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THE EXPERIMENTAL ENGINEERING SECTION OFF-GAS DECONTAMINATION FACILITY'S 
FRACTIONATOR COLUMN: INSTALLATION AND PERFORMANCE 

T. M. Gilliam, V. L. Fowler, and D. J. Inman 

ABSTRACT 

A detailed description of the third column recently 

installed in the Experimental Engineering Section Off-Gas 

Decontamination Facility (EES-ODF) is presented. The EES

ODF is being used to provide engineering-scale experiments 

(nominal gas and liquid flows of 5 scfm and 0.5 gpm, respec

tively) in the development of the Krypton !bsorption in 

~iquid f02 (KALC) process. 

A detailed discussion of the column's construction is pro

vided. This discussion includes the peripherals associated 

with the column, such as refrigeration, heat exchangers, 

instrumentation, etc; 

The compressibility of Goodloe packing (the packing in 

the other columns) and the possible reduced throughput due 

to this compression have revealed the desirability·of a 

random (i.e., noncompressible) packing. Toward this end, the 

third column is packed with a new random packing (PRO-PAK). 

A preliminary comparison between this packing and the woven 

wire mesh packing (Goodloe.) used in the other two columns 

has been made. Experiments comparing the throughput capacity 

indicate that the PRO-PAK packing has approximately 60% the 

capacity of Goodloe for a co2 ·system. When used as a frac

tionator or stripper with the basic o 2-Kr-co2 KALC system, 

the PRO-PAK column produced HTU values less than or equal 

to the Goodloe columns under similar operating conditions. 
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1. INTRODUCTION 

1 2 As part of the HTGR Fuel Recycle Program, ' development work is 

being performed on the KALC (!rypton !bsorption in Liquid f02) process. 

The KALC process is being developed as a means of removing and concen

trating 85Kr from the off-gas generated during the reprocessing of HTGR 

fuel elements. 

3 4 In previous experimental campaigns (II and III), ' mass transfer 

and fluid dynamics data were collected using a two-column system. The 

. 5 
two-column system has been described previously in great detail and 

will be discussed only as needed for the clarification of data presented 

in this report. 

The primary objective of Campaign IV (i.e., experiments performed 

between August 1, 1976, and September 31, 1977) was to obtain data on 

the effect of minor components on the basic KALC operations. Toward 

this end, an additional column, packed with a new random packing (PRO-

PAK), was installed to give the Experimental Engineering Section Off-

Gas Decontamination Facility (EES-ODF) the capability of three-column 

operations. This report deals with the installation and performance 

of the nev1 column. 

2. DESCRIPTION OF PROCESS CO~~ONENTS 

All of the major pressure vessels described in this report were 

designed and fabricated to withstand the elevated operating pressures 

of the facility. Typically, each drawing contains a nozzle identifi-

cation schedule, a parts list, and notes on fabrication and testing. 
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The material of construction, 304L stainless steel, was used throughout 

the processforboth vessels and piping (unless otherwise specified). 

Refrigerant lines external to the process vessels are made of copper. 

All welded construction is used exclusively except where threaded 

connections are required for instrumentation. 

Packed columns in the EES-ODF are named in accordance with the 

primary experimental role they will play in the overall KALC process 

development. The new column is used primarily for the study of 

fractionating the dissolved light gases from the 85Kr-laden co
2 

solvent. 

Consequently, it will be referred to as the fractionator. 

The fractionator is nominally 2 in. in diam and 9 ft in height. 

Appendix A provides a detailed description of the fractionator, as well 

as the peripherals associated with the column, including refrigeration, 

heat exchangers, instrumentation, etc. 

3. FLOODING STUDIES 

In the past, the Goodloe wire mesh packing6 (Fig. 1) used in the 

absorber and stripper columns has become distorted4 •7 to the extent 

~hat the gas throughput ot the two columns was reduced to ~15% of that 

predicted by the manufacturer. The compressibility of the packing and 

the possible reduced throughput due to this compression have revealed 

the desirability of a random (i.e., noncompressible) packing with 

comparable throughput and mass transfer characteristics. 

Toward this end, the 2-in. fractionator column was filled to a 

height of 8.9 ft with PRO-PAK packing8 (Fig. 2). As with the other 
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two columns, the packing was installed in three sections located 

between the intracolumn samplers (Fig. A-1, Appendix A). A flat 

wire mesh distributor along with a conical (point upward) wire mesh 

packing support was installed above and below each section of packing. 

The PRO-PAK packing is a random packing consisting of thin 0. 24-in. by 

0.24-in. nickel units. The metal has 1024 holes per square inch and 

is shaped into half cylluJers with cornero or edges bent inwArd to 

prevent nesting of one plece within another. The holes are not clean 

cut and have a protrusion (or burr) extending from one side. 

The flooding studies werA performed using saturated co2 with Lhe 

column operating in total reflux (i.e., no off-gas). The column was 

considered to be flooded when the pressure drop across the column became 

greater than 10 in. H2o. The flooding points were obtained by increasing 

the boilup rate, at a fix ed pump rate, until the de s i red pressure drop 

across the column was obtained. A detailed discussion of the flooding 

point determination is shown in Appendix H. 

A summary of the nominal flooding points are presented in Table 1. 

The experimental flooding data was fit to an equation of the following 

form: 

y (l) 

whet:e 

y log [ 
U m 2 p G )JL 0 • 2 ] 

gpL 

x 2.0 +log [~~pG/ pLJ. 



7 

Table 1. Su111mary of PRO-PAK flooding data 

Column Average column u 2 0.2 
pressure temperature ~fj m Pc ~L 

(atm) (oC) G p
1 g PL 

20 -18.8 1.44 0.0000248 

20 -18.8 2.26 0.0000155 

20 -18.8 3.91 0.0000075 

20 -19.0 3.68 0.0000083 

20 -19.1 5.20 0.0000057 

20 -18.0 1.84 0.0000194 

20 -18.2 2.87 0.0000117 

20 -18.2 4.52 0.0000066 
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A -2.738, 

B = -0.607, 

c -0.118, 

u vapor velocity, ft/sec, m 

PG = vapor-phase density, lb/ft3 , 

111 liquid-phase viscosity, cP, 

cone:t:lnt, 32.2 ft/3CC 2 
g - ' 

PL liquid-phase density, lb/ft3 , 

L liquid rate, 2 lb/hr·ft , 

2 G vapor rate, lb/hr·ft . 

Figure 3 presents a comparison between the experimentally determined 

PRO-PAK and Goodloe4 flooding correlations. The figure shows that PRO-

PAK has approximately 60% the throughput capacity of the Goodloe packing. 

Figure 4 presents a comparison between the flooding data obtained 

(as well as the resulting empirical correlation) and the predicted cor-

relation of the manufacturer. The discrepancy between the experimental 

and predicted throughput is not a major concern because the manufacturer's 

1 . 9 corre .atJ.on, 

where 

G mass vapor 

PL = density of 

PG density of 

G (2) 

velocity, 2 lb/hr·ft 
' 

liquid phase, lb/ft3 .. 

vapor phase, lb/ft3 
' 
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;--GOODLOE CURVE 

PRO- PAK CURVE 

2 3 6 8 101 

Fig.· 3. A comparison between PRO-PAK and Goodloe experimental 

flooding curves. 
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PREDICTED CURVE 

EXPERIMENTAL CURVE 

2 3 4 6 8 

Fig. 4. A comparison between the experimental and predicted 

PRO·-·PAK flooding curves. 
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disagrees with the accepted correlations of Sherwood10 and Eckert11 

which state that flooding velocity is a function of liquid and vapor 

rate. This relationship has also been seen experimentally in the KALC 

f "1" 4 ac~ ~ty. Of some concern, however, is the fact that the experimental -

throughput for both types of packing is at most 50% of the throughput 

predicted by the manufacturers. Experimental throughputs approaching 

the predicted values have been obtained previously for columns packed 

with Goodloe packing using air-water12 and air--Freon-12 (see ref. 13) 

systems. This indicates that perhaps a fundamental physical property 

is missing from the flooding correlation which would account for this 

uiscrepancy. One such variable might be the liquid surface tension 

(a) of the system. For the air-water and air-Freon system, as well as 

the benzene-ethylene dichloride and !-heptane-methyl cyclohexane systems 

used in the manufacturers' correlation for Goodloe and PRO-PAK packing, 

respectively, the liquid surface tension was between 10 and 100 

14 15 16 dynes/em; ' the surface tension of liquid co2 is <1.0 dyne/em. 

