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iﬁw Preface
The purpose of this study was to investigate the effectiveness of
using an electrostatic precipitator as a means for reducing harmful
levels of radon progeny in the home. This is an important study because
more and more homes may be experiencing buildup of dangerous levels of
zadon and radon progeny due to extensive efforts to save enargy. By
sealing up the homes, air exchange rates are d:;.ticully zreduced thus
causing radon daughter concentrations to build up in the home. During
this investigation I will look at a method which may be effective in
roduoiné tho;c dnnénrdul levelas. | | |
In preparing for lhd.dl:ryihﬁ out ths experiments in this thesis I
o received a great deal of help and guidance from others. I am deeply
indebted to my thesis advisor, Dr. Goc:go.adhn, t&r hii guidance, Kknowl-
edye and occasional kick when thc need pressnted itself. I would also
like to thank Bob Hendricks for hia support and assistance with much of
the equipment. A special thanks goes to Carl Shortt and the members of
the AFIT fabrication shop for their assistance in building the Radon
Test Chamber. Additionally, I would like to thank Dr, Hagee and his
associate, Dr. Jenkins, of Monsanto Mound Facility for assistance in
calibrating the large Lucas cells used in radon gas measurement. Finally,

I want to thank my wife Ann for her untiring support and devotion during

those moments when I wonderad if it was all worth the effort and pain.

PDavid R. Little "
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Abstract

The effectiveness of using an electrostatic precipitator as a means

eSS

for reducing harmful levels of radon progeny in the home was evaluated.
A commercially available precipitator, manufactured by the Honeywell
Corporation, was used during the coursze of this itudy. The specific

model used was the Honaywell Electronic Air Cleaner model number FS0A1009.

I PP Sl

Daughter concontratiohn were measured byvtho médi!iodirlivoqlou

method. Samples were collected on & 2-inch millipore filter and alpha

i rhasE L

emissions were measured with a ZnS(Ag) scintillator. A sample collection

time of 5 minutes was used. Sample counting intezvals of 2-3, 6-20, and

2.
o e 32
an. -, i
2 4 o By

g 21-30 minutes after sample collection were used. Eﬁ
i o ( During this atudy air samplea were made using the blower fan and g%
_ - filters alone with no power to the clcotron:aéﬁc precipitator, and with [
S , the electrostatic precipitator energised. The reduction in the working QE
; ey

level as a result of using the blower fans and filters only was 7% percent.

With the electrostatic precipitator energized the reduction level rose o

96 percent. It is therefore concluded that the electrostatic precipitator

A
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-
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is an effective means for reducing radon progeny concentrationa in the

&%

) home.
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ANALYSIS OF RADON AND RADON PROGENY IN RESIDENCES:

FACTORS THAT AFPFECT THEIR AMOUNTS AND METHODS OF REDUCTION

I. Introduction

Purpose '
The purpose of this thesis was to study and quantify the ef ective-

ness of using an electrostatic air cleansr in reducing the radon progeny

concentrations in homes.

Backgrouad

Inhalation of air containing :adigﬁétivc tadon gas or p:a@cnmigy
result in an exposure of the respiratory tract to ha:mful lovoil.oﬁ'
ionising radiacion. Prolonged exposure to this :Adguﬁion hnl been
attributed to a high incidence of lung cancer caces among mine workeras
in the United States and Eastern Buropean countries (1:36,7198), Even
though kriowledge of the potential radiation hararyd exiats, very few
efforts have besen diresoted toward the control and redustion of this
hazard. Efforts to control this hazard are hamperad because of the

lack of underatanding of the complex relationship between radon, its

progeny, and their envizonment (23:11,1). It was beliaved originally

that the lung cancers in mine workers wers dus toc high levels of radnn i
31
gas; however, W.F. Bale demonstrated that under all practical oircum- k§
cE
stances the dose to writicel tissue in the lung area was due predomi-
natelv to the short lived daughters of Ra-222 (Po-218, Pb-214, Bi-214, :;
and Po-214) which are present in radon laden air, rather than to the :;
radon gas itself (4:1323). & .
<)
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Not long ago it was believed that the only perscons who were
exposed to significantly high levels of radon and its daughtars were
undo:g:odnd mine workers. The concentration of radon gas was expected
to be high because of the large quantity of uzanium or radium contant
ores, thq lazge lu:lgco Agcé for emanation, and the reduced vnngilntion
(2311.1). Iﬁ ?ccént times many I;ticl.I have been published oxprocling

.gtowing oonoo:gu.ﬁownrd the genezal public's exposure to hazardous

levels of loniszing radiation. Initially concezna were directed toward

M e O N R Y N S, Y T R L

these hazards produced by man (i.e., nuclear power plants, use of

e

o e

Yy

nuclear weapons, and medical applicationas of radiation), More recently

though, natural sources of radiatien have received increased .attention,

i?)
!E

il

Thnrmqnt recent articles have been conzerned with the magnituao ‘nd
varine;on of indoor raden progeny inside reu.dential houses (24,2732
Qﬁ# 33,38). 'These reports have shown that indoor exposures to zadon progeny
may be several times greater than that experienced outdoors. Thonor
elevated concentrations are usually nloooiltod with homes which have
been constructad on top of soil with high uranium or radium content,
regulting from natural soil formation or through technological enhance-
ment of the natural radiation (23:11.1). Technological enhancement is
rejponsible for elevated indoor radon concentrations in homes buile
© eor reclaimed phosphate mine lands in Florida and in Colorado whare
uranium mine tailings were used as fillers (9)28). Even though the
general populations exposure to radon progeny has bheen increased by

mismanagement of mining wastes, the overwhelming majority of collective

dose equivalent to the U.8., public is due to the natural source oocur- v
-~
va:
rences of radon and its progeny. &
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N . Typical Ra-222 concentrations in U.S. houses, averaged over a ::,
Y l;"hf;’- :.
s year, are in the range 0.2 ~ 4.0 pCi/liter (24:1278). This value has Bf
R 4
-g been estimated to be responsible for lung dose-squivalents that are N
N ol
-; approximately 8 percent of the occupational limit (23y1.2). The lergest
o o
! 5
¢§ contribution to the collective lung dose squivalent is from all natural i
o

e background radiation.

7% Prior to the laat ten years, before energy conservation measures

; were instituted in home construsction, typical expesures to rasdon progeny
P ) and other indoor pollutants wers low. This was due to high infiltration

rates usually on the order of 1 to 2.5 air changes per hour. 8ince that

Sl
SRRy PR

time more people have becoms extremely energy ecnlciqul'podlﬁlo of 4l
ﬁ increases in energy ocosts and fedsrally-sponsored energy-conservation {3
ﬁ; programs. The move toward more energy~-efficient homes has led to S;
3 Qsii dramatic reductions in residantial air infilcration rates, The Depart- ?i
'h ment of Energy estimatea that over 30 percent of U,8. home owners have .!
)
? taken action to tighten their houses, and 20-30 percent have an air

W] ventilation rate of less than one air change per hour (23:11.2). The

]
. continuation of these trends and the fact that most peocple will spend .
L "-
jﬁ 80 percent or more of the day indoors (39:1277) will mean an increase in 5:
h the radon progeny concentration and greater radiation exposure to the 5?
N general public. g
e
B o
Gi Origin of Radon QC
N
y Radon-222 gas and its short lived daughters are the intermesdiate r
:ﬂ decay products of the naturally-occurring decay series of Uranium-238. L_
b J 1,
"J l.‘
;% The parent radionuclide U-238 which was formed at the earth's creation E{
:b N
; o
0 .‘l.,.i :..’ .
'l‘ N '1..
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S
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is relatively stable with a half-1ife of 4.5 x 10° years (36:147).
Because of its primordial origins 1-238 is found in the oarth'lﬂp:ustal
- material in concentrations that can vary greatly with location ;éd
geological formation in the region.

