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A METHOD FOR RECYCLING RADIOACTIVE NOBLE GASES
FOR FUNCTIONAL PULMONARY IMAGING

- Massoud Forouzan-Rad
Doctor of Philosophy ; - ~ ‘Muclear Engineering

ABSTRACT

A theoretical treatment of the dynamic adsorption and desorption
processes in the adsorption colum is developed. The results of this

analysis are compared with the space-time measufements of 133

Xe activity |
distribution in a charcoal coiumn, when trace amounts of this gas in

- exponentially decreaSing concentrations are fed info-the column.

o Based on these investigations, a récyéling appafatus is designed

127Xe, in studies of pulmonary

for use with xenon isotopes, especially
function. -Thé.apparatus takes ad?antage‘of the high adsorbability of
activated coconut charcoal for xenon a low témpérature (-78°C) in oxder -
to trap the radioactive xenon gas that is exhaled during each ventila-
tion-perfusiqn study. The trapped xenon is then recovered by passing
low-pressure sfeam through the charcoal column. It is found that stéém
removes xenon from the surface of the charcoal more éffectively.than
does heating and evacuation of the charcoal bed. As a result, an

average xenon recovery of 96% has been achieved. Improved design’

parameters are discussed.

VII



A mathematical model is described thét intfoduces é‘new relation-
ship between the disappearance rate constant and the fmictiqnal air exchange
for any region in the lung by taking the motion of the respiratory cycle
into- accdunt. The re-svults of this approach were incorporated in computer
programs that’n_‘xay. be. used in dafa processing systems to provide an é.nalysis
of the morphology and dynamics of the lung ventilation and perfusion in
a great number of regions in the lung. The recycling apparatus would

facilitate the use of 2/

Xe, which has more favorable physical characteris-
tics than has the more commonly used 1:":”Xe. Use of this modéi and the
apparatus WOuld improve _fhe quantitation of ventilation and perfusion
defects because of the high resolution and detection efficiency obtained

with 127%e.
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Regional blood flow was first measured with

'However the use of

INTRODUCTION

The first investigations involving radionuclides for the study

of regional distribution of ventilation were undertaken by Knipping

~et al. in 1953 at the University Clinic of Cologne [1}.- After pre-

131

11m1nary experlments with volatlle I labeled alkyl 1odides, these

133Xe.

investigators developed a technique in which patients inhaled
The accumulation of radioactivity in various regions of the lung was
meaSured mith external countere (2,3]. This-procedure.enabled the l
detection of regional differences in ventilation cauSed by 1ocalidisease.

150 at Hammersmith Hospital

in London [4]. When 150 is inhaled in the form of carbon dioxide,

- the rate at which it is removed from a region of the lung during a

short breath-holding period 1s a measure of local blood flow [5,6].

15O is impractical because its very short half— -

11fe two mlnutes would requ1re that the clinical laboratory be ad- i

jacent to a source-producing cyclotron. Several later 1nvest1gat1ons,.
beginning with Ball et al. [7] at the'Royal Victoria Hospital in Montreal,

demonstrated that 133

Xe may be used for studles of re01onal ventilation
as well as regional lung volume and reglonal perfu51on [8,9].

In addition to these gases, rad1onuc11des~1n a-nongaseous state

'have been used for determining reglonal pulmonary perfu510n [10-23].

The first agent used was macroaggregated human serum albumln labeled

131, . 51 113m

with either I or ""Cr [11-13]. The short-lived radlonuclldes In



[14] and gngc were used subsequently, either incorporated in.inorganicv
éalts such as iron hydroxide, or bound to microspheres made of humén-
serum albumin [15-23]. This method is widely used for detecting re-
gional disturbances of pulmonary arteriél blood flow, as in the diagnosis
of pulmonary embolism.
| Early_radionuclide studies of regional pulmonary peffusion and
ventilation provided useful physiological information and the potential
clinical usefulness of this approach was quickly appreciated. However,
‘the radioactivity detectors used for these studies consiéted of several
individual scintillation probes positioned over the Chest, which pro-
vided only limited anatomical detail within the_iungs;  Deve1opment of
the gamma camera by H.O. Anger [14] has receﬁtly renewed intereét-in
the use of radioactive gases for determinationvof regional véntilatioﬁ
in patients [25,26]. These cameras offer better spatiél reoslution
than.mulfiprobe systems and, when fitted with a diverging collimator,
can view both lungs. They have .an additional advantage‘in that they .
providé serial images'during the uptake and clearance phases of_xenon.
in the lungs. | |
Images of the distribution of gamma radiation_may]élso be di;—
played in a digital matrix after accumulationlin a mﬁltichénnei.analyzer,v
orbin a digital computer, or after storage on é magnetic tape or disc
[27-34]. A numBér of systems are now commercially.available tolproyide
this sort of data collection.and.processing»[35-39]; In addition, small
computers have been interfaced succéssfully With the Anger scintillation
camera, so that the‘flexibility of a computer is immediately:aVéilable

for data processing.
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- One area where data prdcesSing systems may be uséfully applied
is in the evaluation of pulmonary function. By using the' gamma camera
coupled to a Suitablé data handling system, numerical indication of -

either ventilation or perfusion can be obtained. Of considerable interest

is the ability of some of these systems to present ”funétional images"

of regional gas exchange, regional bldod flow per unit of 1ﬁng'v01ume,
or ventilafion-perfusion ratios. In such an image, in which regional
rate constants are used, the functioﬁal relétionships of the lung during
the dynamic process até presented by a'singlevdisplayf This dispiay
provides in a readily assimilated form an indication of the way in which
variouslﬁartsiof the iuﬁg are working in cOmparisoh to each other. B
‘. Several methods have been reported that describe quantitative
évaluation of-the Venfilation and perfusion distribution‘in the human- 
lung ahd which use'the'scintillation cémera and a‘data.prdcessing system
[40-51]. In all these methods it is assumed that regional ventilationb
or the fraction of air ex;hanged:h;equal to the clearance rate cdnstant
during washout of 133Xe from thevcorresponding site. In this presenta-

tion, taking the respiratory cycle -into account, a model is described

that introduces a new relationship between the disappearance rate constant

and the fractional air exchange for any region in_thé lung.. Results

of this "approach were incorporated in computer programs that may be

used in data processing systems to provide simultaneous morphologic

and dynamic exploration of lung ventilation and perfusion for hundred .
regions in the lung. |
- The qualities of short biological half-life, inert;charactér,

and low solubility make noble gases almost ideal for pulmonary function



studies. Xenon-133 is still the most widély uSedifadioactive noble'gés,t
largely bécausé it is the only gas noQ generally a?aiiable with suitable
physical characterisfics.. However, this radionuclide is not ideai for
use wifhfthe scintillation camera because of the low abqndance and energy
of its gamma rays. | | |

| Xenon-127, which has more févoréble physicai charaCteristics; has

127

recently become available. The photons of Xe are more abundant and in

a more appropriate range for providing resolution and efficient detection.

127

Consequently, Xe, when used in conjunction with,a'scintillation:camera

and computer interface, allows better quantitation of ventilation and

perfusion defects. The half-life of 127Xé is 36.4 days, or approximately

3Ye. The longer physical life of 127ye does not

" seven times that of 1
increase the radiation dosage, which is governed by the shoft_biologiéél,
half-life. It is, however, an asset in terms of extehded shélf life, and
offers the pétential for recycling. In addition, this isotope is suitable
-~ for measufing cerebral blood flow and flow to other organs. |

A major.problem_in the clini;al usage of radioactiVe inert gaéés
arises from the faét that release of these-gases ¢aﬁ-create probléms.
Thereforé, eﬁgineering safeguards must be provided to.adequafely maintain
predetermined -emission standardé. To feduce the release of radioactive
effluent, especially 127Xe, an experiméntal and théoretical'design study

‘of a retycling apparatus was undertaken, and is described in the major

portion of the following text.
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CHAPTER 1.

. RADIOACTIVE INERT GASES IN PULMONARY FUNCTION STUDIES

I-1. A Review of Radioactive Inert Gases Used In Pulmonary Function .
Studies ° . } ’ -

- The‘radioéctive noble gases are used prin;ipally in nuclear
medicine to assess regions of deCreaséd ventilation and perfusion ih
~the 1ungs as well as regibnal blood flow in'other'areas. Tﬁese gases
provideraimethod for studying regional 1uhg function which gives infor—‘>
‘mation that cannot be obtained in ofher ways. A partial list of the
potehtially useful, radioactive inert gases, with their important physi-

cal properties, is given in Table I-1.

133

General,availability has made Xe the most commonly used radio-

nuclide for ventilation studies. Xenon-133 is a fission product that

results from neutron bombardment of 235U. The physical half-life of

133Xe is 5.27 days, and it .decays by emission of a beta ray'(E

= 347 keV)
133 ' :

Bmax

to the isomeric state of Ce. This decay is followed either by emis-

sion of an 81-keV photon or an internal conversion electron; the latter
is followed by the emission of K characteristic radiatioﬁ‘of 31'keV '

[53]. The decay scheme of 133

Xe is shown in Fig. I-1.
Radioactive'lSSXe was the first gas used in the investigation' s
of regional luhg function [54]. As many as 16 Geiger—Muller.tubesvwére

placed over the dorsal thorax, and the external counting rate was



Table I-1. Partial list of radioactive inert gases used for
: lung function studies.

Principal gamma
emission (keV)

Other modes of

Isotope Half-life deca
v (intensity %) cay
133 . e
Xe 5.27 day 81  (35%) . B(EB = 100 keV)
135, . | , N B
“Xe - 9.13 hr 250  (91%) B(EB = 500 keV)
127 o . | -
Xe 36.40 day 375 (20%) electron capture
203 (65%)
172 (22%)
81m, . . . 0 AT =
Kr - 13.00 sec 190 (65%) B(EB = 270 keV)
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o l33mXe
2.3 days 94
4
123 233keV
54 X

B~ 0015%
46 keV-

gng (Ground _;tqte_)

B~99%
347 keV

3

‘_ggcs (Ground state)

XBL761-5053

' FIGURE 1-1. Decay path of 1§2Xe.



recorded over multiple areas of the chest during breathing of air con-
taining 133Xe. The value of these investigations was limited, however,
as only the distribution of ventilation was studied. Several later

133Xe could be used for studies of regional

investigations showed that
ventilation as well as for regional perfusion [7]. In the original
methqd [7] six statiOnary.scintillation comnters fitted with cylindrical
coliimators were positioned over the back of the.thofax. Regional
ventilation wasidetermined by compafing the counting rate over thé 1uhg .
after é single breéth to the equilibrium counting rate when the isotdpe
was uniformly dispersed throughout the lung. Ah equilibrium count wés
used as a relétive index of the aerated lung volume, and the distribution
of ventilétion was expressed by static indiées based on the distribution
during breath holding after a tidal breath ahd after a maximal inspirationf
Since the static index was calculated from the ratio of two external |
- counting rates, it was independent of lung volume seen'by.the counter,
of counter sensitivity, or of chest wall radiation absofptioni When>
most of the ventilated xenon had been washed out of the lung; a known
‘amount of xenon (1 to 3 mCi) was injected rapidly into a.peripheral
vein and perfusion was determined during breath holding at maximal
inspiration. The distfibution index for perfusion was calculated
similarly_to the distribution index for ventilation. .

The analysis of wash-out curves is a léter method suggested |
for evaluation of poorly ventilated areas [55]. An assembiy of sciﬁ-
tillation probes or a gamma-ray camera is placed against_the posterior
of the subject, who is in either the upright or supine position. The

subject is connected to a closed-circuit spirometer containing approximately



Ja.

tion was to determine the rate at which 1

1 mCi/liter of radioactive xenon gas. He breathés continuously for a
few minutes until xenon becomes uniformly distributed throughout his

lung. When equilibrium is reached, the count rate over regions of the

133

chest are followed during the wash-out of Xe. while the subject breathes

room air. The wash-out curves are analyzed into exponential components,

whbse slopes give some indication of the ventilation rates for the dif-

~ ferent populations of alveoli in the region being examined.

“An-alternate approach used for the assessment of regional ventila- .

33Xe appeared during rebreathing

M\fgf;xehon in a Closéd circuit system [8]. This determination is based.

‘on the time required to reach 90% of the equilibrium counting rate in

the wash-in curve, expressed as a percentage of the calculated time,
assuming uniform distribution.
The other xenon isotope used for assesément of regional ventila-

135Xev[26]- It is produted from fission Of_ZSSU

tion and’perfusion was
in the reactor, and has'a felatifely short physical_haif—life of;9;13-hf{
ItS’decay scheme is. shown in Fig. I-2. Xenon-lSSIdecayé by emittiﬁg '
two groups of beta ra&é‘toithe excited states‘of 1:”.SCr. Emissioﬁ_of

the First group of beta rays (EBl = 910 - keV, 97%) 1is followed.by emis-
sion of 250 keV gamma rays. The second group of beta rays'(EBéu= 930 kéV%

3%) decays by emitting 610-keV gamma rays. Xenon-135 is a particularly

~useful isotope because it emits essentially monoenergetic, 2504keV'

ganma rays. In addition, because a photon is emitted in 95% of thé
35

_‘decays, 13SXe has a high gamma-to-beta ratio. The use of 13 Xe for

‘quantitative and topographical evaluation of ventilation and perfusidn

distribution in the human lung has been investigated in four normal

subjects [26].
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Recently, the usefulness of a new xenon isotope, 127Xé, has been

investigated for 1ﬁng'imaging studies [56]. This xenon isotope has more .

133

favorable physical properties than Xe and is a more suitable radio-

nuclide for imaging with a gémma camera. Xenon-127 decays-by.electron

27

capture to the excited states of 1 I with a half-life of 36.4 days.

The energies and intensities of gamma radiation emitted by these excited

133Xe; 127

states are summarized in Table I-2. Compared to Xe has a higher
photon yield per millicurie, better photon energy for imaging with the
- Anger scintillation camera, lower radiation dose to the patiént per useful

photon detected, and lbnger shelf life. The longer physicélvhalf-life
127

of " 'Xe is a substantial practical advantage because the biological -
‘half-l1ife of xenon in the 1umg$ is short. Figure I-3 shows the decay
127 ' ' '
Xe.

scheme of
Krypton is the other noble gas used for lung function studies.
Generator-produced 81mKr has been investigated as a potential isdtope

for pulmonary perfusion and ventilation studies [57,58]. Krypton-8lm

(T-1/2 = 13 sec) is milked from its cyclotron-produced parent, 81Rb

(T-1/2

4.7 hr). It decays by isomeric emission of 190-keV gamma rays

81Kr (T-1/2 = 2.1 % 105 yr), which then decays by electron capture

8lpr. Although 8Imy has an ideal gamma-ray energy for imaging

(65%) to
to stable
with the Anger scintillation éamera, its shoft half-life limits the type
of study that can be performed. = Other isotopes of_thé inert krypton; -
such as 85Kr (T?l/Z = 10.76 yr) that is 'a weak beta emitter (EBmaX =

0.67 MeV), havé been used for assessment of regionél blood:flow. The
unsuitéble physical characteristics of these iSotopes have'discouragéd

investiagtions of them as tracers for lung function studies.



Tabié I-2. Photon emissions of 1§ZXé.

Energy (keV) ‘Intensity (%)
375 20.0
203 65.0
- 172 ' . 22.0
145 '_ 4.2

58 1.4

e



FIGURE I-3.

13
- EC47%
\ EC53%
2 753% |
|72 keV Y47 %

B | - 2375keV
Yy 94% 6% Q0

Y0.7%
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XBL761-5051

Decay. path of léZXe.
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I-2. ~ Production and AVailability.of Xenon Isetopes‘

- The most convenient and inexpensive method of produc1ng radio-
1sotopes is by bombardment of a suitable target with neutrons 1n51de:
- a nuclear reactor. Practlcally all medlcally 1mportant_ratlolsotopes
are produced in this way; however eoﬁe target materials must bevbem— o
barded with positively charged particles in a cyclotron.. -

.Xenon-133 1s now exteneively used for the measuremenf‘of regional

ventilation and blood flow because it is readlly available and has.
reasonably useful physical characterlstlcs As a:radlopharmaceutlcal;'
,133Xe mixed with air or dissolved in sterile saline'is available from
severallcommercial suppliers. Altheughvthe convenience of having it
vdelivered,in this form is considerable,'fhe cost is high; As a radio-
chemical, 133Xe gas is readily and inexpensively obtained from Oak
Ridge National Laboratory [59]. It is supplied as a gas.either sealed
in glass ampules or in metallic cylinders at low pressure and high .
specifieeactivity. Techniques have therefore been deVeloped'by many
1éboratories for handling curie quantities of this,radieisotope and
for dispensing individual doses as gas'and in saline fpf administration
to the patieﬁt [60-68]. | |

‘. Xenon-133 is produced in reactors'and.obtéined through recovery
of fission products. At Oak Ridge National Labofatory {69], 133Xe is
produced by irradiating aluminum clad fuel cylinders cemposed of 5 ¢

235

of 93% U alloyed with 31 g of aluminum. When the aluminum is dis-

selved, the released 133Xe is trapped and purified. The radiochemical
purity obtained is greater than 99%; trace quantities of the atmospheric

gases, 85Cr, 132Se,'and 131mXe are present. The 235U fission-product
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133

decay chain that leads to "~ “Xe is given in Fiﬁf I-4. " Direct fission.

Yields'and.physical half-lives are listed below each nuclide. - Thermal-

235 133

neutron fission.of “7°U yields 6.62% Xe.

Xenon-135 is superior to 133Xe because it émitS'ZSO—keV'photons
which, although not strongly absorbed in body tissues, are easily de-

tected in the thin scintillation crystal of the gamma camera. However,

l-35)(6 is not readilyvavailable because of its short 9.13-hr half-life.

235,

Xenon-135 is produced through-fissidn of U in the reactor. The fis-°

235U fission leading to 13SXe is given in Fig.

I-5. Thermal-neutron fission of 255y yields 5.9% _135Xe.

sion-product chain from

Xenon-127 has become-recently available. It is being produced
in relatlvely large quantities in the Brookhaven Linear Isotope Pro-
ducer [52]. Xenon 127 may be obtalned by u51ng a reactor or a cyclotron

- The possible reactions for cyclotron production of xenon are the fOIIOW1ng:

127 127
I (p,n) 54Xe
127 127
I (d,2n) 54Xe
127 127
I (T,3n) 54Xe
‘I 7

Cs (p,2p5n) 12

Iodine may be irradiated in the form of sodium or potassium iodide. .
~ When a 15-MeV deuteron beam with a 30 HA Curfent'is incident to a Nal
pbwder target, yields of approximately 150 pCi/uA-hr were obtained [70]. /

Bombardment of ‘the Nal target by a beam of 15-MeV protons has yielded
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60 to 80 pCi/pA-hr [56]. The Brookhaven Linac Isotope Pfoducer, with
a time-averaged beam current of ~ 180 VA, yields 15 Ci of 127Xe during
720 hr of photon bombardment (~ 100 to 200 MeV) of a cesium chloride

target [52].

I-3. . Handling of Xenon-133

Xenon-iSS is used clinically for an increasing variety of_lung
function tests, as well as for circulation studies. Techniques have't
therefore been developed by many laboratories for handling,curie'quan4
tities of these radioisotopes and for dispensing individual doses as
gas and in saline. | |

There are some important factors to take into account Wheh_

133%e. This isotopeiis highly sbluble_in oils, gfeases;

manipulating
rubbers, and a variety of plastics. A specimen of Buna—N;Nitrile_placéd
in xenon solﬁtion for 24 hr absorbed 19% of the radioactivity; the |

- quantity absorbed by a similar specimen of VitOﬁ was. four times 1ess.
[63]; When a.bolus of xenon was injected through Teflon, polyethylené,:
and p01Yethané catheters, the uptake was found to be 0.5 to 2.0 percent.
Depending upon the.duration of contact with the plaStic disposable
sYringes; 5 to 50 percent of- the 133-Xe‘was found to be absorbed. There-
fore, only glass sYringes, which take up less than 1% of'the.xenon,, |
should be ﬁsed for dispensing this solution, and the use of lubricants
such as paraffin or silicon should be avoided. Another qonsideratioﬁ

is that the partition ratio between air and water exceeds 10:1 for xenon.

For example, 1in a 15—cm3 vial containing 10 cm3=of saline 'solution,
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‘more than 90% of the 133Xe will be in the gas phase and not available
for injection. As a result, it is necessary to avoid the introduction

of air bubbles during the preparation and use of such solutions.

I-4. Radiation Dosimetry of Xenon Isotopes

Administration of millicurie amounts of radioactive inert gases“
such as xenon to patients results in just millirads of tissue radiation
exposure. This remarkably low exposure per unit of radioactivity is
due to the very rapid and effective elimination of the gases by the
‘lung and the low solubility of the gases in body tissues. The solu-
bility coefficiénts are listed in Table I-3 [71]. In pulmonary studies
the biological half-life of xenon is 1 to 10 minutes, much less than
that of other radioactive tracers used in clinical applications.
Estimates of the absorbed radiation does to body tissues that is as-
 sociated with the use of xenon radioactive gas in the 1ungs have been
published [66,72]. |

133

The tissue radiation dose from Xe inhaled in one minute at

a concentration of 1 uCi/cms corresponds to intravenous injection of

133

5 mCi of Xe in an average normal subject [72]. LaSsen has used the -

classical equations for computing absorbed dose,

' t : _ .
D, =35.5+«E - f 2 C(t)dt millirad, ; - (-1
B 8 ¢ , _ 7
_ ' tz : S - . .
D =0.0l6+1 «p-g [ C(t)dt millirad, (1-2)
¥ Y t, , o

1
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Table T-3. Solubility coefficients of 133Xe.
Tissue ml of gas/ml of tissue
Fat | | 1.70
‘Whole blood 0 0.18

Other tissues | 0.13
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where - E, is the mean energy of the beta narticles in MeV,

C(t) _1s the concentratlon of the isotope in microcuries for '

one gram of tlssue as a functlon of time,
‘1 is the gamma dose factor in r/mC1—hr at' 1 cm,
is the specific gravity, and

g is the geometric factor.

