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Abstract

Results are presented for a series of experiasnts to quantify
removal fro* simulated Itigh-Ieaperature Gas-Cooled Reactor reproceBsiug
by the KAM3 process, the Experimental Engineering Section Off-Gas BecontaaidnatioQ
Facility used in the campaign provides engineering-scale experiments with noninal
gas and liquid flows of 5 scfto and 0.5 gP" respectively.

Equilibrium and nonequilibriun •ass transfer experiaents for Vae ^
system are described. Bata analysis indicates values of HOT for krypton on tbe
order of 0.5 ft for decontaaination factors from 100 to 3.0,003. lecent flocdixig
information for the packed columns is conblned with previous data and is shown
to be well represented by an empirical flooding equation.

Introduction

As part of the fhoriun Utilization Prcgram developmental work being carried
out at the Oak Ridge Hatitaal laboratory, the finperiaental Ingineeering S*cticm
Off-Gas Decont?minatlon Faellity(i) (EES-OBF, see fig. 1) has been operated to
quantify the absorption of krypton by liquid CO™ Hie work presented here con-
prises approximately 30 experiments Involving the Mass transfer of krypton into
liquid COg in the presence of 0g and 10 experiments in which conditions within tlae
packed absorption column were chosei such that COg-Kr equilibrium values srere
obtained as a check on values of equilibrium data reported in the literature.Cst3*
Additional column flooding data are also presented and compared with previous
values.W

^Research sponsored by the tMfr Energy Research and Development Adminis-
tration under contract with Union Carbide Corporation Ifuclear Division.

**Guest scientist from West Germany. Present aJiress: Institute for Chemische
Technologie, der Kernforschungsanlage, Julich GmbH, 517 Julich, West Germany.

***Guest scientist from Australia. Present address: Chemical Tecimology
Division, Australian Atomic Energy Comuission, Research Establishment, Pirate

l Sutherland 2232, H.S.tf. Australia.



fig. 1. Experimental Engineering Section Off •Gas Decontamination Facility.
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Flooding Sturiies

Fluid dynamic data for the .JEES-ODF packed coliwas have been reported. C*)
More recently, a few additional experiments with the liquid CO^ system were con-
ducted during a High-Teaperature Gas-Cooled Reactor (iffGK) ea«pai&n in the Oak
Bidge Gaseous Diffusion Plant (ORGDP) facility for off-gas decontaainatioia
studies. W

Figwe 2 presents the collective flooding infestation obtained for the pocked
columns investigated. Included in the data shown in this figure are flooded con-
ditions found for the l-l/2-in. absorber column and the 3-in. stripper column in
the EEO-CDF, together with the more recent data (darkened points) acquired froa
operation of the 3-±a. fraetionator coluan in the O8GI3IP facility. All COIUBDS
are packed with presized canisters (6 in. long) of Socdloe* wire aesn paekiog.

Hie flooding curve is presented in a standard fom for the particular packing
(i.e., no "packing factor" is included in the ordinate grouping). 'The following
quantities ore noted for Fig. 2:

L = liquid flow rate, Ib/ft^-hr,

G = gas flow rate, lb/ft2. tor,

PG - gas-phase deasity,

O, m liquid-phase density,

JJ.̂  * Mquid-phaoe viscosity, cP,

U., * gas veiosity at flooding, ft/sec,

g * 32.2 ft/sec2.

With the addition of the four experimental points froa the ORGDP fractionator, a
curve has been fitted to all points shown. Hie results are as follows:

y = a + b x + c x * log (y), (1)

where

x = 2.0 • log (x),

y = ordinate values of = ,

x = abscissa values of z f —

a = -3.lA?»i8,

b = 0.379389,

c = -0.315457.