The primary radiation exposure from the Uranium decay series
begins with the decay of Radium-226. Radon-222, which is the first
decay daughter of Ra-226, is an inert noble gas that is capable of
exhalating from the air spaces within the soil or other material con-
taining the parent radionuclide. Radon-222 has a half-life of 3.82
days (36:43%) and decays into the elements polonium, lead and bismuth.
The primary decay scheme for radon is shown in Figure 1. The daughters
B are alsc referred to as Ra-A, Ra-B and Ra-C respectively.

Radon exhalation from ground soils is affected by sevexal physical
(;; and metsorological factora, besides the soil concentration. The condi-

tion of the soil, porosity, the amount of air spaces found between soil

coenstituents, is a major factor in determining the rate at which gas

e
4 a.n .
o fe Marfa te

moves through the macerial. To illustrate, the diffusion, movement of
the gas, through sand would be slower than the diffusion found in soil
containing larges fragments with large interstitial spaces. The molisture
R content and snocw or ice covering on soil will alsc decrsase the emana-
~ tion rate of the radon gas (23:1.%). Tha flux (pCi/m3 * gec) is reduced
o by slowing down the linear diffusion rate which causes more of the gas
to decay before it cscapes into the free air space above the ground.
Because the radon progeny are metal atoms they, the progeny, will then

remain trapped in the medium. Draetic changes in the flix may come

W about as a result of sudden transient changes in barometric pressures
o
' -

_'} .

e
ALY
YA |

. e e e e it e e tete
o RN LAY M A RN

ey
St e e

[P




S T

',: ooy
:
‘|
% Radionuclide Half-~1life
! 222 RADON 3,82 days
"
E a - 5.49 Mev
218 POLONIUM 3.05 minutaes
;§ a - 6.0 Mev
B Y
i 214 LEAD 26 .8 minutes
. B
‘ i 214  BISMUTH 19.6 minutes
214 POLONIUM 164 ,8Sec
a - 7.69 Mev
210 LEiD Stable
————pe- Indicates Alpha Decay
—————1Indicates Bet:  Decay
Figure 1: Primary Deacay Scheme for Radon Gas .-
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above the soil-air interface (17:1216). A Jrop in barometric pressure
reduces the pressurs on gas esmanaticn and exhalation rates can increass.
Under this condition radon gas concentrations could be several orders
or magnitude above that predicted for simple diffusion (23:1.5). 1In
contrast as the barometrioc pressure increases a corresponding dco:olpo
in radon gas flux could f.nult. | |

Other factors such as temperature and winds between the ground and
open air can influence the flux; nowever, these factors are of leaser

importance because they may occur over a short period of tims.

Sources of Indoor Concentrations

Radon gas exhalation into a resduced dilution volume will cause an

'1ncr0110 in steady state concentrations of the gas. This is usually

the situation when homes are constructed on top of soll contalning
radium precursors and ventilation rate of the house is reduced. The
house foundation may creats a barrier to radon gas diffusion causing
more of the gas to decay before it moves out of the floor or medium.
Radon heas been reported as having a relaxation length of approximately

8 em (51269)) because of this, large length radon gas easily enters

into the home. The soil beneath homes is generally accepted as the pri-
mar; source of radon entry., However, several other access pathways have

been found to be important sources of radon.

Coustruction Materials

Construction materials which contain high levels of radium or
uranium contents have been studiad and reported to contribute to the

indoor concentrations of radon gas (13;18;30). These studies have
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found that materials such as concrete, cement blocks, gypsum board,

and masonry contain radioactive matarial which coutribute to the
source of radon gas in buildings. Concrete made from beach sands and
mixtures of granita, pumice, and alum shale have among the highest
reported radon exhalation rates (26:307). Another source of high
radium content in bQilding materialas is the use of :.liAuol from indus-
trial processes. A large contributer is the use of Phosphogypsum, a
calcium sulfate produced by treatment p! pholphntp ores with sulfurie
acid. This material is generally used in wallboard. In this treatment
Ra-226 usually follows the calcium, leading to tens of pCi/g in the
gypsum (26:308). ThQ U.S. is the iargolc producer of the phosphate

rock material, but use of the phosphogypsum ia found in other countries
having little natural gypsum. The principal use of a byproducé material
in the U.S. is concrete blooks using phosphate slag, which contains much
of the Ra-226 and U-238 in the phosphate ore. Thess blocks have bheen

estimated to have Ra-226 concentrations of about 20 pCi/g (26:1308).

"Radon in Water

Radon gas is scluble in water, but the solubility decreases with
an increase in temperature. Ground waters which ars encased in radium
bearing rock formations can have concentrations of Rn-222 greater than
50,000 pCci/l (2%5:311). The radon gas can Quickly transfer to the air
when heated or when asrated as in a shower, a faucet aerator, or appli-
ance. Several homes in Maine, out of 2000 surveyed, ware found to have
indoor concentrations of raden gas in excess of 10 pCi/l, with the

primary source of the radon being the potable water (12:1344),

.
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Natursl Gas

X- with water, doponiﬁn of natuzal ﬁll located in or nearzr soil
formations thch hnvo-high content of radium can also become u_lbﬁrco
of radon gas in homes. Radon diffuses from the rock into the well and

infiltrates the gas. Ro;p@no into the home oocurs when the natural

Ch W R 0 L R O ——

A

'gnl is used for aboking. Tho concentration of radon gas in gas distri-

bution lines in the U.S. has besn found to range from 1 to 100 pCi/}

IR

(261312), Differences in storage and transmission times will alter the

Sl .

radon concentration Aelivered to the home.

-

Indoor Congentrations of Radon and Progeny

Once rzadon gas has entered the home it will mix with the room air .

- -
e B -

and decay according to the scheme shown in Figure 1. The daughter

R A
e et

products convist of heavy metals atoms of polonium, lead and bismuth.

TRy
1
-

MY 2P

Each is radioactive and possesses a short hllt-li!i less than 30 minutes.
These decay products attach themselves to dust pa.ticles and othor
aerosocls in the room air. Depending on the dust concentration in the

room, some of the daughter products wili remain unattached, positively

charged ions and as such may attach themselves to other small polar

v E &

..

molecules like water vapor.

