtained some data at the University of Tokyo. More recently, some
values have been determined at Oak Ridge National Laboratory by
Shaffer.(37) Merriman(27) has estimated values of DK through use of
Hildebrand's regular solution theory. This experimental data, Merriman's
prediction, and a least squares fit of Shaffer's data are presented for
the region of interest to this work in Figure A-1. As the experimental
details of Shaffer's work are better known than those of the other

authors and his data adequately cover the desired temperature range, the

correlation of his data,
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65.317
(5156 - 7="157.93)

D, = ¢ , atm, A-2

is used in this work.

Molar Volume and Lennard-Jones Parameters

The molar volume of krypton at its normal boiling point, VBK’
is required to determine the liquid phase diffusivity. This quantity is

estimated with

- (18) -

V'b/VC 0.38, A-3
h e 3 (5)

where VC = critical volume, 92.2 cm™/g-mole for krypton.

The Lennard-Jones force parameters used in the calculation of

the gas phase diffusivity are

ep = 190°K, A-4
and

o = 3.61 8.0 A-S

B. NITROGEN

Distribution Coefficient

The published data on the equilibrium distribution of nitrogen
in R-12 is limited and exhibits considerable scatter. Steinberg(41) and
Yamamoto and Takeda(so) have provided a few points in the range of

interest. Stephenson(34) has calculated some additional values from

data collected on the flash chamber of the ORGDP pilot plant.
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Merriman(27) has developed an expression for estimating values of DN
based on regular solution theory as he did for krypton. Stephenson has

proposed using the expression

D = e6.097 + 0.00166T’

N A-6

which represents an average of the experimental data, assuming the tem-
perature dependency of Merriman's prediction. Figure A-2 shows these
data, Merriman's estimate, and Stephenson's average. In this work,
Stephenson's correlation is used in equation A-1 to determine the equi-

librium distribution of nitrogen.

Viscosity of Gaseous Nitrogen

The viscosity of nitrogen is required to determine the viscosity

of the gas mixture for use in the Reynolds and Schmidt numbers. This

quantity is determined from the expression suggested by Miller,(so)

4.2

ey = 30.43 + 0.4989T - 1.093-10 'T“, micropoise, A-7

where T = temperature, °K.

Molar Volume and Lennard-Jones Parameters

The value of the molar volume used to determine the liquid

phase diffusivity is

(33)

VB = 31.2 cms/g-mole.

A-8
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The Lennard-Jones force constants, |

N 91.5 K A-9
and

o]
- 3.681 A, %) A-10

are used to estimate the gas phase diffusivity.
C. DICHLORODIFLUOROMETHANE

Distribution Coefficient

The equilibrium distribution of R-12 is determined with Raoult's

law,

PO
y = X, A-11

where Pg = vapor pressure of pure R-12, atm.

The expression used to determine Pg is that presented by McHarness,(zs)

0 B

log10 PR = A+ Tt C log10 T + DT, A-12

where A = 39.88381727,

B = -3436.632228,
= -12.47152228,

C
D = 0.00473044244, and
T

= temperature, °R.
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Viscosities
The viscosities Her and g are required to determine the

Reynolds and Schmidt numbers for each phase. The expressions used,

beg = 0.00372 + 0.164-10°% T A-13
and
(-3.099 + 9Tﬁ)
Mg = © , A-14

where p is in centipoise and T in °R, were both developed by Stephen-

son(43) to fit data provided by DuPont.(ll)

Densities

The gas phase density is determined from the R-12 equation of

state as given by MtHarness,(ZS)
-JTr —JTr
P = RT ,A+BT Ce + D+ ET + Fe
~ (V-b) 2 3
(V-b) (V-b)
-JT
T

G + HT + Ie
-t )

+

A-15

where P = pressure, psia,
R = gas constant, 0.088734 (1b/in.2) fts/lb-°R,
T = temperature, °R,
V = volume, fts/lb,
Tr = reduced temperature, T/Tc’
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T_. = critical temperature, 693.6°R,
b = 0.0065093886,
A = -3.409727134,
B = 1.59434848-107°,
C = -56.7627671,
D = 0.06023944654,
E

= -1.879618431-10_5,

= 1.311399084,

F
G = -5.48737007-10"%,
H

= 3.468834.107°,
I = -2.54390678-10"°, and
J = 5.475.

McHarness also provided the correlation used for the density of

liquid R-12,

1/2 1/3

oR = A+B (TC -T) -C (TC -T) +D (TC -T)

+E (T, - T)?, A-16

where A = 34.84,

B

0.02696,

0.834921,

6.02683, and

6

C
D
E = -6.55549-10 ",

Surface Tension

The surface tension of R-12, Og» is needed to determine the

operation void fraction, € The expression used,
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TC - T1.25
OS = 11.8 (m—) , d}’TleS/Cm, A-17

was developed by Stephenson(43) from data given by DuPont.(ll)

Lennard-Jones Parameters

The Lennard-Jones force parameters used for R-12,

= 302°K A-18

[
|

and

oR 4.95 A, A-19

were obtained by averaging the values given by Hirschfelder, Curtis, and

Bird,(lg) Aziz,(z) and Aziz and Poole.(s)




APPENDIX B
PILOT PLANT DATA AND MODEL COMPARISONS

The operating parameters of the tests conducted and the calcu-
lated values of the feed gas flow rates and compositions are listed in
Tables B-1, B-2, and B-3 for the 4-, 3-, and 2-inch-diameter columns,
respectively. Since the gas streams are essentially binary mixtures of
nitrogen and R-12, as was done earlier, only the R-12 percentages are
listed. The experimental and calculated krypton profiles for the tests
conducted on the 4-, 3-, and 2-inch-diameter columns are shown respec-
tively in Figures B-1 through B-17, B-18 through B-32, and B-33 through