A product of the Packed Cduan Co., a Division of Hetex Corp., Edison,
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Practically all of the fluid dynamic experiments represented hy the Hooding
curve have Involved C0g only (i.e., both eas and liquid phases are essentially
pure COg). Hie effect of liijht .gases such ac ©g, % » etc., is met «xper£mentally
implicit. However, moat of the areas of concern in tins EfflC process involve puce
CQ«. The capacity or throughput of the ipaeking at flooding is less than tifaafc
suggested in literature supplied by the vendor (overall,, by jssrhafa §0$ depending
on conditions). The pressure drop at flooding is approKiaately ©,5 im. MgO per
foot of packing.

Equilibrium Operations

At the beginning of the present work, it was recogiaia&i that .9, ftodajaeatal
question concerning Kr-COg equilibrium existed. '3Le problem can be explained toy
referring to fig. 3. Two independent sets of equilibrium data1*s* 31 for the sarae
system were available, and these were not in agreement. (Tbe data are expressed
as the equilibrium ratio y/x, where y and x denote krypton coocentrations in tfce
vapor and liquid C0 2 phases, respectively. CaleulatioBS based on each set of
data produce widely varying results. 15) {Moreover, decisions as to what experi-
mental conditions to use for the present wcrk depended os the value of the Kr-
COg equilibrium ratio. Ihus a series of experiments was conducted early to
determine whether the «HI«™»» coild be resclved.

Two important considerations are worth noting. First, the EE3-©B>F is not
designed to provide equilibrium data per se. Since the facility involves equili-
brium In an indirect manner, it is a question of precision regarding the worth
of equilibrium observations. Second, the degree of accuracy relative to saatplitig
and analysis is very difficult to establish, especially in Ujdted-tine Qper&tioas.
Consequently, the objective of the equilibrium studies m s to present evidence as
to which set of equilibrium data was more nearly accurate. She studies also
allowed a pseudo-quantitative evaluation of sampling and analytical techniques
for the EES-ODF. Details of the sampling, monltcfing, and analytical teehnljpes
for the EES-ODF are presented elsewhere.'*>^'

Table 1 presents the basic data for the ten equilibrium experiments. 'The
method of operation during these experiments was straightforward. Hie facility
was operated with varying amounts of oxygen, at different pressures and tempera-
tures, bu» always with the llquid-to-vapor flow ratio in the absorber column set
to produce a "pinched" condition at the bottom of the packed section. A pinched
condition results when the liquid-to-vapor ratio is less thaw the equilibrium ratio
(y/x)> given sufficient packed section length. The result of operating in a
pinched mode is that the vapor entering and the liquid leaving the column will
be essentially in equilibrium.

Table 2 summarizes the equilibrium experiments with regard to the facility
oethod of operation. After sufficient time had been allowed for system transients
to subside in each run, both the gas and the liquid at the bottom of the packed
section were sampled and analyzed for krypton and ©g. Calculated values given
in Xable 1 are based on the CO«-Og-Kr equilibrium model described in C8M»/iM-lrf-9fc7
The equilibriua model assumes the validity of the data of ib&z et alJ3) tec
krypton. Figures h and 3 present the computer model results for the equilibrium
ratio and Henry's constant for the various components.

Figure 6 presents summary results of the equilibrium: studies. Values of y
and x (mole fraction) for krypton were determined by saapUng and analysis, and
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Table 1. Suuanary of results obtained in ten equilibrium experiments
in the EES-OBP

Experiment
maaber

232
2l&
25U
263
275-A
275-B
E75-C
275-B
275-B
196

Pressure
(psig)

3̂ 0

375
309
338
280
l8g
213
290
190

Temperature

-17.5
-28.5
-12.1
18.5
-Ai. 5
-19. €
-19 .k
-27.3
-19.0
-25.7

Measured

O.O77O
0.1510
O.O79O
0.0338
**©
"•0

(0.1180)

Calculated9

0.1005
0.1537

0.0579
0.0103
0.0130
0.0238
0.0S02
o.02U5
0.1738

«r/:
Measured

g ah
9.0̂
0.90
8.31
7.17
8.7i
9.75
11.81
7.90
8.85

Calenlated*

7.7^
10.23
7.00
8.ii9
7.75
9.33

H.SSI
9.01
9.03

^Calculations \fere based on the COg-Kr-Og aed@l presented in
ratio was eale.ilated assuning the validity of the data of Hots
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Cable 2. Summary of experimental equilibrium operations