Cavut Xl
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Effect of Ventilation. Many homes are not airtight and thersfore

E)

4, »
..

outside air will infiltrate through doors, cracks, and windows. This

A A

rate is governed by several factors, i.e.,, wind speeds, temperzature,

. '.i’-'

and pressure differences between inside and outside aivr. The rate of

LR
..
e o

infiltration air into the home has & great bearing on the radon gas

TR

concaentration in the home. In a home with a volume, V, room air that
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seeps outdoors at a rate F (volume/time) must be replaced by an equal ' Xy

PP

volume of outside air. The airborne activity removed during a time

ﬁ unit per unit volume is then F/V * (C(in) - C(out)), where C(in) and
" . .
- C({out) are the indoor and ocutdoor concentrations. Therefore F/V is
¥ the removal rate constant, or room infiltration rate. 1If the outdoor
A concentration is much smaller than the indoor condentration then the
iﬂ removal rate becomes F/V * C(in) (23:11.9), which implies that as the
)
A infiltration rate inoreases, the radon concentration will be reduced by
;E the factor F/vV.
s
'~
{, Working Level
In asseasing the possible insult tn the lungs due to inhalation of
I' .
_{ radon progeny, a unit known as the Working Level (WL) was defined. Thias
f, A is the link between progeny concentration and the eventual alpha energy
N g .
imparted to the lungs per volume of air. One Working Level is defined
¢
-$E as any combination of Ra-A, Ra=B, Ra-C, and Ra-C' atoms/liter of air
Ff that upon decay will release 1.3 x 105 Mev ¢f alpha energy. The Working
. Level in a room containing radon decay products is determined as: )
'
WL = 1.3 x 10°%, + 5.07 x 107%¢, + 3.73 x 1073, (2311.13) L)
N I
-J_ where C,, C,, and C, are the concentrations of each daughter in Pci/l 1'
.;'. “.‘
3, The potential alpha energy in MeV imparted to the lung can be h
i N
W2 calculated from: by
S .
Y, PAE(MeV) = 1.3 x 10% x WL (2311.13) M
< » 0
\-‘ ,"
{3 A 100 microcurie source .. radon in equilibrium with its daughters g
) .
b will give one working level of energy.
o N :.'9
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Effects of Air Treatment Davices

Control or reduction of radon and radon progeny in residences can
be grouped into three broad categories. The first of thess is to restrict
the mov;mont of radon gas into the home. Second is to provide dilution
of the radon gas concentration by increased air ventilation. The third
category is removal of picgcny through the use of air ctoatmcht doyicoa
which in addition remove other harmful air pollutants. There are several
types of devices which oan be used in the control of radon progeny and
indoor pollutants. Thess include the oloct:o;tntio precipitator, high
efficiency filter, and ceiling fan. Reduction in radon working levels
using such devices has rboon investigated by several investigators
(2;13;14). Another methed useful in the removal of radon progeny that

is receiving renewed interest is the use of ion generators.

Scops

Starting with a steady-state concentration of radon progeny, the
effectivensss of ar oloqt:altltic precipitator is evaluated. The modi-
fied Tsivoglou method is used for analysis. Only limited controls on
humidity and temperature were available; therefore, extensive investiga-
tion as to their contributions to the changos in concentration levels

were NOot measured.

General .‘pproach

The approach to this investigation included 1) the preparation of
an experimental chamber for obtaining a steady-state source of radon
gas and radon progeny, 2) refinement and verification of a method for

sampling and analyzing radon p-ogany, 3) collacting of radon progeny
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under varying conditions, e.g., with and without air treatment devices,

o 4) analysis of results under varying oonditions to determine effective-
j ness of air treatment device.
2
¢
5 Sequence of the Report
Chapter II contains the basic theory and math analysis used in
{E this thesis., Chapter III explains the radon gas generator and test
3,
'% chamber. Chapter IV contains the details of the measurement mesthodology
omploysd and the equipment uped for the experiments.. Chapter V contains
¥ a review of the data and results. Chapter VI contains the conclusions
‘¥
-% drawn from the results ob%ained in the experiment phase. In addition
K Chapter VI containas a list of recommendations for improvements and
- further studiss.
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I1. Theory and Analysis
N
Introduction
é The decay products of radon gas are formed as positively charged
y atoms. These atoms readily attach themsslves to aezoaols and dust
i% particles sucpendsd in ambient house air. When air is drawn through an
% air sampling device the attached and unattachel daughters are deposited
onto a filter. The filters are then analysed by using a technique
j known as gross alpha counting.
N The concentrations of the short-lived progeny of radon attached teo
) dust particles in air is measured by taking thres integral counts of
2y
z alpha activity collected on the filter. 1In a technique first developed
}ﬁ o by E.C. Tsivoglou (35:40) and later modified by J.W. Thomas (34), the
concentrations of Ra-A, Ra-B, and Ra-C in air are oaloulated from thres
i, ‘
.j integral counts of the combined alpha particle activity of Ra-A and
"
’j Ra-C. In this thesis post sample count intervals of 2-5, 6-20 and
l 21-30 minutes wers used. This method is used hecauss it has an inherent "
Ly R
o i
:j advantage in that a simple counter can be used to record activity, aas r
» ' described later in Chapter 3. .f
4
. In using the modified Tsivoglou metiod the following assumptions i
: :; were made: 1) only radon progeny are reaponsible for alpha activity E
.’_‘ ".\.,
’ detected on filter, 2) counter efficiency is the same for all radionu- i
0‘ H
b clides, 3) concentrations of radon progeny remains the same during 51
. i
o sample collection. iﬁ
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' Math Msthodology
. ) The development of the analysis used for calculating the progsny
$§ concentrations is accomplished in essentially two steps. The first is
b
}f to solve three interrelated linear differential equations which relate
‘;‘l

the numbar of atoms for each decay product deposited on a filter to the

airborns radionuclide atom concentration.
% The seot of differential equations which describe the rate at which
lt'. !
. ) radon progeny atoms are depoasited on the filter ie:
ZQ Change in number of atoms = Production - Decay
2
"

T ol A Ai-x nt-x(t’ - Ki n (L) (1)

where L = 1 for Ra-A
2 for Ra-B

éﬁ; : 3 for Ra-C

{ number of the ith type of atom on the filter

o
[ |
-

ki e decsy constant of the ith type of atom (min~!)
air concentration of the ith type atom (atom/liter)

a
< -
| § L ]

R

air sampling rate (liter/min)

The equations are then of the form »
8
dy L
ax ‘tav-e £(x) (2) :ﬁ
with a general solutiom hy
»
U
IT-""
Yy = o % [Y, + f £(x) o** ax ] (3) E
where ¥, is a constant of intaegration. 1In the solution the constants fﬁ
"..1
of integrations are evaluated using the initial condition that each ;S
-~ &
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i
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e
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. nZ (t) 18 equal to zero at the start of the sampling interval, i.e.,
s NG
i '
’ nI () =0 at ¢t =0 . In a sampling time of t. the number of radc.:
'1 progeny deposited on tha filter are:
3
! =i ts
1 - @M
nf(e,) = qv ( N ) | (4)
.;:': A A At
iy =Agts “Agt8 =\ ts
& 1 -¢ 2 o "1V _q7M
D h!(t.) " qVv Nz -+ s = M
Ny “Ajts
X e qqv| 2 ;z (%)
¥
N _.-k,u .-Mtl_.-kgtl . h-k.tn
n(es) = qv v . = h - ,
2 (Ae = Agd(As = Ay)
u-k,u 2.-111:- 1 - .-k.tn
+ - + Qv ———
(A = x2)(ha = A1) (=20 = 2y) Ay
. .-)\;t._.-)‘atl - 1 - .-)\.u
- ] —_—
A Az s (6)
Equations (4), (%), (86) can be written in matrix form as
n} kin  Kiz kyy Q1
n§ - v ka,  kaz  kay Q0
. Wl
n§ kyr  kyz  kyy qs (7) ,::’
"
or :-'

N® = vKQ (8)
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whera capital letters in equation (8) dennte -he matrices in equation (7).