B-46. The tests used in the formulation of the mass transfer correla-

tions are tabulated in Chapter V and are not included here.
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APPENDIX C
OPERATING VOID FRACTION

The operating void fraction of Goodloe packing is required for
the calculation of the characteristic length. The method used to esti-

mate this quantity was developed by Stephenson.(43)
The operating void fraction is related to the liquid holdup of

the packing by

€y = €~ @T, C-1

where €5 = operating void fraction, fts/fts,

void fraction of dry packing, fts/fts, and

£

®
T

total liquid holdup, ft3 solvent/ft3 column.

The void fraction of unwetted Goodloe packing, €, was determined by
Choi(8) to be 0.95. The liquid holdup is the sum of the static holdup,
@S, the operating holdup, ®0, and the holdup due to the vapor upflow,

Opp>

@T = @s + @o + QAP' C-2

Based on the data of Bragg,(6) Stephenson concluded that the
static holdup would constitute less than 5% of the total and could
safely be neglected. An expression for the operating holdup was devel-
oped by fitting the holdup data given by Bragg to the correlating form
suggested by Shulman.(40) Thus,
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o
. . 0.1
0.13 (1 )0 84 (73) , c-3

s = 5.0 10415,
P,

o} L

where oy surface tension of R-12, dynes/cm, and

liquid flow rate, ft°/hr.

=
n

The holdup due to the vapor upflow, ?\p» becomes important when
the colum is operated above the loading point.(39) This quantity is

expressed in terms of the pressure drop as

8, = —, C-4

where APR = pressure drop in an R-12 system, mm Hg/ft.
The manufacturers of Goodloe packing recommend(zs) that the pressure

drop in an aqueous system be estimated from

op, = 2.529 £2°01, C-5
where APW = pressure drop in a water-based system, mm Hg/ft,
f = capacity factor Vactual/vhax’ and
Vactual ~ Vapor velocity, ft/sec.
The maximum vapor velocity, Viax® €an be determined from
_ . 0.0942 PL " PG 0.57
Vioax = ¥ =", c-6

vL PG

and the flow correction factor, y, is expressed by
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tny = - 0.2621 - 0.05738 (L/V) + 0.1049-10"2 (L/V)2

- 7.014-107° (L/V)3, C-7

where L = liquid mass velocity, 1b/hr, and
V = vapor mass velocity, 1lb/hr.

As APR is needed in equation C-4, the relationship
°r

APR = APW Bﬁ- C-8

is used to convert between the two systems.
In this work, € calculated with this method showed no signif-
icant variation along the packed bed in any given test and only varied

from 0.708 to 0.794 between tests.




APPENDIX D
INCREMENT SIZE

The size of the incremental depth of packing, dz, over which the
flux calculations are made effects both the convergence of the solution
and the computational speed. Very small values of dz generally assure a
convergent solution, but require excessive amounts of computational time.
The value of dz chosen must therefore represent a compromise.

Figure D-1 demonstrates the effect of increment size on the
model solution of a typical data set. The curves presented represent
values of the molar krypton ratio at the top of the column and the gas
feed rate calculated at various values of dz ratioed to the values
obtained with dz = 0.01 foot. Clearly the model solution is essentially
convergent with dz <0.01 foot while those with dz >0.5 foot are obvious-
ly unacceptable. In this work, an incremental depth of 0.01 foot is
used as this value provides an adequately convergent solution with

acceptable computational speed.
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APPENDIX E

FORTRAN CODE OF THE ABSORBER MODEL

Table k-1 is a listing of the Fortran IV computer program used
to solve the absorber model equations by the techniques outlined in
Chapter V. The version listed assumes that the solvent feed is pure
R-12, and the column contains 34.5 inches of Goodloe packing. These
values, however, are easily changed. For the model to converge, the
variables in the program require a minimum word length of 12 bits. The
program is therefore written in double precision. Use of this program
requires specification of the number of cases to be calculated and
following information for each case:

1. Case identification number,

2. Solvent feed rate, 1b moles/hr,

3. Off-gas flow rate, 1b moles/hr,

4. Mole fraction of R-12 in off-gas,

5. Mole fraction of krypton in off-gas-108,

6. Column pressure, atm,

7. Colum temperature, °F,

8. Size of increment dz, ft,

9. Colum diameter, in., and

10. Number of increments to be calculated between printouts.

The program is divided into well-identified sections and sub-
programs, and an attempt was made to use nomenclature in the program

that corresponds to that used in the text of this work.
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TABLE E-1
FORTRAN CODE OF THE ABSORBER MODEL