Experiment
Description of operation

232 Atypical mass transfer expertoent involving botn
gas and liquid counfcercurrant operation wit*) a
low "value of liquid-to-vapor ratio

Similar to ?32

25!* Similar to 232

268 Similar to

275-A Only liquid flow in operation; equilibrium witto
overgas achieved by long-term system operation

275-B Siailar to 275-A

27?-C Similar to 275-A

275-D Siailar to 275-A

275-E Siailar to 275-A

296 Siailar to 232
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the value of (y/x)^ experimental was obtained directly. For ca/ela p
value of F (total pressure) and T (system temperature at the bottom of the
absorber), the computer model for the (X^s-Kr-Qg equilibrium provided a corrf
ing value of (y/x)^ calcinated. Additionally, the computer node! provided a value
of yog at each # and T for comparison with the Measured quantity.

Considering the range of concentrations involved (< 2 sole $ ©•» in the liquid
and tracer-level krypton), the agreement present in Fig. 6 is xennbbilar C»oii and
would tend to support the data of libtz et al.(3i Ttoits, for the remalniwg ei$erl-
ments. the data of tiotz et al. are assumed to be valid.

Mans Tramfev iSxperlaetats

During the mass transfer experiments the EES-ODF wae operated iti total re-
cycle with approximately 10$ light gas (02) and traeer-lavel kryptm. the
simulated reprocessing off-gas stream was compressed to slightly wore than the
desired absorption pressure and routed to the 'bottom, of the absorber calmm. In
the absorber, the gas (flowing upward) was contacted with essentially pure liquid
COg into which both Og and krypton were absorbed as the liquid flowed down the
packed section. "She solute-laden liquid was thsn routed to the stripper column
where the dissolved gases were desorbed and released into tine stripper offf-gsts
stream. The stripper and absorber off-gases were subsequently ccmbiecd to fora
feed gas and recycled to the compressor. Liquid leaving the stripper was recycled
to the top cf the absorber packed section as A continuous flow of solute-free
solvent.

For each of the mass transfer experiments, an operating condition «as chosen
and the entire flow system was allowed time for transients to sybaide tefere
sampling and data acquisition, fables 3 and ** present a portim ©f the data taken
during the mass transfer experiments, and indudejidafca for four c^erimctits
(viz., 232, 2hl, 2$k, and 53^) which were aade under pinched conditions that do
not reflect the nature of the other mass transfer experiments. "Uiese four experi-
ments simply offer a lower bound to operational ttass transfer. Sons or the values
listed in table 3 vere obviously not obtained directly by experiment tout, instead,
were calculated from more fundamental aeasurenentsi. Hie absorber pressure, average
absorber temperature, absorber AP, and liquid rate are shewn as Measured. Feed
gas rates were dependent on rotaaeter calibrations, while the Gg content of the
feed gas and overall krypton decontamination /actors (DF*s) were based on sanpUng
and monitoring.

Data Analysis

During operations only the feed gas stream could be identified with respect
to both flow rate (via rotameter) m.d coegmsition (sampling and analysis). Off-
gas streams from the absorber and from the stripper were sampled ard analysed
for composition, but their flov rates were not knotm accurately since floMnetntts
for these streams were unreliable. Knowledge of the compositions (©£ and krypton)
for these streams, together with the flow rate of the feed gas stream, alleys
calculation of flow rates for the off-gas streams by assmaption of either Og or
krypton material bslances in conjunction with overall stream balances.