-~

iTl !;“F-‘
i W The elements of the matrix K are given in Appendix A. '
.: The second step in solving for the airborne concentration is to {.
:" t i;.
,_.g‘— relate the expected Ra-A and Ra-C alpha disintegrations over the three . \A
1, L B
i counting intervals to the number of atoms of sach radionuclide prosent
;j on the filter at the end of sample collection. The linear differantial R
N : : )
‘f’ equations which describe this relationship are also of the form in "
W R ) i
3 : Lo 1} |
equation (2), with & solution of the form denoted in equetion (3). Ta. .
evaluating the constants of integration, the time t is taken as 0 at o o x\:
the end of sample collection, and the number of atoms on the filter at o :‘; '
start of counting time, n (t), is set equal to the number ol atoms on’ . i‘
the filter rt the end of sample collection, i.s., n, (t ) (t) at R
t =0 . At a time t, maasured from start of counting, the numb.r of
(‘. each typs of radon progeny atom on the filter is given by the Celation- '
shipsi N
v
“
9 ¥
ny(t) = nY(t.] Mt (9) X
»
-\t “Ayt ;:.'
na(t) = nf(t ) ALe e + n3(c,) o At (10) %
(2 = \y) (A2 = Ay) !
.' Aihpe~ME A1 kg0 M 5
W n,(ca)- nf(t.] 1420 - L s
(Ay = M)(A2 = A1) (As = A2)(A2 = Ay) s
At gt At i e
+ Aidze + n3(e) ;:JL_ T ;2 py + nj(t)e Ayt e
(Ay = 22)(Ay = Ay) s s 2 s 2 e
5 (11)
K A,
R 28
.\ |'i'
N 19 X
.‘ ?.
! e
o, :t
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Taking ecuationa (J)) and (11} uand integrating ovex the counting
intervals féx,ocoh,ofrgho three inteyral count times, one obtaina total
count of ulphi'pu:ticlo activity on the £i]:er at the and o® sampls

collection. The rolutionihip ia given by tite equuation:

cj(:i) - € 2 LI (o, (t) ae (12)

t: 4

whera ¢ » broduot of the detector and filter paper efficienciaes

The gross counts observed in the datector over the time intervals
are related to thoioxpocccd number of disintegrations from both alpha
emitters. Substituting equations (9) and (11) into (12), and performing

the indicated integration vesults in an egquation of the form:
L e (t) = ¢ Ej,(tj) ni(t.) + lj,[tj) ng(t') * 11,(tj) n!(t.)] (13)

The total counts of the alpha particle activity on the filter is then
related to the number of radon progeny atoms deposited on the filter at

the end of sample collection given in matrix form:

n, iy, Lz 1y n} |

n; - € 1217 22 1z n}

ny ly;  lyz  lgy n§ ' (14)
N = gLN® (15)

The matrix elements for L are given in Appendix A. Combining eguations

(8) and (135), one obtains the matrix relationshipt

ol 1‘.6 fg' .‘ Qlu ";“’ "‘. J' .‘ ‘. _' \. ALY .’ M*{.’ %' A ?’-*\-". \’o":‘-'

u.u ]
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‘ma’aA
ey 'e s e

o~3"

Pt
i

. .-‘n\‘l',- -, .0'-'.-"‘.’-""

N « eLVKQ (16)

The solution of equation (16) for Q, the concentration inatrix, results

in the matrix equation:

Q= t—{; K“'L™IN = ;1; MN (17)

This yields a set of equations relating the three integral counts of
activity on the filter to the air concentration of each daughter. The

equations are:

Qoo m;;(t.,tx] ny ¢+ mxz(t..tz] np + mls(t."!) “3] (18)

- —

@ 5 mzx(t.'tx) ny + m;z(t.-tz) ny ¢ m"(tl't’) ny | (A9

gs = Ev m,;(t'.tx) ny + mll(t"tl) na + m33(t.'t3] n‘j (20)

— -

where mji are slemants of the matrix M derived by multiplying the

inverss of matrix K with the inverse of matrix L.

Analysis of Error

ln any experiment there ia introduced in the final result a certain
degree of error or uncertainty. These uncertainties can be attributed
to either systematic or random errors in the sxperiment. In measuring
the airborne concentrations of radon daughters, errors are introducad
by the statistical fluctuations in the decay process, uncertainty in

the regulation of air flow, and the efficiency of the collection/detection
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’,
': systam. The extent of uncectainty in the radionuclide atom concentration
' e was caloulated through application of the standard error propagation
o formula (20:131). This technique assumes that the counts of the radio-
'ﬁ nuclides in esach counting interval are independent of each othsz. The
i
“_jﬂ error analysis here includes the contribution from the gross counts in
! oaci of the three time intervals, assuming a Poisson distributed. counting
it .
"ﬁ error. The uncertainty in the air flow rate and detector efficiency is
¥ also evaluatad. The error of the calculated concentration of the radon
3 progeny is then estimated by the eguation (19:12):
J
")
b4
!
N 3 L}
3 2 1 2 24 2 Z ﬂvz 8
8 8q,° = my scj * mijz Cjz ' Tt —’1
.- (ev)? | 31 jul v
S
S a
.3 R
g wvhers 8qi e yncertainty in calculated concentration with { =« 1 for Ra-A, E§
o 2 for Ra-B, 3 for Ra-C Qq
e '_i :‘
: scj « gtatistical uncertainty of one standard deviation in oounts
L. for each radionuclide with 3 = 1, 2, 3 N
lf sv = gyatematic erxor in air sample rate }
.t 1 X
}“ S; = systematic error in detection efficiency of counter ?u
. “
! .
S The systematic uncertainties in the air sample rate and detector effi- F
5 %
N cliency were calculated to be 4.5 and 4.9 percent respectively. {ﬁ
o %
- Weighted Least Square Method E
'_; A weighted least sjuares regression analysis for calculating the f
P radon progeny concentrations ot each radicauclide deposited on a filter >

Ly an air sampling device was developed jointly by Dr. D. Shankland and
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III. Radon Gas Test Chamber

Introduction
The experiments vonducted during the course of this investigation

were conducted in the control room for the Hot Cell of building 470

Area B, Wright-Patterason AFB, Ohio. Previous air samples collected in

the Hot Cell showed concentration levals of radon progeny to be in the
ranges of 0.18~0.2%, 0.16-0.2, 0.10-0.15 pCi per liter for Ra=A, Ra-B,
and Ra-C respectively (21:8a). These levels ware too low to effectively
measurs any reduotions or ohgndql in concentrations as a result of using
air treatmant devices; therefore, it wll.nccoula:y to increase the radon
and radon daughter concentrations by artificial m‘anl; " The purpose of
this chapter is to desoribe the method and equipment used to enhance
the radon gas concentration. Specific areas to be discussed are:

1) Phylical Description of Room

2) Production and Distributien o Radon Gas

3) Environmental Control

Physical Description

The radon gas test chamber was set up using a procedure similar to
that described by S.N. Rudnik (29:1464)., The room selected was the per-
sonnel changing and service room of the Hot Cell in Bldg. 470. The
physical dimensions are shown in Figure 2.