Lassen hes obtained the results summarized in Table I-4 [72].

" A newer technique has been recommended by the Medical Internal
Rad1at10n Dose (MIRD) Commlttee of the Society of Nuclear Medicine
[73-75}. This technique has been applied by Loken and Kush‘[66]vto

calculate the dose to lungs during rebreathing and wash-out of 30'mCi'of

‘133Xe from a 3-liter spirometer. The same technique has also been used

to calculate the dose to body tissues durlng lung perfusion- Ventllatlon

133

studies after intravenous 1n3ect10n of 30 mC1 of Xe. The f0110w1ng

expression was used to calculate the absorbed dose by the MIRD tech-

nique:

D=A/m Z b.¢; Tads, - (1-3)
i : : _ :

“where A is the cumulative activity in the source region'(uCi-hr),-

m is the mass of the organ for which the absorbed dose is

being calculated (g),

A, 1is the equilibrium absorbed-dose constant for radiation of
type i (g-rads/pCi-hr), and

.th

is the absorbed energy fraction for the i type of"

radiation (dimensionlesé).



Table I-4. Radiation dose in millirads for !'33Xe
: inhaled in a concentration of 1 uCi/cm?
for 1 min corresponding to intravenous
injection of 5 mCi of '3*°Xe [72]..
. , B Y Total
Tissue Dose Dose Dose
Tracheal mucosa
(mucus thickness 100 ) 95.1 1'20 96.30
Lung 16.1 1.20  17.30
Adipose tissue (10%) 7.8 0.80 8.60
Other tissue 0.6 0.80 1.40
Gonads 0.6 0.33 0.96
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Loken and Kush [66] assumed that an instantanedus.equilibrium

—

‘of xenon gas occurs between the spirometer and the subject, who has a
. tidal volume of 5 liters, a functional residual capacity of 3 liters,

and a lung mass of 1000 g. Their results are summarized in Table I-5.

25X

A complete comparison of the dosimetry calculations of 1 e,

133

, 127 Xe, as used for a régionél puimonary function study, has

Xe, and

been made by Goddard aﬁd Akey [76]. Assuming an exponential model for

- wash-in and wash-out of gas, they showed that the integral value for

the speéific activity—tihe relationship is.always equal to'the product

of the original spirometer concentfatibn and the duration of the'ref

breathing'period. The beta and électron doses to lungs, blood,‘fat, |

and gonads were calculated by using equétion (1-1).. The MIRD Committee

caléuiation was used to determine. the gamma radiétion dose to different

tissues. In their calculations they assumed the following: the lung

mass 1is 1000vg;.the.1ung mean density, 3 mg/cms;-vitél.céﬁacity, 5

liters;'functional reéidual capacity, 2 liters; mean tidal volume,

1 liter; concentration of xenon in the spirometer, 1 ;ms/l_; rebreathing

time; 3 min. | | |
The dose to mucosal surfaces has been calculated for a hemi -

cylindricalvairway, assuming a l.5-cm rédius, a 1ength_of 10 c¢m, and

a mucus layer of 5 um. Table I-6 summarizes doses in millirads to‘_b

Various\ti§Sues during rebreathing-washout, single breath-washout, and

25X 127 133

10 mCi intravenous (I.V.) injection-washout of 1 Xe, ~"'Xe, and Xe.

Total radiation doses received in various tissues (in millirads) from
these isotopes used during a lung function investigation are also 1isted,

125 127

Doses from ““°Xe and Xe to the lung, blood, fat, and gonads differ

by less than 10 percent.



Table I-5. Typical radiation dose in mllllrads durlno pulmonary
function evaluatlon with '3%Xe [66].

Procedure Lung |Fat (10%) | Blood | Other
: . ‘tissue
VENTILATION
N 8 | 80.5
Rebreathing
Y 2.7
(B | 42.0
Washout
Y 1.4
Total dose 126.6

PERFUSION-VENTILATION

First breath-hold 8 i 34.8

(20 sec) Y % 1.2

Rebreathing to ﬁ ’ -
equilibrium (120 sec) B }187'0 7771 ) 8.1 5.8
and second breath-hold ‘ _
(20 sec) and washout 6.3 1.2 1.3 0.8
Third breath-hold’ B ¢ 25.2 4.9 0.5 | 0.4
(20 sec) o : 4 : '
and washout y : 0.8 0.8 —. C -
Total dose - '255.3 | - 84.0  |. 9.9 | 7.0

e

One minute of rebreathlng from a spirometer contalnlng 30 mCi
of '3¥3Xe.

TIntravenous injection of 30 mCi of !33Xe.



Table 1-6. Doses in millirads to various tissues for different procedures [76].

- Procedure : lang - BlOOd. Fat Gonads airway Mucosa
Rebreathing )8 37.00 30.7 24.0 3.0 640.0
and washout ly 2.0 0.7 0.7 0.7 2.0
‘Single breath {8 29.0 1.0 8.0 1.0 260.0
and washout ly 1.0 0.3 0.3 0.3 1.0
IV injection B 38.0 82.0% 10.0 1.0 256.0
and washout Y 2.0 0.4 0.4 0.3 1.0
Total dose 108.0 91.0 - 43.0 6.0  1160.0
125Xe or 127Xe:' - - | 125Xe u127x‘3
~ Rebreathing B8 9.0 0.7 6.0 0.7 130.0 . 71.0
and washout Y 8.0 3.0 3.0 4.0 8.0 8.0
Single breath B 7.0 0.2 2.0 0.2 53.0 - 29.0
-and .washout R% 5.0 1.0 1.0 1.0 5.0 5.0
IV injection  f8 9.0 20.0* 3.0 0.3 52.0  29.0
and washout (y‘ 6.0 2.0 2.0 2.0 5.0 5.0
Total dose 450 35.0  16.50 7.0  250.0  150.0

& .
Dose for 10 ml volume.

S¢
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- Because of the different methpds and assumptioné employed in.
each case, the results of éstimates of absorbed radiation dose vary
to éome extent. Calculations indicate that fairly large quantities
(millicuries) of a xenon radioisotope can be administered to a patient
without excessive radiation exposure [62,72,76], The dose to the cells
lining the majbr airway is higher than that received by other tissues
in the body. Of the three nuclides examined, 127Xe'gives the lowest
radiation dose during a typical lung function study..VXenon+125 hés

the disadvantage that it decays to 1251. It has been calculated [76]

that for a typical ling investigation, approximately 1 uCi‘ofvlzsl
would be deposited in the body, and would result in a radiation dose

of 1500 mrad to the thyroid gland and 4 mrad to the whole.body.

I-5. -Release of Radioactive Xenon Gases

Unless properly contained or vented, éxpired radioactive kehon
cah'beva source of radiation exposure. The usual disposal method is
to exhaust the xenon gas to the atmospherevthrough thé ventilation
'system.. | |

The.United States Nuclear'Regulatofy Commiésion, 10 CFR 20 [771,
“has set theifollowing limits on the maximum concentrations of radio-
active xenon gas that.are permitted to be dispefsed into the atmosphere
through a stack, pipe, or similar structure (thése concentfations‘aré

averaged over a one-year period):
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Maximum Concentrations in Air

~ Isotopes (uCi/ml) Averaged Over a Year
131m, 107 B
54Xe 4 x 10
133 an- 7
- 54Xe 3 x 10
135 T
54Xe 1 x10 *
Other xenon isotopés -10
with half-life greater 1 x 10

than 2 hr .

For a nuclear medicine 1aboratory that releaées'SO,mCi of radio-

actiVefxenon:gas per week to the atmosphere, volumes of air contaminated

to the aboye concentration levels are calculated to bev 3.68 ><v105

133 127

‘and’ 8 x 10° cubic meters for Xe and Xe respectively. Therefore,

to minimize the atmospheric contamination caused by release of these

127

isotopes, especially Xe, it is preferable to confine and recycle

them.

' I—Q. Methods Used for Containment of Radioactive Inert Gases

The widespfead use of_radioactive xenon gas.in éliﬁical'appliga_
tions as well as in medical research has led laboratories and indusfries
to develop systems for delivering and containing xenon for these studies_
[60-68,78,79]. There are two methodsvfor collection and coﬁtainmenf
of inert gases like xenon: One is the cryogenic téchnique,'wherevradio—
éct&ve gas is frozen out in a trapvcooled with liquid nitrogen;7 The
other method takés advantage of the high adsorbability of activated

charcoal for xenon.
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In the cryogenic trapping system [79], the eXhaled alr and radio-
active Xeﬁon from the patient pass through a chemically activated tré’p, B
which removes the moisture and carbon dioxide from the gas mixture.
- The remaining gas is channeled to the trapping System composed of three
different shells: The inner shell is a baffle assembly for freezing |
xenon; ‘the middle shell contains pressurized 1iquid nitrogen, and the
outer shell is a vacuumed Dewar véssel. Xenon is froZen'inéide‘the
inner sh¢11 and the remaining gas.mixture is pumped out with a high-
~ volume pump. The major difficulty with this techniqﬁe is the 1iquifi—
cation of air in é static state which results in abdangerous condition‘
where the trapped gas is allowed to return to room temperature.v

| Tréps containing activated charcoal as the adsorbént have been '

investigated for use in pulmonary studies by directly'tollecting'133Xe
from the exhaled breath of_patients [80]. bThevbasic trap consisted of
two cylindrical glass vessels each containing 100 g of loosely packed
activated carbon granules. A moisture pretrap, consisting of a glass .
cylinder filléd with Drierite (CaSO4), was connected iﬁfegrally to the
inlet of the trap system at a flow rate of about 6 %/min.. A pulmonary
bag was used .as a damping volume to accommodate the nonuniform flow of
exhaled air. The above sefﬁp was used to study fractional efficiéncy
of xenon as a function of temperatufe [80]. Recently, commercial.units_
containing charcoal-filled cartridges have been marketed by Atomic
Developmenf Corporation, Radiation-Medical Corporations,_and.others,

Although various designs have been developed for a delivéry and
trapping system to be used with radioactive xenon gas in these types |

of studies, no attention has been given to the design of a recycling
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“system. The high cost of production, long half-life, and hazardous
releéSe of radioactive effluents were incentives for the design of a
recycling apparatus to be used with xenon isotopes, especially 127Xe,

in pulmonary function studies.



CHAPTER II.

THEORETICAL TREATMENT OF DYNAMIC ADSORPTION
AND DESORPTION PROCESSES

I1-1.  Theory of Adsorptidn'

The method often proposed for removing small améunts of radio-
active noble gaseé from large volumes of carrier gas is by adsqrption-
onto solid adsbrbents. It is possible to aéhieve large decontamina-
tion and volume reduction factors by using 'solid adsorbents under pfbper
conditions, thus reducing the problem of releasing these gase§ to the
étmosphere.

When a gas molecule impinges against. any solid surface ffom a
random direction it caﬁ either bounce back from the surfaée elasticglly,
with the anglé of deflection equaling the angle of incidence, or it may
stay at the surface for a period of time and come off in a direction
unrelated to that from which it came. The iattér is usually the case,

- theiresidence time depending on the tybe of molecule, its kinetic energy,
and the nature_and temperature of the surface. Clearly, when gas mole-
éules strike continually upon a surface and remain there for a certain

. length of time before re—evaporating we shall find a higher conceﬁtra—
‘tion of the gas at this surface than in the bulk of gas. This tendency
exhibited by all solids to condense upon their surface a layer of any

gas with which they are in contact is termed adsorption.

30
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The atoms or molecules constituting a solid are held together

by different forces. Whatever thevnatﬁre of the forces, an étom_lecated
inside the body of the solid is subjected to equal forces in all direc-
tions; whereas an atom in the plane of the Surface is subjected te un-
balanced forces, the inward pull being greater than the outward forces.
This results in a tendency to decrease the surface area; Any process
thet tends to deerease the free surface energy (the product of surface
tension and surface area) occurs sponténeously. An atom er a molecule
of a gas adsorbed by the solid, saturates some of the unbalahced forces
of the surface, thereby decreasing the surface tension; Thus all adsorp-
tion nhenomena are speﬁtaneous, and result in a decrease of the system's
free energy. The process also involves loss of degrees of freedom;
therefore there is also abdecrease in entropy, and the adsorption procees
s always exothermic, regardless of the type of forces involved.

| The forces that cause.adsorption are the same ones that cause
cohesion in solids and liquids, and are responsible for.the deviation
of real gases from the laws of ideal gases. The basic forces causing
' adsorption can be divided into two groups: intermolecular or Van der
Waals, and chemical, which generally involves electron transfer between
the solid and the gas. Depending upon which of these two forces‘plays
the ﬁajor role in the adsorption process, it can be classified as either
physical adsorption (van der Waals) or chemisorption. JThus, if in the -
procese of adsorption the individuality of the adsorbed’molecule.tad—
sorbate) and the surface (adsorbent) are.bresefved,’we have.physicali

adsorption. If electron transfer or sharing occurs between the adsorbate
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and the adsorbent, or if the adsorbate breaks up info.atoms'or radicals
that are bound separately, then we are presented.With.chemisorption.

- The number of molecules present_on a surface at any one time
depends on-the,npmber of molecules that strike the surface and the dura;
tion of theilr stay, ''residence time." If n molecules strike a unit
area of a surface per unit time, and remain there.for‘an average time

T , then we shall find o molecules per unit area of surface as
s=nt , o (2-1)

: where‘cm2 is a unit of area, the second is the unit of time, and n
is the number of molecules striking 1 cmZ/Sec.
By using Maxwell and Boyle-Gay Lussac eqUations; the following

relation for n éan be‘obtaiﬁed'[81] o

= _:gg;:: - o (2-2)
v/ 2nMRT o
where N = Avogadro number, giving the number of_moleculés/mole,
P = pressure in mm of Hg,
‘M = molecular weight,
T = absolute temperature, °K
R = molar gas constant.

Evaluation of this expression by using the known figures gives

22 3 '
o= 352 x 10%7 x P L (23

VM

The residence time 1 ‘is greatly dependent on temperature.

Theoretically, from the Frenkel equation [81,82]:



‘of the same order of magnitude, namely 10
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CY/RT

0 ) (2_4)

~ where Ty 1s the time of oscillation of molecules in the adsorbed

state. o has a direct relation to the time of vibration of the con-
stituent molecules or atoms of the adsorbing'surface,'and it will be

12 to 101_14

sec [83]. Q is
the heat of adsorption, or the amount of heat that is liberated when

the molecule changes from the gaseous to the adsorbed state.

IT-1.1 Adsorption Equilibrium

Adsorption equilibrium is defined-és when the number of:mole-
cules arriving on the surface is equal to 'the numbér of molecules leaving
the surface in the.gas phase. As diséussed_previously,-the adsorbed |
molecules ethangé energy with the structural atoﬁs of the surface,
énd‘provided that the fime of adéorption is long enough, they will be

in thermal equilibrium with the surface atoms. In order to leave the

“surface, the adsorbed molecule has to take up sufficient energy from

the fluctuations of the thermal energy at the surface so that the energy

'Corresponding to the normal component of its vibrations surpasses the

“holding limit.

- The amount of gas adsorbed when equilibriﬁmbis established at
a given.temperature and pressure is a function of the nature of the
adsorbentvaﬂd adsorbate. This includes on the one hand'the physiéal
structure of the adsorbent (the extent of its surface, the size, shape,

and distribution of pores) and its chemical constitution -- and on the
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other, the‘physiéal and chemical properties of the adsorbed gas mole-
cules. .Correlation of adsorption with certain physical properties of
adsorbed gases has revealed [84] that the most easily condensable gases
are adsorbed in the largest quantities by a given adsQrbeﬁt. A study
of the volumes of the different gases adsorbed by a given weight of
adsorbent af a cbnstant temperature and pressure shows that the adsorp;
tion increases as the boiling point of the gas increases. Table Ii-l

shows one study that demonstrates this [83].

I1-1.2 Adsorption Isotherms

For a partiéular gas and a unit weight of a particular adsorbent,
the amount of gas adsorbed at equilibrium is a function of the final

pressure and temperature only:
a= f(p,T) ’ : (2-5)

where a is the amount adsorbed per gram of adsorbent, p 1is the
equilibrium pressUre; and T 1is the absolute temperature. .When‘true
equilibrium is present it does not matter whether the initial pressure
was higher or lower than the final pressure. At any specific final
pressure, the amount bf gas adsorbed is always the -same. This is also
true with respett to temperature. Usually either thé pfessure éf tem—
perature alone is varied, while the other is kept constant. When the
pressure of the gas is varied and the temperaturé is kepf‘constant, the
plot of the amount adsorbed against the pressure is called the 'adsorp-

tion isotherm," and the isotherm equation is



Table II-1. Absorption of gases by one gram

K

of charcoal at 15°C [83].

Volume adsorbed

Boiling point

oas (cn®) (°C)
coct, 440 -8
sozv 380 - 10
| CHCL 277 - 24
-NH3 181 . 33
H,S 99 - 62
HCL 72 - 83
N.0 54 - 90
CH, 49 s
, 48 - 78
CH, 16 - 164
o 9 - 190
o, 8 - 182
N, 8 - 195
H 5

- 252

35
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a=f() ,when T = constant . - (2-6)

This is the most frequently detemmined experimental relation in the
field of adsorption. Isotherms of xenon and krynton gases on charcoal
are shbwn in Fig. II-1 [SSj. Inserting the generalized value for n
from equation (2-2) and values for T from equation (2-4) into equafion
(2-1), we get

5 NP - JU/RT

= — (z-7)
\/‘ 2mMRT ,-:

For constant temperature, because the adsorbent and the adsorbate are -
defined, M and T are constant. Thus we arrive at the simplest form

of the adsorption isotherm: the linear adsorption isotherm .

o=k -, | (2-8)
in which
Nt eQ/RT o _ ‘ ’
ko= ——— .o j (2-9)

v/ 2tMRT

Equation (2-8) shows that the amount of gas adsorbed will be directlyv ,
proportional to the pressure. Since the adéorption pfocéss isvaIWays'
exothermic{,tﬁe amountradsorbed at equilibrium élways decreases wiphfin—
creasing témperature. Fig. II-1 shows that this is actually the case:

. the lower the temperature the greater the adsorption.

| A number of equations have been developed to follow the actual

" detail of the adsorption equilibrium process. The oldest and stilllwidely

‘used isotherm equation is the Freundlich [86] empirical equation
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FIGURE II-1. Adsorption isotherms of xenon and krypton on charcoal
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v, = !V | (2-10)

where Va is the volume adsorbed'per it weight of adéorbent? p 1s
the equilibrium pressure, and « and v are constants. In general; a
large number of experimental results in the field of van der Waal's adsorp-
tion can be expressed by means of the Freundlich'équation in the middie |
pressure range. Adsorption of xenon on charcoal (Fig. II?l)vis one of
the examples where the Freundlich equation is obeyed.

| | The Freundlich equation is useful as an empirical formula.but a
" better equation'has.beén devéloped by Langmuir [87]. Derivation of the |
Langmuir isotherm is based on two assumotions: The first is that the
probability of a molecule evaporating from the surface is the same whether
or not the neighboring surface positions are occupied by other molecules.
This is equivalent to assuming that the forces of inteféction between the |
édsorbed molecules themselves are negligible; The second aésumption_is
that any molecule coming from the gas phase and strikihg a molecule that
is already adsorbed on the surface is elastically reflected, so that only
those molecules that strike the bare surface condense. This assumption
'is-équivalent'to the postulation of a unimolecular layer of adsorption.
The maximum amount of adsorption will be reached when the surface is covered
, with an adsorbed layer of molecules closely packed two-dimensionally,
“and no" adsorption can take place upon the unimolecular adsorbed layer.

If we denote by o the number of adsorbed molecules per square centimeter

o
of surface that would form a completely filled unimolecular. layer, and
by o the number of molecules which are actually adsorbed, we see that

the number of places available for adsorption will be Oy = O - If n

molecules strike every square centimeter of surface each second, a frac-
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tion, 0/00 ,.will_strike on molecules that are already. there, and will
return to the gas phase immediately. It is, therefore, 1 -'(o/oo)

~which is available for adsorption. Equation (2-1) now modifies to

c =n(l - O/OO)T R , (2-11)
This may be written as
0Nt
o= 0, * It : ) : (2-12),

Instead of the'surface concentration one may use the fraction of the

surface covered,

,— : ) e ] | ) .
or
nT/eO ‘ ‘
e\. = m7e—o- . . B . . (2'14)

Substituting equation (2-2) for n , one obtains the Langmuir isotherm

. equation

=_~l<L T - '
6 1+ kp 2 ' ‘ (2-15)

where
. } N .
k = x 1/0 (2-16)

\ 27VRT °
is the adsorption coefficient and a function of tempefatdre only.

The limiting form of the Langmuir isotherm at high and low pres-

sure 1s important. At low pressure the term kp of equation (2-15) becomes
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~ small with respect to 1, and equation (2-15) reduces to

Therefore, the adsorption varies linearly with pressure, as in equation
(2-8); i.e., the Langmuir isotherm reduces to a 1inear isotherm at low
pressure. In.the high pressure range, the term kp becomes large with
respect to 1, and 6 approaches 1; i.e., the adsdrﬁed_monolayer will be
completed or saturated. o

The appllcatlon of adsorbents for removal of radioactive inert
gases such as xenon from a flowing gas stream 1nvolves the use of a dy-
namic system. Generally the gas mlxture is passed through the adsorbent

which is used in a fixed bed.