Operational experience provides more confidence in the detemination of t-ae
content; therefore, the assumption of a corplete krypton balance was made,
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Experiment
number

222
232
24l
254
3P9
320
330
340
348
358
368
373
388
4o6
416
4s6
436
451
461
4?0
480
490
498
51B
528
538
543
558
568
578

fable 4. Mass

Overall

357
5
7
3

256
14039

4161
7000
9687
619

7205
3214
3043
1215
1013
153
539
590

8602
3075

87
10

5157
839

4038
5

17
1G0

uoo
2903

Coln««*A,

w
227

5
7
3

219
7757
2750
4139
3BS6
471

3350
1927
1387
704
621
115
343
354

1267
1358

72
10

211.9
Ck2

2455
6

18
96

830
1543

transfer values

s Krypton
HUT ( f t )

O.56I
1.329
0.700
3-220
0.355
O.3®3
0.339
0.335
0.348
0.380
0.374
0.405
0.400
0.463
0.464
0.50S
0.493
0.439
0.413
0.482
0.3%5
O.588
0.441
0.400
O.37S
1.720
0.816
0.479
0.448
0.419

©g balance
fa/etor

0.93
0.94
0.94
0.97
0.94
0.84
1.06
1.02
1.02
1.02
1.10
1.02
0.9?
0.99
1.05
0.9?
0.99
0.93
0.94
0.35
0.99
0.92
1.03
O.98
O.92
O.98
0.99
0.9S
©.98
0.94

Absorptloft
factor

1.29
0,81
0.9a
0.72
1.15
1.43
1.3S
1.43
1.45
1.23
1.41
l .4£
1.40
1.3%
1.39
1.19
1.33
1.2?
1.42
1.95
1.0?
0.9E
1.5S
1. sS
1.40
0.8?
1.02
1.13
1.3S
1.41

Coluan 0F*£ are calculated valiaes wtttcii pertain t o eoaditicau a t the
top and botfco* of thz paeking i t se l f .
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and the inaccuracies involved in flow rate, 0g content, and krypton content have
been combined into the oxygen balance factor noted in Sable *f.

»
The overall krypton DF as presented in Table 3 is calculated from the krypton

present in the feed gas and absorber off-gas streams as follows:

- , „ - , «- Amount of Kr In feed gas ,,%
Overall DF - 18)of ̂  ±n atosorber off.gM . 18

Calculations of MTU* a for krypton are based on tbe following simple and
classical equations;(°)

(y * _ y ) _ (y• * > y )

iy - y ^ - y *• - y^ y y

yi yl
where

H1U s height of transfer unit, ft,

Z s column packing height, ft,

NTU = number of transfer units,

y. = inlet gas coaposition,

y = outlet gas composition.

Asterisked quantities (e.g., y.*) indicate phase eoa^ositions tbat are in
equilibrium with corresponding compositions ill the adjacent pjatse. All eoqmsi-
tions refer to krypton; Z = 8.2k ft and jo* ̂  0. Values of WHS calculated by
using Etj. (3) are presented in fable h. figure 7 illustrates tbe variation of
the packing HTO with coluan OF. Figure 8 shows tbe variation of column IF witli
absorption factor.

Discussion

As necessary for clarity, certain details have been included with the experi-
mental and analytical procedures already presented. A acre complete discussion
of the present work is presented in Reference 9* Earlier campaigns and reports
concerning tbe EES-ODF have aotrsd the experiHental nature of the facility. Hie
presentation of details indicate dearly one aspect of this facility. Hae
facility, by design, is intended to provide derelopmeat data as opposed to
deaonstraticn-type information. Development data collected relate specifically
to krypton absorption by liquid 00^. Subsequent work will be concerned with
other operations of importance in the KMC process, suea as fractionation of
lighter gases that are eoabsorbed with krypton or complete stripping of all
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dissolved light gases. Each of these operations is important in the total de-
velopment of the KALC process, but the EES-ODF is not designed to study all
operations simultaneously, the facility is not a prototype KAIC system. Hatter,
it represents an engineering-scale system designed to study individual operations
of the KALC process under experimental conditions as closely similar to those
expected In an overall proces3 as possible.