The volume of the room was calculated to be 99 m®, The room had
two shower gtalls and two toilet stools, with all inlet water lines

sealed. This room was not typical of moat living areas found in U.S,

20
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Dr. G. John (30). The analysis program was developed to calculate the
ui:bofni’cono.nt:tt;onl_qt each of the daughter products and will be

compared with the rosulﬁu oalculntodruaing the modified Taivoglou method.

A comparison of the daughter concentrations is included in Appendix E.
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:§ homes. It was, however, determined that tighter environmental controls Ez
'f Qﬁp could be maintained as compared to other available rooms in the building. 'i
*ﬂ The walls were painted cinder block and the flcor was a solid concrete s;
f% slab., Physical modifications of the room were made to accommodate the 'w
w| squipment required to enhance the radon gas concentration. The major ﬁi
. modifications includ;d the 4rilling of holes in the wall, for the purpose ﬁf
;g of routing necessary air and power ocables to the equipment, and installa- :f
ﬁ tion of an exhaust duct to c¢ontrol the Airrintiltzntion rate into the ;ﬁ
o room. €
R

o

" Radon Gas Production and Distribution

b Radon-222 gas was generated from a 100 microouris source of Ra-226. '?
‘3 The radium solution was made by mixing a 100 microgram liquid source E

2. 8%

rate
L.
)

with 2 1 molar solution of nitric acid. The 1 molar acid solution was

made by mixing 65 ml of 1,42 molar solution of nitric acid with 1 liter

Yz of deloniszsed water, Ambient air, supplied from a 60 lb air source was fg
; routed through a water separator and regulator. The air supply branched E\
A off into two routes. The first carried air through the radon gas system -;
2 and the other fed directly into the gas manitold providing make-up ;%
ﬁ (dilution) air. The air supply lines for both radon gas gensration and ?g
j dilution air are shown in Figure 2. ¥
;; The air supply flow rate was measured using a Roger Gilmont Flow-

e Teas BTN-2
R I

,; meter, size 2, serial number B707. ' Tho flow of air through the radon

" gas was maintained at 0.2 1l/min. The air was passed through 3 humidifiers &
B before bubbling through the radium solution. The humidifiers were made t:
o e
r} of 1000 ml flasks filled with approximately 300 ml of water. The QC
o L
)
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.] pre-humidified air then passed through the radon generator. The radon "
" gas generator was set up in a metal container which was fixed with a ,-
N b
& clear plexiglass top (Figure 4). The metal container was used to con- '
L4
': tain the radium solution in the event of an accident. Two holes were
"-? drilled into the container 180 degress apart; one of these was used to -
7y ¥
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, Figure 4. Radon Gas Generator

:

! introduce pre-humidified air to the gonoratorllnd the other used to trans-
'.’~ port the radon gas to the distribution systsm. In the radon generator
.'-"; the humidified air flowed through a final humidifier, through a flask

: containing the radium solution, through a liquid carry-over trap, and
-::" two glaass-wool-filled flasks. The radon gas was then transported to the
" manifold distribution system on the floor. Prehumidification of the air
‘ was done to prevent the radium solution from drying and contaminating
' 3 the gas system with radium residue.

® The manifold system shown in Figure 5 was constructed from 3.71 em
s OD poly-vinyl chloride piping. Holes with 0.8 mm diameter were drilled
\: in the pipe at 60 com intervals. The pipes were placed on top of 0.8

': inch wooden spacers with the holes facing down toward the floor. Ths

‘..::‘ relative size of the hole to the diameter of the pipe insured a more even
'.:' distribution of gas into the room.
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Figure 8. Gas Manifold Distribution System }:-'.
and Ventilation Exhaust Duct i?'
Roughly 8 liter/min of dilution air was added directly to the mani- 5'
s
fold. The flow rate was monitored by use of a Roger Gilmont Flowmeter, }
size 3, serial number F-116. A U-tube Mercury filled manometer was ::.1
F,,ha
placed in series with the radon ga:; foed line. The primary purpose of EH
w\
EY)
the manometer was to monitor a~y blockage or restriction of the air flow ‘::
.'.1
s through the gas generator. !":
'-',:-‘ !:\‘
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The radon gas cornsntration was monitored using a 3-liter Luczas cell
(8:18-10) modified for -« - 'nuous air flow. ' ¢oll was set up in the

middlie of the raoﬁ. with tue inlet approximatelv @ ..eters above the floor.

Environmental Control
For a steady rate cf radon gas emanation, the indoor concentration
is highly dependent on the air ventilation rate. Air infiltration, the

uncontrolled leakage of air through cracks and gaps in the building, is

infiltration rates vary from 0.5 to 1.3 air changes per hour (24:278).
Tﬁq relation for radon gaa to ventilation is given by the following
equation:

|
|
L]
}
]
g a dominant mechanism for ventilating houses. 1In conventional homes
i
!
!

s c (QL:L) ., (nﬂ) , o (ﬁ) x 3%-) X 1°"(‘“'“)

1
] decay
vim') =x ' AV(ACH) + XD (oonlt) I

D

(22) _

o

where c° « oconcentration in exchange air from outside t

e = emanation rate from walls and floors by

X S = arsa of surfaces which emanate radon i
X V = volume of room =
.. A, ® air exchange rate ',
A. = decay constant {