II-2. Dynamic Adsorption Process

In the process of dynamic adsorption, an adsorbate such as xenon
is physicaliy adsorbed from the carrier gas stream, air, onto the surface
of a solid adsorbent such as activated charcoal.v»Af every point, gas
molecules will be desorbed from the surface at a”iower rate as others
are being adsorbed from the gas stream. This procéss effectively increases
the time required for a noble gas molecule to paés.through a portion of
the adsorbed system relative to the passage time required for the carrier
gas nnlecules,'and results in the creation of a concentration wave front
in the adsorbent bed. The wave front moves from fhe inlet end of the bed
toward the outlet. This is an unsteady state pfocess, the xenon concentra-

tion being a function not only of space but also of time.
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Several theoretical treatments have been uSed to Charactierizév'
the dynamic adsorptibn process. Recent developments have included ét-
tempts to describe an adsorber bed in terms of the numbef of discrete

vtheorefical stageé that it represents under a given set of bperafing
~conditions [88,89]. In one of the later approacher, pfopdsed_bvarowning
and_Bolté [89], it is assumed that a series of N - theoretical chambers
comprises the adsorber colum, and that the gas flow into each chamber

is instantlf'diStributéd and Brought'to adsorption equilibrium. For
iinear“adsorption'isotherms,“Which apply at low adsorbate concehtratidns,

the mass balance for the adsorbate across each of the N stages is

| o - | . : ]
dgi/dt = de (gi gi—l) S (2-17)

where gi volume fraction of adsofbate gas phase ieaving.thé ith stége-

at time t ;

F = total gas flow rate;

it

M = total charcoal‘mass;
N = number of theoretical equilibrium stages,
t = time; and

_kd = dynamic adsorption coefficient.

Solution of the series of N differential equations for a unit input

pulse at ﬁime t = 0, yield the following effluent concentration profile_

for the N stage:

N_N-1,N-1 ( NFt/k M) , '
S| NE T e & (2-18)
N - DKM - ~

EN
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By differentiating equation (2-18) with respect to time and setting the .
“result equal to zero, an equation relating the number of theoretical
plates to the time necessary to reach maximum concentration of the ad-

sorbate in the effluent is found:

' M\ | | -
nax = (B_ﬁ;l)'<—%_') " - (2-19)

This model, whilévpredicting the distribution of the.édsorbate in the
effluentvfor.a pulse ihput of noble gases, does not pfovide the spatiai'
distribUtiqn of the concentration wave in the adsorpfion colum.

The most general méthod available for the prediction and inter-
pretation of adsorption colum performance is that of Thomas [90,911.
He has developed, for cases of constant input rate of adsorbate, explicit
general relations for the saturation of an initially empty adsorbent bed,
as well as for the converse elution of a completely Satufated colum.
Applying a modification of his adsorption kinetic approach to‘the‘case
of exponential input of radioactive gas, general relatidns are developed
for-the adsorbed xenon concentration in.a charcoal colum éndfan.air

stream during the dynamic adsorption process.

11-2.1 Cdﬁservation'Equations

Consider a Streamlof xenon and air flowing through a bed of
éharcoal with cross sectional area Ar cm2 and length L cm, as indi-
cated in Fig. II-2. The conservation condition for é quantity of xenon
which enters a‘léyer of charcoél of thickness dz in.time' dt may be

expressed as .follows:
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_ A : :
;Ath = 3t (Adz)dt + (cA +deA)th o (2-20)

- where Ca concentration of xenon in air stream in adsorptlon process
3
uCi of xenon per cm~ of air;

concentration of adsorbed xenon in bed during adsorption

p =
process, uCi of xenon per cm3 of bed; and
F = volumetric flow rate of gaseous mixture cms/min }

 Equation (2-20) may be arranged to give

aq '
o A %% | o
— dCA = F —r dz . : (2 21)

Because N is a function of the variables 'z and t , the total dif-

. ferential is

dc, dc, o
d?A =(-337>tdz + <—3E-)Zdt | - o o (2-22)
Taking
dz/dt =u , . : (2-23) -
and .
EéuAa . | | N {2'-24)' "

where u is the linear velocity through the interstices between charcoal
particles and o is the porosity (i.e., the fraction of voids per unit

gross volume of bed), one obtains

ac,. dc 9q, : ’
A Ay, _1°%% - ey
- (737) dz +<“6T)dt T e (2-25)
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which can be arranged to give
wc dc 3q
: A A 1 A
7z T e Tawe 00 (2-26)

It is implicitly assumed in the'defivation of equation‘(2~26)>that the
concentration of Xenon in the air stream is émall and that the diffusion .
in the direction of flow is negligible. |

The solution to équation (2-26) depends on' the mathematical rela-
tioh'onéfassuhes for 6qA/at , the local rate of removal of the gas by
'éharcoalg thé'particuiar'mathematica1>form to be éhoseh depends on the
mechanism of the rémoval process; If xenon isvadSOrBéd‘réversibly, thé
‘ equation,obtained foricA dependsvon the chafacter of'fhe adsorption iso-
therm. For pure physical adsorption, as described by the Langmuir équa;'
tion, the isotherm becomes linear when the concentration of adsorbate |
on the adsorbing surface is sufficiently low. | |

A way to introduce the time factor:into the theory is to take
explicit.acc0unt of the finife rate of adsorption. Assuming that forva
10W xénén'concentfation, the rate of adsorption and desorption is first?
order with respect to the xenon gas phasevand'adsorbed-phése,.we'may |

Write
dq . : o .
1 -A = - . L -
a(‘a—t )Z ke Rk, . D

where k1 and k_2 are the rate constants in terms of which the process - -

1s described. The resulting equilibrium relation is

_ . (2_28).
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in which k , a constant, is proportional to the slope of the adsorption
isotherm. The mechanism represented by equation (2-27) has been called

by Thomas [91] the case of linear kinetics.

I1-2.2 Boundary Conditions

The solution of the differential equations (2-26) andv(2-27)

. for the case of constant inpﬁt concentration of adsorbate is giveh-byr
' Thomas [91] inahisitreatmént of éhromatography. This iﬁitial condition
is a special case for the exponential input concentration of xenon into
a bed, which is encountefed in experiments performed to determine the'
effectiveness of charcoal beds for trapping xenon gas in a high-velocity
air‘stremnt

| For a well—mixed single open systém of volume VO_ and inflow4
outflow rate of F , containing I amount of traces such as xeﬁon ét'
zero time, the concentration, Cp s of xenon leaving the pool at'any time

t 1is given by -
c(t) =Le © - 229
A V . . .
o) : : _
If Cro ™ I/VO is the concentration of tracer at time- t =20, then
= e ° - _ (2-30)

and if the output of such a system flows into a charcoal adsorption column
that is initially free of xenon, it would result in an exponential con-

centration input of xenon to the column.
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11-2.3 Analytical Solution
The complete statement of the problem to be solved is
. dc, (z,t) . dc, (z,t) . l 5qA(z,t) 0 g
9z at a a-t } | ’
1 99,(z) ‘ P |
a9t ,— kch(Z,t) - kqu(Zyt) o ’ . (2_27)
' ~ BVt I
cA(O,t) = Cpo © ; an | (2—-30)
Q0 =0 . o - (2-31)
By making the following change of variables,
x=z/u ., - ‘ v (2-32)
y = a(t - z/u) A - (2-33)
equations (2-26) and (2-27) simplify to
dq, (x,Y) ac, (x,Y) 3
A ¢ A -0 - (2-34)
9q, (x,) | | |
T - kch(X,}’) - quA(X’Y) 3 . (2"35) |
and equations (2-30) and (2-31) may be written as
| (B Wy
aVv, OLVO _ - '
cA(O,y/a) = Cp 8 = Cp T ‘where x=0 (2—36) _
vy -
qA(xu,O) =0 when y =0 (2-37)
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Let
= UA =g
N= o , o (2-38)
o)
“then
'—A _
CA(O,y/a) =l Y , where x =0 . - (2-39)

Note that equation (2-34) is the necessary and sufficient condition for

the existence of a function F, given by

1

in which dPl 'is a perfect differential. ' In terms of F

1 the relations

'for the calculation of the. concentrations are

OF (x,y) | T
qA = —ox ’ . » (2'41)
R ) _
CA = - —"—ay— . | : (2‘42)

Then it follows from equation (2-35) that

| | azpl 9,  OF
sy * Nt ke © 0 - (2-43)

If we make the simplifying'substitution

- (kg koY) . |
Fi(xy) =e 9 (x,¥) R (0
then equation (2-43) reduces to
2% (x,y) | | o
*—gigif“' - kkolxy) = 0 - S (2-a5)
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~ Combining equation (2-41) and (2-44) with equation (2-39); we obtain

aF, (0,) ~ky o —KY 5.0 '
_ 1 - 2 e 2 99(0,y) | — Xy
3y ke $(0,y) + e —y Qe -
' : ' (2-46)
Solving equation (2-46) for ¢(O,y),vwe get
¢(0,y) = ——e -5 =600 , (2-47)

in the same way combination of equation (2-41) and (2-44) with equation

‘(2—37) gives

| aF-l('x,O) — kX

—-klx
. 0 . .
—5— = Ko Yox,00 + e 1 —q’g-’)%@— =0 (2-48)
Thus, solving forv¢(x,0),’we get
SR klx klx' ‘
$(x,00 = 00,00 = TH(X) . (2-49)

Equations (2-47) and (2-49) definewfunct;ons Gl(y) and Hl(x). in_these
deductions, the expression ¢(0,0) has been put equal to unity so that
Cas = Cao for x=0 and y=0. | | ‘v

It follows that the original problem is reduced to the sblﬁtion
- of equations (2-45), (2-47), and (2-49). This system of equations may o
be‘furthér reduced to two othefs. Consider these two systems of equa-.
tions: | |

——a——r—x y —k1k2¢1(x9Y) =0 > . . (2—50)
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¢, (0,y) = 6, () » where x =0 ; (2-51)
¢1(x,0) =1 , when y =20 ; (2-52)
2%, (x,) | S
_SW-‘ — klkzd)z(x,)’) = 0 ’ (2'53
and | -. .
0,,0) = H () -1 . (2-59)

It may be easily shown that the sum ¢1 + ¢2 satiéfies.equation (2-45),
as well as equation (2-47) and (2-49); therefdre ¢ =0, %9, is the
desired solution. | '

The Solution to the above systems may be found by fhe method of

the Laplace transform. . Let
oo =tfoen | L @)

then equations (2-50) and (2-51) become

99, (x,p) _ | -
P—px— ~ kg op) =0, (257)
él(O,pj = Gl(p) ., when x =0 . (2-58)

)Solving equation’ (2-57) with the boundary condition (2-58), we get
klkzx

hop) =G e P L (259)

It can be shown that the .inverst transform of this expression is a con-

volution of G'(y)- and 10(2 V/klkzxy ) where IO is the zerpth—order
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‘Bessel function for an imaginary argument, or

S B y |
6, Gy) = L7 Lél(x,p):|= f G'l(EJIO(Z Vqkox(y - '))da
_ | 0

where .

. k, k, - Vg c k,&
- 2 2 Y
Gfl(g) vaAo'Tf _,1 e ‘ + k2 1 < e

is the'derivative of G, (y).
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(2-60)

(2-61)

- The solution of equation (2-53) may be obtained in the same way

by taking the transform with respect to x . Let

(s, [}gxmi] :

then equations (2-53) and (2-54) become

99, (s,Y) _ :
S —_—a—y“"_— - klkzd)z(S’Y) =0 )

n -

The solution to equations (2-63) and (2-64) is
| k k oY

by = [ - Ee

(2-62)

(2-63)

(2-64)

(2-65)

After some manipulation, the inverse transform of this expression may

be written as

X

%&Ji={HﬁmﬂJthgﬂx-Qﬁn?%@Jkﬁfy)3v(%%) 

where
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kyn
H'l(ﬂ) = kle - (2_67)
is the derivative of Hl(x). The final solution for ¢ is then
. | Vane y ' /_——_——————)
y . o\ o :
+‘/(;H'1(n)10(2 Vv klkzy(x—n))dn . (2-68)

It can be easily shown that this solution satlsfles equatlon (2 45) and
the boundary condltlon equations (2-47) and (2 49)

To compute CA(x,y) and qA(x,y), it is necessary first to comr)ute
,the'partlal derivatives of Fl(x,y) as shown in equations (2—41) and (2-42).
After some maﬁipulation with Bessel functions, the following expression

for CA(X;}’) and qA(x,y) may be obtained:

3F,  —(k.x + k.y)

. 1 X+ K | -\
cA(x,y) s -y =.e kZIo (2 N4 klkzxy )

S |
. sz HY (W1, *Zx/bklkzy(x—n) dn
- 0

' L T | k k X
+‘k2.£.. le(E)IO 2~/ klkzx(y-g) 'd.g _ y (2 /k_l_\__)
-'J‘ .H'l(n) *——‘*};—*‘ rz v klkzy(x n)—l dn - G,l(y)

0

k k )X . :
3 1(&) [z JRERD aﬂ S T X0
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| 9F, = (kx + k,y) —_—
_q_A(.x,Y) " 9% € - o ‘k110<2 v klkzxy) ..
KK,y *

+ 1.1<z_ \/‘k‘ik—z',zy‘) - kll. fo H'l(”)ld[z\/Wj dn

X

Ly |
—k f C'l(g)IO LZ,/klkzx(y 5 |ae

(y £) |
G'l(a) 1 | 2/iFxe D) a)—| at + F'l(x)

k k o .
+;[ H'l(n) [?\/k kzy(x n) dn . (2-70)
0 ) o
Rather than convert-equations (2-69) and (2-70) into the original =z and

t Variables,:it is generally easier to convert the'experiméntal data

-z and t into.the x and Yy .coordinates.

- II-3.  Dynamic Desorption Process

During the dynamic desorption process, radioactive noble gas is
flushed ffom.the surfaée'of the charcoal by passing through a stream of
appropriate fluid under conditions that favor desorption of this gas.

It will be shown later that steam is an effective fluid for removing xenon
gas from charcoal surface. Water vapor influences the desorption of noble
gasés herely by increasing the kinetic energy of the gas_molecules_ahd

by occupying :the space on the surfacé of the charcoai./ Theoretical analy-

sis of this case is similar to the one in the adsorption process; By
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-ﬁsing a linear kinetic approach, general relations for the xenon concén-
tration in the effluent and in the adsorbed phase are developed for céseé
of elution of arbitrary‘and Gaussian xenon distributions in the charcoal
bed. The Gauséian distribution was chosen because it best fitted”the

experimental xenon distribution found in charcoal colums at the end of

‘the adsorption process.

I1-3.1 Solution for an Arbitrary Xenon Distribution on Charcoal

Consider the same charcoal colum haViﬁg an arBitrary distri-
bution ofixenon, qo(z) ;:adsorbed on it at equilibriuh, 'Suppbse this
colum is purgéd with steam.folwing with a linear velocity u, cm sec_l.
The conservation equation (2-26) relating the concentration of xenon in
the gas phase to the adsorbed phase is valid in this casé, as is the
kinétic equatioﬁ (2-27) with different rate constants. Thus we get the

solution to the following set of equations

dcp(z,t)  dcp(z,t) 1 Aqp(z,t)

uS dz +‘ ot + a___at__. = 0 ,. (2__71) .
s\t ) T LY - Lo (2-72)

with the following boundary conditions _

, at - z=0 (2-73)

1]
o

qD(z,o) = qo(z) , for t <§éi—  ' (2-74)

must be obtained. The subscript D indicates the concentration during



55

the de_sorpti'on’prdcess.'__L1 and L, are the néw rate constants for the
case of colunm elution by steam.
We proceed‘in the solution, as in the first case (2-40), by making

 the same change of the variable. A function Fz(x;y) may_be defined

such that
azF(X,. ) + L aFZ(X,Y) + L aFZ(X,y) = 0 2-7
Tady M1 T 9y 2 Toax T (2-75)
As before, this can be reduced to
2 uiey) : (276
‘ —_a;a?’,— - LlL]U)(XaY) = 0 i - (2"76)
by the following change of variables;
—-(le + Lzy) S
F,(5,y) = e vey) . @

~ By using the same change of variables given by equations (2’32) and (2—33),

equations  (2-73) and (2-74) reduce to

|
o

n
o

.CD(O;y) , where x , and = (2-78)

T
=

0,0 = a0, when y 279y

The cofrésponding boundary values for ¢ follow from equations (2-41),
(2-42), (2-78), and (2-79): |

L,y o ’ . _

eLlX [1 +.{X qﬁy)dy] E HZ(X) . (2;81)-

i

3(0,y)

. w(x;O)
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Theée equations define_Gz(y) and Hz(x). Hence the problem to be solyed
1s analogous to that of the adsorption process, excepf for.the boundary _
condition function, which is not analytically defined.b Similaf to‘equaf

- tion (2-68), the solution for ¢ 1is as follows:

W) = IO(Z-\/—LILny)+ JACNCINEN el L
| , 0 | |

X , _ S
+f H'Z(n)IO (ZV X - n)- dﬂ s : ' (2_82)
0 - -

and expressions- for CD(x,y) and qp(x,y), similar to equations (2-69)

and (2—70),_may'be written as:

an (X’Y) _ - (le + LzY)

CD(x,y) = — 3y — ~ e LZIO(Z‘ Llexy )

‘1, { XH{Z'(n)IO [2_\/L1L2y(x ") | an

-’ fG'Z(a)Isz\/L L0 - a)]da BN b e (z/Ll'_L;—)
L) f o,y 22 EZ-ﬁle'y(x .- 3 Jan

v Llex | o ‘
0 , , :
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an (X’Y) | - (L]_X + LzY) PR
poY) = —g—=e = T - Lllo'(Z'JLleXY)

JLleY P r 0 | :
— \ . -
R Il<2v/Llexy) L, J H 2(n)10| 23/ LyLyy (x n)_ldn _

) fG'Z(s)I [z\/L X0 - a)]da

(y €) - 3| o

+f H'z(”)\zx_l-zﬁ Il [2‘\/1'11‘2}’()(: ~ n):‘ dn ; | (2'84) |

0

 where

:G’ 6) = Le? o (2-85)
2V 2 >
_ le | | ~/~x : | .
t = _ :
H 00 = e [Ll a0 1y f ql(Y)dY:’ . e
are the derivatives of functions Gz(y) and Hz(y).

I1-3.2 Solution for a Gaussian Distribution of Xenon oh Charcoal

Expressions given for'cD(x,y) in equation (2-83) and qD(x,y)
in equation (2- 84) are perfectly general. They were developed for the
‘ desorptlon process in beds of charcoal having an arbltrary dlstrlbutlon

of xenon. For a Gaussian distribution of xenon adsorbed on charcoal.these-
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expressions are still valid, except the boundary condition functions
VGZ(y) and Hz(x), which have to be obtained for this case.
Equation (2-74) for a Gaussian distribution function may be

written as 2
_(z-m=

202

ap(zy) = ap(@) = Qe e
where QD is the peak concentration at equ111br1um m 1is the>heaﬁ; 
an arithmetic: average of the dlstances and o 1is the standard dev1a-v
tlon, a parameter that describes the breadth of distribution Qf,dev1a—
tion (z - m) frdm the mean. When we ﬁse the change of variables giVeﬁ 
by equations (2-29) and (2-30), the_boundary conditions.given by equa-

tions (2578),and_(2-79) become

cp(0,y) =0 , where x =0  (2-88)
(usx - m)2
' _ ——_—*_587—_?‘ S
ap(x,0) = q;(x) = Qe ., wvhere y =0. (2-89)

The corresponding functions G'z(y) and Hfz(x) given by equations (2-85)

and (2-86) may then be written as

(ux—m) ' (uy-m)

v i B - '
H.ZFX) = e L1 + QDoe + LlQDo | ‘y ' (2-91)
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. The integral of a Gaussian distribution function does,not have
a'simple analytical form; however, the last term in equation (2-91) may
_be written in terms of error functions. By making the following change
of the variable |

uy - m

o LA e
\/20'

and after some manipulation, we obtain
| - m?

' Lix) - 20 :

H'z(x) =e” )L v Qe

o uE .
[ e \JOL; Q u_X - m
¥ (/ T y—L10Do erf(—é——~——) + erf(

k)
2 Ug V. 20

f““m') , (29
AY; _20’ .

| where erf(s) is the error function defined by the integral

S ' o
erf(s) = —2 f e'tz dt . (2-94)
Vg - | |
Hence, expressions given by equations.(2-83) and (2-84), with equations
(2—90) aﬁd (2793j substituted for-G'z(y) and H'z(y), wouldvgive a.xenon
concentration in the effluent and in the charcoal bed during-elutidn of
a column in which.fhe xenon has been initially adsorbed in a Gaussian

distribution.‘
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II-4, Numerical Evaluations

The equations developed for determining the concentratioﬁ of
xenon in the effluent and in the charcoal bed for both procésSesvére
father complex for analytical integration; however, ﬁumerical.integra—
tion is-relatiﬁely eaSy. Simpson's method of integfatibn is used £6
integréte equation (2-70). Successive approximations are made until the
absolute fractional error between tWo integrals is less than 1 percent.
Listing of the FORTRAN program‘used may be found in Appendix A.