€ 3k 2 e o o o ok e e e o o i e ok o e o s e o o e o o afe ko ak ade o e e o o ol ok ol o i o e ok ok o ik e ok ko 3k e ik o ok ok ok o ok e e 3 o ke o o o
C 3% 3 2 o e 2 ok o e o ke afe ok ek o 2k e e ok ok o e o e o e ol o e e ak ok K o okl 3 ok o % ok ok e ik ok ok 3 ko ok o k3 oK ok % 3k 3 3 o ok ok K ok ok
€ 02 2 e e s e ok a e ke ae sk ke e e o s e e ok e e o e o o e ke e e e o e ok o o ook o ol e o ol e o ok e ok e ik o i ol ok ol o ok i ok g ok o o

c A MULTICOMPONENT GAS ABSORPTION MODFL =~= BeE.KANAK
c REVISED: 8/25/78
c UNCLASSIFIED

(C 3 ade e 2 o o e e e e e ok o o ok ok o ok ok e e e e o o s ol kol e o ol o e ol ke ok ok 3 o ke ok ok o o 3K 3 ok e e o o e e ok e o ok e ke o o o ok ok o
€ 2 e e e e ook o o o ale ok e ade ol sk o o o 3 ok o s afe e ok o o o ke a3 o e ok ik o 3 ok 3 e ke 3 ek ek 3k e ok ok e afe ka3 ok ok ok ok ke i ok ok
(€ 3 2k ade o s o ade e ol ok o ok o ok ik 3k 3k e 3 s e e o o o ok ol ol e ok o e ok ol ok o ool o ok e ok 3ol ol e e ok o 3k o e ok o ke e e ok o o ok ok ok ok o o ok ok ok

[alaNeEaNe!l

IMPLICIT REAL * 8 (A-H,0-2)

REAL * 8 L4+L1+NDG1+NDG2,NDG

EXP{X) = DEXP(X)

ALNG10(X) = DLOGL1O(X)

ARS(X) = DABS(X)

B{X) =(NDEXP(X/FGA/DZ) * (YNB - XNB) +DEXP(X/FLA/D7) *
C (YNI = XNI) =YNI + XNB)/{YNB - XNI)

FIX) = X - (1.0/(1.0/FLA/DZ + 1.0/FGA/DZ)) * DLOG((DEXP(X/
C FGA/DZ) * (YNB - XNB) +DEXP(X/FLA/DZ) * (YNI - XNI)
C - YNI + XNB)/(YNB = XNI))

KEY

OO

WRITE(64237)
WRITE(6,238)
WRITE(64+239)
WRITE(64240)
WRITE(6,200)
WRITE(6,201)
WRITE(6,4202)
WRITE(64203)
WRITE(64+204)
WRITE(64205)
WRITE(64+206)
WRITE(64207)
WRITE(64208)
WRITE(64209)
WRITE(64+210)
WRITE(64211)
WRITE(64212)
WRITE(64213)
WRITE(64214)
WRITE(64215)




TABLE E-1 (Continued)
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237
23R
239
240
200
201

2Nn2
203
204
205
206
207
208
209
210
211
212

213
214

215
216

217
218

WRITF(64216)

WRITF(A,217)

WRITF(6421R)

WRITF{6,219)

WRITF(64,220)

WRITF(6h,221)

WRITF(Ah,222)

WRITF(As223)

WRITF(h224)

WRITF(6,225)

WRITF(64226)

WRITK(A,227)

WRITF (A 228)

WRITF(A4229)

WRITF(h4230)

WRITE(AK,231)

WRITF(64232)

WRITF(6,233)

WRITF(A4234)

WRITF{(6,4235)

WRITF(h4236)
FORMAT(YHY o/ / /777 418X *FLOURNCARRNN
FARMAT(2RXy'= R, F, KANAK =~1)
FNIRMAT (28X, 'REVISFN: #/25/78")
FORMAT (30X, YUNCLASSTIFIFD?)
FORMAT(///7430X,'0OUTPUT KFY!')

PR(ICESS ARSORRER MADEL!')

FORMAT(// 45Xy 'HT, === DISTANCF FROIM RNTTOM OF PAGKFD BFDT,

f {INCHFS)?)
FORMAT(5X 4 'YRB === MOLF FRACTION R=12 [N RULK GASY)
FNRIMAT(5X 4 "YNB === MOLF FRACTION N2 IN AHLK GASY)
FNRMAT(5X ¢ VXRB === M{ILLF FRACTINN R=12 1N RULK LIOQUID!)
FORMAT(SX 4 ' YINR === MNLF FRAGCTION N2 IM 3DLK LTOUIN)
FIRMAT (X g V(3 ===m== TOTAL MOLAR GAS FLOW RATF (LB MNLES/HR)!')

FORMAT(5X 4L —==~- TOTAL MOLAR LIOUIn FLOW RATE (1B MOLFS/HR )Y
FARMAT (565X ¢ Y AKRT == TOTAL AMOUNT OF KR (LR MOLES/HR % 1E+08) 1)
FORMAT (65X, ' AKRG == AMNUNT (OF KR IN GAS (LF MOLES/HR LE+OR) )

IN RULK GAS')
RULK LTIOHID) )
INTERFACTALY,

MOLE FRACTION KR
MOLF FRACTION IN

FORMAT(5X 4 ' YKB ===
FORMAT(5Xy ' XKB ~—==

FORMAT(S5X 3 'FGA ===

MASS TRANSFER COFFFICTENT

C ' ARFA FOR N2 &
FORMAT(13X,'FILM

FORMAT(S5Xy 'FLA ===

C Y ARFA FNR N2 &

FORMAT (13X, 'LIOUID FILM
—-—~ MASS TRANSFER COEFFICTFMT

ARFA FNR KR ACRNSS GAS')

FORMAT(5X 4 'FGK
¢ t
FMRMAT(13X,'FILM

R-12 ACROSS GAS!')

(L3 MOLES/HR/FT} ')

MASS TRANSFFR CNFFFICIFNT
R-12 ACROSS!')