N\

N As can be seen from the equation, the concentration of radon gas is

-
I d

-
.' ’ o,
LI
.a_»

inverse) proportional to the air ventilation rate. Because vf the

-
>
Pears
————
)
a’a

ﬂ critical depsndence upon the air infiltration, all doors, cracks, and

i A o

na

holes were sealed. Additionally, all existing air conditioning and

-
T_YE

heating vents were sealed. To insure that a steady state concentration
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TABLE I
Rt Air Exhaust Rates xs Function of Dampar Position
Exhaust Rate (ACH)
1 Damper
Position | Condition 1 Condition 2. Condition 13
4
A 0.0 0.06 0.08 0.07
é_‘. 0.8 0.43 0.39 0.36
3} 1.0 0.78 ) 0.7¢ 0.76
O 1.8 1.13 1.17 1.07
2.0 1.47 1.43. 1,38
:i 2.8 1.69 1.71 1,68
¥ 3.0 1.88 1.88 1.79
‘:5, a.s 2,04 2,07 2.02
N 4.0 2.19 2.27 2.30
5.0 2.48 2.66 2.83
3
ﬁ . of radon ges is maintained at all times, it was imperative that air infil-
N i
tration rates be tightly controlled. To control the air exchange rate in
F% the room, an sxhaust fan was installed approximately 13 cm above and
(4 centered over the entry door, as can be seen in Figure 3. The fan drew
air from the room and exhausted it to the ocutside. S8ince there was no
air blowing into the room, make up air had to seep into the room through
the walls and available spaces around the dcor. The air exhaust rate
from the room through the exhaust duct was measured using an Anemeothsrm
serial numbered 7602. The Anemeotherm was provided by the Base Health
Physica section. The measurements were made in the duct betwesn the
chamber wall and the exhaust fan. The air exchange rate could be varied
from 0.06 Lo 2.48 air changes per hour.
The complete air exchange rates measured are listed in Table I.
- The measurements wers made under three different conditionas. Condition 1
'n-':bl“
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was vithout the blower on the electrostatic precipitator in operation.
Tha other two wers with the blower oparating at low apead and high

apeed. As can be seen from the figures in Table I, not much difference

N YR T L (A ST IR
ST
.l
X

in the flow rate was introduced by the blowsr. The damper positicn is

PP

& moasure of how far the sliding door was opsned (in inches).

~
-
Al

-

o te W

414
L
Dot :

-~

o]
‘l
»
N
I
BRI e PPy
el eS8 a_a o

A

Y
-~

]
-8 .
B8 R TR R IR AN N ® D R T R L I T L R N N R S N N IS TN T TR R VR Rl P DY I SV S S R UL PRI LI I S L T Y
A I A O e R T s e T e A e e et Bt S T T e At e e e e N L L TR

¥



a ::
3
N i
~ ng. 1V. Measurement Methods and Equipment ¢
Intzoduction ﬁ
This chaptasr contains a detailed description of the method and %\
egquipment used du-ing the course of the experimental phase of this ~
: study. The areas discussed are: ‘t:':
) 1) Radon Gas Concentration E:' X
2) Radon Progeny Concentration “
dX ¢
|:.j'. 3) Radon Progeny Removal Device Investigated
‘ The information provided contains the experimental procedure used
v to obtain theo data collected, and the analysis technique used to obtain .
"\: the reported results, Thus the intent of this chapter is to provide ‘;‘
f': C‘, sufficient detail of the measurement methods &o that any student may be _"
4 : able to repeat the sxperiment. _
Radon Gas Concentration i.
The steady-state concentration of the radon gas must be accurately ’ "
:f: and precisely known at all times since it is the parent element in the ;..
. decay series. Any statistical variation in the concentration will di- E“
::: rectly add to the error in the radon progeny which already has srrour ;
2 associated with counting statistics. ::
Sampling Method. To monitor the radon gas concentration within the E,
" test chamber, three separate but similar methods were used: 1) Contin- F‘l"
‘___ uous monitor using 3.77 liter Lucas Cell (8:10-18,22), 2) Grab air sample :‘\
using 3.77 liter Lucas Cell, 3) Air sample using a Radon Collection and :"’
;: Tranafer System (RCTS) with small Lucas Cell. 'f'
PO -
) 1
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Continuous Monitor. In the continuous monitor method a large

Lucas cell was placed in a light tight canister. The Lucas cell was
placed directly onto a 4 inch photomultiplier tube, which was connected
to a set of counting and recording equipment. A continuous flow of air
through the Lucas cell was accomplished by connecting the Lucas cell to
a vacuum line, which was ventad above the roof line of the building. A
1/2 inch oponing loocated on the top of the cell provided an inlet for
the air. To insure only air containing radon gas was entering the cell,
a paper filter was placed over the inlet to trap any radon progeny and
dust aercsols., The air was drawn through the cell at a zate of J liters/
min. The air flow was measured using a size ) Roger Gilmont Flowmaeter,
The activity of the radon was then establiashed by the following
process. As the radon gus decays within the Lucas cell the alpha emis-
sions cause light scintillations when they interacted with the ZnS(Ag)
coating. The light from these saintillations are detected by a photo-
multiplier tube to produce & pulse that is registered as a count bhy the
counting squipment. The counts were recorded for a 1000 second interval
and the total for the interval was printed out automatically on a tele-
type. The number of counts detected was then used to calculate the
radon gas concentration in the test chamber using an integrated count
method developed by Jonassen (17:33%50). This method does not require
that the daughter and parent radionuclides be in equilibrium to calculate
the concentration of the parent radionuclide. With the fast flowrate as
compared to the half-life of che daughter products, equilibrium would not
be achieved in the 1000 second count period. The efficiancy of the
Lucas cell is 0.28 as was detsrmined from data collected by Grosner

(8112-16)., Calculation of the efficiency is in *ppendix w.

30
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Grab Sample with Lucas Cell. A second method of sampling and

,r:. e
\,‘f\./

monitoring the radon gaa concentrations in the test chamber involved
using another large Lucas cell. The procedurss used with the grab sample

were quite simple. First the Lucas cell is evacuated with a vacuum pump

fra el A

to as low a pressure as possible, usually 200 microns. The evacuated
cell is then taken to the test chamber, a filter was placed over the

inlet valve, again to insure only radon gas enters the cell. The inlet

OIS

is placed through a %0 mm sample port in the access door to the test

_.‘

chambex. The inlet valve is then opened allowing the radon gas to enter

- A
Al RS Jut N

the cell. 1t is criticasl that the time of sample collection be recorded

v’

*
ali

as this will be needed to caloulate the gas concentration. The cell is
then placed in a light tight canister, atop a photomultiplier tube, set

up similar to the concinuous monitor. The counts ars then recorded for

KAL)

1000-aecond intervals. The samplea were usually counted for a period of
" 3-4 hours. Again, using the integrated wount method the gas concentra-
tion can be determined.

Radon Collection and Transfer System (RCIS). The third method
E of determining the radon gas concentration was used as & verification to
) the two large Lucas cell valuea. The method incorporated the use of the
uﬁ RCTS. The baszic idea of the system is to first collect a sample ¢. air
;J from the test chamber in an evacvated tank., The ai.zr i# then sent rhrough
a series of traps to remove the water vapor, cachon dioxide, and finally
through a charcoal filter rooled with dry ice and alonhol whers ths radon
;: gas is collected. Once the radon gasa has been separated, the charcoal

. is heated and haelium is uved to transfer thes radon released to a Lucas

IRy
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ceil, Thms Lucas cell is then placod on top of a 50 mm photomultiplier
tubs. The counta are then recozded every 1000 seconds. Thess counts

are thern used to caloulats the initial gas concentratinn. A more detailsd
step~by-step process for the RCTS is in Appendix C. A computer program
which uses ths integrated count method to detsrmine the gas concentra-~
tions is listed in Appendix D.

Environmental Air Samples. During the course of this study
measurements of radon gas were made using the equipment and methods
descrited ebove. The measurements were made in an attempt to insure
that nc significant amounts of radon gas were introduced into the atmo-
sphere or the inhabited shop areas in and around building 470. Measire-
ments before and after releasc of radon gas wero taken at various

locations.