Investigations in this area have been limited. Newton17 varied the 

liquid surface tension of an air-water system by the introduction of 

controlled quantities of surfactants (Sterox SK) and found that the 

flooding velocity was a function of a3 . 

Newton determined that flooding velocity decreased with decreasing 

values for liquid surface tension. This would tend to explain why the 

co
2 

data (low surface tension) is substantially less than the other 

systems (high surface tension), indicating that any generalized flooding 

correlation for PRO-PAK or Goodloe should include liquid surface tension 

as a variable. 
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4. MASS TRANSFER STUDIES 

Although the addition of the third column gave the EES-ODF the 

capability of studying the overall performance of the three-column KALC 

system, the ability to operate a two-column system has been retained. 

Specifically, the system can be operated in one of three ways: (1) in a 

three-column mode with the absorber, fractionator, and stripper in series, 

(2) in a two-column mode with the absorber and fractionator in series, or 

(3) in a two-column mode with the absorber and stripper in series. 

Experiments were performed using a co2-o2-Kr system at conditions 

similar to those in Campaign III so that a preliminary comparison between 

the mass transfer characteristics of the PRO-PAK and Goodloe packings 

could be made. Specifically, experiment~ were performed to compare the 

two packings during fractionation and stripping operations. For the 

mass transfer studies during stripping, the system was opera"Ced in a 

two-column mode consisting of the absorber and tractionator. For ma~;;s 

transfer studies during fractionation, a three-column system was used. 

During the operations, the system feed-gas (consisting of >90% 

co
2

, <10% o
2

, and tracer levels of 85Kr) was compressed to a pressure 

slightly higher than the absorber operating pressure and then routed to 

the bottom of the absorber. As the gas travels up the absorber column, 

it is contncted with a t...:t:u.mte,·r11rrent stream of liquid carbon diox:i.cle. 

The liquid stream absorbs essentially all of the krypton and a large 

portion of the oxygen, as well. The solute-laden liquid is then routed 

to the top of the fractionator by an operating pressure differential 
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(nominally 2 atm) between the two columns. In the fractionator column, 

the dissolved gas is distilled and leaves the column via the fractiona

tor off-gas. The liquid leaving the bottom of the fractionator is 

relatively free of solute during stripping studies and is pumped to 

the top of the absorber as scrub liquid. During fractionator studies, 

the liquid is routed to the top of the stripper where the remaining 

dissolved gases are distilled and exit via the stripper off-gas. The 

liquid leaving the bottom of the stripper is then recycled back to the 

absorber to act as liquid scrub. In both stripping and fractionation 

experiments, the column off-gas streams were routed to a compressor 

where they combine to form the system feed-gas. 

As with all mass transfer operations, some operating variables are 

designated as independent, and others are designated as dependent. 

Since the analysis was performed during "steady-state," the choice of 

independent-dependent operating variables became academic. ·Therefore, 

during the experiments, the independent variables were chosen on the 

basis of their ability to be maintained at a desired value. 

The variable of primary concern in the operation of the columns 

was the liquid-to-vapor ratio, the liquid rate being determined by 

the pump rate. The vapor rate in the absorber column was fixed by 

controlling the feed-gas rate. The off-gas rate was set manually to 

complement the feed-gas rate (nominally 80% of feed rate). The absorber 

pressure and temperature were then allowed to seek their own levels.· 

The fractionator column pressure was set by controlling the amount of 

refrigerant to the condenser. The fractionator ··temperature was allowed 
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to. seek its own •level. During fractionation studies, the stripper 

column pressure was set by controlling the amount of refrigerant going 

to the cortdenser. The reboiler heat input fixed the vapor rate. The 

column. temperature.was allowed. to. seek its own level. During stripping 

experiments, the· 3 . ....;in. column was valved out of the system. 

Onc·e these independent variables were set, sufficient time was 

allowed for the entire system to reach "steady-state." Various tern-

p-eratures, pressures, liquid holdups, stream concentrations, and flow 

rates were monitored during the experiments and were useQ to indicate 

whert "ste·ady-state" had been attained (i.e., no appreciable change in 

monitored variables for at least 2 hr). As the system approached 

steady-state operation, the various controllers were fine-tuned to 

alleviate any controller-induced oscillat.ions. The wide variety o_f 

conditions studied caused this to be a time-consuming operation to 

the 'extent that-controller fine-tuning became a major part of each 

experiment·, 

.'J. HA:J:J 'l'H.AN!JFER DA'l'A 

Experiments of this magnitude are, _by nature, complex and neces-

sitate certain .engineering assurnpr::ions in the aualy::;l::; uf Lhe uaLa 

collected·. ··Although many of these assumptions are based on sound 

engineering principles, many are based on experience gained from 

operating the facility. For example, the composition analysis of the 

gas"streams (>1% light-gas·content) were found to be more reliable 

· .. than the ·analysis. of··the liquid ·streams (<1% light-gas content). The 
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data analysis and the assumptions associated with it are discussed in 

detail in Appendix C. 

5.1 Stripping Studies 

The primary function of the stripper column is to "strip" the krypton 

from the liquid co2 and concentrate it in the column's off-gas. Conse

quently, all mass-transfer-related variables are based on krypton con-

centrations. A height of a transfer unit (HTU) is calculated based on 

resistance in the liquid phase using the following equations: 18 

and 

where 

HTU 

NTU 

Z/NTU , 

X.·- X 
~ 0 

* (x- x ).R,m 

* (x - X ) - (x. 
* 0 ~ 0 (x - X ) Q.m 

X - X 
Q.n 0 0 

X. - X. 
~ 

Z height of column packing, ft, 

NTU number of transfer units, 

x. inlet liquid krypton concentration, 
~ 

~ 

x outlet liquid krypton concentration. 
0 

* - X. ) 
~ 

* 

* 

The asterisk quantities denote concentrations in equilibrium with the 

adjacent phase. 
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Two parameters, the column and overall decontamination factors, 

are calculated as a measure of the amount of krypton removed. The 

column decontamination factor (DF ) is a measure of the column's 
c 

efficiency, while the overall decontamination factor (DF ) indicates 
0 

the efficiency of the column with its condenser and reboiler. Table 2 

presents a summary of the stripping data. 

Although six stripper experiments were conducted, only four exhibit 

a high degree of confidence. Two experiments (C4-206 and C4-214) were 

suspect due t6 poor counting statistics. In the analysis of stripper 

data, the measured-column-vapor-inlet-krypton concentration is of extreme 

importance because it is the basis for all material balances associated 

with the column. Thus the reliability of this sample is of the utmost 

necessity. A statistical analysis of the measured count rate proved to 

be the most .convenient test of reliability. The standard deviation for 

any sample is defined as19 

where 

aN standard deviation of the sample, 

a standard deviation of total number of counts regi~tered, 
c 

ao standard deviation of the number of background counts 

registered. 

Statistical analysis indicates that there is a 99.7% probability that 

19 
the true count rate lies within +3 aN of the measured count rate. 



Table 2. Stripping mass transfer data based on krypton concentrations 

Average column 
Experiment Pressure te"llperature Pump rate L/V VK/L HTU DF DF 

No. (psig). (oC) (gpm) (mole/mole) (ft) c 0 

C4-206 250.2 -22.6 0.415 7.8 1.33 0.42 397 1272 

C4-214 250.1 -22.9 0.415 8.2 1;27 0.32 817 2873 

C4-221 250.0 -22.5 0.415 8.8 1.18 0.27 1069 3529 f-' 
-...J 

C4-228 250.0 -22.3 0.415 8.9 1.18 0.21 1865 7127 

C4-237 250.0 -22.7 0.415 8.6 1.22 0.28 832 2919 

C4-244 249.7 -22.8 0.415 9.5 1.10 0.38 41 124 
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Thus a somewhat arbitrary decision was made to accept a sample whose 

count rate was such that the magnitude of 3 aN was <10% of the actual 

counts registered (see Table 3). 

Figure 5 presents a graphic comparison between the two types of 

packing. The plot of HTU vs L/V indicates that under similar conditions 

HTU (PRO-PAK) 2 HTU (Goodloe). 