(LB MOLFS/HR/FT) ')

(LB MOLES/HR/FT}')

FORMAT(5X ¢ 'FLK ==~ MASS TRANSFFR COFFFICIFNT

£

e

INTFRFACT AL,

INTERFACTALY.,

INTFRFACTALY,
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TABLE E-1 (Continued)

C ' AREA FOR KR ACRNSS')
219 FORMAT (13X, 'LIOUID FILM (LB MOLES/HR/FT)!')

220 FORMAT(5X ¢ 'YKI —=— INTERFACIAL GAS MOLF FRACTION AF KR')

221 FORMAT(5X, *XKI === INTERFACIAL LIQUID MOLF FRACTTON OF KRT)
222 FORMAT(5X ¢ 'REG === GAS REYNOLDS NUMBER!')

223 FORMAT(5X,'REL —=— LIQUID REYNOLDS NUMBFR')

224 FORMAT(5X4'FPS —~— OPFRATING VOID FRACTTION')

225 FORMAT(5X+ DG ===~ TOTAL FLUX FROM GAS TO LIQUTD (LK MOLES/HR) )
226 FORMAT(5X 4 'NDGYK —= KR FLUX FROM GAS TO LIQUIND (LB MOLFS/HR)?')
227 FORMAT(5X4*SCG === GAS SCHMIDT NUMBER FNR N2 7 R=12"')

228 FORMAT(5X 4*SCL —~— LIOQUID SCHMIDT NUMBFR FOR N2 & R-121)

229 FORMAT(5X, 'SCGK == GAS SCHMINT NUMBER FOR KR')

230 FORMAT(S5X 4y *SCLK == LIQUID SCHMIDT NUMBFR FOR KR?')

231 FORMAT(5X4 *NDGYN == N2 FLUX FROM GAS TO LTAUIN (LB MOLFS/HR)} ')
232 FORMAT(5X 4 'DGYR == R=12 FLUX FROM GAS T LIQUID (LB MNLES/HR) ')
233 FORMAT(5X, 'GDRN == GAS DIFFUSIVITY FOR R-12 & M2 (FT2/HR)')
234 FORMAT(5X 4 'LDRN == LIOUID DIFFUSIVITY FOR R=12 & N2 (FT2/FR}')
235 FORMAT(5X 4 *GDKR == GAS DIFFUSIVITY FOR KR (FT2/HR) 1)

236 FORMAT(5X,'LDKR == LIQUID DIFFUSIVITY FOR KR (FT2/HR) ')

c

C

c DATA INPUT

c

READ(5,100) NUMBER
NN 99 TJKLM = 1,NUMBFR
RFAD(54101) MNOP,PONM,POMN
REAN({54102) LyXNB
RFAN(54103) GyYRByGRAT
RFAD(5,104) PATM,TF,N7,+CD4 INCRE
100 FORMAT(10X,12)
101 FORMAT(10X,144A1,11)
102 FNRMAT(10X4F10e5,F10.7)
103 FORMAT(10X4F20.10,4,F10.8,F10.5)
104 FORMAT(10X44F10.5,12)

NPERATING PARAMETERS OUTPUT

< EaNalel

WRITE(6,106) MNOP,PONM,POMN
WRITE(6,107) CD
WRITF(6,108)

WRITE(6,109) L

WRITE(6,4110) G

WRITE(64111) PATM
WRITE(6,112) TF
WRITE(6,113)

WRITF(6,114)

BBRR = 1,0 - XNB




TABLE E-1 (Continued)
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106
107
108
109
110
111
112
113
114
115

s NeXaNe)

e NeEeNe]

118
119
120

s NeNaNe}

WRITE(64115)XNB,BRBB

BBBB = GRAT * 1E-8/G

AAAA = 1,0 - YRB

WRITE(64116) AAAA,YRB,BBBB

FORMAT(1HL,y 9Xy'RUN NUMBER: ' 42Xs10sA1,11)
FORMAT (10X *COLUMN DIAMETER: * 42X yF5.2 91X+ ' INCHES!)
FORMAT(10X,'OPERATING PARAMETERS!)

FORMAT(20Xs ' LIQUID FEFD RATE:' 92X 9F5e341Xe'LB MOLFS/HR?')
FORMAT(20X ¢ 'OFF=GAS FLOW RATE:' 42X yFbeb91lXe*LB MOLES/HR')
FORMAT (20X o "COLUMN PRESSURE:: ¢ 42X 4F5,341Xs'ATM!)
FORMAT(20X s *COLUMN TEMPERATURE: ! 42X ¢Fh o2+ 1Xe'NFG=F)
FORMAT (20X 'COMPOSITION?)

FORMAT( 37X ¢"N2' 95Xy 'R=12%,7Xy'KR?')

FORMAT(27X s 'LIQUIDY 42X ¢FS5.442XsFbebd93X,y!'.,0000D 00?)
FORMAT( 30X 'GAS?Y 92X yF5.493X4F5.443X4E9,.4)

DISTRIBUTION COEFFICIENTS

DN
NR

EXP(6.097 + 00166 * TF}
{(10%*({39,88391727D+0 - 3436.632228D+0/(TF + 460) -

C 12.47152228D+0 * ALOGLO(TF + 460) + .00473044244D+0
C * (TF + 460)))/14.7D+0

DK = EXP(5.15586173D+0 + (=65.316958R800+0/
(TF + 104.932942750+0)))

7 = 2.875

CSA = 3,141592654D+0 * {(CD/24,0D+0)%*%2,0D+0

INTERFACTAL CONCENTRATIONS

XNI = (PATM ~ DR)/(DN - DR)
YNI = DN * XNI/PATM

XRT = 1.0 = XNI

YRI = 1.0 = YNI

WRITE (64118)