Radon Progeny Concentration

Sampling Method. Radon progeny concentration in the test chamber

. oT0 made from samples ccllected through a sample port in the access

door leading into tha chamber., The sample port was simply a 50 mm hole
cut into the plexiglass window in the docor. The hole was sealed with
air conditioning duct tape to prevent 2ir from entering the room. Radon
progeny samples were daposited onto a 50 mm diameter membrane millipore
filter using a Gelman air Jampler. The air sampler had an average air
flow rate of 22 t 1 liter/min. The millipore filter has essentially a
100 pezxcent collection efficiency for attached and unattached daughters,
aad ie believed not to contribute significently to burial losses of

alpha emissiona. A flve minute sample time was used for all samples

collected during this thesinm.
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Counting Instrumentation. Alpha emissions of Ra-A and Ra-C wera

detected by alpha scintillation methods. A four inch photomultiplier
tube was inverted and placed on'top of a 2nS(Ag) phosphor disc. This
apparatus was then placed in a light tight housing over a sliding tray.
The expnged filter paper was placed on this tray. The vollecting side
of the filter was then moved into position in direct contact with the
Zn3(AgQ) phoaphor coating. As the daughters dacayed the alpha emission
caused scintillations which were detected by th§ photomultiplier tube
and proo;llod through the detection and counting aquipment. The photou-
multiplior tubs was operated at 930 volts.

The efficiency of the system was detarmined using a 22 mm diameter
RaD+E dizc standard, and was found to be 0.422 & .051 CPM/DPM. Complets
calceculation of the efficiency is in Appendix B. A Multichannel Analyser
made by Nuclsar Data Incorporated was operated in the multichannel scal-
ing mode to monitor and record ths counts. The counts werse ro;ordod
for 20 second intervals. This setup was useful in that it provided a
visuezl indication of the counts detected and also allowed the colleocted

data to be stored on B8 inca floppy computer discs.

Counting Method and Analyeis. The calculation of the radon progeny
with the gross alpha counting technique was bassad upon the Taivoglou
method described in Chapter II. The counting inter als chooen in this
atudy wers the 2-3% minute, 6-20 minute, and 21-30 minute intervals rec-
ommended by Thomas. The calculatiolns for the daughter activity conocen-
tration were programmed in MBASIC for an Epson QX-10 computer. This
program wil®' calculatoe th; concentrations for any sample and counting

intervals. The program will also calculate the uncertainty in the
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/ e
.( . noncentrations taking into account the error in air flow, detector effi- E\'
.F ';h ciency and counting statistics. Additionally the progrum will calculate ‘?
:: the value for the Working Level based upon the daughter conéonﬁxation-. ?!
‘S A listing of the program ia provided in Appendix D. 4
-Q Redon Progeny Remcval Davics., The air treatment dcviao'invdoti- t;
N gutod in thia thonic was an electrostatlic procipitator or oloctronic air S\

15

o F
S

cleaner (EAC). The EAC used in this study is a commercial product devel-

Aiirie

)
oped by Honoywall Corporation. It ia intnndod to be used as part of thc )

K central hottlng and air cond&tioninq system 1n the hcmo. Tho EAC §ou-

53

. X
? sistcs.of a wirs mesh pro¥£i1to:, used to trap lazge pqttidle and debcis, . ;;
b nﬁd'd series of electrically charged plates wheve the radon psogeny uxe :
Y coliected. The entire slement. c;n be. zemoved £rom the lyﬁtomztor u;:;' S - - 4
j clsaning. Y¥or the purpose of this thesis a specinl setuj was built by a ' ) Qf

: Q:y local contractor. Tha EAC waprplccod in a Quct that was connected dij . R
o ractly to a high vblumg lirrbiowdr caéiblgror drlﬁing diirth:ou?h at a_ " | _.;;

.E rate of 34000 1l/min. The cldeironlc alr cloln;r zeduces £ho radon progeny E%

‘; concentration by creating an intense electric field Letween the parallel %éh
, ‘ i
N plates. As the blrwer draws the air through, the dust particles pass 'f-

.i through the plataes where they are collected and thus removed from the air. ?1
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3.77 liter Lucas cell.

V. Reaults

Radon GAs Concentrations

The environmental measuzremonts for radon gas wers miide using the

Thd locations and times of the measurements

“ .
e hr

before and after start

e gz S )
i

el KC

III respesotively. The

F

tration calculated for

L AP
e

¢ &-

.
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of gas generation are listed in Tables II and

tables also list the values of radon gas concen-

each sample,

TABLE I

Ambient Radon Gas Concentration

Levels Before Release of Radon Gas

‘Y
:
d
E] Location Date/Tims Radon Concentration (pCi/l)
) "y
E Workshop 29 Oot/1618 0.022 £ 17%
j Outside 30 CUot/0844 0.037 ¢+ 22%
NG Contzal Room 30 Oet/1718 0.078 & 17%
{, Workshep 30 Cot/13500 0.033 ¢ 9.1%
o
; TABLE III
Radon Gas Concentrations
Aftar Start of Radon Gas Flow
Location Date/Time Radon Concentration (pCi/l)

Workshop 7 Nov/1404 0,030 £ 12%

Qutsida 8 Nov/0951 0.022 ¢ S0W

Basemant 8 Nov/1610 0.042 t 12%

Control Room 11 Nov/1720 0.21% ¢t 5%
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TABLE 1V

Radon Gas Concentration in Test
Chamber Before Sealing Air Infiltration

Date/Time Radon Concentration (pCi/L)
8 Nov/1410 0.611 £ 3.1%
6 Nov/0900 1.55 £ 4.0%
6 Nov/14131 0.886 = 2.6%
7 Nov/0902 1.41 = 4.0%
9 Nov/1614 0.647 £ 3.40

As can be seen by quick inspection, the rela e changes in the
values in Tables II and IIIraro on the order of 0.01 pCi/liter. With
the exception of the value listed for the control room, all were within
the uncertainty of the value; therefore, no significant increases were
noted., The control room ls adjacent to the radon test chamber and for a
short time air was blowing from the test chamber into the control room.
The source 2f the unwanted air was found to be air blowing into the cham-
ber from the rear service entrance to the building., This source was
sealed and the blowing into the control room was stopped. This additional
alr also caused large fluctuations in the radon test chamber gas concen-
trations making it impossible to achieve a steady state. Values for air
samples taken of the test chamber are listed in Table IV. As is clearly
seen from Table IV steady-state concentrations were not achievable because
of the influx of uncontrolled air.