Tabl~ 4 presents a more detAi.led comparison between th~ 2-in.-

fractionator HTU and DF and the 3-in.-stripper HTU and DF (obtained 
c c 

in Campaign III). 4 The 2-in.-fractionator HTU values are consistently 

lower than those for the 3-in. stripper. More importantly, the 2-in.-

fractionator DF values are consistently higher than the 3-in.-str~pper 
c 

data, indicating that the fractionator has more stages even though it 

is. shorter (8.88 ft vs 11.54 ft). These data indicate that the PRO-

PAK packing has a lower HTU value than the Goodloe packing for stripping 

operations over the range of conditions studied. 

5.2 Fractionation Studies 

As stated earlier, the primary function of the fractionator is to 

remove light gases from the liquid. Consequently, its mass transfer 

pantmeters will be calculated using oxygen (the least volatile of the 

light gases of concern) concentrations. As with the stripping studies, 

the variables of interest are HTUs, DF s, and DF s. Table 5 presents 
C'. 0 

a summary of the fractionation mass transfer experiments. 

No readily available comprehensive method exists to· determine the 

acceptability of an experiment. Consequently, the analysis-. .,.~£ the 

limited data available becomes more difficult. Experiments C4-171, 
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Experiment 
No. 

c4~2o6 

C4-214 

C4-221 

C4-228 

C4-237 

C4-244 

Table 3. Statistical analysis of stripper 
vapor inlet 85Kr concentration 

Standard deviation 
(counts/min) 

7.02 

3.92 

3.33 

4.07 

6.30 

24.90 
r:; 

Relative standard deviation 
(%) 

5.0 

6.6 

3.2 

1.0 

0.8 

0.2 

~ .. 

t. • ~ r 
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Fig. 5. Comparison of PRO-PAK and Goodloe stripping HTUs (based 

on krypton). 



Table 4. Comparison between PRO-PAK and Goodloe krypton stripping data 

Experiment 
No. 

C4-221 

C4-228 

C4-237 

C4-244 

PRO-PAK column 
HTU 

(ft) 

0.27 

0.21 

0.28 

0.38 

Goodloe column PRO-PAK column 
HTUa DF 
(ft) c 

0.60 1069 

0.59 1865 

0.52 832 

0.68 41 

aTaken from Campaign III data4 at similar stripping factors. 

Goodloe column 
DF a 

c 

50 

50 

80 

15 

N 
t-' 



Tacle 5 .. Fractionator mass transfer data based on oxygen concentrations 

k..-erage column 
Experiment Pressure temperature Pump rate L/V VK/L HTU DF DF 

No. (psig) (oC) (gpm) (mole/mole) (ft) c 0 

C4-171 2E0.3 -20.8 0.5533 16.1 1.14 1.19 7 130 

C4-181 279.4 -22.8 0.5533 15.5 1.22 0.94 13 45 

C4-188 278.8 -23.6 0.5533 15.7 1.19 2.40 4 15 
N 
N 

C4-197 2EO.D -23.0 0.5533 15.3 1.22 1.33 8 20 

C4-251 2?9.7 -20.2 0.4150 15.4 1.19 0.19 5468 18904 

C4-259 2€1. 5 -20.5 .0.4150 17.2 1.06 0.68 11 30 

C4-266 2e0.D -20.8 o. 4l:S·o 17.0 1.08 0."59 15 47 
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C4-181, C4-188, and C4-197 were 8-hr runs, and steady-state had 

apparently not been reached at the time of sampling. As with the 

Campaign III fractionation studies·, the temperature of the fractionator 

column was continuously changing during each of the 8-hr operations. 

This, of course, indicates that the oxygen profile is also changing in 

the column. It should be noted that the determination of nonsteady-

state experiments is greatly enhanced by a large population of experi-

ments. This is not the case here; thus it is conceivable, although 

unlikely, that further experiments would show that these four runs are 

within acceptable limits. For the purposes of this report, however, it 

will be assumed that they are unacceptable. 

Experiments C4-251, C4-259, and C4-266 were 12-hr runs and showed 

a greater tendency toward maintaining constant readings for the various 

monitored variables, especially the fractionator column temperature. 

Figure 6 presents a comparison between the HTU values obtained for these 

three experiments using the 2-in. fractionator and those obtained using 

the 3-in. Goodloe column. As seen in the graph, experiments C4-259 

and C4-266 appear to be comparable to the Goodloe data while experi-

ment C4-251 does not. During the analysis of all experiments, the 

accuracy of the gas concentrations in the various streams is of the 

utmost importance. An off-gas material balance for experiment C4-251 

85 . 
gives a Kr (the most reliably measured component) balance of 0.88 

compared with 0.99 and 0.97 for experiments C4-259 and C4-266, respec-

tively (see Table C-7, Appendix C). Consequently, the analysis of 

experiment C4-251 is suspect! Ex~luding experiment C4-251, the HTU 
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values obtained for PRO-PAK appear to fall within the scatter of the 

Goodloe data, indicating that HTU (PRO-PAK) ~ HTU (Goodloe). 

6. CONCLUSIONS AND RECOMMENDATIONS 

The installation of the third column (i.e., fractionator) in the 

KALC facility is complete. The facility now has the capability of 

being operated in a one-, two-, or three-column mode. Thus the facility 

is no longer restricted solely to individual column performance experi

ments but can be used to determine performance data for the overall 

system, making the facility more versatile and potentially more productive. 

In previous campaigns, the Goodloe wire mesh packing used in the 

absorber and stripper columns had become distorted to the extent that 

the gas throughput of the two columns was reduced to ~15% of that pre

dicted by the manufacturer. The compressibility of the packing and 

the possible reduced throughput due to this compression has revealed 

. the desirability of a random (i.e., noncompressible) packing with com

parable throughput and mass transfer characteristics. Toward this end, 

the fractionator was filled with a new random packing known as PRO-PAK. 

Mass transfer and fluid-dynamics data on the new packing have been 

collected. 

Flooding experiments on the 2-in. fractionator with a co2 system 

produced the following flooding curve for PRO-PAK packing: 



where 
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- -2 
y A+ B(x) + C(x) 

y = 1 o g [ U m 2 p G llL 0 . 2 ] ' 

gpL 

x 2.0 +log[~ ~pG/pL J , 
A -2.738, 

B -0.607, 

c = -0.118, 

U o vapor velocity, ft/sec, 
m 

g 

vapor-phase density, lb/ft3 , 

liquid-phase viscosity, cP, 

2 constant, 32.2 ft/sec , 

liquid-phase density, lb/ft3 , 

2 liquid rate, lb/hr·ft , 

G =vapor rate, lb/hr·ft2 . 

The empirical flooding curve for PRO-PAK indicated that PRO-PAK has 

~60% the throughput capacity of Goodloe. 

Experiments comparing the mass transfer characteristics of PRO-

PAK and Goodloe packing during fractionation and stripping indicate that 

HTU (PRO-PAK) ..S. HTU (Goodloe), The pertinent·operating variables and 

their ranges explored dur1ng the stripping mass transfer studies are 

the following: 



Variable 

Pressure, psig 

Temperature, °C 
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Liquid-to-vapor ratio, mole/mole 

Range 

250 + 0.5 

-22.5 + 0.4 

7.8 9.5 

The pertinent operating variables and their ranges explored during the 

fractionation mass transfer studies are the following: 

Variable 

Pressure, psig 

Temperature, °C 

Liquid-to-vapor ratio, mole/mole 

Range 

280 

-20.5 

15.3 

+ 2 

-23.6 

17.6 

It should be noted that the comparison between PRO-PAK and Goodloe mass 

transfer characte1;istics is a prel-iminary one. Consequently, some impor

tant operating variables related to mass transfer, such as pressure and 

pump rate, were varied only slightly or in some cases not at all in the 

interest of expediency. The limited PRO-PAK mass transfer data restricts 

the confidence of the comparison, however, the data does indicate that a 

more extensive campaign to quantify the mass transfer characteristics of 

PRO-PAK packing is warranted. 



28 

REFERENCES 

1. K. J. Notz, Selected Studies in HTGR Reprocessing Development, 

ORNL/TM-5328 (March 1976). 

2. K. J. Notz~ An Overview of HTGR Fuel Resxcl~, ORNL/TM-4747 

(January 1976). 