WRITE(64119)

WRITE(64120)

WRITE(69121) YRISZYNIZXRI$XNI
FORMAT(/ /422X INTERFACIAL COMPOSITIONS')
FORMAT (23X, 'GAS'y14X,'LIQUID?Y)

FORMAT(18X 9 *R=12? 46Xy ' N2 46X 'R=12'9HX9"'N21)
FNRMAT (17X y4(F6.443X))

PRINTOUT

WRITE(64122)
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TABLE E-1 (Continued)

WRITE(64123)
WRITE(64124)
WRITE(64125)
WRITE(64126)
XRB 1.0 - XNB
YNR 1.0 - YRR
XKB 0.0000000000000
YKR GRAT/G * 1E-8
RAT {L * XKB + G * YKB)/1F-8
AAAA = 7 % 12.0
WRITE{hy127) AAAA,YRB,YNByXRA¢XNB,GyL+RAT GRAT
122 FORMAT(//41X s 'HTo ' ¢SX o' YRB! y5X9 'YNB' 97Xy ' XRB! 45X 'YNB? 47X,
C 'GYoTXy 'L 96Xg ' AKRT ! 44Xy AKRG')
123 FORMAT(TX o' YKBY g TX gy ' XKBY g 15X "FGAY y TX o VFLAY 47X 'FGK? 47Xy
C 'FLK')
124 FORMAT(TX g 'YKI? g 7X g " XKI? 315Xy 'REG! 9y TXyIREL' 47X 'EPS?)
125 FORMAT(TX 9 'DG! ¢ TX 9 'DGYK ' 915X ¢ 'SCGT 9 TX o ' SCLY 96X« 'SCGK'
C 6Xy'SCLK')
126 FORMAT{6X ¢ "DGYN?Y 96X s 'NGYRY 914Xy 'GDORN Y o6 X4 '"LDRNY 46X
C +'GDKR! 46X 1LDKR')
127 FORMAT(/ 91X sF66292X93(FOe493X) 9F6e492XsF6e392XsFbe342(2XvFT744))
c

C
c DFLTA G CALCULATION
c

ICOUNT = 1.0

L = L/CSA

G = G/CSA

ISTART = 1.0

1 CONTINUE

CALL CNFFF(CSA TFyXNB+XRByYNByYRByL+GyPATMeFLAWFGALFLK,
C REGIREL¢SCH9SCLySCLKyCOFDIFWDIFCOFsDIFKRL,
C FOVKRYEOVKNGDELR ¢DFLNyTK 3y Ay VISGMyDENG s AMWTGLFACTLEPS)

POSITIVE RRACKET

OO

PNG1 1.0
PNG2 1.0
15 IF(PNGY/NZ/FGALLE.200)GN TO 1a&
PNG2 = PDG1/2.0
PNDG1 = PNG1/2.0
GN T0 15
14 JTF(F(PNG1).GT.0.0) GN TO 3
PNG2 = 2 = PDG1
PHG1 = 2 * PDGL
GO TN 14
3 CONTINUE

e
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TABLE E-1 (Continued)

IF(F(PNGL1).LT.0.0) GO TO 4
IF(PNDG1.LT.1E-12) GO TO 5
PNG2 = PNGI
PDG1 = PDGL1/2
G0 70 3
4 CANTINUE
CALL BISFCT(PDGL ¢+PNG2+FLAGFGAIDZ+YNB¢XNBsYNT+XNT,PDG)
GO T0 6
PNG = 0.0
COANTINUE

NEGATIVE BRACKET

OO0 >x0Mm

NDG1 -1.0
NDGZ -100
7 CONTINUF
IF(B(NDGL).GT.0.0) GO TO 8
NDG1 = NDG1/2
GO TO 7
R CONTINUF
IF(F(NDGL)oGT.0.,0) GO TO 13
NNGL1 = NNG1 - .0001
60O TO 7
13 NNG2 = NDG1
9 CONTINUE
ITF(FINDGL).LT.0.0) GO TN 11
IF(NDG1.GT.-1E-12) GN TO 10
NDG2 = NDG1
NDG1 = NDG1/2
GN 70 9
10 NDG = 0.0
GO TN 12
11 CALL BISECTINDGLyNDG24sFLAGFGASDZ sYNRyXNRZYNT 4 XNT NDG)
12 CONTINUF
)

TF(ARS(NNG).GT.ABSIPDG)) DG = NDG
IF{ABSINNDG).LELARS(PNG)) NG = PDG
IF(NG.EQ.C.0) DG = .1D-12
C
c
o FLUX
c
NGYN = (YNI * DG - YNR % DG % EXP(DG /FGA/NZ))/
C (1.0 = EXP(DNG /FGA/N7))
NGYR = (YRI % NG = YRR % NG % FXP(NG /FGA/DNZY)/

C (1.0 - EXP(DG /FGA/DT7))
CALL FLUXK(FOVKRyFNVKNyDELRyDELNTKPATM, ISTART.NIFKMX,
C YKRyYNRZYRR4DG4yDGYRyNGYN,A, RFGyVISGM o DENG ¢ AMWTG L FACT
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TABLE E-1 (Continued)

s NelaNe)

OO0

40

20

C NZyXKB¢NKyFLK 4FGK 9DGYK 3SCGK oYK )