The last term in thé equatioﬁ has a singularity, which is re-
movable by the following chahge of variable: -

| let

w = 2+/kky(x - n) - (2-95)
then
| - dw o .
dn =T — | | (2-96)
K k | | SRS
J a2
¥ X - n

and the last term in equation (2—70) becomes

| fx- koky fz"" Ky kpxy ' o
J OO P 1|2 Vky(x - n) dn = . H l(w)Il(w)dw
o - 0 (9-97)

‘The same type of change in the variables is applied to'equatiOn (2-84)
for numerical evaluation.
For illustration, the xenon distribution in the charcoal colum,

qA(z;t) , for constant flow time, is found for specific values given in
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Table 1I-2. In Fig. Ii—3; hormﬁlized spatial variations of xenon concen-
tration in the charcoal cinmn are shown after f10w3'ofv10;_20, and 30
minutes, andvin Table II-3 locations of maximum concontration and widths
of concentratlon dlstrlbutlon at half max1mum, denoted by W1/2’ are listed
for each flow time. From these results we find, at 1east for the times
and distances of interest, that adsorptlon waves travel through the column"
with a constant speéd.‘ As the flowing time increases, peak Xenon con;v

centration in the bed decreases, and the distribution curves broaden.

:II 4. 1 Factors Affectlng Behav1or of the Adsorntlon Colum During. the
' Adsorption Process

An - exper1menta1 approach was employed to flnd.how the 1ocat10n
and shane of the xenon dlstrlbutlon in the colum varled w1th the rate
constants and the carrier gas flow rate. Fig. II-4 shows the_dlstrlbution.
of-xenoh in the adsorption column after 30 mihutes,‘as a fuhction.of'
k2 for a coﬁstdnf_kl. After 30 minutes of flow, tho distributioh,'as‘

a function of ki for a conStant kZ’ is illustrated in Fig. iI-S. dFigure B
1I-6 shows xénonvdistribution in the column" when kl and_k2 are both
varied, but the ratio is held constant. |

| The varlatlons in the location of peak xenon concentration,
ZAmax’ and in full w1dth ‘at ‘half maximum of the dlstrlbutlon w1/2’ were
found to have particularly simple functional dependencies in the time
span of interest:

' |
Zamax = &g/kp) = K

as in Fig. II-7 and Table II-4; and
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Table II-2. Values of parameters used in plot of Fig. I1-3.

Parameter | Value
Adsorption time constant -ki = 295 sec’!
Desorption time constant k, = 0.1 sect

Linear velocity in the column

for a flow rate of 8 liters/min u‘: 37f556 cm/sec

Void fraction ' a=0.71

1]

10.270 uCi/em®
1_0,0003dia/sec—cm3
2

Xenon concentration entering Y
~adsorption colum at time t = 0 - 0

Colum cross section '_ A=5cm

Table I1-3. Location of maximum concentration, ZAmax’ and -
) width at half maximum, Wl/Z’ of concentration

curves at different times during flow.

Time zAmax | Wl/Z
(min) . (cm) (cm)
10 5.0 + 0.25 2.6
20 10.5 + 0.25 4.0

30 1 16.0

I+

0.25 . -4.9
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'FIGURE II-6. Xenon distfibution in the column for constant ratio
of k;/k,. Flow time = 30 minutes.
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FIGURE II-7. Variation of the location of peak xenon concentration
in' the column with the ratio of rate constants, k = ki/ks .



Table 11-4. Effect of rate constants on behavior
of charcoal adsorption column.

K k, k = k /K, Zpmax  M1/2
(cm) (cm)
120 0.01 12,000 3.75 3,750
120 0.02 6,000 7.50 5.250
120 0.04 3,000 15.00 7.500
120 0.08 1,500  30.00 10.500
60 0.0l 6,000 7.50 7.125
60 0.02 3,000 15.00 - 10.500
60 0.04 1,500  30.00 - 15.000
60 . 0.08 750 60.00  20.500
15 0.01 1,500 30.00 28.500
30 . 0.01 3,000 15.00 - . 14.250
60 0.0l 6,000 7.50  7.125
120 0.01 12,000 3,75 3.750
15 0.02 750 60.00 -
30 0.02 1,500 30.00  21.000
60 0.02 3,000 - 15.00  10.500
120 0.02 6,000 7.50 5,750
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W« (ke/k2)
172 < U/

as in Fig. II-8 and Table II-5. A similar analysis shows that for the -
same flow time of half.an hour, the concentration wave moves forward

and broadens as the carrier gas flow rate or linear velocity increases.

-The location of the peak, Z , and width, W both increase 1inear1y

_ _ Amax
with gas velocity (Table II-6 and Fig. II-9).

1/2’

I1-4.2 Empirical Gaussian Distribution Fit of Xenon Activity Profiles

~ In Fig. II-3 it appears that the xenon concentration profile
in the colurm becomes symmetrical as the chromatographic zone migrates
further along the column,: suggesting a Gaussian distribution fit of those

curves. Using the following expressions for the mean and the standard

deviation,
| L - | -
Z=f zq(z)dz = Z Ziqi(Z)AZi s : (2-98)
0 i -
o 02 =f (z - E)Zq(z)dz = Z (zi - E)zqi(z)Azi B - (2-99)
0 1 2 _

normalized xenon concentrations in the column obtained from expression

(2—70) were épprOximated to a Gaussian distribution function

_(z - 7)

) P
a(z) =e O . ’

.where z =12 is the axis of the concentration zone, and

Amax
o= Wl/z'/1.177 x 2 1s the standard deviation of the resulting Gaussian
|

i
i
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Table 11-5. Effect of varying k; and k,, for a
constant ratio of kl/kZ’ on behavior

of charcoal adsorption column.

K, k, Zamax  M1/2
(cm) (cm)

30 0.01 15 14.25

60  0.02 15 10. 50

90 0.03 15 - 8.70

120 0.04 15 7.61
150 0.05 15 6.75

300 0.10 15 4.75

‘Table-II-6. Effect of flow rate on behavior of the chafcoal column

during the adsorption process.

‘Linear velocity Flow rate  CAmax Velocity of the peak Y
(cm).- (liters/min)  (cm) concentration (cm/min)  (cm)
9.389 2 0.113 1.2

118.779 4 - 0.266 2.6
28.169 - 6 12 0.400 3.7
37.559 8 16 0.533 4.9

© 46.948 10 20 0.666 6.0
56.338 12 24 0.800 7.2
65.727 14 28 0.933 8.2
75.117 | 16 32 1.066 9.5
84.507 - 18 36 1.200 10.4
93.896 20 40 1.330 A

RS
[
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concentrationvprofile. For a flow time bf 30 minutes,vthe'ﬁormalized -
Xenon concentration, calculated by both methods, is‘plotted against dis-
tance in Fig. II-10. It illustrates that the xenon profile in the colum
follows closely a Gaussian distribution function. |

| In order to facilitate the analysis of the experimeﬁtal xenon
activity:profile in the adsorption colum, results'of-the preceeding
section Were used to obtain the following empirical expressions relating
constants of the Gaussian distribution function, z and o , to the

adsorption colum characteristics

k ) .
—_ 2 Ft - , P
'k 2 - ' _
2_2 72(F : -
o - L _k_2<K),t ., o (2-101)
. 1 , . .

where, as before,

k) = adsorptionvrate constant, sec”] ;

_k2 = desorption.rate constant,.sec—l;
k =_k1/k2 5

'F = total flow rate, cms/seC';
A ; cross-sectional érea of the-colﬁmn, c:m2 ;
o = void fraction ; and | |
t = flow time, sec .

Edr the input dafa given in Table I1I-2, values of E', '0‘,‘énd‘ wl/ziﬁ
1.177 x 2 x ¢ , obtained from expreSSibn (2-70) and calculated as above
are listed in Table 11-7. A comﬁarison of the corresponding Valﬁes_shbws
that by using expressions (2-100) and (2-101) it is possible to @rédict,
within a few nercent error, the location aﬁd‘shape of the distribution

of the xenon activity in the adsorption column.
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FIGURE I1-10. Normalized actiVity distribution in the colum after

30 minutes of flow.
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Table II-7. Values obtained by rigorous dynamic adsorption method and"
calculated by empirical equatlons

Flow tiﬁe - Zpmax Wl/Z* 7t of Wl/Z’

- (min) . - (cm) (cm) - (cm) - (cm) (cm)
10 5.0 + 0.25 2.6 0.5 5.42 1.175 2.76 3

20 - - 10.5 i 0.25 4.0 £+ 0.5  10.84 1.66 3.91

30 16.0:0.25  4.9: 0.5 4.79

116.26

2.035

U51ng expre551on (2-70).
T

Using equatlons (2 100) and (2-101).
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It can also be shown that the contentration-time‘profile in the
‘effluent may be presented by a Gaussian distribution function with_time
as the variable: - i

- (-t

27

c(t) =e ] P | o 7.(2f102)_
where t and 1 , analogous to z and o except having dimensions of
time, are respectively the mean and the standard deviatioﬁ Qf.the xenon -
concentration profile in the effluent. By considering the,factvthat a
given length of the concentration zone-is swept off the column:in'a time -
equal to that length d1v1ded by the zone velocity, a correspondlng palr
of Varlables can be related to each other. For a charcoal column of. length '

L cm, the following expressions are found for the mean and the standard

dev1at10n:
K 5 . o -
- _ 1AL S " (2-10°
t = KE'TT T R . _(2_103)
2 _ 271 AL . a
2 .

Inputrdata from Table Ii—Z were used to calculate the values of time-te-‘
'peak,'tmax; and full width at half maximum'of.the eoneentration-time;
distribution of xenon in the effluent; the same values are obtained from -
- expression (2-69) and empirical equations (2-103) and (2-104), andvare |
tabulated in Table II-8 for coﬁparison.

| For a charcoal colﬁmn,of 10-cm length, the normalized xeﬁon'ac—
tivity profile.in the effluent ie'determined; based on;the dynamic adsofptioﬁ |
- approaCh'and the Faussian function approximation These'findings are_
eplotted agalnst t1me in Fig. II-11 and show that exper1menta1 data may

well be correlated to the above emplrlcal relatlon
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Table 1I-8. Calculated values of time-to-peak and full width at -

half maximum of the concentration——time distribution
- of xenon in the effluent for charcoal colums of variable
length. :
-t -f- +
L * W, % t! T W, .+
max 1/2 . o 1/2
' (qm) (min) (min). (min) (min) (min)
10 19 0.5 7.1 £ 0.7  18.437  2.954 6.957
20 37 £ 0.5 9.5 % 0.7 36.875  4.160  9.792

30 56 + 0.5 11.2 + 0.7 56.312 5.090 11:993

* .
Using expression (2-69).

1‘Us:'mg expression (2-103) and (2?104).
N

+‘.v =

Nl/Z 2 x 1.177 x 1
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FIGURE II-11. Comparison of xenon activity distribution in the effluent

for a charcoal column of length 10 cm as determined by

dynamic adsorption and empirical results.



CHAPTER III.

" ANALYSIS OF THE HOLDUP AND REMOVAL OF RADIOACUVE
XENON GAS FROM CHARCOAL TRAPS

IiI-l ~ Xenon Holdup by €Charcoal Traps -

One of the few satlsfactory ‘methods develoned to reduce release'

of radloactlve noble gases, partlcularly the fission products krynton
and xenon, to the.atmosphere from the off-gas streams of reactors and
nuclear fuel reproce551ng plants is the use of fixed-bed adsorntlon systems
[92 105]. To achieve this reduction, -two modes of operation have been
considered: The first method is the convéntional one; in which the pro—
cess gas stfeam_is passed through an adsorber bed until breékthrbugh occurs.
- The adsorbent is then either regenerated or removed. A charcoal bed,
cooled with liquid nitrogen, has been used in this manner to'femove radiq—

~ active krypton'from the dissolved off-gas stream at the Chemiéal Proceésing
- Plant, Natiohél_Reactor Testing Station, Arco, Idaho [106]. The aiterna-
tive mode of operation is to use the adsorbef as a "delay'bed}” - In this
- case, breakthrough is allowed to occur, but the adsorber bed is sized to
vpfovide.adequate chrbmatographic delay of the radioactive kfypton and , 
xenon isOtopeé. In other wofds, krynton and xenon are“delaYed in passage
through the_adsorber by the continuous process of adsorptiqn and desorp-
"tion, and the radioactiye iébtopes are allowed to decay before they escapé‘b
from the adsorber. A water-cooled charcoal delay bed has been used in )

this way to remove krypton and xenon from the off gas Stream of the

79
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Homogeneous Reactor Test at Oak Ridge National Laboratory [107].
~ The effectiveness of a delay bed in holding up radioactive xenon

gas is dependent on the geometry of the bed, the type and amount of
chafcoal, the bed temperature, and the total flow rate; it is indepeﬁdent
of xenon concentration in the carrier gas as long as the concentration
falls under-ﬁhe;linéar-portion of the adsorption isotherm. If the.con-
‘centratién becomes sufficiently high, the édsofptibn isotherm will become
appreciably nonlinear and the effectiveness of the delay bed will start
to decrease with increasing:concentration. : This loss of effectiveness
occurs because the adsorbate occupies an appreciable fraction of the ad-
sorbate surface, and thus interfers with further adsorption,  Ih the
preceding chapter a theoretical treatment of the dynamic adsorptioh-def
sorptibn process in charcoal bed has been developed. From‘this analysis
it éppears possible to pfedict the shape and position of the xenon'dis-.
tribution in thevbed and in the effluent when.one knoWs the_bed geometry,
flow‘rate, and rate constants for the adsorption and desofption of xenon
on charcoal, from a flowing air stream. To gain the neceséary informa-
tion on hoidup behévior of a charcoal trap to be used in an apparatus
for recycling trace amounts (10 to 50 mCi) of radioactive xendn gas in
pulmonary function studies, a series of eXperiments was carried out to
’determinebthe shape and position of holdup and breakthrqugh curves when
the gas fed into the trap has an exponential fall in Xenon concentration.
" These curves were then compared to the ones obtained from prressiohs
(2-69) and (2—70j to find rate Cdnstants suitable to the design offthe

trapping system.
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tIII-i,l"Adsorption Capacity of Adsorbent Used

One of the 1mportant parameters in the de51gn of an adsorber
for the removal of a trace amount of a gas is the caoac1ty of the adsorbent
- for that'gasf “Generally, the greater the surface area of the adsorbent,
- the higher its adsorption capacity for any compound. The range of sur-
face area for commercial adsorbents capable of adsorbing inert gases is'
1iStedbin Table ITI-1. These values reflect the relative effectiveness -
of these adsorbents. Experiments have also been carried out which con-
firm that activated'charcoal is significantly better than inorganic
materials [109 113] for removal of radioactive xenon from a flow1no gas
stream. Fig. III- 1 shows the adsorption isotherm at 2°C for xXenon on
Various_adsorbers [109]. |

The adsorbent used in the experiments to be discussed is coconut
charcoal,'6-14 mesh, from.Fisher Scientific Combany. The physical pro;

perties of this activated charcoal are listed in Table III-2 [112].

I1I-1.2 Apparatus

The‘apparatus used is shown schematically.in Fig. IIifo "The
essential portions of the flow system include a soiroheter, a water ad-
sorber (Drierite), a pump, a charcoal trap with dry-ice bath and a flow
meter. The connecting lines are constructed of copper tubing with 1 in.
,i'd‘ and 1/16—1n. thick walls.. The trap is a 22-inch 1ong adsorbent bed
holding about 140 g of charcoal and connected to the system with vacuum
fittings. Smalljnesh copper—screens fitted inside the trap prevent'dis—

persion of charccal through the system. Trap temperature is measured
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Table II1I-1. Surface area of commercial adsorbents.

Adsorbent

Surface area

Activated alumina

Silica gel

Molecular sieve

‘Activated carbon

50-400 m%/g
200-600 m’/g
600-800 m%/g
500-1600 m?/g

~~ Table III-2. Physical properties of coconut charcoal used.

Property

Range of effectiveness

Surface area
Pore volume (Nz)
Pore volume (He or Hg)

Apparent density

1100-1200 m%/g
0.55-0.65 ml/g
0.70-0.75 ml/g

0.48-0.53 g/ml
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FIGURE III-1. Adsorption of xenon by various materials at 2°C [105].
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FIGURE II1I-2. Apparatus used in the experlments on holdup and
' removal of xenon.
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with a stainless-steel clad, copper constantan thermocouple.

A Nal crystal, 1- in. thick by 3-in. diam., in conjunction with
a photomultiplier, served as detector for measuring 133Xe activity in
the spirometer. The spirometer was shielded frqm‘thé remainder of the
‘apparatus so that activity presenf elsewhere in the system would not
influence the counts obtained over the spirometer. A fan was installed
inside the Spirometer to insure complete mixing of the xenon with air.
The outpﬁt from the detector was recorded by a scaler and a rate meter;
A cpntinuous plot of rate meter outéut, and hence the gas activity level
in the spirometer, was obtained using a strip chart recorder.

An Anger scintillation camera fitted with a low-energy collimator

133Xe inside the trap.

was used to detect gamma radiation emitted from
The camera is interfaced to a diéital system, the Hewlett-Packard Model
5407A Scintillation Data Analyzer, which stores and procésses the basic
information. The main components of the system consist of a 3-u sec
analog-tofdigital converter, the Hewlett-Packard 2100A computer (16-

bit words), movable head discs (2.4 million words),vmagnetic tape storage

system, CRT display with light fan, and a teletype. Detailed information

on the system is reported elsewhere [114].

I11-1.3 Data Collection

33Xe-activity in the trap as well as the

‘The distribution of 1
time-activity curves for any region of the trap are obtained with an

Anger camera and the on-line data analyzer. The camera output in the form
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of éequentiai 64 x 64 matrices ié acquired and tranéferréd ohtq the
Taw data:fiie of the disc by thévdigital computer systemiat preseieCtéa
time intervals (minimum 10 msec). At the end of an experimeht‘the ac-
cunulated raw data are processed by selecting‘preset'programs provided |
by.fhe'system.’ Each program is initiated by depressing the appropriate
kéys of a standard teletype and entering the relevaht parametérs.

Data processing begins by framing the accunulated raw data.
During this operafion,'the raw data file 1is played'back, and the data
‘are regropped_into virtual images called frames and recorded on the frame
file.. Any frame from the frame file can be manipulated by a choice of'
arithmetic operations; or viewed in three different modes: contour, |
~ isometric, and slice. The contour mode is closest to a conveﬁtional;
scan or scintigfam; each diSplayvpoint'is inténsified aé.é function of
the counts present. The isometric mode gives a pseudo three-dimensional
effect of the image; each point is displaced vertically and intenéified
as a function of the count presént. The slice mode shows both a vertical
and a horizontal slice in cross section, each point is displaced ver-
ticaliy as a fuﬁction of the counts. - - |

Once the sequence of frames representing the dynamic study_has
been created, time-activity curves of selectéd,frames and areas can be
genefated. ‘Markers 6r light pen are used to identify‘areés for deter-
mining integral counts. Total counts in each afea, for each frame, are
plotted.vertically against frames horizontaliy. Generafed time—activity
curves can be called or operated on arithmetically. After manipulation,
the curves cén be étored on the disc. When data processiﬁg has been
completed, the entire study -- including raw data -- is saved on.maghetic

- tape for viewing or further analysis.
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I11-1.4 Adsorption and Desorption of Air from Charcoal

One of the problems éssociated with holdup of trace amounts
of inert géses In an air stream 1s the adsorptibn‘of air on charcoal
at low temperatures. Experiments were carried out to measuré the volume
of air adsorbed on charcéal during cooling to dry ice temperature of |
;78°C, és well as the volume and composition of gas desorbed from the

charcoal while warming up to room temperature of 20°C. Part of the ap-

‘paratus shown in Fig. III-1 was used in these experiments.

When the trap, previously at room temperature, was immersed in

~ the dry-ice bath with all valves closed, the pressure inside the trap

- decreased and by the time the trap reached dry-ice temperature (about

two hours), the gauge on the trap showed a vacuum of 18 mm Hg below
atmgépheric pressure. This was an indication that air insidevthe trap

was adsorbed on the charcoal while being cooled dowhf To measure the
volume of air adsorbed on the ;harcoal, valves Vi, Vz,'énd V3 ét the
bottom of the spirometer were closed; air was introduced inside the
spirometef through valve VlO; and.by openinglvalves VS and V8,'air'was-...

allowed to flow from the spirometer to the trap. Volume displacement

of 3 liters out of the spirometer brought the trap pressure to atmospheric

1evei, and no noticeable change bf volume in the spirometer occurred by
leaving the trap in dry ice for another hour. |

A variation of.this experiment, giving a similar result, waé B
also performéd. With the same trap at 20°C, air was introduced into the
and V

spirometer, and after closing ‘all the valves except V the trap

3 8’
was immersed into the dry-ice bath. When the trap temperature reached

-78°C, the spirometer volume was decreased by 3 liters.
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When the trap was warned to room temperature of 20°C, the pres-
sure inside the trap increased due to excess air adsorbed on the eharcoal
during cooling down fo -78°C. For 140 g of charcoal in the tfap, the
preésure rose to 15 psi above atmospheric. The volume of this excess
ges was measured by first discharging the remaining air in the spiro-
meter and then opening valves V8 and.VS. Thepnesspregradient of the
gas in the trap inereased the volume of the spirometer by about 3 liters
-- exactly the same amount of air that entered the trap during cooling.

The comhosition of gas released by charcoal while warming from‘
-78 to 20°C Was also determined by gas chromatography. VWith all valves
closed, the trap was taken out of the dryQice bath and allowed to warm
up- to room temperature. Then a syringe with a Luer—lock adapter was used -
to withdraw samﬁles of excess gas from the trap. The gas released from
the trap has the composition of atmosvheric air. Hence, no selective

adsorption exists at -78°C when a mixture of nitrogen and oxygen is

adsorbed on charcoal.

II1-1.5 Procedure

~ The operating procedure to analyze the dynamic adsorption of
xenon on charcoal is divided into two sections: preparation and xenon

collection. Each section is described in detail below.