3. R. W. Glass et al., Krypton Absorption in Liquid co
2 

(KALC): 

Campaign. II in the Experimental Engineering Section Off-Gas 

Decontamination Facility, ORNL/TM-5095 (February 1976). 

4. T. M. Gilliam, V. L. Fowler, and D. J. Inman, Krypton Absorption 

in Liquid C0
2 

(!CALC): Campaign III in the Experimental Engineering 

Section Off-Gas Decontamination Facility, ORNL/'l'M-5655 (September 

1977). 

5. R. W. Glass et al., System Features and Component Descriptions 

for the Unit Operations Off-GasDecontamination :f_~_c::_ility, ORNL/TM-

4596 (February 1975). 

6. Goodloe Information Bulletin No. 721, "How to Design a Goodloe 

Column." 

7. R. W. Glass and H. W. R. Beaujean, "Preliminary Fluid Dynamics 

and Mass Transfer Performance of the Experimental Engineering 

Section Off-Gas Decontamination Facility Packed Columns," GCR: 

74-27 (October 1974). 

8. R. M. Canon, "A New Distillation Packing," Ind. and Eng. Chern. 41, 

1953 (1949). 

9. Scientific Development Co. information Bulletin No. 12, "Distillation 

Packing and Columns." 



29 

10. R. H. Perry and C. Chilton, Chemical Engineers Handbook, 5th ed. 

pp. 18-22, McGraw-Hill, New York, 1973. 

11. Ibid., pp. 18-23. 

12. J. S. Agala, B. W. Brian, and A. C. Sharon, Flooding and Mass 

Transfer in Goodloe Packed Columns, Part 2, ORNL/MIT-253 (April 

1975). 

13. W. D. Burch et al., LMFBR Fuel Recycle Program Progress Report 

for Period April 1 to December 31, 1974, ORNL/TM-4836 (April 1975). 

14. R. C. Weast, S. M. Selby, and C. D. Hodgman, Handbook of Chemistry 

and Physics, 45th ed., pp. Fl6-21, The Chemical Rubber Co., 

Cleveland, Ohio, 1964. 

15. Du Pont Information Bulletin No. T-12, "Thermodynamic Properties 

of Freon-12 Refrigerant." 

16. C. L. Yaws, K. H. Li, and C. H. Kuo, "Carbon Oxides: 

Chern. En&· 81, 115-21 (September 30, 1974). 

CO and CO " 2' 

17. W. M. Newton et al., "How Surface Tension Affects Flooding in 

Packed Columns," Pet. Refiner 31(10), 141-43 (October 1952). 

18. R. E. Treybal, Mass Transfer Operations, 2nd ed. pp. 250-53, 

McGraw-Hill, New York, 1968. 

19. J. H. Harley and S. E. Wiberley, Instrumental Analysis, p. 369, 

Wiley, New York, 1954. 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 

'i 





THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 

·' 



• 
33 

APPENDIX A: DETAILED COMPONENT DESCRIPTION 

A.l Fractionator Column 

The fractionator column (see Fig. A-1) is installed in the EES-ODF 

facility in such a manner that it may be operated alone for specific 

tests, as a second column for stripping or fractionation studies, or as 

a fractionation column in a three-column system (see Fig. A-2). In this 

latter mode, liquid effluent from the absorber level tank enters the top 

of the fractionation column, where the light gases are removed through 

the condenser. 85 The liquid, now containing essentially only Kr, leaves 

the column via the reboiler to be fed to the stripper column. 

The fractionator column is constructed of three 35-3/4-in.-long seg-

ments of 2-in. sched-40 pipe connected by expanded sections (surrounding 

each column segment). Each expanded section is composed of a 3-in. by 

2-in. sched-40 reducer and a 3-1/16-in.-diam sample station (machined 

from bar stock) for gas and liquid sampling. In addition to sample lines 

and a fitting for a thermocouple and pressure tap, each expanded section 

contains a 1/2-in. sched-40 pipe welded through the shoulder of the 

reducer for solvent inlet. 

The three-column segments are packed to a total height of 8.88 ft 

* with commercially available PRO-PAK packing. Each packed segment con-

tains (1) two thermocouple taps equally spaced along the section, and 

(2) two pressure taps located 180° from the thermocouple taps. The 

process volume within the rectification column is rvo. 25 ft
3 . 

* A product of the Scientific Development Company, State College, Pa. 
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The column is designed for service at pressures up to 600 psig at 

temperatures from -40 to +100°F and has been hydrostatically pressure-

tested at 900 psig. The off-gas line is provided with a l-in. 550-psig 

(nominal) rupture dis~ and a l-in. 600-psig (nominal) relief valve. 

A.2 Fractionator Reboiler 

Vapor flow in the fractionator column is provided by vaporization 

of part of the column liquid bottoms in the reboiler (see Fig. A-3). 

The unvaporized portion of the liquid bottoms passes from the reboiler 

to the stripper column (during three-column operations) or to the solvent 

tank (in one- or two-column operations). The reboiler has a rated heating 

capacity of 5 kW (electrical immersion heater, General Electric No. 20612) 

3 and a process volume of ~0.31 ft . 

The reboiler is welded directly to the bottom of the fractionator 

column. Two 3-in. $ched-40 tees with ~3 in. of 3-in. sched-40 connecting 

the branches form an "H" as the uppermost portion of the reboiler. One 

tee is welded t:o a 3-in. by 2~in. sched-40 concentric reducer which is 

welded to the fractionator column and forms the upper part of a liquid 

level re.servotr (~8 in. of 3-in. sched-40 pipe welds to the other end 

of the tee and is fitted for a liquid lev9l probe). Thermocouple taps 

are provided in the capped upper end of the second tee which connectH 

to the 3-in. sched-40 reboiler shell proper. 'l'he 3~in. shell houses· 

the immersion heater, which is flanged through the lower end of the 

shell. Liquid drains from the fractionator column into the level 
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reservoir, and finally into the lower part of the heater shell through 

a 1-1/2-in. sched-40 pipe. 

Liquid from the fractionator column and vapor to the column pass 

through the "H" arrangement; during operations, the liquid level is 

maintained at approximately the weld junction of the reboiler shell and 

the 3-in. tee (to ensure that the heatersare totally innnersed). Liquid 

from the lowe·t section exits through a 1/2-in. sched-40 pipe in the side

wall ~6 in. above the bottom flange. 

The reboiler is designed for operation up to 600 psig over a tem

perature range ?f -40.to 100°F. The reboller has been hydrostatically 

pressure tested at 900 psig. 

A.3 Fractionator Column Reflux Station 

Liquid reflux from the fractionator column condenser to the top of 

the coluii1u 111ay be monitored t:hrough the fractionator column reflux sta

tion (see Fig. A-4). Vapor from the top of the column passes to the 

condenser, contacting the returning liquid only innnediately above the 

culumn proper • The l~eflu::;.: J:c~.Lt: 1::; ueLenulued by t:hc pressure drop 

prouul.:eu al.:russ an orifice arrangement in the reflux return line, which 

is monitored with a 0-10 in. H
2
0-pressure transmitter. 

The ceflux station consists of 89 in. of 1/2-in. sched-40 pipe. 

Liquid enterR thrnneh B. 1/2-in. sche<i-110 no~~lc ncar the top nf rh~ 

unit and exits through the 3/4-in. x 0.065-in. wall orifice loop in the 

bottom, returning to the column extension .Piping. Pressure above the 

liquid in the station is equalized with the column pressure through a 

1/2-in. line near the top of the column extension piping. 
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The process volume for the station, including the orifice arrange-: 

3 ment, is rvO.Ol ft • The unit is designed to operate at pressures up 

to 600 psig and at temperatures ranging from -40 to +100°F and has 

been hydrostatically_ pressure tested at 900 psig. 

A.4 Fractionator Column Condenser 

A portion of the overhead vapor from the fractionator column is 

condensed 'in the frac.;Llunatur condenser (see Fig. A-5) and returned 

via the re;flux station to the top of the column. The remaining vapor 

passes from the condenser to a surge tank where it may be used as 

recycle gas.: 

The unit consists of a 54-in. length of 8-in. sched-40 pipe as 

the outer shell. A 54-in. length of 6-in. sched-80 pipe is used as an 

inner shell to reduce volume and is wound with 'VllO ft (2 coils) of 

1/2-in.-UD by U.U65-in. wall-tubing. The'two shells are welded together 

at each end using 8-5/8-in.-OD by 6-5/8-in.-ID by 1-in.-thick plates. 