LIOUTID PHASE FLUX

nL = DG
NLXN = DNGYN
DLXR = DGYR
DLXK = DGYK
NEXT INCRFEMENT
Gl = G + DG
Ll = L + DL
YRB = (G * YRB + DGYR)/G1 : |
XNB = (L * XNB + DLXN)/L1
YNR = 1.0 - YRB
XRB = 1.0 - XNB
YKB = (G * YKB + DGYK)/G1
XKR = (L * XKB + DLXK)/L1
RAT = CSA * (L1 * XKR + (Gl * YKB)/1F-R
GRAT = CSA * Gl * YKB/1E-8
G = 61
L =11
IF(Z.LE.NZ) DZ = 7
7 =71 -n2Z

IF(Z.LE..00001) GO TN 2

TF(TICOUNT .NF.INCRE) GO TO 20

AAAA 12.0 * 7

BRBR G * CSA

CCCC =L * CSA

WRITF{6+127) AAAA,YRB,YNB,XRB,XNB,BBBB,CCCC+RAT,GRAT
WRITF(64128)YKBsXKByFGAsFLALZFGKyFLK

AAAA = YKI * PATM/DK

WRITE(64129) YKIsAAAAZREG4RELEPS
WRITFE(64128)DGyDGYK¢SCG4SCL+SCGKoSCLK
WRITE(6,128)DGYN,DGYR,COFDIF4NIFCOF,DIFKMX DIFKRL

ICAUNT = 0,0

ICOUNT = ICOUNT + 1.0
6o TN 1

CONTINUE

AAAA = 12.0 *x 2

BABB = G * CSA

CCCC = L * CSA

WRITE(64127) AAAA,YRB,YNB,XRB,XNByRBBRsCCCC+RAT,GRAT
WRITE(64128)YKBXKB4FGA,FLAJFGK,FLK
AAAA = YKI * PATM/DK
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TABLE E-1 (Continued)

WRITF(6,129) YKI,AAAA,RFGyRFL ,EPS
WRITF(64128)DGsNGYK¢SCG9SCL»SCOK,SCLK
WRITF{64128) DGYNDGYRWCOFDIFDIFCOF NDIFKMX¢DIFKRL
128 FORMAT(3X92(E9e3¢1X)s7X9s4(2XER3))
129 FORMAT(4X 92(EB8e3¢2X) 46X 93(2X4FR,.3))
99 CANTINUE
STNP
END

MASS TRANSFER COFFFICIENTS

[aXaNeNe

SURRNUTINE COEFF(CSAyTF 4 XNByXRRyYNB YRR L oeGGePATM FLAGFRALFLK s
C REGREL +SCG9SCLySCLKWCOFDIFGNDIFCOFDIFKRL
C FOVKRyFOVKNDELR yDELNGTK 3 A4y VISGMyNENG ¢ AMWTG W FACT FPS)
IMPLICIT RFEAL % 8 (A-H,N-2)
REAL * 8 L
FXP(X) = NDEXP(X)

LIOUID RFYNOLDNS NUMBER

- OO0

000 TR
TK
AMWTL
VISRL

TF + 460.0

TR/1.8

XMB #* 28,0 + XRR * 121,0
(EXP(-3.099 + 933,0/TR)) * 2.419

nu

c
c
c GAS RFYNOLDS NUMBER
C
1

010 AMWTG
VISRV
VISNV

C * 1E~
PHITJ 1.0/8.0%%,5 % (1.0 + (VISNV/VISRV) %% ,§ 3

C (121.0/28.0) ** ,25) *% 2,0/(1.0 + 2R8,0/121.0) =% ,5
PHIJL = 1.0/8.0%%,5 % (1,0 + (VISRV/VISNV) %% 6 x

C (28.0/121,0) *% .25) %% 2,0/(1.0 + 121.0/28.,0) %% ,5
VISGM = VISNV/(1.0 + YRB/YNB * PHIIJ) +

C VISRV/(1.0 + YNB/YRB * PHIJI)

YNB * 28 + YRB % 121
«00372 + .164F-4 * TR
({30.43 + 44989 % TK ~ 109,3F-6 % (TK})** 2,0)

[ - { I TR [ ]

LIQUID SCHMIDT NUMBER

060

020 DNFNRL = 34.,B4D+0 + .02696D+0 * (693,3D+0 - TR) + .R349210+0
C % (693,3ND+0 - TR) *% ,5D+0 + 6£,02683D+0 * (693,30+0 = TR)
C *%(1.0D+0/3.0D+0) =~ 6.555490~6 * (693,3D+0 - TR) *x%x 2,00+0
PIFCOF = 7.4E-8 * TK * 11/(VISRL * 31,2 #% ,6) * 60,0
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TABLE E-1 (Continued)

C * ,00107639D+0 * 60.00+0 * 2,4190+0
SCL = VISRL/{(DENRL * DIFCOF)

GAS SCHMIDT NUMBER (N2 - R=-12)

e Xs NeXal

SIMPLE = YRB * PATM * 14,7

1030 CALL FREPRO(TR,SIMPLE,DENGR)
DENGN = PATM * YNB * 28,0/.7302/TR
DENG = DENGR + DENGN

EOVKR = 302

EOVKN = 91.5

NELR = 4,95

NELN = 3,681

EOVKRN = (EOVKN * EOQVKR) #*x* .5

NDELRN = (DELR + DELN)/2.0

NMEGA = 1.06036D+0 /(TK/EOVKRN) ** ,1561D0+0 + ,193D+0/EXP(
C .47635D+0 * (TK/EQVKRN)) + 1.03587D+0/EXP{1.52996D+0 * (
C TK/EOVKRN)) + 1.76474D+0/ EXP(3.89411D+0 * (TK/EQOVKRN))