A. Pregarafion
The four-way valve is set in position A. (Fig. III-2); all con-
nections are secured, valves V8 and V9 are closed; valves V6, V7, and

V10~are opened, and the trap is immersed in the dry-ice bath. The

'
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experimentai system 1is positiohed S0 that the xenon trap is in the camera
fiéld;_as close as possible to the collimator. The camers is adjusted

to the proper setting after shielding the back and the sides~of the trap
with 1/2-in.-thick lead sheet. Theﬁ the computer and peripheral systems
. are set to thé desired mode to store data from the camera. Following
these operations, the fan inside the spirometer is turned 6n, and with

3

valves Vl’ VZ; and'V3 closed, 135 Xe is introduced into the spirometer

through valve s 1; and fluéhed by oxygen from a tank supply. Sufficient

1
oxygen 1s added to the spirometer so that the volume of gas insidé is
abbut 5 liters. The amount of xenon introduced was not calibrated, so
a.scintillation collimator with variable collimation was used to monitor
the initial.count rate in the range of 300,000 to 500,000 counts pér
minute. The chart recorder was started, once a satisfaétbry initial

count rate was achieved, and allowed to run continuously during the ex-

periment to provide a plot of the activity level in the spirometer.

B. Xenon Collection

After the trap hasvreached dry-ice temperature, the count rate
and volume of the gas in the spirometer is recorded; valves V1 and V2
are openéd, and the pump is turned on. The xenon-air mixture is cir-
‘‘culated in the closed circuit until the count rate in theYSpiromefer
reaches a steady-state level, at which point the flow is difected toward
the trap by switching the four-way valve to.position B. vIﬁ this open
circuit, atmospheric air enters the spirometer through the‘four-wéy Valve and

" valve V.; and after mixing with xenon, the gas flows out of the spiro-

K
meter through valve VZ' The xenon-air mixture then passes through the

Drierite, pump, and four-way valve to enter the charcoal trap. The
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remaining .gas leaves the trap tﬁrough valves Vj-and VlO to enter th¢
flowmeter. The flow is continued in this manner for 20 to 30 min while
data are collected. At the end of this period, the pump'is-turned off
and the trap is taken out of the bath to be warmed up to rooﬁ tempera-

ture. In the principal experiment the flow rate was between 8 - 9 liters/min. .

I1I-1.6 Experimental Results

The arrival and movement of the 133Xe gas in the tfap for a

;flow rate of 8 liters/minute is shown in Fig. III—3 as a series of dié—
plays‘in isometric mode. "The duration of each displayed frame is.15.sec..
In Fig. III-4,'piotted simultaneousiy agéinst_time, are the counts in
each frame (normalized to the frame with maximum couﬁts) and the nor-
malized activity level in the spirometer, obtained from.thé tfacing of
the dhart récorder. | | -

- The time-activity curves (Fig. III-5) of fbﬁr adjacent area$.
of the trap and the sum of these areas were dbfained after regrouping
the raw data into frames df one-minute durétion. These curves were
generated by dividing one leg of the '"U'" tube on thevCRT display into
four equal areas and adding counts in each area for all thé frameé.
Figure_iII-6 shows locations and assigned numbers to each area of the
-frap. Counts ih each area as weil»as the totai count in all areas is
tabulated in Table III-3. By taking the ratio of total counts in the
areas of frame 12 (the ffame with the maximum count) to those of frame
30, it was found that éfter 30 minutes of flow, less than 8 percent of-
~the xenon activity had‘passed through 20 cm of the charcqal-column.”.

The percent activity in . each section of the trap at different times
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Fig III-3, Isometric display of activity in the trap
during flow.
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FIGURE III-4. Normalized activity level in the spirometer and in
the trap during arrival of xenon into trap.
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Table III-3. Counts in de51gnated sections of the trap (F1g I11- 6),
v at various times during flow.

gnlff) Area (1) Area (2) Area (3) Area (4) 1+ ZA:eg + 4)
1 114 39 53 28 - 234
2 1118 403 70 ~ 35 1626
3 1634 1323 . 82 33 3072
4 1499 12128 126 S| 3794
5 1265 2628 220 38 4150
6 1058 2845 341 35 4279
7 921 3088 389 42 4440
8 663 3206 508 44 4421
9 576 3269 630 37 4512
10 470 . 3267 734 50 4521
11 383 3190 844 65 4482
12 329 3167 1056 71 4623
13 302 3008 1150 55 4515
14 249 2956 1298 72 - 4575
15 226 . 2922 1384 73 4605
16 219 2666 1518 82 4485
17 177 . 2543 1714 111 4545
18 154 2424 1814 118 - 4510
19 125 2382 1933 125 4565
20 - 119 2194 1901 119 . 4336
21 138 2105 2095 158 4496
22 135 1993 2176 162 4466
23 114 - 1869 2323 162 4468
24 90 i701 2222 163 5266
25 95 1645 . 2410 . 192 - 4342
26 113 1602 2560 217 4492
27 125 1527 2521 226 . 4398
28 88 1456 2697 273 4514
29 109 1373 2698 250 4430

. N
o

95 1277 2604 208 4274
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during the flow is listed in Table I1I-4. These values reflect the

relative xenon activity in different sections of the trap.

II1-1.7 Comparison with Theoretical Results

The spatial distribution of the activity in-the trap was obtained-
at different times during the flow by adding the counts in the'eieménts
constituting the.trap cross section. Normalized activity distributions
in the trap for a flow rate of 8 1iters/min are plotted for 10, 20,'and
' 30 minutes of flow in Fig. III-7. It can be seen that as xenon moves
longitudinally in the trap, the height of central maximum decreases and
the distribution curve spreads out progressively. |

_Valﬁes of the centroid and standard deviation of the acfivity
distributions in the trap are listed in Table III-5 for each flow time.
In Fig. III-8, values for the centroid or the avérage distance migrated
by the activity zone are plotted against time. It can be seen that as
the xenon moves through the trap, the velocity of>the activity zone
rapidly decreases, and then levels off to a steady-state value. Because
the trap legs stood about 9 cm above the alcohol level in the dry-ice
bath during holdup experiments, this variation of zone velocity is the
result of nonuniform temperature distribution in the trap. Hence, ac-
cording to the migration rate of the activity zone in the trap, two
regions may be distinguished along its length: one where'thefe is an
axial temperature gradient, and the other where>the temperature is prac-
tically dniform;

. By fitting the last four points in the curve to a straight line,

the steady-state velocity of the activity zone in the trap was found
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Percent activity in designated sections of the trap

Table ITI-4. _
(see Fig. III-6) at different times during flow.
,T?ﬂe " Area (1) = Area (2) Area (3) Area (4) Area
(min) » Ql + 2+ 3+ 4)
5 27.53 56.8 4.7 0.8 £ 89.6
100 10.1 70.6 ~15.8 1.0 97.5
15 4.8 63.2 29.9 1.5 ' 99.4
20 2.5 47.5 41.1 2.6 93.9
25 2.0 35.5 52.1 4.1 193.7
30 2.0 27.6 56.3 6.4 92.3
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_ Table ITI-5. Measured and calculated values of average distance
: ’ traveled and standard deviation of activity zones -
in the trap at different time during flow.

VA5 0 g 8y 7
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Flow time Mean (cm) Standard deviation

(mi“) Measured Calculated Measured Calculated .
5 11.67 13.51 1.714 1.794
10 13.24 14.02 1.883 1.884
15 14.18 14.53 1.976 1.971
20 14.97 15.04 2.070 .~ 2.053
25 15.62 ' 15.56 12.133 2.133
30 16.04 16.07 2.228 2.209
35 16.53 16.58 2.272 2.283
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FIGURE III-8. Variation of the centroid of xenon activity distribution
in the trap with flow time. :
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to be 0.102 an/min. Extrapolation of this line to time zero resulted in
an .intercept value of 13 cm. This distance, denoted by Z > reflects
“that length of trap that is-partially ineffective in delaying xenon
ﬁovement during the adsorption process. By knowing this steady-state
velocity, the ratio of the adSorption to desorption rate constant, k ,
~in the part of the'trap'where the temperature is uniform, may be cal-
culated from the empirical relation (2-100). For a volumetric air flow
rate of 8 liters/min, the ratio of kl/k2 was found to be équal to
15625. | | |

It can easily be_shown that k = kl/k2 and the dynamic adsorptioh
coefficient, k-d , defined by Browning and Bolta ({89], are related
. _ _ :

"

S ey gy ’

in which o -ié the charcoal density, and o is the void fraction.
For an average charcoal density of O.S.g/cm3 (Table III-2), and a void
fraction of 0.71, tho above relation would give a kd value of 107758 -
cms/g. ‘In the literature no mention could be found of the dynamic ad-
sofption coefficient of xenon in an air oarrier gas at -78°C, so the
obtained ky valoe may only be compared to those measured in helium or
argon gas. |

Burnette et al [99] have given the variation of the 133Xe dynamic
adsorption coeffitient with inverse temperature, iﬁ teﬁperatufes ranging
- from -45°C to 90°C, for Barnebey-Chaney Grade 107 octivated coconut
charcoal with helium as the carrier gas. Extrapolation of their_data:

5

to -78°C gives a kd value of 3.7 x 10: cms/g. Forster [102] has plotted
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the xenon dynahic adsorption coefficient against temperature, between -
175°K and 350°K for a variety of charcoals'in argon carrier gas. His
value of kd at 1959K? corresponding to -78°C, is approximately 2 x 105
cms/g. Finally, First et al. [103] have measuréd the xenon dynamic ad-

sorption coefficient at -78°C for two types of coconut base charcoal

in argon carrier gas. For the one with surface area of 1150 mz/gg

kd = 92,000 CmS/g; and for the other with surface area 1200 mz/g;

kd = 08,200 Cms/g. If one considers the differences between the sources
of charcoal, the carrier gas, and the experimental techniques, the ob-
tained value of the dynamic adsorption coefficient agreesvreasonably
well with those reported in the literaturé.

In Fig. ITII-9, the square of the standard deviatioh of thelactivity
profiles are plotted against time. This figure shows that in the region
where the trap temperature is uniform, the square of the standérd devia-
tion‘increasesnlinearly with time. As summarized in the empirical rela-
tion (2-101), similar results were reached by a theoretical analysis of
‘ the_dynamic édsorption process. Therefore, the s{ope of this line
(0;0672 cmz/min).may be set equal to the ratio of doz/dt in equation
(2-101) in order to find a second relation between k1 and kZ; and hence
the value of the adsorption and desorption rate constants can be estiﬁaﬁed'
within this region.

Values of the adsorption and desorption rate constants resulting
from this approach are 114 + 2 sec ™t and 73 x 10—1 1 x 10_4 sec_1 res-

pectively. For these values of k1 and k,, the mean and standard devia-

2’

tion of activity distributions, corrected for the intercept value z = 13 cm

and 02 = 2.886 cmz, were calculated by using the empirical relations .
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the activity distribution in the trap with flow time.
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(2-100) and (2-101). A summary of the results are given in Table IIi-S.
Since there is an axial temperature gradient présent in the inlet

port of tﬁe trap, the adsorption and deSorptién rate constants in this
region of the traﬁ vary with the trap pritiOn. However, an average
value may be estimated for each of the rate constants within this7region!
By using the.standard deviation of the xenon éctivityAdistribution in |
the trap in relation (2-101) and the‘average velocity of the activity
zone during the first five minutes of flow in equation (2-100) fhe'ap-
proximate values of the adsorption and desorption fate constants in the
ndnuniform temperaturé region of the trap were found to be 298 sec—lv
‘and 0m435 séc'l, fespectively. For these values of the rate constants,
the normaliied spatial variation of the activity zone during the first
6 minutes of flow in the trap, calculated from_expreséion (2-70), 1is
plotted in Fig. I1I-10. It illustrates the development of the activity"‘

zone profile into a Gaussian distribution.

II11-2. Xenon Removal from Charcoal

A major problem_encountered in ‘the design of the recycling ap-
paratué for pulmonary function studies was the recover} of xenon gas
in a small Voiume of air. 'Although it was poséiblevto felease xenon
from charcoal by heating the trap, total récdvery of xenon was ﬁot prac-
tical because of the high conCentration.ratio of air/xenon in the trép
aﬁd the low thermal conductivity of charcoal.

By heating the trap described in Section III-1.2 to 200°C for
30 min, more than 50 percent of the xenon was still tfapped in the charcoal

colum even though the volume of air released during heating of the trap
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FIGURE III-10. Normalized activity distribution in the trap during
the first 6 minutes flow, calculated from expression

(2-70).

18



106

was more thaﬁ 8 liters. Further, evacuation of the trap at dry-ice tém-
perature did not improve the collection efficiency since 10 to 20 percént
of the xenon Qas lost while the trap was pumped out.

Previous experiments [115,116] have indicated that water.vapor
drastically affects the efficiéhcy of charcoal for inert gas adsorption.
Whén the moisture content was increased in a;stream of kryptbn—carrying
helium, it was found that the capacity of the charcoal to adsorb krypton
was linéarly reduced [116]. To determine the feaéibility of recovering
‘millicuiie amouhté of xenon from a charcoal adsorption bed into a small
volume of air (less than 5 1iters), a series of experiments was made by
passing low pressure steam (IOQ°C) throughvthe'charcoal column_at.room '

temperature.

I111-2.1 AdSorption of Water Vapor by Charcoal

.Charcoal béing of a porous nature, besides ﬁresenting €normous -
surface and accordingly hav1ng high adsorptive Canac1ty, also offers the
opportunity of capillary action, especially to the vapor of a 110u1d that
has as hloh a surface tension as has water. The isotherm of the adsorp—
tion of water vapor by actlvated coconut Charcoal at 100°C (Fig. III- 11)
obtained by Coolldge [117], as well as other studles [118-128],‘support A
the view that the mechanlsm by Wthh water vapor is taken up 1s some way
distinct from that for other vapors and gases. In nearly every other
instance, the adsorption isotherm of thevgas may be described analytically
by an equation of the Langmuir or Freundlich type. In the case of water

vapor, however, the form of the curve is that classified by Emmett as a
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type V isotherm [129]! In contrast with the Léngmuir adsorption isotherm,
at low values of relative pressure the adsorption curﬁe is convex rather
than concave to the pressure axis; very little adsorption is.found at low
pressure, and.thevgreater part df adsorption occurs over a narrow relative
pressufe range. Moreover, adsorption is not marked near saturation pfes—_
sure. |

- The adsorbtion behavior of water vapor on activated charcoal shows
the characteristic of multilayer formation. From the viewpoint of B.E.T.
theory of‘multilayer adsorption [130], such a curve is explained on the
aésUmption'that the energy of adsorption 1in the fifst iayer is less than
the energy of'liquification. The region near saturation may be‘explained
on the assumption that all the voids have been filled, and the bulk con-
densation on the surface does not occur. On the other hand; thé form of
the curve may also be interpreted from the older conception of capillary
éondensation [118,121-123,126,128]. The first smooth part of the curve
represents the taking up of water by capilléry action in'some small—size_
pores. The existénce of the sharp rise in the isotherm may'bé accounted
for by the filling éf Capillaries. This 1s completed at thebpressure
below the saturation vapor pressure because the last iayer adsorbed in

the capillary is attracted from both sides and so condenses more readily.

IIT-2.2 Experimental Apparatus and Procedure

The schematic drawing of the experimentél apparatus 1s shown in
Fig. ITI-12. It 1s essentially the same one used in Section III-1.2. The
minor modification includes a kettle and hot plate for steam generation.

The opening of the kettle is fitted with a cork through which a 1/4-inch
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FIGURE III-12. Experimental apparatus used during elution with steam.
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insulated copper tubing is passed. The outlet of the tube may be easily .

connected to valve V., of the trap.

7 .
When the charcoal trap used in the xenon holdup experiment reached
room temperature, all the valves attached to the trap were closed. Valve

Vg of the trap was then connected to valve V, of the spirometer‘with a

3
1/4-inch diameter, insulated, copper tubing. The flow system was arranged
so that the trap was in the camera field again. After discharging the

excess air in the spirometer, all valves except VS’ V7,band V8 were closed;

the steam line out of the kettle was connected to the trap, and the data-

collecting system was turned on.

II11-2.3 Experimental Results

Normalized activity profiles of xenon are plotted in Fig. III-13
after 30 minutes of flow iﬁ the trap at dry-ice temperature (-78°C) and
1.5 hours later, when the trap has reached room temperature (~ 26°C).
Comparison of these distributions shows that as the trap warms up to room
'.temperature, peak activity decreases by about 6 percent while the location
of the peak remains the same; the width at half maximum of the distribution
curve increases from 4.5 to 4.81 cm; and the gas diffuses slightly mofe”
in the direction of air flow to the atmosphere.

The distribution of xenon activity in the trap while steam flows
through the charcoal column at room temperatufe is shown in Fig. III-14
as a series of displays. in isometric mode. The duration of eath frame
displayed is 15 sec. A comparison of the displays reveals the effective-
ness of steam for removing~xenon from the charcoal. - By adding the counts

'in a section of the frame shown in Fig. III-15, activity in this region
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to room temperature (26°C).
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Fig III-14. Distribution of xenon activity in the trap
during elution with steam.
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Fig III-14 (Continued.)
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Fig III-15. Selected area of the trap used to obtain
time—-activity distribution during elution with steam.
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of the trap is_piOtted against timeein Fig. IiI—16; whererit_can be seen
that by passingvlow pressure steam thrdugh'the charcoal column, onee'it
has reached room temperature, all the:xenon is removedbfrem»the trap in
-about 7-minutes. The slight increase in activity beforebthe sharp decrease
is due to flow of xenon from the remalnder of the trap | |

A close estlmate of the traveling rate of the act1v1ty zone and
the steam linear ve10c1ty through the column may be obtained from Flgs
III—14»and II1-16. It takes about 300 sec for steam to reach the act1v1ty
zone in the celumn located 40 cm from the steam inlet port,,giviﬁg an ef-
vfectivevsteam Velocity of approximately 40/300_= 0.133 ¢cm/sec. In the
~displayed section,.the axis of the activityvzone migrates a distance of
appreximately 4 cm through the column in 30 sec; or a wave3velocit7>ef'
about 0.133vem/sec; Therefore, the actiyity'zone travels in the colurmn
With the same veiocity that the steam flows.. |

The activity of the Xenoa as it arrived in the spirometer was'ob—
tained from the chart recorder tracing as is shown in Fig,-III-17; The
arrival of steam to the spirometér was delayed due to its passage through»
conneeting 1ine5. Upon reaching the spirometer, the steam iS'condehsed
while xenon, beingihighly insoluble in water, enters the gas mixture in
the spirometer. The volume of gas in the spirometer increases during the
passage,ef Steam'tthUgh the charcoal column by an average of about 4.6
iiters. Comparisoﬁ.ef the counts and VOlume before pumping xenon out of
the splrometer to the counts and volume obtained after steam condensatlon
showed that an average 96% of the xenon is recovered per cycle The other
v4% was presumably lost to the atmosphere during flow through the column.

and while warming the trap to room temperature.
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I11-2.4 Steam-Carbon Reaction

The reaction between carbon and steam is one of the oldest and
most useful industrial processes [131], but the actual mechanism of the
reaction 1is still not well understood. At least four reactions may occur,

each of which affects the course of the others:

'C + HO0->CO + H, S -\

2 2
C + 2H,0 ~ CO, f 2H, ' | (B)
_ N
o + HZO . €O, + H, o ©
C + 0, > 200 | ; (D)

Althougﬁ avlargé number of reports on these reac£iohs has_appeared_iﬁ the
literature [1324146], most of the work was done at a température rangev;
of.600 to 1300°C.

| There_is_geﬁeral agreement [138-142] that at this high temperature
range, the primary products of the reaction between steam and carbon are
carbon dioxide and.hydrogén and that carbon dioxide is formed mainly from
the subsequent water-gas reaction (C) whichvreaChes orvtends to reach
“equilibrium. It has been found, however, that for ail temperatufés through- -
out the range of 25 to 200°C, the reaction of water with carbon gives
'hydrogén and a carbon-oxygen complex, which decomposes easily to give
carboﬁ dioxide [142,143]. The tendency to form carbon dioxide is not
only a function of temperature,.but‘is also critically dependent.on the
water concentrétion-[144]. beeover, the steam-carbon reaction depends
generélly on the férms and resources of carbon used;‘wide variations were
~observed even with sampleé of the same charcoal, which- differed only in

~ heat treatment [135].
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To detefmine the gas products obtained after flow of 1ow-fempera;
ture steam (~ 100°C) thrbugh the chércoal'trap, samples of gas mixtgre
in the spirometer were chromatographically analyzed. Table III-6 lists
the percentage of each gas found in the spirometer after éteém condensa-
tion. The presence of 13;4 percént carbon dioxide in fhe gas mixture

1s attributed to chemisorption and oxidation of the charcoal by oxygen.
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Table III-6. Composition of gas mixture in the spirometer
"after steam condensation.

o Percent in 1 cm?®
Gas Apalyzed at room temperature

N 68.300

2
O2 18.200
CO2 13.500
H2 - 0.065

o 0.003




CHAPTER IV.

RECYCLING OF RADIOACTIVE INERT GASES

V.1 Desigﬁ Description of Recycling Apparatus for Pulmonary
- Function Studies - :

The general system (Fig. IV-1) consists of two separate_closed cir-
cﬁits,‘which can be interchanged by using the four-way wélve. Witﬁ the
.systém in circuit oné,.the air-xenon mixture circulates between the subject
~and the spirometer to reach avuniform xenon concentration in the lungs.