These plates are provided with nozzles for process gas and liquid out-

leL::. (::;hdl ::;lue) emu fur refrigerant: ·inlet: and outlet (tube side). 

~'ittings are also provided for thermocouples. The gas inlet nozzle 

from the column proper is a 2~in. by 8-in. sched-40 pipe welded into 

the side of the outer shell 3 in. from the bottom of the condenser. 

3 The procees volume ic "-·0.47 ft , Thr. Antir.ip.<~t:Pn r:noling .:apacity is 

12,000 Btu/hr at -40°F. 

The fractionator condenser is designed to operate at pressures up 

to 600 psig at temperatures from -40 to 100°F. The vessel has been 

hydrostatically pressure tested at 900 psig shell side with. 0 psig tube 

side and 450 psig tube side with 0 psig shell side. 
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Fig. A-5. 
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A.5 Refrigeration 

Refrigeration for the fractionator condenser is provided by a unit 

purchased from Tenney Engineering, Inc. (Tenney Job No. 8737). This 

unit _(designated as Unit C) consists of a Copeland No. MRA-2~0500-TFD-

460/3/60 compressor assembled with necessary operating and safety hard

ware as shown on Tenney Dwg.-8737-20-3. It is water-cooled and delivers 

-10,000 Btu/hr at -40°C through the evaporation and condensation of R-502 

(an azeotropic mixture of R-22 and R-115). 

A.6 Process Instrumentation and Controls 

Installed in the system are 27 copper constantan thermocouples that 

are constantly monitored with 12-pt. temperature recorders. Fifteen of 

these thermocouples have been calibrated to +O.l°C and can be monitored· 

individually with a Leed~ and Northrup, Type K-3 Universal Potentiometer 

(see Table A-1). 

The level element for the teboiler is a 1~-in. capacitance-type 

probe (Drexelbrook Model 508, Drexelbrook Eng. Co., Horsham, Penn.), 

electrically connected to a level indicating transmitter (Drexelbrook 

Model 408-1000) that has an output of 4 to 20 rnA de. This electrical 

signal is then converted to a 3-15 psi output through use of an 

electrical-pneumatic transducer (Conoflow Model '1'-25, Conoflow Corp. 

JH~ckwood. N.J.), Thin pnc.umn.ti~ :=dgnnl i~ thP.n mwil hy Ft pnP11m.<~tir: 

controller (three-mode Foxboro Model 48P4, the Foxboro Co., Foxboro, 

Mass.) to operate the level control valve. This valve (Research Controls, 

Tulsa, Okla.) is pneumatically operated (3-15 psi) and has a 1/2-in. 

316 SST body which contains an equal percentage "trim" (CV 0.8) and 



TR-6-1* 
6-2* 
6-3>'( 
6-4* 
6-5* 
6-6* 
6-7* 
6-8* 
6-9* 
6-101( 
6-11* 
6-12* 

TR-7-1* 
7-2* 
7-3* 
7-4 
7-5 
7-6 
7-7 
7-8 
7-9 
7-10 
7-11 
7-12 

TR-8-1 
8-2 
8-3 
8-4 
8-5 
8-6 
8-7 
8-8 
8-9 
8-10 
8-11 
8-12 
8-13 
8-14 
8-15 
8-16 

:* 
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Table A-1. Thermocouple listing 

Fractionator column liquid sample, top 
Fractionator column top, upper section 
Fractionator column bottom, upper section 
Fractionator column liquid sample, upper middle 
Fractionator column top, middle section 
Fractionator column bottom, middle section 
Fractionator column liquid sample, lower middle 
Fractionator column top, lower section 
Fractionator column bottom, lower section 
Fractionator column liquid sample, bottom 
Fractionator reboiler, top 
Fractionator reboiler, middle 

Fractionator reboiler, bottom 
Fractionator. c.olumn, middle section, skin 
Fractionator column, bottom sampler, skin 
Fractionator column liquid inlet, V-702 
Fractionator column liquid or gas inlet, V-705 
Fractionator _condenser, vapor inlet 
Fractionator condenser, liquid 
Fractionator condenser, liquid outlet 
Fractionator column reflux liquid, inlet 
Fractionator column reflux liquid, outlet 
Fractionator condenser, vapor 
Fractionator condenser, vapor outlet 

Fractionator off-gas, rotameter 
Fractionator condenser refrigerant, inlet 
Fractionator condenser refrigerant, uutlet 
Spare 
Spare 
Spare 
Spare 
Spare 
Spare 
Spare 
Spare 
Spare 
Spare 
Spare 
Spare 
Spare 

Also individually monitored with L & N Potentiometer. 
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a Teflon-packed stem. This valve also contains an integral positioner 

and is of the air-to-close type. 

The off-gas control valve is the same type as the level control 

valve but contains a "trim" of CV = 0.08. This valve also uses a 

Foxboro pneumatic controller for operation. Automatic mode controls 

sys.tem pressure via process gas flow. rate (with refrigeration control 

on manual) or manual mode for constant off-gas rate (with refrigeration 

controller on automatic for pressure control). 

The off-gas flow rate is measured with a F & P tube-type rotameter 

(F & P Model 10Al735, Fisher and Porter Co., Warminster, Pa.) calibrated 

at the Y-12 Standards Laboratory. 

Refrigeration control is also provided by a Foxboro pneumatic con

troller ahd an Evaporator Pressure Control valve (EPR-12, 1/2-in. nominal 

port size; Alco Controls, St. Louis, Mo.) that can be operated in the 

automatic or manual mode for the purpose described above. 

The electrical system for the reboiler immersion heater consists 

of three "stacked" motor-'driven variacs (type 12560, The Superior Electric 

Co., Bristol, Conn.), with an input of 360 V, and an output of 0 to 480 V 

and 28 A. The voltage and amperage are measured with two digital multi

meters (Data Precision Model 245, Data Precision Corp., Wakefield, Mass.) 

using 4:1 potential transformers and 6:1 current transformers (field 

mounted) so that no more than 120 volts is ever seen in the control room. 

One.Tigerman "Tele-Alarm" Annunciator (Tigerman Eng. Co., Chicago, 

Ill.) is employed in the control room to indicate component abnormalities 

during·operations (see Table A-2). 
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Table A-2. Control-panel alarms (Panel 5) 

Position Description 
\ 

5-l Refrigeration unit "C" out 

5-2 Fractionator reboiler lo-level 

5-3 Fractionator reboiler hi-temperature 

5-4 Fractionator column hi-pressure 

5-5 Spare 

5-6 Facility exhaust fans off 
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Other related system features and components necessary for operation 

of the fractionator column have been described previously. 1 

A.7 Process Monitoring and Sampling 

Krypton-85 and oxygen_ are continuously monitored in the rectifi

cation column off-gas stream. The 85Kr is detected by a beta scintilla-

tion detector and the count rate is recorded on a strip chart recorder. 

AM-S-A Magnetic Oxygen Analyzer Model 802 (Mine Safety Appliances, 

Pittsburg, Pa.) is used to measure the oxygen concentration. This 

analyzer is a paramagnetic wind type oxygen analyzer. The output from 

the analyzer is recorded on a strip chart recorder. Both krypton and 

oxygen monitors are used to indicate steady-state operations. 

Samples may be taken from eight internal points of the column, the 

off-gas stream, and the reboiler liquid stream. The samplers are piped 

85 to the central sampling station where they can be analyzed for Kr and 

1 . h . . 2,3 1g t-gas compos1t1ons. 

A.8 Refecences for Appendix A 

1. R. W. Glass et al., System Features and Component Descriptions for 

the Unit OI?eratiQn~ Off-Gas Dec_ontar11ination Facility, ORNL/TM-4596 

(February 1975). 

2. D. M. Levins et al., Monitoring and Analysis of Process Streams in 

a Kr-85 Off-Gas Decontamination System, ORNL/TM-4923 (July 1975). 