Bl = .00214D+0 - .000492D+0 * ((121.0D+0 + 28.0D+0)/
C (121.0D+0 * 28.0D+0)) *% ,5D+0

COFDIF = BYI*TK ** (3,0/2.0)/PATM/DFLRN **x 2,0/
C NMEGA *((121.0 + 28.0)/(121.0 * 28,0)) %% ,5 % 60,0 *
C .00107639D0+0 * 60.0D+0

SC6 = VISGM/DENG/COFDIF * 2,419

OPERATING VOID FRACTION

OO0

035 FEL = L * AMWTL / DENRL * (CSA
SURTEN = 11.8 * ((693.3 ~ TR)/193,6) ** 1,25
FPS2 = 5 * (EL) ** ,415 % (VISRL/2.419) *%x ,13 % (1,0/DENRL)
C *%x ,84 * (SURTEN/73) *x% ,}
L L * CSA * AMWTL
26 G * CSA * AMWTG
IF(ZL/2G.GT.50.0) GO TN 1036
17 = EXP(-.2621D+0 - .05738D+0 * (ZL/IG) + .001049D+0 * (7L/1G)
C *% 2,0D0+0 - .7014D=5 * (ZL/1G) *% 3,00+0)
UMAX = ,0942/{(VISGM) *Xx o33 * ((DENRL = DFNG)}/DENG) ** .57
CORMAX = 1IMAX * 27
SG = G/DENG * AMWTG/60.0/60.0
CF = SG/CORMAX
DFLP = 2,529 * CF *%x 2,01
FPS1 = 0464 * DEILP
GN TO 1037
1036 EPS1 = 0.0
1037 FPS = .,949 - EPS]1 - EPS2
FACT = 6.0 / (10 = EPS) / 585.0

Hn
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TABLE E-1 (Continued)

040

[aXzNeXRl

900

910

FACT #* L * AMWTL/VISRL
FACT * G * AMWTG/VISGM/2.419

RFL
RFG

"nou

LIOUID SCHMIDT NUMBER (KR)

NIFKRL = 7.4E=8 % TK % 11/(VISRL * (92,72 * ,38) %% ,6) * 60,0
C * ,00107639D+0 * 60.0D+0 * 2.419D+0
SCLK = VISRL/(DENRL * DIFKRL)

MASS TRANSFFER COEFFICIENTS

FL = DIFCNF % REL %% ,45 * SCL %% .5 *R.0 * DENRL/AMWTL/FACT
FG = COFDIF % REG #% .40 * SCG *% (1,0/3.0) *2.3 * DENG/AMWTG/FACT
FLKR =8.0 * DIFKRL * REL %% ,45 * SCLK %% ,5 % DENRL/AMWTL/FACT

A =RFG *% ,605

FLA = FL % A

FGA = FG % A
FLK = FLKR * A
RFTIIRN

FND

ROAUTINE FOR DENSITY 0OF R-12 VAPQOR

SUBRAUTINE FREPRO(T,P,DG)
IMPLICIT REAL * 8 (A~-H,0-2)
FXP(X) = DEXP(X)

ABS (X) = DABS(X)

Rl = 0.00650938840+0

TR = T/693.3

XK = =5.,475

F = EXP{XK*TR)

A = =0,088734D+0 = T

R = 3,409727134D+0 - 1.59434848D~3 * T + 56,76276710+0 * F

C = =0.06023944654D+0 + 1.,879618431D=-5 % T = 1.311399084N+0 * F
D = 5,4R737007D-4

F = =3,46R834D-9 * T + 2,54390678D-5 = F

VS = 10,731 * T/P/120.93

vS = VS - Rl

THFTA = P + (A/VYS+1.,0/VS*({B/VS+1.0/VS*¥(C/VS+1.0/VS*(N/VS
C +1.0/VS*(F/VS)))))

NIHFTA = =1.0/VS*(A/VS+1,0/VS*(2.0%R/YS+1.0/VS®(3,0%C/VS
C +1.0/VS*(4,0%D/VS+1.0/VS*(5.0%F/VS)))))

UNEW = VS - THETA/DTHFTA

NDFL = VNFW - VS

IFLARS{DFL).GT.0.0001) GO TOH 920
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920
930

(g NaNgNal

800

805

810

[aNaNaNal

700

GO TO 930

VS = VNEW
G0 TO 910

VG = VNEW+8B1
06 = 1.0/V6
RETURN

END

BISECTION ROUTINE

SUBROUTINE BISECT(DGLyDG2+FLAyFGA+DZ+YNRsXNBeYNIoXNI+DG)
IMPLICIT REAL * 8 (A-H,0-Z)

ABS (X) = DABS(X)

EXP{X) = DEXP(X)

FI(X) = X = (1.0 /(1.0/FLA/DZ + 1.0/FGA/DZ)) * DLOG
C{(DEXP{X/FGA/DZ) * (YNB - XNB) +DEXP(X/FLA/DZ) *
C ( YNI - XNI) = YNI + XNB)/(YNB = XNI))

T = 0.0

NG = (DGl + DG2)/2.0

IF(F(DG1) * F(DG2).,GT.0.0) HRITE(bvBOS)

FORMAT (*ROOT NOT IN INTERVAL')