The oxygen consumed 1is supplied from the oxygen tank while exhaled_cafbon-
dioxide is_adéorbed. With the system in circuit two, xendn-is_washed out
of the fifst/circuit ahd the subject's lungs and‘into a chafcoal—filledi
frap while air circulates. Again the oxygen conéﬁmed is supbliéd_by ah'
oxygen'tank-while caern dioxide and water vapor are adsorbed by appropriate
. -adsorbers.

| The major components of this system are the spirometer, carbonA
dioxide adsorber, water adsorber, xenbn gas trap, ﬁump;_and oxygen éupply
tank. The arrangément of the component parts of the,apparatus is shown

“schematically in Fig. IV-1.

A. “ Spifbmeter

. The dimensions of the spirometer are shown in Fig. IV-2. The bottom
part of the'spirometer is made of nickle-plated brass. The top is made

of aluminum and is balanced by a weight suspended from a cord passing over

121
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FIGURE IV-2. - Spirometer.

S.S. mesh 'V6|

R.L.fittings

. 3" —T—

2Il

i

" .§" Pressure-
L'steam 8 =1 vacuum
2 valve gouge
Thickness
. 'll

8 ‘ 6" -
n

Hard 4

solder\ ’

FIGURE IV-3. Xenon trap.

1"diam’

—=Air out

1" valve

XBL761-5049

g1



124

a pulley, which récords the respiratory cycle. Thé maximum alr capacity

of the spirometer is 10 liters andithe volume displacement of theAtbp part
is about 9.4 liters. A small fan installed in the inside chamber of the
spirometer assures the complete mixing of xenon with air. Three tubes

pass through the bottom of spirometer; each tubelis connected to appropriate

valves, V., V,, and VS' Air-xenon, movement in and out of the spirometer

..1’ 2,
is through 7/8-inch diameter tubes. The air-xenon inlet tube to the Spiro-

meter is connected to the outlet of the CO2 adsorber through valve Vl;

The air-xenon outlet is connected to a four-way valve, VS’ through valve

Vv The other 3/8-inch diameter tube is designed for inlet of the steam-

5
air-xenon mixture.. At the end of this tube there is a plug for draining
extra water accumulated during steam condensation. The spirometer is

also equipped with a valve, VlO’ at the bottom for water drainage, and -

with level indicators on the side, to monitor the volume of air and the

level of water in the spirometer.

B. ‘ Carbon Dioxide Absorber

The container, made of stainless steel,* has a 5-in. diameter and
1s 3.5 inches high. The inlet of the container is connected to the outlet
of the mouthpiece through 7/8-in. i.d. corrugated Coppef tube. ,The,dutlet
is connected to the'air-xenon inlet fube of the spirometer. The container
is fitted with an air-tight rempvable top to replace soda lime. About
a pound of soda lime, 1065é1y packed to allow minimum resistance to air.

flow, is sandwiched between two stainless-steel mesh screens.

. NOTE: Instead of stainless steel, a Lucite container may be used
with Carbosorb-type soda lime, which gives a marked color change with the
degree of exhaustion.
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C. Water Absorber

The container, 2.5-in. diam. by 8-in. high, is made:of Lucite and
contains about a pound.of Drierite with a moisture capacity of d.Z pound,
per poendxused. The inlet of the_absofber, 1/4-in..diam., is connected
to opening #3 of the four-way valve. The outlet, 1/4-in. diamJ;_is COﬁ4'
nected to the inlet of the pump. The container hae a removable'top for
~Drierite replacement. This absorber is capable of keeping the air dry

for circulation at a rate of 10 liters/min for two to three hours.

D.  Pump

Xenon gas is highly soluble in oil and greases, end is absorbed
in significant amounts by rubber as Well as by.a variety of plastics.
This property of xenon complicates the use of a regular pump} The best
commercially'available pump, chosen fer the system, is ﬁhe rotary, oilless
Model No..0531, air compressor from Gast Manufacturing Company. This
B model pump-deliveré pulse-free, oil-free air, and does not need any lubri-

cation.

E. Xenon Trap

| The xenon trap is a ”U" shaped nickle- plated copper tube w1th
- 1-in. 1.d. and 1/16-in. thlckness It 1s filled with 6-14 .mesh, actlvated.__
coconut charcoal from F15her_Sc1ent1fic Company (Fig. IV-3). The overall
length of the trap is 22 inches (56 cm). There are four openings to the
trap, all fitted with stainless steel mesh. The air.ihlet is connected

to the pump outlet through valve V6' The air outlet is connected"te'opening
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#3 of the four-way valve through valve V7 and a 1-in.-diam. ;opper'tube;

A heating tape, powered by an adjustable supply, is wrappedvaround the

tube to warm cold air coming from the trap. Though nof installed, a thermo-
stat may be used at opening #3 of the four-way valve to regulate the intake
gas temperature. The 1/4-in.-diam. steam inlet is connected to the-steam

generator through valve V,, and the steam-airjxeﬁon outlet is connected

9°
to the spirometer through valve V8 and 3/8—in.-diah. insulated copper
tubing. The trap is equipped with a vacuum pressure gauge to.monitor_the
pressure inside the trap. The trap is firmly attached to the frame énd
may be easily disconnected to replace the charcoal. .A Calrod heating unit
with variable power supply is soldered to the trap. The temperature of
~ the tube may be monitored with a stainless-steel clad, copper constantan
thermocouple. |

The auxiliary components of the system'afe tﬁe intake-outlet és—
~ sembly, steam geherator, mobile dry-ice bath, and four-way valve. The -
whole system is supported by a frame 16 x 21 x 60 in. high, made of Dexion |
slotted angle metal bars. Lead shields hinged to the side of the frame
surround the apparatus: the shielding being 0.375 in. thick on the side
that faces the gamma camera, and 0.187 in. think on each of the other three
sides..hTﬁe frame is mouhted on_fourlcasters so that it may be mbvedvabout

v

easily.

F. Intake-Outlet Assembly

Make of Lucite, the intake-outlet assembly has thréé openings: -
one in the middle, which is fitted with a mouthpiece; the inlet port,

attached to corrugated, flexible copper tubing, which receives the air-
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xénon mixtUre_ftom the fouffwéyvValve and the oxygehvaOm the'supply.ténk;
the outlet'ﬁoft,_which delivers fhe éxpired gaé to:the.éarbbn dioxide ab-
~sorber through similaf copper tubing. vao flutfer valves in the assembly |
assure the flow of air in the proper diféctioﬁ. The level of_the.éssembly :

is adjustable with two moving aluminum bars attached to the frame.

G. ' Steam Generator

The steam generator is used to generate 1ow—preésure steém fof

- removing xenon from the charcoal. It can be filled With 2 1itefs of water
throﬁgh a'ifin, diam. opening on top. This opening is also used for the

. Steam outlet. An asbestos—insulated 1/4-in.-diam. copper tubing pushed
'through a rubbef stdpper that fits snugly_over.thé opening directs stéam
to fhéﬁxenon trap. A 6-in. Calrod heating unit is incorﬁorated inside

the generator, and is used to boil the water.

H. Dry-Ice Bath

A commercial styrofoam container is filled with about 2 pounds of
dry ice and ethanol and is used to cool the xenon trap to -78°C. The
dry-ice bath may be raised or lowered with a motor-driven elevator system.

Safety switches are installedfto control the movement of the dry-ice bath.

1. Four-Way Valve

This home-made four-way valve is used to interchange the two cifguits
of the System. The body of the valve, made out of nicklefplated'brass,‘

has foﬁr parts: _Opening-#l (7/8-in. diam.) is attached to air outlet



128

valve, VZ,.at the -bottom of the spriometer. Opening #2 (i/4-in. diam.)
;is cénnected to the inlet of the water absorber through 3.1/4—in. copper -
tube. Opening #3 (1-in. diam.) is attached to the outlet tube of the xenon
: trap;' Opening #4 (7/8-in. diam.) is attached to cOrrugated copper tubing
qf.the same diameter, which goes to the inlet of the intake—outlet as-

| sembly. In éircuit'one, as shown in Fig. IV-1 and IV-4, port #1 as thé
inlét is‘conneéted to port #4 as the outlet. Though‘non-operatiqnal, port$>.
#2 and #3 are'connected at the same time. In cricuit.two, poft #1 as the
_inlet is connected to port #2, as the oUtlet; while'pdrt'#S as the inlet
is connected to port #4 as the dutlet; The seét of the fbur;way valve,

made of aluminum, is equipped with two O-rings to prevent leakage.

IV-2. Operation of Agparatﬁs

The operation procedure of the system consists of four phases: -
- preparatioh, operation, recovery, and regeneration. Each phase is des-

cribed in detail below.

A. ~System Preparation

V,, V, and the three—way

1> "2° '3

valve are closed. " All the connections of the system_are.Sécured except

- With the system in circuit one, valves V

the one in position (1) between the boiler and xenon tfap. After closing
valves V6’ V7, and V8 and opening valve Vg, the dry-ice container is raiséd.
Dry-ice and ethanol are added slowly to the containervuntii the}whole trap
is immersed in the bath. Thirty to forty-five minutes is needed for the

trap to reach the dry-ice temperature of -78°C. Meanwhile, the oxygen
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gas supply is checked, carbon dioxide and water absorbers are refilled
- if necessary, and the water 1eve1 in the spirometer is adjnsted to the
appropriate leVel. If radioactive xenon is present in the spirometer,
~ the system is ready to be used when the trap reaches dry-ice temperature.
In the absence of any radioactive gas in the Spirometer, air in the‘spiro—
meter is discharged by opening and closing the three-way valve, Vii»
between p051t10n A and B (Flg IV-5).

By cooling the charcoal to dry-ice temperature, three liters of air
inside the xenon trap Would be adsorbed on the charcoal . vava1Ve Vo
had been-left closed, the gauge on thevtrap'would have indicated‘a vacuum
of 15 mm Hg below atmospheric pressure. Therefore, to replenish the air
adsorbed on the charcoal it is necessary that the xenon trap remains open
to the atmosphere while belng cooled down to dry-ice temperature

With the system in circuit one, and valves Vi, V3, and V6 kept
closed, a known dose-(lo to 20 mCi) of xenon radioaetive gas is introduced
- to the bottom of spirometer by setting the three-way valve in position A
(Fig. IV-5). The three-way valve is then switched to position B and about
0.5 11ter of oxygen is introduced to flush xenon gas into the system Byv’
switching back and forth ‘between position A and B, and by 1ntroduct10n
of another 1 to‘2 liters of oxygen, the system 1s,ready to be used. The _
three-way valve is set in position C. The patient is seated with his back

to the gamma camera and the mouthpiece is adJusted to his mouth

B. Operation

The apparatus may be used to carry out the following types of

studies.
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1 and V2

at the bottom of the spirometer'are‘opened to allow gas to circulate.

Rebreathing. With the system in circuit one, valves V

Rebreathing is carried out for 3 to 4 minutes.

Washout. For washout, the first valve V9 is closed and valves V6 '
and vV, are opened; then the system is switched to circuit two and the pump
is turned on. After the washout is complete, the circuit is turned back

to circuit one, the pump is turned off, and the mouthpiece is taken out.

‘Perfusion. After the radioactive xenon gas in saline has beén_
injected intravénously, the expired gas can be rebreathéd; The‘éystem
"_setting.is'similar to the rebreathing mode except that priming with radid-
-active Xxenon gés is not fequired. Oxygen may be added fovthe Spirometer'

"if necessary.

C. Xenon Recovery

Steam is used for désorption of xenon gas‘from charcoal. _After‘_
openinglvalve‘V9 to release eXcess air, which wililbe'desorbed from the
charcoal sufface, the dry-ice bath is loweréd and the trap is allowed to
come to room temperafuré; usually, one to two houfs is. necessary for this

transition. This time may be shortened if the Calrod7heating uhit on the
trap is heated slowly. By warming fhe trap from -78°C to 20°C, about 2
to 5 pertent of.the xenon and 3 liters of air are diétharged fo the at-
mosphere. |

While‘&enoﬁ is coming to room temperature, 2.1itefs of water are
added to the boiler, and the inside heater is turred on. After closing

‘valves Vl’ V2’ V6’ and V7 and opening valves Vg and V9, the boiler is’
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connected to the xenon trap ét connection (i). Depending on the tempéra—
. ture of the trap; the‘éteam-air—xenon mixture reaches fhe spirometer,lS'
to 30 minﬁtes later. In the spirometer steam condenses, 1eaving‘4 to 5

liters of'gas~inside. At.thé end,‘after cldsing valve V3 at the bottom

of spirometer, the heater is turned off and the steam generator is dis-

connected from the trap at position (1). |

D. - Regeneration

It is pdssible to regenerate steém—contaminafed chércoalvfor reuse

. Without removing it from fhe trap. “After discoﬁnecting the'trap from the -
system at positioﬁ'(Z), the.reﬁaining water in the trap is boiled away
~with the Calrod heatingfunit on the trap.b_It takes about 2 hoﬁrs to restore
the ¢harcoalvto its original adsorptive capacity. 'The-operation méy be

Speeded up considerably by pumping air through the trap{

IVv-3. 'Design Analysis

A. . Flow Rate

The volumeidf air iﬁspired or expired by an éberage, healthy.indi—
vidual during each réspiréto}y cycle, the tidal volume, ié about 400 ta'
1500 ml. The average frequency of breathing is about 14 to 16 times per
minute. Therefore an éverage-size individﬁal moves 6000 to 8000'm1v
air/min through his lungs. This value also represents the average gas
flow rate in the designed system. For a reasonable size scale of ap-

paratus, this range of flow rate implies a high linear velocity of carrier

gas in the dynamic adsbrption process.
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B.  Temperature

Since'the energy of -gas molecules is less at 1ow‘temperatﬁres, they
‘can:nof as readily desorb frem the charcoal surface into the moving gas
stream; To achieve an effective removel of xenon from air streams Within |
this fange.of_flow rates, the temperature of the.charcoélvgranules has to
be as low as possible. Dryfice-ethanol bath (-78°C) was selectedvas the |
cooling liquid since it prOVides the 1oWest conventiently available tem-.
pérature ébove the temperature'bf liquid nitrogen (-196°C), a cooling

agent which would tend to liquify air in the trap.

C. Trap Size

- In the design'of a charcoal trap for the specific.goal of efficient
'"eonfainmenf of fadioactiVe xenon gas in pulmonary studies, a number of
epposing factorsfmust be censidered. In Fig. IV-6, the location ef peak

. Xenon activity and full width at half maximum of the aetivity;distribution.
in the trap (after 30-min flow at an air flow rate of 8 liters/min) 1is |
plotted against the trap cross-sectional area for Valdesiof kl = 115‘sec-1‘

and k, = 0.007 sec t. It shows that by increasing the trap diameter; for

2.
a given flow rate éﬁd temperature, the bulk of Xenon gas would travel a‘-
shorter diétance through the trép and dispersion'df‘ the activity zone
would be less. On the other hand, due to: the small'heat”trensfer’in the. |
packed beds, and the very low thermal cbnductivity of the charcoal (2;4AX_10_4
cal/sec cm deg C) at.24°C [1471, a harrodeiameter trap would be useful, |
because xenon adsorption on charcbai‘is highly sensitive to the temperature.

Hence, short tubular adsorber vessels, or containers with a similar con-
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figuration,would minimize the effect of poor heat conduction on retention
eff1c1ency of the trap, and 51mu1taneously would take advantage of Te-
-duced linear velocity in a wider diameter trap, thus it follows that these
are the_most suitabie traps. |

It was shown that by'approximating the xenon activity prOfile'in
. the trap,to a Gaussian function, the mean and standard deviation of the
reSulting}distribution,'after 30 minutesvflow,vare 16.25 cmhand 2.035 cm,
reSpectively. Therefore, a trap 20 cm long, equal to the sum of the mean
--and two_étandard deviations, would theoretically be»sufficient to contain
97.72 percent of the xenon activity during this'periodr' Further, considering
the low Solubility of xenon in the biood, it rarely happens that the washout.
fperiod in pulmonary function studies extends over_haiflthis period. There-
fore, the lengthpof the prototype.xenon trap selected in the designiof'the :
.'recycling apparatus, is overestimated. and may be redUced; as indicated |
. below. |

As prev1ously described (Section II1-1.4), the prototype xenon trap
had to be open to the atmosphere during the temperature rise, a110W1ng
~ possible xenon loss while warming up. Since the excess air volume adsorbed
or desorbed . from the charcoal during cQoling_or warming the'trap decreases
'iwithvtrap size, reducing the‘trap size will eliminate the need to discharge
rexcess air to the atmosphere and will shorten the period of steam flow
through the trap. 1f the trap size is reduced to.half, then for theisame
.experimental conditions, the volume ofﬁexcese air mould deCrease to 1.5

liters (Section III-1.4). Assuming that half the maximum air volume is

]

released during steam flow (i.e., 5.5/2 = 2.75 1iters),'the total recovered

gas volume would be equal to 2.75 + 1.5 = 4.25 liters. Hence, without .
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feopening the trap to the atmosphere, it would be possible to recover

xenon into this smaller 4.25-1iter volume of gas.

D. . Consideration in Circulation System Dimensions

Circuit one in the system is designed so that the ratio of the total
‘1ung capécity to volume of this circuit is as high as practicable, while’
resistanée-freé gas_éirculates between the subject's 1ung$ and the spiro—
meter. By the’éamentoken, thevtube connecting the:outlet.of the xenon trap
to position #3 of the four-way valve»(Fig; IV-4) is sized so that a minute
amount of xenoh in the air, possibiy reaching the subjeCt's 1ungs during

washout procedure, is diluted to a great extent.

E. Materials

The other'important factor considered in the deéign of fhe'recycling
apparatus.is the solﬁbility of xenon in rubber and plastic:maferiais.
To minimize xenon loss to theSe types of substances, cpnsidérablé atten-
tion has been given in selection of materials used (e.g., oil—free-puﬁp,
corrugated copper tubing, non-plastic containers, vaives with metallic

seats, copper connecting lines).

F. Recovery Method

One of the major ptobléms associated with the design of the apparatus '
is the recovery of xenon gas in a small volume of air. Heating and evacua-
tion methods proposéd.by others [80,92] were rejected in favor of low-

pressure steam, which was found to give virtually complete recovery in a



137 .

- small air_voiume.- The total luhg Capaéity of a heaithy_average ihdi&idual'
is about 6000.ﬁ1‘and it is usually lower in patienfs with pulﬁonary diSease{
In order to use recycled xenon gas'efficiently,.it-should_be recovered in
gas volumés‘compArable to or less ;han the total lung capacity, so that
a greéter portion of xenon activity is distributed in‘the lungs during
equilibration: It is notifeasible, by heating alone, to recovef-ienon.
in the gas volume desired: for éxample, more than 7 iiters of gas wouid
- be released out of the trap shownnin Fig.:IV-B during 30 mihutes of heating
at 200°C while more than 50 percent of the xenon would Still reméin_in fhe
trap.. Further, combining the eévacuation process at dry-ice temperature, |
. with 1ater'heating.of thé trap does not increase the xenon/air ratio in
the récovered gas, even thdugh this.combination’fufther complicates the
simple operation reduired in such a system; However, as shown before in
Fig;'IV—S; it_iévéasily possible by passing 1Qw—preSsure steam through |
the charcoal trap, to recover>xenon effectively from a charcoal suffacé
into a tolerable Volumé of gas.
| One.drawback of using steam in xenon recovery is the production
of carbon monoxide and carbon dioxide during this process. As Was shown
in Table III—6;'aftef stéam_condensation in the Spifometer the collected
gasféontains about 13.4% carbon dioxide and 0.003 % carbon monoxide. The
presence of nontoxic CO2 causes no problem since it constitutes a smalll
fréction of the COZ volume exhaled during pulmonary studies, and is easily
adsorbed by ‘soda lime. If 4 liters of gas are coliected_under fhe spiro?
meter, then the volume of CO2 pfoduced is 0.54 1iters,'whi1e an averagef

sized individual expels some 0.2 liter of CO2 per minute. Although CO

is a toxic gas because it combines with the hemoglobin of the blood, the
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concentration present is well below air quality.standards adOpted'by the
~ State of California (120 ppm for one hour average time [148]); .Eveﬁ sé;
by adding less than 100 grams of.”hopcalite,” a mixture of oxides of mah—'
ganese, cbpper, cobalt, and silver, on top of the soda lime container,

all the carbon monoxide would be oxidized to carbon dioxide.



CHAPTER V. |
MODELING AND QUANTITATION OF PULMONARY FUNCTION INVESTIGATIONS

‘Analog scintillation camera images obtalned by u51ng radioactive
partlcles and gases constltute an effective qualltatlve means for asse551ng

reglonalvventllatlon and.perfU51on. Variation in regional image inten-

‘sity is not restficted to changes in ventilatory gas displacement or per-

fusion per unit area, but depends on regional lung volume as well. The
activity distribution in these images may be distorted by the nonuniform
response of the scintillation cameré as well as geometric and absorptive

differences between areas of the 1ung. Furthermore, certain important

' parameters of pulmonary function such as the regional blood flow and the

regional-ventilation per unit of lung volume, and ventilation-perfusion
ratios are difficult to estimate from sequential s;intiphotos. |
To derive information more directly related t0'thése clinically
important physiological variables, a number of methods have been pre-
sented, which describe quantifative evaluation of ventilation and per-
fusion distribution in the human lung'dsing a gamma camera and a data-

processing system [40-51]. In éll thesevmethOds,ventilationImeasure—

ment has been largely confined to the determination of the clearance .

constaﬁt of‘the 1_33Xe washout from the entire lung or from a number of

sites, aSsumiﬁg that for each site the disappearance constant is propor-

tional to the air flow per unit volumé. |
In this chaptér,'taking the respiratory cycle into account, a

model is developed that introduces a new relationship between the clearance

139
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rate constant and the fractional air exchange for any area in the'lung;
Using the result of this approach and the Stewart—Hamilton'equation

[49 157, FORTQAN prograns were written to process pulmonary functlon

~ data obtained from the scintillation camera. These programs pr0V1de the'
combination of morphologlcal and dynamic exploratlon of lung ventilation
and perfusion with a reliable and exact reference to a great number of |
regions in the lung. The computer system.used'has been described in

Section I11-1.2.