3. D. J. Inman, Component Analysis of the Experimental Engineering 

Sec.tion Off-Gas Decontamination System, ORNL/GCR-77 /21 (in 

preparation). 
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APPENDIX B: FLOODING EXPERIMENTS 

B.l Flooding Point Determination 

The fractionator flooding studies were performed with saturated 

co2 • The fractionator column was operated in total reflux (i.e., no 

off-gas); thus the vapor rate (V) in the column was determined by the 

boilup rate in the reboiler: 

where 

v (KW) (B), 

KW reboiler heat input, KW, 

B conversion factor at reboiler temperature (nominally 

4.2 scfm/kW). 

The liquid rate then becomes a function of pump rate and boilup: 

where 

L (GPM)A + (kW)(B), 

GPM pump rate, gal/min, 

A conversion factor at the pump suction temperature 

(nominally 77.0 scfm/gpm). 

(1) 

(2) 

The fractionator column was considered to be flooded when.the pressure 

drop across the column became greater than 10 in. H2o. The flooding 

points were obtained by increasing the boilup rate, at a .fixed pump 

rate, until the desired pressure drop across the column was obtained. 

The pressure taps are shown in Appendix A, Fig. A-1. 
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A summary of the flooding experiments are shown in Table B-1. 

Flooding points are usually obtained by plotting the log of the pressure 

drop vs the log of the gas velocity at a constant liquid velocity. 1 The 

flooding point is then determined as the point at which the pressure drop 

increases rapidly for a very small change in the gas velocity (or more 

practically, the point at which the curve undergoes a second slope change). 

The reliability of this method is greatly reduced by a small number of 

data points and a lack of visual confirmation of flooding. Consequently, 

a more convenient method of presenting the flooding point is to use a 

modified Sherwood, Shipley, and Holloway correlation. 2 The data are 

presented (see Fig. B-1) as a plot of 

where 

u 2 
m 

g p 
L 

(as the ordinate value) 

~ ~ Pc/P1 (as the ab~~issa vaiue), 

U = vapor velocity, ft/sec, 
m 

PG- vapor-phoac dcnaity, lb/ft3 , 

]..IL liquid-phasl::! viscosity, .eP 

2 
g - constant, J2.2 ft/sec , 

P1 liquid-phase density, lb/ft3 , 

L liquid rate, lb/hr•ft2 , 

2 G =vapor rate, lb/hr·ft . 



Table B-1. Summary of flooding data 

Liquid pump Average column ·~ ~pG/pL u 2 0.2 
rate Liquid rate Vapor rate temperature I::.P across column Flooded L/V m PG JJL 
( gpon) (seEm) a (scfm) 11 <•c) (in. H20) (f = yes) (mole/mole) g PL 

0.415 32.4 1.27 -19.0 2.3 26.5 6.01 0.0000011 
1.72 -18.9 2.4 19.8 4.49 0.0000020 
2.26 -18.8 2.7 15.3 3.48 0.0000034 
2.46 -18.9 2.9 14.2 3.22 0.0000040 
2.67 -18.8 3.1 13.1 2.97 0.0000048 
2.95 -18.8 3.2 12.0 2. 72 0.0009058 
3.65 -18.9 3.7 9.9 2.25 0.0000089 
4.22 -18.8 4".3 8.7 1.97 0.000012 
4.76 -18.8 4.9 7.8 1.77 0.000015 
5.41 -18.8 6.2 7.0 1.59 0.000020 
5.82 -18.8 7.2 6.6 1.50 0.000023 ~ 

6.36 -:18.8 >10.0 f 6.1 1.38 0.000927 \0 

0.73 -19.0 2.1 45.4 10.30 0.0000004 
0.553. 43.0 0. 73 -20.1 2.4 59.9 13.60 0.0000004 

1.27 -19.3 2.7 34.9 7.90 0.0000011 
1.85 -19.3 3.0 24.2 5.50 0.0000023 
2.34 -18.8 3.5 19.4 4.40 0.0000037 
3.08 -:-18.8 4.3 15.0 3.40 0.000006 
4.10 -18.8 5.5 11.5 2.61 0.000011 
4.67 -~8.8 8.6 10.2 2.32 0.000015 
4.92 -18.8 >10.0 f 9.7 2.2!) 0.000916 
0.53 -18.8 1 2.3 82.1 18.63 0.0000002 

0.692 53.8 0.98 -19.8 2.6 55.9 12.69 O.Q000006 
1.27 -19.4 ·3.1 43.3 9.83 0.0000011 
0.78 -19.4. 2.6 69.6 15.80 O.QOOOOQ4 
1.93 -18.8 3.8 28.9 6.56 0.0000025 
2:.46 -18.8 5.4 22.9 5.20 0.0000064 
3.12 -18.8 7.0 18:2 4.13 0.0000066 
3.53 -18.8 >10.0 f 16.2 3.68 0.0000084 

.. !-. 



Table· B-1 (ccnt'd) 

Liquid pump E\verage co1un:n 

~ ~ pG/pL 
u 2 0.2 rate Liquid rate. Vapor rate temperatu;re b.P across column Flooded L/V PG 111 

(gpm) (scfm)a (scfm)a (oC) (in. H20) (f = yes) (mole/mole) m 
g PL 

0.692 53.5 2.bl -19.0 6.0 21.1 4.78 0.0000048 
3.32 -19.0 8.5 17.1 3.89 0.0000074 
3.57 -19.0 >10.0 f 16.0 3.64 0.0000085 
3.49 -19.0 <10.0 16.3 3.71 0.0000081 

0.830 64.0 2.30 -19.1 ' 7.2 28.8 6.55 0.000004 
2. 71 -19.1 8.5 24.6 5.59 0.000005 
2.99 -19.1 ' >10.0 f 22.4 5.09 0.000006 
2. ffl -19.1 <10.0 23.3 5.30 0.000006 

0.484 37.6 4.n -2(1.4 6.8 9.7 2.17 0.000013 
5.00 -18.0 9.1 8.5 1. 97 0.000016 
5.4-9 -1';.9 >10.0 f 7.9 1.83 0.000020 
5.4-1 -1;.9 <10.0 8.0 1.85 0.000019 

0.623 48.0 3.36 -18.9 7.3 15.3 3.48 0.000007 
4.30 -u::2 >10.0 f 12.2 2.83 0.000012 V1 
4.1J -18.2 <10.0 12.5 2.90 0.000011 0 

0.761 58.6 3.35 -18.2 >10.0 f 18.5 4.28 0.000007 
3.01 -lf .. 2 8.8 20.5' 4.75 0.000006 

aSTP 70"'F, 1 atm. 
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Fig. B-1. Flooding point determination . 



52 

This correlation differs from that of Sherwood, Shipley, and Holloway 

in that the packing factor normally included in the ordinate value has 

been neglected. The nominal flooding point for each liquid flow rate 

was determined as the midpoint between the lowest gas flow that caused 

flooding and the highest gas flow for which the column was not flooded. 

Figures B-2 and B-3 present the resulting data as plots of ~p vs 

G/0 and G/0 vs L0/G, respectively, 

where 

~p 

G 

pressure drop, in H20/ft packing,. 

·2 
vapor rate lb/hr·ft , 

0 "' pG/0.075, 

Pc gas-phase density, lb/ft
3

, 

L liquid rate, lb/hr•ft2 . 

B.2 References for Appendix B 

1. A. S. ,Faust et al., Principles of Unit. Operations, pp. 269-70, 

2. R. H. Perry and C. H. Chilton, Chemical Engineers Handbook, 5th 

ed., p. 18-22, McGraw-Hill, New York, 1973. 
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Table B-2. Data used in Figure B-2 

/1P G/C/J 2 Flooded 
(in. H20/ft) (lbs/hr·ft ) (f = yes) 

0.237 33 
0.253 57 
0.270 76 
0.304 101 
0.327 109 
0.349 120 
0.360 131 
0.417 162 
0.479 189 
0.552 212 
0.698 241 
0.811 259 

>1.13 284 f 
0.259 24 
0.270 33 
0.304 56 
0.338 81 
0.394 104 
0.484 138 
O.Gl9 184 
0.969 200 

>1.13 219 f 
0.2'93 35 
0.29J 43 
0.349 57 
0.428 86 
0.608 109 
0.788 138 

>l.lJ 157 f 
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Table B-3, nat::~ nsP.ci 

in Figure B-3 

L(/J/G 

130 152 

141 130 

148 115 

157 107 

188 82 

214 06 

242 53 

'1.7'1. 43 
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APPENDIX C: MASS TRANSFER CALCULATIONS 

The data analysis and the assumptions associated with it have been 

discussed in great detail previously in Campaign III. 1 Consequently, 

the data-analysis model will be discussed here only as it contributes 

to the clarity of the data presented. 