Many features of the EES-ODF fill undoubtedly have counterparts in a con-
ceptual or subsequent design of the KAXC system; however, such features will
require technical review for operabillty, compatibility, and desirability
before scale-up to the commercial or semlcoamercial system can occur.

The curve shown in fig. 2 is of Che form typically presented^10| as tine
"generalized" flooding curve except that the usual parameters, a/« 3, in the
ordinate grouping for the particular packing characteristics have been omitted.
(Generally, ap is the total area of packing (ft2/ft' bed), and c is the void
fraction in dry packing.) Moreover, the curve in Fig. 2 only resembles the
generalized curve and does; not correspond exactly in shape. At any value of
the abscissa grouping, the ratio ap/«3 (i.e., the packing Taster) can be
evaluated by calculating the ratio of the generalized curve ordinate grouping

unity (near the center of both flooding curves), the packing factor is eal-
culated to be 215 by this method. Hence, in the instance described, the packing
of fig. 2 may be compared to other types as follows:

j. Jti '| Packing type air^ Relative factor

V"*/'/', l/2-in. ceramic Raaehig rings **28 1.99
.,". 5/8-in. polypropylene Pall rings 158 <9.73
** l/2-in. ceramic Berl saddles 59$ 2.77
H-*JA.*.A, j l/2-in. ceramic Intalox saddles VOO 1.8S

^ Goodloe wire aesh packing 215
_,

4
relative factors presented above do not necessarily Indicate a packing

,. quality or utility higher or lower than the packing used. U*o important per-
$ formance considerations here are throughput (or capacity) and HUT.

figure 2 presents evidence that the flooding characteristics of the packing
for the l-l/2-in.- and 3-in.-diaiu columns are essentially identical for the
conditions investigated. Whether identical results will also 1»e obtaiaed la
larger-diameter columns is not known. Hie effect of packing density has not
really been determined for the wire «esh packing investigated.

It should be noted that in the event that diameter greatly influences the
flooding (and therefore the capacity) in large columns, the use of other ""damped"
packings would not circumvent this problem. In fact, the relative size of dumped
packing to column diameter may be more difficult to handle for scale-up purposes
than considerations of the density of aesh packing.

From the standpoint of capacity and within the available time for testlasg,
it appears likely that the wire aesh will provide a reasonable basis for scale-
up without undue compromise in aass transfer performance. Also, this material
will probably be at least comparable, with regard to capacity, to other com-
mercially available packings*
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Hie question of mass transfer performance is another important consideration
when selecting a packing material. Hie present work concerns only absorption
in the 1-1/2-in. EES-ODF column. Figure 7 shows that for reasonable -values of
operational parameters a value of 0.5 to 0.5 ft for SUM results. A number of
considerations relating to the accuracy of the ealculatieaal procedures will
be discussed later. Of question here is whether the I!OT value will vary
appreciably with column dianeter. Obviously, the question cannot be answered
from the present absorption experiments alone.

Moot of the Important considerations in equilibrium operations nave been
discussed previously. At the time the experiments were performed, valid questions
existed as to (1) the importance of the equilibrium data accuracy, and (2) the
effect of uncertainties In the equilibrium ratios (y/x). Certainly, the data
of Nets et al. do exhibit an internal consistency over a relatively large range
of temperatures, and all of their data are reported at essentially infinite
dilution. Correlation techniques were used by iKobley to test the (apparent
consistency with other solutes in liquid GO?. 3he net result of the equilibrium
operations, together with the finding of ItoSley, is that, while t&e data, of
Itotz et al. 3 are definitely more nearly accurate, a Margin of uncertainty re-
garding absolute accuracy remains.

Just how important it is that the Kr-COg equilibrium values are known to
within a given range, say *. 10%, is not clear. Based on HOT valves calculated
with Eq. (3), a qualitative relation exists between HOT and K as follows:

Consequently, a 10$ variation in K (i.e., • 5%) would result i a t * 15$ uncer-
tainty in HIU. Such an uncertainty in HUTwould not be unacceptable per se;
however, the true range of uncertainty would undoubtedly be larger since other
factors are known to contribute.