V-1. Functional Description of the Lung

Lﬁng function cah be reduced to three basié éépects} veﬁtila—
tion, by which the external surrounding air is exchanged for.alveolar
air; perfusion, or the‘amount of blood-exchanging géses per unit of time;
and finally; diffusion, the movement of oxygen from thé alveolar air to‘
the blood and the movement of carbon dioxide in ﬁhe reverse direction.
The global function of the lung is to clear‘the blood or carbon dioxide
and replenish it With oxygén. With a global or évefage minimal impair-
ment of any or all of the three elements, the final functional impairment
- may be larger 1f the different regions of the lungs have unmatched func;
tional elements. Indeed, a well perfused but unventilated region is
totally inactive as far as the.global function is concerned, as is a
well—ventilated_but unperfused region. A region could be lost even fhough
well perfused and ventilated if the diffusion acrdss the alveolar membrane
is‘grossly impaired!

/

The basic element of the lung is an alveole through which a

fraction f; of the total cardiac output is flowing per unit of time.
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This fi -contains a volume Vi of air, and renews a fraction Vi/Vi

. of this volume by every respiration.. In the subsequent derivations,

unless otherwise stated, it is assumed:

. 1) the sum of fi is equal to the total cardiac output;

2)'_the sum of Vi is the total lung volume; in other words,

the bronchial tree volume is ignored;

3) -the total expired air in every respiration is the sum of
V,; » so that the bronchial tree volume is ignored in this

case as well.

. The régpiratory moveﬁent at the alveolar level can be considered
in the following way: Dufing expiration the volume of the alveolus
becomes smaller until it reaches 1 - Vi/Vi of its original volume.
These volume changes are accompanied by gas flow from the alveolus, and
by minimal pressure changes. During inspiration the alveolar volume
retufns to its original value, with a corresponding inflow of air and
no pressure changes. Good mixing is assumed and the respiratory cycles

are of constant length.

V-2. The Alveolar Model with an Inert, Insoluble Gas

An insoluble (in water or blood), inert gas, if mixed with al-
veloar air, iS an exact indicator of ventilation because it does not.
diffuse into the blood and its kinetics are totally defined by the res-
piratory volume changes. In view of the basic respiratory movement at

the alveolar level, the following can be derived: -
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If, at the-beginning of the expiration the specific tracer ac-
tivity in the alveolus is SA.O for VolumevVi, the total activity present
is SA  xV; . During expiration the specific activity does not change,

so that at the end of’éxpiration the total activity present is
Shg > Vi < (- Vi /Vy)

During inspiration the inspired volume has no radioactivity (we assume -
' that‘the'éir«was expired into an iﬁfinite volume so that the specific
activity of the "outside' air remains zero; thus, the inspired air is
| nonactive). Therefore the total activity.remains constant during in-
spiration, but since.there is é volﬁme change,-the specific aCtiVityi
changes. At the end of the first inspiration the specific‘activity is

1 - V./V.)
SA, = SA x V. x 1 1

1 0 1 Vi

And at the end of the nth inspiration the total activity is
- ) n
SA.o x Vi x (1 Vi/Vi)

In-this_way the specific activities and the total activities can be

determined at different times in the respifatory cyclé,,and from one

cycle to another. \ ” - .
The function describing the continuous changes depends on the

functional form of Fi , the flow of air to the alveoius at each instant N

of the respiratory cycle. To maintain a steady state in the long run it

is necessafy that the integral of F; during inspiratipn be of an equal

but opposite sign to the integral of E; during expiration. The absolute

value of both signs is Vi .
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- In general, the functional form of F; is hot‘knqwn, and the

time reéoiution of the measuremehts is such that it canhot be determined.
If the activity is counted over intervals T , not necessarily éofresponding
to one respiratory cycle, the relatiohship betwéen the data points.ahd |
the funétional changes in aétivity has to be determined; One can show
that the équally spaced data points are fitted by an exponentiai whose
slope .ki is relatedvto‘ \./i/Vi .

We have élready shown that the total activity A, at the end

th

of the n" respiratory cycle is'given by

_ Y n : e |
Ajy = SAj, X V. x (1 - V/V)) . (S 1)

where. SAio is the specific alveolaf activity before the first expira-
- tion; v, is the alveolar volume; and v, is the integrated expiratory

volume corresponding to the alveolus i . By definition then,

Shio * Vi T Ay - - G2y

Hence

- » —-. : A n | . L. o
A=A Q Vi/Vi) L y (5 3)

The values Ain are equidistant in time, sifuated.at the times corresponding
- to the beginning of each respiratory (expiratory) cycle. If one full

cycle is of duration 2T, then Ain and A correspond'OH the time

i(n+1)
scale to Ai(t),and Ai(t+2T) . The‘relation.between'Aio and‘Ain is also -
the relation between Ai(O) and Ai(ZnT) on a continuous time scale. It

is easy to show that if



i

Ai(t+2T)-? Ai(t)e
then
A. (2nT) = A. (0)e PK(ZT)
i i
ahd that therefore
e-ki(ZT) . Yl
V.
i
Thus
| | an(l - Vi/vi)
ky == 2T

By using these results Schematically, it is easy to see

:k(ZT) 3
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(5-4)

(5-5)

(5-6)

(5-7)

in Fig. V-1 that

for the same point in the respiratory cycle data points can be fitted

to an'exponentiaivwith siope ki = en(l - Vi/Vi)/ZT

- It can also be proven that by taking counts over one or more -

respiratory cycles, Fig. V-2, the same relationship between ki and Vi/Vi

exists. Starting at inspiration t = 0 , the total count C1 over the

first respiratory cycle, assuming an equal respiratory and.expiratory

time, is proportional to

| /T [ZT AL0) + A, (D) |
C1 _ Ai(O)dt + , 5 : q

0 T

Integrating, we obtain

A. (0) A (D)

7 1+ —3

C; = A (O)T +

but
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A = Ai(o) (@ - v;/V;)

By substituting, we obtain

; A; (0)

ST - V)

A, (0)
T+ —

v,
_ _ i
€ = AT I:Z 2V, ]

. In the same way, the total countroer the nth respiratory cycle is

= - L1 .
'_Cn = Ai(n 1)Tl~é ZVi :] ,

and the total court over the (ﬁ+1)th respiratory cyclé is -
Cpaq = A @T |2 -5 |

G AT - V) A@
N B Ai(n-l)

1 - Al (0)T +

or

C 5

‘From equation (Sf4), we obtain
A (t+2T) A (m) L
= V./V ,

L T AED TtV

\.

or

vcn+1
,Cn

= 1 - Vi/Vi

(5-8)
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Starting ét expiration, or at any other pd}nt of the respiratory cycle,
this ratio of the total counts taken over consecutive respiratory cyclés
remains constant. Actually, if the total count_ié recorded for intervals
of time equal to or more than one cycle, the ratiﬁ.of coﬁnts over these
intervals is constant in equal to (1 - Qi/vi) .

Assuming an exponential fit to the data,.the total count Ci over
the first cycle is

e f 2T kit A (0) 2k, T
C1 = / Ai(O)e dt = ki 1 - ?:

th

' o
In the samc way, the total count Cn over the n"} cycle 1is
, n(ZT) _klt _(n_l)ZkiT 1 ) e‘Zki'T -
Cn = Ai(O)e dt = Ai(O)e —
(n-1)2T : i _

Over the (n+1)th cycle it 1is

¢ LAY aam T
n+l ky ¢ o€

taking the ratio
]

ooy  -2KT .
—— = € (5-9)
C
n
Equating the right-hand side of cquation (5-8) and (5-9)
Vi o 2T -
1 - v—— = € s (5‘10)
i

or, as before
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- _;Zn(l‘— Vi/Vi) -
i - 2T

(5-11)

~ We should also consider the case where data are collécted (count
integrated) over equal intervals which do not correspond to integer’
multiples of 2T. In this case the values of C will be scattered around .

the values defined by the function ce Kt

, but this error will not -unduly
‘affect the definition of k and the relation in equation (5—11), The
model thérefore pfedicts that for a single alveolus, or a éroup of alveoli.
with the Same fractional air-exchange, the average count rate (OVef‘equél
time intervals larger than or eqﬁal to one respiratory cycle) aéva fﬁnc-
tion of time can be fitted by an exponential function wheré slopé‘is |

related to the physiological value VAR

V-3. Obsefvation'of Multiple Alveoli with Different Ventilation Rates

Since the séintillation camera has ho deﬁth resolution and oniy
1imit§d resolution in the projectioh-plane, oné cannot obtain a spatiai
resolution which guarantees that the.observed counts come from a single
aiveolus, or eVen from a set of alveoli with a common Vi/Vi ‘and ki
value. In this case, the sensitivity, couhting efficieﬁcy, and éctivities_
used generally prevent the empirical function from béingfresolved into
a number of alveqli wifh different kibvalues. |

There are different alternativesg The preferred one is.the
‘determination of the mean residency time for each region, equal to the

-reciprocal of the'disappearénqe rate constant of the exponential funcf

tion representing the population of alveoli in the region being examined.
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By definition, the mean residency time, T_m , 1s given as -

T =f th(t)dt

m%

where h(t) is the frequency function of the transit time or the frac-
tion of activity at time zero, q(0) , leaving this element per unit of
time between t and t+dt .

The remaining activity in the element at time t- is

t o '
q(t) = q(0) ' 1- f h(S)dS] =q(0) 1 - H(t)] , (5-12)
where
H(t) Ef h(s)ds
0
For finite volume, the mean residency time is also given by
T =f '-"1 - H(t) ’dt . ' (5-13)
L I S : |
This can be proven by an integration by parts [19] -
_ - : ¢ _
f l_l - H(_s)_l ds = t [1 - H(t)] +f sh(s)ds ,
0 = ' 0 '

or

| . {w [1 - H(s):l ds = tlljn (: [1 - H(t’):' +,[°sh(5)ds

For finite volume, the first term on the right is equal to zero,

‘therefore ,
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f [1—H(s)_‘ld$=f sh(s)ds
0 T 0 |
and using equations (Sflz) and (5-13)5 we get
fq(t)dt . .
R N (R O

m ini k.

1

Although thlS equatlon was originally dev1sed to measure cardiac
output, Zierler has shown that it applies equally well for measurlng
blood flow per unit volume where external detectors are used [152]. If
the region under examination follows a single exponential process, the'.
height—to}area reiationship measures the disappearance rate constant of
this process. If mbre than one exponential process is ithived, as 1is
- likely in patients with obstructive diseases of the airways, the height-
_to-area relationship measures the mean rate constant ‘of the varioug com-
ponents. Ventilation, as the mean fractionél eXéhange of air in gach
région of the lung, may be calculated by using thisjapproéch and expres-

: sion (5-11).

V-4. Descrlptlon of the Computer Prqgram for Proce551ng Pulmonary

Functlon Data

,The computer program starts by reading coded information.about
the patient'(namé, sex, age, date of exploration) and the data collec-
B tion_prdcedufe (rebreathing time, time pér frame during washout, pétient's
respiratory cycle per minute).. This patient information 1s printed at

the beginning of each page in the final print-out.
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‘The camera detects a general field composed of activities‘from
the lungs, chest wall, and background. These data are also stored by
the computer system that organizes them into frames of 64 x 64 element
érrays. The stored data may first be processed by a genefal pﬁrpose |
program,-which corrects the data for the nonuniform respoﬁse of the
gamma camera and for the deadtime losé of the systemﬂ To improve couﬁting
statistics and to- simplify calculations, the size of these arrays 1is
reduced to 16 x 16 elements by adding the counts of foﬁi adjécent‘
elements in the array. Next, the maximum counts in the redUced equi—
librium ventilation and perfusion frames are determined separately.

On this basié all the counts ih each_frame are'hormalized to a réspece
tive maximum so that they range frqm one to ten. This méthod of nor-
malizing the equilibrated Ventilation and perfusion daté allows deter-
mination of the level of tissue background cutoff by direct comparison
of the lung margins.
| The time activity curve for each of the 256 elements in the

array is generated during thé washout procedure. The mean rate constant
for each element is then calculated accbrding to equation (5-14) by
dividing q(0) at the beginning of washout, corrected for the back-
ground, by the sum of the counts under eéch time—fun;tion, again with
.correction'fOr background activity. The background correction method
is described in the following section. Next, by using equation (5-11),
ventilation or fractional air exchange, V/V , for_éaéh element is -
determined.

| Fractional perfusion, p , 1s obtained for each region of thé

lung by addihg_all the counts in the perfusion frame and dividing the
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. counts in each element by this sum. The céunts aré found for,eacﬁ
'element.in the equilibrium ventilation frame and corrected for tissue
baékgfound.v Then the cofreCted counts in each element are summed and
the»normaliéed volume distribution‘bf Xenon aétivity,.V_, in thé 1ungs
is determined by dividing the corrected counts in each element by the
sum. Next; the Ventilated volume, V , for each region is calculated
by multiplying V/V by V,.and the veﬁtilation—perfﬁsidﬁ ratio. 1s déter-
mined by dividing V by b . Finally, two new parametérs afe introduced

for further asseSsment of lung functions

Perfusion Ratio = —rmt— (5-15)
: 2(Pp° + V%) R
and
Functional Volume Index = .ZPV = ' . ' (5-16)
2(P" + V)

The value of these new parameters will be compared with the conventional

V/P in future studies.

V-4.1 Background Correction

_Sinée:xenon ié only Slightly soluble'in‘blood_énd-more sOlﬁble
in fat; during the period of equilibration a small ahouht of Xenon'gas
is faken up by the blood and carried to the body tissues, including thé
chest_wall. As a result, fhe coﬁnts recorded .are from the underiying'
~ chest wall as well as from the iungs. The amount .of xenon in the chest
wall increases.rather slowly'ahd if the rebreathing tiﬁe'is limited to

a few minutes, the chest wall activity will be rather small. In well
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ventilated areas, xenon clears the lung very rapidly; essentially
complete washout in these areas is usually achieved ih about one
minute.

To-correct for the contribution of chest wall radiation to the
total external count rate, the following‘metﬁod has been incorporated
in the calculétion: First, byvcomparing the normaliiéd_équilibrium

Aventilation and pérfusion frames, thé percent level of background cut

of in ventilation frame is specified.such that the outline of the lung
1s similar in both frames. A.background count "'level" is then obtained
by multiplying the chosen background fraction by the maximum cbunt in
the equilibrium ventilation frame. A frame is then selected.with a
washout time beyond that at which the normél lung is,clear.' In thisv
frame all the eléments which have counts greater,than the background
-”levél” (1.e., areas of abnormal lung) are set equal to zero, the rest

- are set equal to one. In this‘way a frame'is obtained where 1ocation$
with background counts are marked with unit value: we call it a "'mask"

. frame. All the washout frémes existing after the selected frame arei
then multiplied by this mask frame, and the sum of the-counts'inveach'
frame is obtained. An average background count is then'calculated for
the elements labeled one. By using the 1east—$quare’method,'the logarithms
of these counts are then fitted to a straight 1ine,.and-thé slope 1is o
found. Now a frame, called a background frame, is formed.in which all '
elements in- the Selected frame with counts greatér than the background
counts, are given the average background éount,‘and.for_those elements
in the selected frame with counts below average backgrpund, the slope

of the time-function for that element between selected frame time and’
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the‘end of the study is checked; for a ﬁositiVe slope, the corresponding
element ‘in the background frame is set equal to the average count overi
the time interval between the selected and the last frame of the washOut_
procedure; and for elements with a negative slope, the actual value is

. used in the backgroﬁnd fréme. Finally, the counts in the backgrbund
frame are extrapolated back to values at the beginning of the washout

by using the slope of the logarithm of-the sﬁm of the counts obtained

from the designated background elements.

V-4.2 Computer Print-Out

A patient, F.J., with mild obstructive airway disease was studied.
The following scintiphotos'(Fig. V-3) and print-outs were obtained. .
Théy show minor variability in ventilation and perfusion‘with reduced

ventilation on both apices.
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Single Breath ~ Equilibrium

Washout Perfusion
(2.5 min)

XBB T64-3501

Fig V-3. Selected scintiphotograms obtained during a
pulmonary function study.
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- This display expresses perfusion data per element as a fraction of the

total activity in the perfusion frame.
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This display presents the fraction of air’exchange-per'breath in each

element, i.e., V/V.
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This displays V per element, which is a measure of relative volume
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This display expresses the ventilated volumes (V) per element, which |
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are the product of volume distribution (V) and ventilation fraction/ven- *'

tilation ({f/V) .
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element.
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is the product of the perfusion ratio [ ﬁV/Z(ﬁZ + VZ) ] and volume

distribution (V).



003 U450 13409

APPENDIX A
The following program, in FORTRAN, language, was used to

evaluate and plot the-xéﬁon activity distribution in the

adSorption column, expression (2-70)..

163
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FRCGRAM EUSUGRFTLINPLTISZCULTFUTTAPE3=CLTFLT)
e AL KioKEghoyKK =

CIMENSION F;(c)'C(Ea;).J(CLu),CNCRM( a8 )
COMMUN KioKeoKK9XoYyCUSLANDSC

EXETEFENAL FLleF2:0i28 eHioheE

FRINT .01
FOFRMAT (LFL) -
FRINT 20500

FORMAT (ZEXC7HXENCD LuNFrNTNATth CGN CHARLOAL VS.

5bL‘,.J)v%FC(X))
RELD 200 yMAXTIE
FORMAT(in,FEe3)
RELL 21 oK1,K2
FCRMAT (. FL134€)
RELUZ. 3922 9220ELZ
FORMATA(SF1243)
REED 41067
FO&MﬂTﬁ_;QGL)
READ L»u’LO U
FOFHAT(PiC..oFAu.S)
ﬂ:(,-,;
VOID=.7%
VSF=€EL20 .0

CLENGTH AL

~
CRE

Tk

—~
-

TU3E)

[aw]

ASY

I\

FLOWZUFA*VOTID¥Ed W0
CUAND=FLUIW/{VEFPEU 0¥V CIL) -
K=KL/KL
KiKzK1*Ko
FRINT wloy MAXIHE .
FORMAT (/3 2HMAXTI s 9y Tl 9/ s 2HE=9F B el /)
FRINT S 9K14K2 v
FOFM&T(/ 3HK1“9F ﬁoOv/,JPKd ’Flgtb)
FRINT Z0EeZ1472 $0ELZ : S
FOF MAT(/y/,gthACINAL-vF.u.vqlg GHFINAL=9F134347 IJHINCREME
AANT sF Ll ety /)
FRIRNT vavT
FCEFMAT L/ oSHTIME=9FB et s /)
FRINT 3384 VOIG,FLOWy SLANE : :
FORMAT L/ /,/,SHAhfﬁapFlﬁovg/,l%HVOIE FRACTICN=wFE o34/ y1URFLCKW RATE=,FLl,:
"2yt Ay e Se /W EHLANG AwoFiﬂaOva,LF /SECS) . .
LEARZFCO)ZELANG
FRINT 49904.0
FORMAT (/4203842 a4)
FRINT i 4aCUsU
?UFWAT(/.lcﬂ;NFLT COUNT=4F11, Jv/vl&HLIk AR VtLCC’TU—ofiﬂ 3
Mz INT((22=21) /080742 44) :
Lu 5u l"l’NLV . )
(I =¢ .
CNCRMIUTI) =4
CONTINUL
I=. v
lpCINT:; .
CPRINT 42§ _ ' - :
_FORMAT(/v/Q/vliX06fh£NGTF119X’13FCONCEBTRATICN927X91UHNCFMALIZEG)
LC .5C  Jd=1ysNUN V
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I=1+1
IPCINT=IFCINT+1
LCIY=FLCAT(Y- 1)‘C*LZ*ZL
X=Z2(1Y/G :
Y=VOIC*¥(T=-X)
CIFATGLEGX) GG TC 54
Fzo®50RT (KK¥X*Y)
FRINT S0 4,P v
5u4d FORMAT (CHF=4E£1K, q)
CUzEXP{=(K1¥X+¥Ka*Y )
IFAP.EuUewa) GC TC 331
CO TO 3« ' ‘
31 FI(i)=1.0C .
: Co 10 33 '
3y CA!L BEJRI&(F;»QPI)
‘23 Cl==K1¥FI(1)
o Ce= SuRl((KK‘Y)ZX)an(E)
CALL SIHFSHUU e 9oX 9t +MAXI G F 1oXIPLINGEX)
C3==KL*XIF
CALL SIMFS(L.ngé.MAXI'FZ.XIP.INEEX)
Cuz(KE=L)#X]IF
CALL SIMFS(LaesYsi, MAXI.L;.XI#.INEEX)
C5=-K1*(L-CC)*¥XIF
CALL SIFFS(U.,Y.E,MA;I.GE,XIP.INGEX)
Co==Ki®¥(K2=-0)*X]IF
C7=+KL*LXP{K1¥X)
CALL SIMFQ(GOQP’LQMAXI F19XIPQINCEX)
C8= KL1¥XIF
CALL QiM"Q(Uo'YyEdMAXIQ"chIF,'If\CEX)
C9=(0=~-CUI*X]IP
CUI)=CL* (CLICZ+C3+Cu+C )+C6*L70C8009)
CNCRM(I)=C(IY/CC
FRINT &b,Z(I).C(I).CNJFH(I)
€6 FORMAT( SXoFidedgliXyEld el oliXyEEL W)
¥ CONTINULZ
~ IMEX=3.
CMAX=d.
SUMTG .
CO 706 I=1+IFCINY
PF(CCI)aLTala) CC TC 72
IF(C{I) LToCMAX) GO TG 75
CMAX=C(I) '
LMEX=Z(1)
t0 7C 7%
C{iy=C. ' :
CUM=SUMeC(I)Y *¥A*LELZ
COMTINUE :
FRINT 72 4CMAXZMAX,SUNM ‘ : :
7o FORMATUE (/) o i4nMAXIMUM CCOUNT= 021 Cett g LOXGBHLENGTHRE=3F1043,49X,,14HSUNM
1 0F CCUNTS=,5168.4) . '
Fz=UU¥VL H‘(1.-a)(fi(-((-x.c,w’*‘n/(\be"“oe.)H
FRINT S.0UoF -
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NN N
LT

bLl FURM&T( /9 Z2BHXENCN ATCMS PUMPEDR INTO TUEBE=.EZ0.4)