C.l Stripping Studies 

The analysis of the two-column stripping studies is similar to the 

analysis of the stripping data in Campaign III except that the 2-in. 
. . 

fractionator has been substituted for the 3-in. stripper. Consequently, 

only the model highlights will be presented here.· To aid in the analysis, 

a schematic of the two-column system is shown in Fig. C-1. The streams 

are as follows: 

CD 
0 
0 
0 
G) 

0 
(j) 

0 
0 
@ 
@) 

Absorber column liquid feed, 

System feed-gas, 

Liquid leaving the absor.ber. packing, 

Vapor entering the absorber packing, 

l.i qni n Pn.teli.ng the absorber packing, 

Vapor leaving the absorber packing, 

Liquid feed to fractionator column, 

Absorber column off-gas, 

Fractionatoi column off-gas, 

Liquid leaving the fractionator packing, 

Vapor entering the fractionator packing, 
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Fig. C-1. Schematic of the two-column system used in the 

stream analysis. 
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Vapor leaving the fractionator packing, and 

Liquid entering the fractionator packing. 

During the experiments, only streams 2, 8, and 9 could be identified 

by both flow rate (via calibrated rotameters) and composition (via sampling 

and analysis). The resulting component material balance from these streams 

gave an average of 99 and 97% for oxygen and krypton, respectively. Con-

sequently, the composition normalization used in Campaign III was not 

used here. The off-gas data and resulting material balances are shown 

in Table C-2. 

The determination of flow rates and compositions of streams 1, 7, 10, 

11, 12 and 13 is identical to that in Campaign III. The results of these 

calculations are shown in Tables C-3 through C-6. 

With the major streams defined as to flow rate and composition, the 

pertinent mass transfer information can now be calculated. The "stripper" 

column decontamination factor (DF ) becomes 
c 

DF 
c 

(1) 

where x
13 

abd x
10 

are the krypton concentrations of the indicated streams. 

An overall decontamination factor (DF ) is calculated to include the 
0 

effects of the reboiler and column condenser by the following equation: 

DF 
0 

(2) 



Table C-2. 'Gas stream values·for stripper experiments 

Measured. 85l<r coD.centration Measu~ed 02 concentration Measured flow rate 
Experiment ( b) (%) (scfm)a Balance factor 

No. Stream 2 St~ecm S Stream 9 Stream ~ Stream 8 Stream 9 Stream 2 Stream 8 Stream 9 02 Kr 

C4-206 5.9 J.C05 11.6 4.5 2.8 7.9 4.04 2.49 1.47 1.02 0. 72 

C4-214 5.0 D. C05 14.1 4.0 2.7 6.7 4.20 2. 72 1.47 1.04 0.99 

"' C4-221 4.6 D .C05 12.7 :.6 3.1 9.5 4.19 2. 71 1.46 0.9E 0.97 0 

C4-228 '89. 7 0.(5 249.7 lE .o 9.5 25.0 4.25 2. 71 1.49 0.93 0.98 

C4-237 68.8 o. 14 206.6 1:<.3 7.6 20.2 4.10 2.:8 1.53 1.00 1.12 

C4-244 46.9 o.::6 138.8 7.7 4.6 12.5 4.13 2.E3 1.46 0.% 1.05 

aSTP = 1 ;ltm, 70"F. 



Experiment 
No. 

C4-206 

C4-214 

C4-221 

C4-228 

C4-237 

C4-244 
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Table C-3. Equivalent pump rate (stream 1) 
for stripper experiments 

Pump rate Temperature 
(gpm) (oC) 

0.415 -29.4 

0.415 -29.4 

0.415 -29.3 

0.415 -29.3 

0.415 -29.0 

0.415 -30.5 

Stream 1 
(scfm)a 

32.45 

32.45 

32.43 

32.43 

32.39 

32.60 
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Table C-4. Calculated fractionator liquid feed 
fuL stripping experiments 

Measured Calculated 
Experiment concentrations concentrations 

No. Q7 Oz Krypton o2 Krypton 
(scfm)a (%) (pph) (%) (ppb) 

C4-206 33.91 0.27 0.72 0.33 0.70 

C4-214 33.92 0.39 0.63 0.27 U.6:L 

C4-221 33.89 0.38 0.59 0.55 0.57 

C4-228 33.92 0.39 11.15 1.24 11.23 

C4-237 33.92 0.27 8, 2Lf 0.91 8.31 

C4-244 34.06 0.26 5.66 0.5R 5.66 

uSTP = 1 atm, "IU"F. 



Table C-5. Calculated fractionator bottom information for stripping studies 

Calculated flow Measured concentrations Calculated concentrations 
Experiment rates Stream 1 Stream 10 Stream 11 Stream 1 Stream 10 

No. (scfm)a Krypton Krypton Krypton Krypton Krypton 
Stream 10 Stream 11 (ppb) (ppb) (ppb) (ppb) (ppb) 

C4-206 37.16 4.74 0.002 0.004 0.0062 0.0006 0.0013 

C4-2l4 36.95 4.49 0.002 0.002 0.002 0.0002 0.0005 
0\ 
w 

C4-221 36.59 4.14 0.00.05 0.002 0.004 0.0004 0.0008 

C4-228 36.54 4.11 0.001 0.003 0.017 0.0016 0.003 

C4-237 36.67 4.29 0.006 0.004 0.03 0.0029 0.0061 

C4-244 36.41 3.85 0.04 0.08 0.5 0.048 0.096 

aSTP = 1 atm, :'0°F. 



Table ·:-6. Calculated fractionator top information for stripping studies 

Heasured concentration Calculated concentration 
Calculated flow rate Stream 12 Stream 13 Stream 13 

Experime::1t (scfm) a Krypton Krypton Krypton 
No. Stream 13 Strearr. 12 (ppb) (ppb) (ppb) 

C4-206 37.16 4.74 4.05 0.49 0.52 

C4-214 36.95 4.4S 3.30 0.39 0.40 0\ .,.. 
C4-221 36.59 4.1L;. 3.43 0.36 0.39 

C4-228 36.5~ 4.11 55.97 7.43 6.30 

C4-237 36.6 7 4.29 44.13 5.26 5.16 

C4-244 36.41 3.85 36.55 3.65 3.90 

aSTP -fl -[ atm, 70°£i'. 
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where 

Q
7 

flow rate of stream 7, scfm, 

x7 krypton concentration of stream 7, ppb, 

Q1 flow rate of stream 1, scfm, 

x1 krypton concentration of stream 1, ppb. 

A height of a transfer unit (HTU) value is calculated using: 2 

and 

where 

HTU 

NTU 

Z/NTU 

X. - X l. 0 

(x - x*) 
.Q.m 

* * (x - x ) - (x. - x. ) 
(x - x*) = --~o ____ ~o~------~1.----~l.~ 

.Q.m [X - X *] 
ln x: - x: 

Z height of column packing, ft, 

NTU = number of transfer units, 

xi inlet liquid Kr concentration, 

x outlet liquid Kr concentration, 
0 

* x. Kr concentration in equilibrium with the inlet gas, 
l. 

x * Kr concentration in equilibrium with the outlet gas. 
0 

For stripping studies, 

z 8.88ft, 

x. krypton c.onc-.entr.ation of Rtr.eam 13, pph, l. 

(3) 

(4) 

(5) 



where 

K 

X 
0 

X. 
1 

X 
0 

* 

* 

K 
0 
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krypton concentration of stream 10, ppb, 

krypton concentration of stream 12 (ppb) divided by K.' 1 

krypton concentration of stream 11 (ppb) divided by K o' 

krypton equilibrium constant based on pressure and tern-

perature at the bottom of the colunm, * 
K. krypton equilibrium constant based on pressure and tem-

1 

perature at the top of the column. 

A column stripping factor (VK/L) is defined by: 

VK 
-= 

L 

Q 
1l 

flow rate of stream 11, scfm 

avg (K, + K )/2, 
1 0 

QJ.O flow rate of stream 10, scfm. 

C.2 Fractionation Studies 

(6) 

The data analysis for fractionation studies is similar to that of 

the stripping experiments, but the system now contains all three columns. 