Figure 6 indicates a slightly lower experimental value of (y/x^gr t&aa one
would predict using the data of fiotz et al. Mobley's findings via correlation*
also indicate a slightly lower value and thus tend to fall more in line wita
other solute behavior in liquid OQg. Both the equilibrium operations considered
here and elements of the correlation work exhibit uncertainties, so that it can-
not be stated absolutely that the data of Hot* et al. are in error, finally,
although the equilibrium experiments were tedious and time-consuming, perhaps
more confidence could be placed in the results if additional experiments nad
been conducted. At the present time, however, there appears to be no compelling
reason why the data of fflotz et al. should not be accepted.

During the present mass transfer experiments, the independent variable of
primary importance was the absorption column liquid-to-vapor flow " '
Ranges for this and other Important variables are summarized as follows:

variable Ranee
Pressure, psig 2$k to >M>9
temperature, *C -28.2 to -I
Feed Og concentration, vol % 5.93 to
Liquid-to-vapor ratio
Overall values 1».gfr to 12.82
Column only 5.0k to 12.88
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It should be recognized that a 1:1 correspondence doss not exist for the
above variables over their ranges. that is, the experiment with the highest
pressure is not necessarily the experiment with the toigLest L/V, etc. However,
the variables are not totally independent, and a careful review of all variables
presented throughout this report is necessary for an appreciation of the mature
of the absorption process.

An important experimental observation is that variables do behave relative
to one another as would b» expected, based on theraodynamlc and chemical engi-
neering principles. In short, no surprises were found. Of equal importance
was the considerable operational experience gained, which will be of use in
subsequent campaigns and for scale-up design analyses* In scne waya, the
study of absorption ray be *&* least difficult of the studies required (viz.,
absorption, fractionatim, auid stripping). However there are certain similarities
among the three studies, a M the discussion presented in this report regarding
absorption should be applied to future plans for fractlonation and stripping
experiments.

few results that indicate appreciably higher valises of HOT than 0.4 ft
(see Fig. 7 ) were obtained in essentially pinched experiments, where the HOT
equation is erroneously attributing all the mass transfer to the entire packing
length instead of to the shorter, effective length, She result is a higher
apparent HOT value, and this phenomenon is not unexpected. Ihe fact that
fig. 8 shows a rather sharp increase in OF as the value of the "absorption
factor," L/VK, exceeds unity is indicative) of (1) more than Just a Tew* stages
in the absorber, and (2) the "correct" choice of experimental Kr-COg equUibriua
data. If only a few stages were present, it would be expected.that BF would not
increase as rapidly with L/W. If the data of Seaujean e« al.2 were correct
(or if the data of Ifotz et al. were grossly in error), the "inflation81 of
the DF curve of Fig. 8 would not necessarily be at L/W * 1. Off course, the
value of L/y used in L/VK could be in error; nevertheless,, it is doubtful that
the general error associated with I»/W would exactly compensate for a, sorrespood-
ing uncertainty in K. Further, since UP is essentially a measured quantity,
the ordinate of Fig. 8 can be expected to be indicative of the true situation
as far as curve shape is concerned.

Conclusions

Ihe present work has provided a wealth of operating experience on which
subsequent operations can realistically be based. Sampling and analytical
techniques appear to be valid and provide a relatively quantitative Measurement
of composition. However, the absolute accuracy of composition measurements
can be evaluated only with additicnal experimentation.

flooding performance of the wire mesh packing is reasonably well correlated
for the conditions and equipment studied. Ihe krypton equilibrium data of Ifotz
et al. w ) appear to be sufficiently accurate for experiaental purposes of the
EES-COF. For process decontamination factors on the order of 1000, a value
of 0.5 ft for the krypton absorption HEtf seems realistic and, within the rant,
of the experiments conducted, does not vary for reasonable absorption conditions.
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