IF(F(DG) * F(DGl) +LE.0.0) DG2 = DG

IF(F(DG) * F(DG2).LT.0.0) DGl = DG

IF(ABS(1.0 - T/DG) .LE..0001) GO TO 810

T = DG

GO TO 800

CONTINUE

RETURN

END

KR FLUX ROUTINE

SUBROUTINE FLUXK(EOVKR ¢EOVKNyDELRsDELNyTKosPATM,ISTART,DIFKMX,
C YKB+yYNByYRByDG+DGYRyDGYN,A sREGsVISGMDENG s AMWTGoFACT,

C DZoXKBoDKoFLK¢FGKsDGYK 9SCGKyYKI)

IMPLICIT REAL * 8 (A-H,0-2)

EXP{X) = DEXP{X)

ABS (X) = DABS(X)

B1O(X) =(DEXPI(DG/X/DZ) * (YKB = XKB — YKB *DEXP(DG/FLK/DZ})
C + XKB)/((DEXP(DG/FLK/DZ) * (PATM/DK = 1,0 - PATM/DK * DEXP
C (DG/X/DZ))) + 1.0)

B20(XsY) = DG * (YKB *DEXP(DG/X/DZ) = Y)/(DEXP(NG/X/DZ)

c - loo)

B30(X) = (X = YKB * (DGYN + DGYR))/((1.,0/DIFKR *
C (YRB * X - YKB * DGYR)) + {1.0/DIFKN * (YNB * X
C - YKB * PGYN)))
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TABLE E-1 (Continued)

~NOoOOO0

~NOOAO

724
725

726

FGIX) = A % 2,3 * X % REG ** ,40 * (VISGM/DENG/X % 2.419)
C *% (1.0/3.0) * DENG/AMWTG/FACT
GAS PHASE SCHMIDT NUMBER

EOVKK = 190
NELK = 3,61

EOVKRK = (ENVKR * EDVKK) ** .5
FOVKNK = (EOVKN * EOQVKK) ** .5
DFLRK = (DELR + DELK)/2.0
DELNK = (DELN + DELK)/2.0

OMEGAR = 1.06036D+0 /(TK/EQOVKRK) *% ,15610+0 + ,193D+0/EXPI(
C .47635D+0 * (TK/EOVKRK)) + 1.03587D+0/FXP({1.52996D+0 % (
C TK/EOVKRK)) + 1.76474D+0/ EXP(3.89411D+0 * (TK/EOVKRK))
NMEGAN = 1.06036D+0 /(TK/EOVKNK) %% ,1561N+0 + ,193D+0/EXP(
C .47635ND+0 * (TK/EOVKNK)) + 1,03587D+0/FXP(1.52996N+0 *
C TK/EOVKNK)) + 1.76474D+0/ EXP(3.89411D+0 % (TK/EOVKNK))
BR = ,00214D+0 - ,000492D+0 * ((121.,0D+0 + 84,.0D+0)
C /7(121.0D+0 * 84,0D+0)) *% ,5D+0
BN = ,00214D+0 - ,0004920+0 * ((28,0D+0 + 84,.0D+0)
C /7(28.0N+0 * B4,0D+0)) *%* _5D+0
NIFKR = BR * TK %% (3,0/2.0)/PATM/DELRK %% 2,0/
C OMEGAR * ((121.0 + 84.0)/(121.0 * B4,0)) %% ,5 % 40 *
C .00107639D+0 * 60.0D+0
DIFKN = BN * TK %% (3,0/2.0)/PATM/DFLNK *x% 2,0/
C OMEGAN * ((28.0 + B4,0)/(28,0 * 84,0)) %% ,5 % 40 *
C 00107639040 * 60.0D+0

DIFFUSIVITY ITFRATION

IFCISTART.EQ.2) GO TO 724

DIFKM1 = (1.0 - YKB)/{YNB/DIFKN + YRR/DIFKR)
ISTART = 2.

GO TO 725

DIFKM1 = DIFKMX

DEFLUX = DG/(DGYR/DIFKR + DGYN/DIFKN)

IF(DIFKML1.6GTeusl) DIFKML = (DIFKM1+DFLUX)/2.0
IXXXZ = 20
SAVE = 10.0

FGK = FG(NIFKM1)

YKI = BLO(FGK)

NDGYKY1 = B20(FGK,YKI)

DIFKM2 = B30(DGYK1)
IF{DIFKM2.LE.0.0) GN TN 798
FGK FGINIFKM2)

YK1 B10O(FGK)
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TABLE E-1 (Continued)

IF(ARS(1.0 — DIFKM1/DIFKM2).LT..001) GO TO 790
NTFER = ARS(DIFKM1 — NIFKM2)
TE(NIFER.GT.SAVE) GO TO 799
TFLIXXXZ.FQ.1) GO TO 799
SAVE = DIFER
NIFKM1L = NDIFKM2
6N TN 726
798  IF(NIFKM2.LT.DIFKML) DIFKM1
| IF(DIFKM2.GT.DIFKM1) DIFKML
‘ 6N TN 726
799  IF(DIFKM2.LT.NIFKM1) DIFKMI
{ IFINIFKM2.6T.DIFKML) DIFKM1
|
\
|

|
|
|
|
|
|
NGYK2 = B20(FGK,YKI)
|
|

«999 * DIFKM1
1.001 * NDIFKM]

1,001 * DTFKM]
DIFKM1 * .999

Hon

SAVFE = DIFER
IXXXZ =1
GN TO 726
790 NIFKMX = NIFKM]
i SCGK = VISGM/DENG/DIFKMX % 2,419
FGK

| = FGIDIFKMX)
YKT = BlO(FGK)

| NGYK = R20(FGK.YKI)

| RFTHRN

| END
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