To aid in the analv~is, a schematic of the three-column system is shown 

in Fig. C-2. The streams are similar to those in Fig. C-1, with the 

following additions: 

* All equilibrium constants used in this report are calculated using 
the Glass model.3 
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Fig. C-2. Schematic of three-column system used in data analysis. 
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~ Liquid feed to the stripper 

~ Stripper off-gas. 

The off-gas component material balance data (streams 2, 8, 9, 15) 

are shown in Table C-7. Again, composition normalization was omitted 

due to the average material balance values of 1.04 and 0.97 for o2 and 

Kr, respectively. 

Th~ determination of flow rates and compositions of streams 1, 7, 

10, 11, 12, and. 13 is identical to that in the stripping experiments 

with the following modification, stream 1 (i.e., pump rate) is no 

longer equal to the liquid leaving the fractionator reboiler (stream 14). 

Stream 14 is defined by an overall material balance around the stripper 

column: 

where 

Q15 stripper oft-gas, scfm, and 

Q1 = liquid leaving the ~;;tripper r~boiler, 1:1efm. 

The calculatj_ons for the other streams proceed as in the Campaign III 

analysis substituting Q14 tor ~l whenever the ll4uiu rate leaving the 

fractionator reboiler is needed. The results of these calculations are 

shown in Tables C-8 through C-11. 

The fractionator column DF , HTU, and stripping factor are cal
c 

culated usiug ELJ.s. (1), (3), (4), (5) 1 and (6) with thP. following 

modifications: 



':able C-7. Gas-stream values for fractionation st~dies 

MeaEured 85Kr concentration Measured 02 concentration Measured flow rate 
Experiment ( Db) (%) (scfm)a Balance factor 

No. Stream 2 ~tream 8 Stream 9 Stream 15 Stream 2 Stream 8 Stream 9 Strean 15 Stream 2 Stream 8 Stream 9 Stream 15 o2 Kr 

C4-l7l 26.10 15.2 54.7 4.7 2.6 9.5 5.27 3.68 1.61 1.00 1.05 

C4-l8l 11.44 l. 74 28.92 24.62 11.9 7.3 1.14 25.2 5.97 3.35 0. 77 l. 69 0.96 1.02 

C4-l88 10.74 0.11 31.89 19.10 6.2 3.9 2.1 20.0 5.76 3.22 0. 78 l. 70 1.35 0.93 0\ 
\.0 

C4-l97 9.80 0.013 29.50 17.50 9.9 6.0 2.4 20.4 5.65 3.02 0. 78 1.67 0.96 0.94 

C4-251 27.70 0.35 52.50 54.20 6.4 5.4 0.8 lO.S 5.33 2.82 0.74 1.67 1.00 0.88 

C4-259 22.50 0.13 60.40 42.50 7.4 6.7 1.4 ll. 6 5.24 2.67 0.74 l. 68 0.99 0.99 

C4-266 20.70 0.09 56.00 33.70 7.3 6.3 1.5 12.0 5.17 2.59 0. 74 1.67 0.99 0.97 

aSTP 70°F, l atm. 



Exper.iment 
No. 

C4-171 

C4-181 

C4-188 

C4-197 

C4-251 

C4-259 

C4-266 

a 
STP 1 atm, 

70 

Table C-8. Equivalent pump rate 
for fractionation experiments 

Pump rate Temperature 
(gpm) (°C) 

0.5533 -27.3 

0.5533 -26.3 

0.5533 -27.9 

0.5533 -24.1 

0 .l!150 -29.8 

0.4150 -29.9 

0.4150 -:l9.8 

70°F, 

42.87 

42.69 

42.98 

42.28 

32.50 

32.52 

32.50 
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Table C-9. Calculated fractionator liquid feed 
for fractj_onator experiments 

Measured Calculated 
Experiment concentrations concentrations 

No. Q7 02 Krypton 02 Krypton 
(scfm)a (%) (ppb) (%) (ppb) 

C4-17l 44.48 0.06 4.66 0.35 1.84 

C4-181 45.15 0.45 1.53 1.05 2.10 

C4-188 44.69 0.41 1.34 0.80 1.28 

C4-197 44.73 0.38 1.19 0.80 1.17 

C4-251 34.91 0.40 3.35 0.54 3. 71 

C4-259 34.94 0.37 3.55 0.59 3.32 

C4-266 33.24 0.31 3.17 0.64 3.12 

a STP = 1 atm, 70°F. 



Table C-10. Calculated b·Jttcxn information for fractionation stuc.ies 

Calcu:.ated ilcw ~easured concentrations Calculated concentrations 
Experiment :-ates Stream 1~ Stream 10 Stream 11 Stream 14 Stream 10 

No. (scfm)a o2 Kr 02 Kr o2 Kr o2 i<r o2 Kr 
Stream lC Strean 11 (%) (ppb) (%) (ppb) (%) (ppb) (%) (ppb) (%) (ppb) 

C4-171 ... 5. 71 2.E4 o.oo:.;: 1.59 (.006 2.61 0.051 l!L03 0.0028 1.94 0.0058 2.94 

C4-181 46.46 3.(0 0.02:0 (•. 60 (.063 1.07 oJ .·435 7.15 0.024 0. 77 0.05 1.18 

C4-188 ~8.08 2. Sl 10.061 0.65 (•.11 1.04 0.953 7.3 0.052 o. 78 0.107 1.17 
...... 
N 

C4-197 ~6.02 2. s 6 0.05 0.53 C•.l 0.90 0.739 6.3 0.041 0.68 0.086 1.04 

C4-251 35.49 2. ~.5 O.OOC•D5 1.27 (1.0002 2.24 0.0005 15.4 0.00003 1.66 0.00006 2.53 

C4-259 35.26 2. Ctl 0.01:; !.59 (1.033 2.3 0.377 17.8 0.021 1.91 0.041 2.82 

C4-266 34.53 2.03 o.oo:· :..37 0.021 2.17 0.252 16.4 0.014 1. 76 0.028 2.62 

aSTP = 1 atm, 70°F. 



Table C-11. Calculated fractionator top information for fractionator studies 

Measured concentration Calculated concentration 

Experiment Calculated flow rate Stream 12 .Stream 13 Stream 13 
(scfm)a 02 Kr 02 Kr 02 Kr No. Stream 13 Str.:=am 12 (%) (ppb) (%) (ppb) (%) (ppb) 

Clj-171 45.71 2.84 0.64 23.5 0.04 2.74 0.04 3.28 

C4-181 46 .46. 3.00 9.9 10.2 0.23 1.05 0.66 1.38 

C4-188 48.08 2.91 5.6 8.7 0.25 1.01 0.39 1.26 -...! 
w 

C4-197 46.02 2.96 9.8 8.0 0.23 0.91 0.67 1.15 

C4-251 35.49 2.25 4.9 21.5 0.23 2.44 0.31 2.92 

C4-259 35.26 2.01 7.4 22.2 0.22 2.60 0.44 3.07 

C4-266 34.53 2.03 6.7 19.9 0.18 2.30 0.41 2.83 

aSTP 70°F, 1 atm. 
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1) X. = 02 concentration of liquid stream i, 
]_ 

2) * 02 concentration of in equilibrium with x. vapor xi' ]_ 

3) K 02 equilibrium constant based on pressure and 
0 

temperature at the bottom of the column, 

4) K. 02 equilibrium 
]_ 

constant based on pressure and tempera-

ture at the top of the column. 

The overall DF is calculated using Eq. (2) with the following 

modifications: 

1) xi = o2 concentration of stream i, 

2) Q1 is replaced by Q14 . 

C.3 References for Appendix C 

1. T. M. Gilliam, V. L. Fowler, and D. J. Inman, Krypton Absorption 

in Liquid co2 (KALC): Campaign III in the Experimental Engineering 

Section-Off-Gas Decontamination Facility, ORNL/TM-5655 (September 

1977). 

2. R. E. Treybal, Mass Transfer Operations, 2nd ed., pp. 250-53, 

McGraw-Hill, New York, 1968. 

3. R. w. Glass, T. M. Gilljam, and V. L. Fowler, An EII!P.~.E!.~.§-_! Model 

for Calculating Vapor-Liquid Eyuilib~ium and Associated Phase 

Enthalpy for the co2-o2-Kr-Xe System for Application to the 

KALC Process, ORNL/TM-4947 (January 1976). 
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