CALL FrLT(Z 0y Zi,?c'J-qCVﬁX NLUM)
STCP

END

FUMCTION FL(SY)
COMMON K1 oKZoKKaX oY oLOoaSULAND L
CIMENSION £1(2)

REBL KieK2eKyKK

Fzc*SORT (KK¥Y¥(X-SY))

t



10
‘11

i¢
11

i1

1id

11
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IF(P NE.L.) GO TC 14
FI(i)=1.¢C '
FI(E)=:

¢ TO i '
CALL BESNISI{F.Z,F1)
Fl=Ki®EXF{KI*IYI¥FI(1)
FETURN '

ENL

FUNCTICN F2(SY)
COMMON K1yKZoKKyXsYsCUoSLANCWE
CIMENSICN FI(2) -
FEAL K1,K2eKyKK |
SZ¥SCRT (KK*X¥ {Y=-5SY))
IF(P.NE.(e) GG TC 40
FI(2)=(. :
Co TU 1t
CALL BESNIS(FZ4FI)
fFeé= (EXFAKZYSY)) * (SQRT (IKK* (Y=SY))/X))*FI(2)
RETURN : '
END
FUNCTICH G1{Zy)
REAL KisK2eKyKK
CIMENSICN FI(2)
COMMON KisK2exkKsXy9yYsCCoSLANEHL
FzZ2¥SGCRT (KK*¥X*(Y-2U))
IF(P.NEWLe) GC TC 14
FI (l):-lob'

£C TC i1

CALL BESNIS(F,2,FI) _ '

Ci= (EXP ((K2=-SLANCI*ZUII*FI(L)
RETURN

LN

FURNCTION CG2(Z2U)

RELL KieKgeKeKkK

CIMENSION FI(2)

COMMUN K1eKZ29KK¢X oY yL04SLANECHC
FzZ¥%SCRT (KK¥X¥{Y=2U))
IF(PeNE«Ge) GO TG 10

Fi{l)=1.% ’

GG TO 11 -

CALL BESNIS(F,2,F1)

T (EXP(KZ*ZU)) *FI(1)
RETURN

ENC

FUNCTIONKL(ZE)

RCAL KieK2aKyKK

CIMENSION FI(2)

COMMCN KviZoKKvX,YQCGvSLANCQC
LUMSX=({ZE*ZE)/ (4 oG *KK¥Y ))
IF(ZZ4NEe0s) GO TO 10

FLI(Z) =% ek '

C6 TG 11 _

CALL BESNIS(Z2E,2,4,FI)

Fiz EXP{KL®*CUM)*FI(2)

RETUAN '

ENG

FUNCTIUN H2(SY) _
COMMON K14KZ9KKaXsYsCCoSLANL L
CIMENSIUON FI(2)

REAL KileKZ eKyKK

F=*SCRYT (KK*X%¥ (Y=SY))
IF(P Nt 0.) GC 1O 10
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FI(2)=i.
€o 10 117 .

CALL BESNISHFyC,FI) ] :
H2=(EXP{(K2=SLAND) *SY) *SGRT L (KK¥LY=SY))/X)IV¥FI(Z)
RETURN

ENC ' _ S
SUBROUTINE SIMPS (PAaErEaMAXI G XINTG o XIFyINUEX)

FAFE=XINTG(A) #XINTE(E)

AH=0=-p

ALlRk=XR*, ¢

XJ=XIK*F LFB

XNEW=A+X 1k

XrtA=XIK/ 3.

INLEX=y

FNLWXZXINTGIXNE W)

IFf (INCEX «GTe &) GO TO 1402
INGEX=1 -
XI=XHA¥(FAFE+FNERX ¥4 )

Cxd=(XJtAT¥I 40 %28

INGEX=INDZX+1

IF (INUEX oGTe MAXI) GO TC 1GCO
XH=XEY 2

ANLW=LEXE* S

S=0o ’

IF (XNEwWw oLTe B) LC T0O juie

CXIERAXGEXHFLL*¥S) /3,

IF (ABS (XIP=XI) .LE; AES (E*XIP))Y GC TG 18549

8 xI=XI1IF

CG TO iutlw
C=SHFNEWX
XNEW=XNEW+XH
CO TO 165 '
FETURN
tNU
SUBROUTINE BESNIS (X NMAXLFI)
CIMENSION FI(NMAX), PI{473)
CATA MAKX/GLL/Z s MEXN/SLZ o RINCEF/L77700 0L 0dGuIuub00BY/
MAXX=E MAX VALUE CF X ALLCWEL +LE.1G¢C
MAXN=1= MAX CRUEK THAT wILlL BE RETURNED +LE.SO
FI MUST tE DIMENSIGNED TC MAXX+ NUMAX+Z '
AXz ABRS(X) .
IF (NMAXSCToMAXNY GCTL L1500
IF (XX,GTs #bCG1) GO T0 1uG
COMMENT SERIES EXPANSIGN USED FCR SMALL X
SHCULU BE GCOC TC 13 SIG FICURES FCOR XelEe. o08C1
h=1. IS Tkt CRLER CF I(Xx) '
L0 56 Nzis+sNMAX,1
Ni= N=1 '
T72= X*,5
SUM= L C+TZ¥TZ2/N
F:-"'lu'“ o
FF= Lau
LQ 62 I:49N171
F=F2TY{
FF=FF¥%]
CONT INUE _
FIIN)= F/FF*SUM.
CONTINUE
RETUKN

COMMENT [CWNWARC RECLRSICN
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160 CONTINULE

R BN T

C

<

OO0

SUM= 168

I= IFIA(XX)
IF(TI.GT.MAXX) ocio 100643
NALD= 10=-NMAL ‘
IFINACG.LT«3) NRALD=S
wMEX= 1+#NMAX+NACC

Ti=Cal/ XX '

oM = UMEX ¢ &

FIGUMZ)I= (0.C

CFI(JMAX+1)=1.E=5,

CO 1 J=iyJMAX
Kz JMZ=J
UKk=K=~1
PI(K-;)‘LK*IZ‘PI(K)fPI(K+¢)
SUM= SUM+PI1(K) '
CONTINUE
SUM=ESUM+SUM
A=-EXPAXX)I/Z(PI(1)+SUM)
C0 2 N=1 ,NMAX
FI(N)= A*FI(N)
CONTINUGLZ
LF (XeGLetau) RETURN
LO & N= ZoaNMAXyE
F1(NY=z =F1{(N)
CONTINUE
RETURN
CONTINLE

COMMENT ERROR EXIT +ARGUEMENT CUT OF RANGE

¥ %

XX= RINULF‘RINLLF

RETURN

END . . .
SUERCUTINEG PELT (Xe Yo XMIN, XMAX, YMIN, YMAX, NUM)

THIS SU3RCUTINE, GIVEN A SET CF N X-Y CCORCINATES, WILL FLCT THEW
CY THIS RCLTINE NG CUT C(F RANGE PCINTS ARE IGNCRED
CN A 51 BY 341 XY GRID====- m————— THE X ANY Y ARRAYS ARE UNAFFECTED

CIMENSION XA{1)s Y(3)y DPGRIC(L11)e YCRID(12) CRIC(LGL)

CIMENSION BLAC(37)

CATA (BLACI) +I=1437)/72H 1H¥ y1H2 ¢ 1HT31HG 4 1HG 4 1HE A H7 91 HB 41 KT,
AMA s InE lEC e lbC sl FE W lkF o1k Cylbb ol l gdlHU s AHK oAb L o AHM p 1 Ng 1T g 1HP
thquE,lPSolf1'tholvalfhvlFﬁolHYolFZvlﬁ%/

INTEGER ELAGRID

TL = (XMAX = XMIN) / 3de

T = (YMAX = YMIN) 7 1¢.

XGRIG(L) = XMIN '

YGRIT(Z) = YMAX

CO0 5 1 = 2y 11

XGRIC (L) XGRIC(I = 1) +. T1

YGRIU(I) YGRID(I - 1) - T2

KRITE (3, 35)

FOARMAT (1H1)

L 3 I = 14 3

WRITEZ (34 &%) v

FORMAT (ZuyxX, 1H*, 13{9%x, 1H*))

[E ]



55

e
56
57

0004501352

CRID(I)=1

A=

C o= (YMAX * (51, = A} + YMIN * (A = 1400/ 5u.
LU 53 IL = 1, NLM - - |

IF (ABELG = YUIL)) = {(YMAX ~ YMIN) / 14ce) wiy 53, 53

IXF = S.ue ¥ (X(IL) ~ XMIN) 7 (XMAX = XMIN) + 1.t
IF (IXFeGEel «ANCo IXF.LEGLUL) GRID(IXF)=GRID(IXP)I+1

5 CONTINULE

LO 54 J.o=ledvl

SE=MINJAGLRIDUULY 437

Crifi{yid=LALJE] : : : _
WRITE (Z475) YORIDLGL) 4 CRIDCI)y I = 14 1ul)

NoE oMo+l
o= N o+
CO 6. J = Ny M
LG 55 I = 1, 11
CRIO(INZL

]

G = (YMBX % (51e =~ A} + YMIN #* (A = 14))7 SJ.

LG 57 IL = 14 NU¥ '

IF (A3S(G = Y(ILY) < {YMAX = YMIN) / 15le) 4Ss 574 57
IXk =124 ¥ (Xx{IL) = xMIN) 7 (XMAX = XMIN) +.1,%"
IF(IXPohbEel #ANDe IXPLLEL101) GRID(IXPI=GRIC(IXP)I+1
CONTINLE : .

LG 59 Jizl,luid
G2=MING(GRID(J1) .37

CRIC(JL)=BLA(J2)

WRITE (2476) GKID
¥ Mo+ 3 T
L L o#
LC 6e 1
GRIUAT)=

i 0

i
T 1y 101
:

L0, 7c 1L = 14+ NULP

IF (ABS(YMIN =~ Y{IL)) = (YMAX = YMIN) 7/ 1.0.) 63, 72, 72
IaP = 13Ce ¥ (X{il) = AMIN) / (IXMAX = XMIN) ¢+ 1.5
IF(1APCE el «ANCe IXPaiLfe1i1l) GRIDI(IXP)=GRID(IXF) +1
CONTINUE : '
LO 73 Ji=1.101 _

JE=MINC(CRIG(JL)437)

GRIU(JL)=BLA(I2)

WRITE (3475) YGRID(11),(GRIB(I)y I = 1, 1u1)

FORMAT (10Xy 1PEGLCs Xy 111A1)

FORMAT (<X, 1L101)

CC 83 I = 1,4 3

WRITE (3, 45)

WRITz (3,85) {XCKID{I), I = 1, 11)

FORMAT (16X, 1101PEG.Z, 1X))

" RETURN

ENE
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APPENDIX B

Listing of the FORTRAN program written for the Hewlett-
‘Packard 5407-A Scintillation Data Analyzer to process
pulmonary function data obtained from an Anger scintilla-

tion camera.
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PRNGRAM PNEU '

NIMENSION A(S);IV(Q):IA(AI&@) K(256):IB(256):IX(256),IC(?56)-
1,YC1RD

COMMNON A:IM;IA,IB:IX

" FEQUIVALENCE (IBC1)5 X(C1))

13

17

EQUIVALENCE (IAC1)s ICC1))

WRITE(2,100¢)

WRITE(2,101)

‘READC1,102). (ACID)» 1= 1:5) (IV(I) I= I,Q)JTI:T?:V
ILINE=64

IPAGE=0 ' : ; ' [ : "
CALL PAGE (IPAGE,ILINF) : S
L=1

M= 1

"CALL READ (LsM,IAC1I,K)

NN 4 J=1,4096 , -

XC1)=FLNATC(IACIII*T2/T1

CTACII=IFIXCXCL))

CALL WRITE(L,MsIAC1),K)

DN 8 L=33,34

DN 8 M=1,164

MM=(L~=33)*16+M

IK=1 3 :

CALL READ CIK>MM,IAC1),5K)

DY 13 I=1,64,4

NN 13 J=1,A4,4
IK=(CI1+3)/4~ 1>*16+(J+3>/a
IRCIKI=0

DN 13 IL=1,4

NN 13 IM=1,4

MM=(I+1IL-2) %64+ J+IM=-1)
IBCIK)=IRCIK)+IA(MM)

IK=1 '

CALL READ (IK:L:IA(I):K)

DN 17 J=1,256

MM=(M=1)%256+J
1A(MMI=IBCT)

CALL WRITF(IK,L,IA(l)sK)

CONT INUE '

DO 29 L=33,34

CALL READ (IK,L,IA(I),K)

XCL)=0.

DN 25 I=1,256

J=(L=-33)*3840+1



26
25

27

28
22

29

36

37
35

-39
38

30

40

42

43

IFCIFIXC(XC(LY)-TIACJ))2A,25,25
X(LI)=FLNATCIACI)) '

CONT INUE

DN 27 1=1,2568"

J=(L=-33)*3840+1 .
IX(I)—IFIX(FLOAT(IA(J))*I@./X(L))
J=(L-33)%31+1
IFCILINE-4M)22,22,28

‘CALL PAGE (IPAGE,ILINE)D

ILINE=ILINE+19
WRITE(2,103) J,XC(L)
WVRITE(2,104) IX
WRITE(2,105)

READC 1, %) MM
ILINE=ILINF +2
nG=F10AT(wM)*x<33>/1w@.
1.=34

CALL READ (IK,L,>IAC1I,K)
DUM=0 .

DN 35 J=1,256

L=384¢+J

SIFCIACT) - IFIK(RF))36,36,37

IBCJI=1
Gn TO 35

IBCJ)=0

DUM= DUM+FLOAT(IA(L))

DN 5 L=3841,4096

J=L-3840

IXCJ)= IFIX(FLOAF(IA(L))*I@@B@./DUM)
CALL WRITEC3,4,IXC1),K)

CALl. PACEC(IPAGE,ILINE)
YRITE(2,113)

WRITEC2,110) IX

ILINE=ILINF+35

DN 38 J=129,143

XCJ)=0 .

NN 39 I=1,256

MM=( J=-129) %256+1
XCN=XCI)+FLOATC(IA(MMI *IBC 1))
XCHD=ALNGCXCI)+0. A1)

NN 30 I=144,147

XCId)=0.

DN 40 J=129,143
XC1an)=X(144)+FLOATC J-128+16)
XC145)3=XC145)+FLOATC( J-128+16)%*2,
XC146)=XC146)+FLOATCJ-128+16) %X J)
XC147)=XC14T7)+XC D)

172

SLOPE= (X(l&ﬁ)*lS.-K(144)*X(147))/(X(145)*15.~X(144)*X(144))

nn. .41 J=1,256

DUM=0@.

NN 42 I=1,15
MM=CI=~1)%256+J
DUM=DUM+FLOATC(IA(MM)Y *IBC J))
IFCIBCJII43,43,44
IXCII=IFIX(BG*104)
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cN TO 41 :
a4 IFCSLOPEYAG, 45,45
45 IXC=IFIX(DUM*1(e/154)
BN TN 41
46 DUM=DUM*10. *(1.-FXP<5L0PF>)/(FXP(SLOPF*le )~ EXP(SLOPF*SI.))
- IXCIH)=IFIX(DUM)
41 CONTINUE
L.=33
CALL READCIK,L>IAC1),K)
DN 31 J=1,256 :
IF(FIOAT(IA(J))*lﬂ.-FLOAT(IX(J)))SP,31,31
32 IXCJII=IACII*10
31 CHONTINUE
: IX=3
L=1 : , . _
CALL VRITECIKsL,»IXC1),K) ' R .
NN 5@ J=15256 , , ' o
5@ IXCJI=IFIXCFLOATCIXCJ)I/BE)
IK=1 ‘
DN 51 J=1,256
XCJI=0e
DN 53 L=33,34
MM=16-L+33 ‘
CALL READ (IK,L,IAC1)5K)
DN 53 J=1,MM
DN 53 I=1,256
: M=(J=-1)*256+1 ,
53 XCI)=XCI)+FLNATCIAM))
=33 ‘
CALL READ (IK,L,IAC1),X)
NN 56 I=1,256
J=256+1
L=512+1
IACLY=T1ACT)
56 IACII=IACI)D
IK=3
L=1
DUM=0.
CALL READ (IK,L:IC(I),K)
DN 54 I=1,256
J=2 t6+1
L=512+1
BG—(FLOAT(IA(J))*30.~FLOAT(IA(L))*10 )/2.-FLOAT(IC(I))
IF(BG)B0,80,81
87 RG=.01
81 DUM=DUM+BG
IF(SLNPF)57558,58
57 XCI)=X(I)~- FLOAT(IC(I))*(lo-EXp(SLOPF*31.))/(l@.*(l.-FXP(SLOPF))).
IFCXCINIB0,60559
58 X(II=X(I)-FLOATCICCII)*31./10.
59 IF(BG-0.8*FLNAT(IC(I)))60,60,61
RO XCI)=1000.
GO TN 54
A1 XCII=XCI)*10./B0G

n
—



54

He
83

A2

30¢

200

XCI)H)= X(I)*T?/ﬁ@@ﬂ.
L=o

o

CALL WHITE(IK,L,IB(I),K)
L=3 _ :
CALL WRITFRCIXK,L,IXC1),K)
NI A2 I=1,254
XCId=1e/CUkX(I))
J=256+1"

L=512+1

K=76 8+1
RG= (FLOATCIACJ)) %300 ~FLOATCIACLY ) %104 /2
IF(RG)82,82,83 .

RG=. 01

ICCII=IFIX(RE*10000. /DUM)
IACKI=ICCID o
I“(J)-IFIK(K(I)*FJOAT(IC(I))*Iﬂ.
CALL PAGE(IPARE, ILINE)
VRITFC2,1607)

PN 20¢ I=1,16

nw 3IpM J=1,16

=(I-1)%16+J

”HITF(Q,IOB) Y

CONT INUE

ILINE= 111VF+3%

URIFE(2:1@9)
WVRITEC2,110) IC

ILINF=1LINE+35

CALL PAGRCIPAGE, ILIVE)
YRITEC(2,111)

VRITR(25,110) (IACI)»I=257,512)
ILINE=ILINE+35

- CALL PACGEC(IPAGE, ILINE)

T7¢

72
73

71

CALL HFAD(354,IAC10625),K)
“<9f6>=@. "

RE=

NN 70 J—2%7,51?

R BE+FLNAT(IACJI))

DY 71 I=1,256

J=256+1 '

K=T768+1

L=1024+1
DUM=FLOATC(IACJI))*10000./BG"
DEN=DUM*DUM+FLOATC(IACL) ) *FLOATCIACL))
IF(D"NIT72,72,73

DFEN= 1000000,

ICCID=IFIX(DUMK*FLOAT(IACLII*1@0./DEN) *2

-FLUAT(IC(I))

IBCII=IFIX(FLNATCICCIIIXFLNOATCIACKI)YZ100.)

X(256)=X(25A)+FLNATCIRCI))
WRITE(2,112) _
VRITE(2,110) IC
ILINE=ILINE+35

CALL PAGECIPACE,ILINF)
WRITEC(2,106)
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VRITR(2,110) IB
VRITE(2,114) X(256)

ILINE= ILINE+38

CALL PAGEC(IPAGE, ILINE)

FORMAT ( "NAME ,NUMBER, DATE,T OF .F1=-F2-F31,UENT. RATF/MIV") L
F)HMAT("AAAAAAAAAAJJJJJWWDDYYYYKKXKXKYYYYYYVVV")
FORMAT(5A2,15,212,14,2F6.C,F3.1)
FORMAT (/s /5 10X, "FRAME ", 16," MAX ",F7.0)
FORMAT(10X, 1612) R

FORMAT ("PERCENT BCKGR CUTOFF LFYEL'™)
FORMAT(/ 5 /5 10X, "FUNCTINVAL UOLUME INDEX'™)
FORMAT( /5 /5 10X, "FRACTINNAL P IRFUSINN'™)

FNORMAT (/5 /5 10X "CUMULATIUR "5F7.+3)

FORMATC( /5 /5 10X, "UENT « FRACT/UENTILATION')
FORMATC/ 55Ks 16CX5F342),5X)

FORMAT( /5 /5 10X, "UNLUMFE DISTRIBUJTION')
FORMAT(/55%Xs 1614)

FORMAT (/5 /5 10X "URNT ILATED VOLUWFS”

FORMAT( /5 /5" PERFUSINN RATINS'™)

STNP :
END

SUBROUT INE PAGECIPAGF, ILINE)

DIMENSION ACS), INC4)

COMMON A 5 IN

IPAGE=IPAGE+1

IFCILINE=65)1,2,2

ITEST=65-ILINE

DY 3 I=1,ITEST

VRITEC2,100)

FORMATC(" ') -
WRITEC(2,101) CACI)»>I=155),CINCI)>I=1,4),1PAGE
FORMATC 10X " e e e’ s 10X ™00 e"s/5/5502,24,1 6,315, 10X,"PAGE",14)

ILINE=3

RETU RV
FEND.
FND$
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