During the period 7 - 12 December air samples were again taken out-
8ide the shop area. The samples were taken uaing the 3.77 liter large

Lucas cell. The calculated values for the radon gas concentration from

the data collected are listed in Table V.
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. . TABLE V b
A o i
h A Radon Gas Concantration
From Outside Shop Area ’
g A
¥ '
] .
y Date/Time Radon Concentration (pCi/l) X
M 7 Dec/1420 0.283 t 6.2%
f% 10 Dec/0839 0.44% ¢ 14.9%
) 10 Dec/1427 0.145 £ 10.4%
< 11 Dec/0918 0,113 ¢t 13.0%
z 11 Dec/153%8 | 0.0008 ¢ 15.08
12 Dec/08%6 0.143 & 11,08 [ ]
X 12 Dec/1522 0.104 £ 13.0% N
X X
. '
» o
- The noted inocrease in the gas concentration measured here, as oom- o
&
¢€ pared to values obtained in October, is a result of changes in atmospheric [l
, “-
o conditions, primary changes were in outdoor temperature and winds. The I
I.‘ - .:
b o] overall result of thess measurements is that no high levels or potentially A\
i
. dangerous level of radon gas was introduced into the surrounding environ- 4
': ment either in or outdoors. The maximum permissible concantration of g?
", radon in air is 3 x 10°% microcurie/liter of air (6:1490), which ia 3 &
L
W pCi/l. The highest value measured with our Lucas cell was 0.448 pCi/l, ij
‘:: |"r
™ well within the maximum permissible concentration in the air, -
f: As was atated earlier, the measurement of the daughter concentrations '
- would be made when a steady-state concentration of the radoen gas was b
'2 achieved in the chamber. To monitor the gas concentration in the chambex, &Q
By ta
o several air samples were collected with the RCTS. The results of the o
N, sample run are contained in Table VI. The average steady state value of X
" the gas concentration during the course of this study was 9.98 & 0.42% Qj
e S
o oy
<, pCi/liter, @)
‘¢ e e
.:" HER
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TABLE VI

Radon Gas Caonceantrations
in Test Chamber Using the RCTS

Date Radon Concentration (pCi/L)
*14 Nov 6.6% £ .15%
16 Nov 12.19 ¢ .18%
*#21 Nov 9.39 ¢ .18%
**29 Nov 8.10 £ .200%
6 Dec 10.2% £ .21
Average 9.98 £ .42%

* - Sample collected prior to sealing rear
door in test chamber
** . Sample collented 8 hours after start of
air treatment devioce
Radon Progeny Measurements w/ Electrostatioc Precipitator
During the period 19 November - § December 1984, nine different runs
with the electiostatic precipitator were made to measure the effectivenass
of tha pracipitator in reducing the working level or potential alpha
energy, as a function of radon daughter concentration. The runs fell into
three categories: 1) two runs made with just the blower fan in operation,
2) four runs made with the precipitator and blower in operation, 3) three
runs were made with half of the air intake to the precipitator blocked
off in an affort to reduce the air flow. The air flow through the pre-
cipitator was measured to be approximately 34000 liter/minute of air.
This equates to roughly 20 complete air changes per hour.
Category 1. The two runs in this category were made on 19 and 21

November. 1In sach of these runs only the blower fan was used to draw
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» Ry air through the filters and precipitator. 1Initial measurements of the

i
Ve daughter concentrations and working level were made before the start of

iz the blower. The fan was then turned on and allowed to run for 1% min-

_; utes before the daughter samples were started. The samples wera then

f collected approximately every thirty minutes thereafter. PFigures 6 and

_ﬁ 7 show graphically the roduotion_notod in the working level and daughter

g concentration as a result of the fan blowing. The reductions are caused

X by a trapping of the daughters in the pre-filtaer of the precipitator and

;f to increased platecut of the unattached daughtexr on the walls. Thse

2 measured resduction of both samples was averagsd and found to be 73 percent.

. Category 2. In this category four runs wese made to measurs the

‘3 ef fective reduction of the daughters and working level as a result of
:?' slectrostatic precipitator operation. The first run was made on 16 No-

> G;s' vember. As with the measurements in category 1, samples were first col-
\; lected with no air treatment dsvices in operation. The EAC was started

:z and 1% minutes were allowed to pass before the firast sample with the air

: treatment device was taken. Subsequent samples at thirty minute intervals
;3 wors then taken. After sample B was colleated the EAC and blower fan
ES wers turned off. 6no hour later daughter samples were again taken to mea-
=? sure tha ingrowth of the daughter products. The reduction and ingrowth

2 for this run is shown in Figure 8. The overall measured reduction in
ié working level was 90 percent. It is interesting to note that wiﬁhin one

N and a half hours after the IZAC was stopped the working level and daughter

-3 concentrations were almost at the beginning point as measured before the
fj EAC was atarted. The average reduction for each daughter was 358, 9% and

j 96 psrcent for Ra-A, Ra-B and Ra-C respectively.
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Run 2, made on 27 November, was identical to the samples collected

P A RAF, LGN

in Run 1; the only diffaerence of note is that only ons sample was col-
g lected with no air treatment device in operation. The remainder of the
5 procesdures were exactlv the same. As shown in Figure % an ovngnll redug-
i tion of 90 percent in working level was experienced as a result of opera-
g ting the EAC. The corresponding reductions in the daughter concentrations
% of 66, 95 and 96 percent for each of Ra-A, Ra-B and Ra-C were nutad.
& w1ghin thirty minutes of stopping the EAC the daughteors and working
ﬁf level had ageain raised to a leval near the concentration levul at the
§: start of this run,
'." Runs 3 and 4 ware made with thae saine procedu~es as used in the two
g} previous runs. The only axdeption is that rua 4 samples were taken |
33 after the EAC had been opsrating for a period of 24 hours. This was
= Gﬁé‘ done in an attempt to deteot any noticeable degradation in the effec-
tivenoss of the procipitator due to saturation of filter oz long opera-
tions. As can he seen in Pigures 10 and 11 no e’ gnificant chingo- werse
noted in the operation after the 24 hour periecd. The overall reduction
in working level vwas found to be 90 percent, whivh is the same value
) tound for the two previous runs. Tha raductio it in daughters were 42,
}: 92 and 97 percent.
Cetegory 3. ﬁl can be seen in Figures 8 ~ 10, within the firat 18 %
minutes of operation the EAC had reduced the workina levels and daughter ;7
concentrations to the lowast level obtainable., 1In an attr.apt to cry to fi
tig the veduncion curve within the first 1% minutes the air intake was iﬁ'
ii re4uced. This was done by sealing one half of the intake with papasr. ;ﬁ
‘;: The first run in this cautegory was nade using the same sample and start Fh
;E v o
%] v

.
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s o times as wilh the previous samples, i.e., 15 minutes aftar start of EAC
N o the first samp.e was collected. Figure 12 shows the working level still
ﬁ reduced to the lowest obtainable level within the first 13 minutes. The
K

overall reduction measured was 86 percent for the working lsvel and 50,

77 and 97 percent [or each of the dauyghters. For the next two runs the

S

F BN

time &olay between the start of EAC and oollection of the first sample

<%~
S

S

tats?

was shortened tu 3 minutes with subsegquent samples taken every thirty

-

ninutes thersaftar. From Figures 13 and 14 a gradual reduction in the

i)

working level would tand to indicate the reduction is linaar. The over-

kady

all reduction in working levels for these last runs were 93 and 90

percent respectively. The average reductions in the daughters for thease
runs were B84, 97 and 97 percent for run 2 -and 67, 9% and 99 pexcent
for run 3.

) Daughter Concentrations. 1In each of the figures ¢ - 14 a plot of

the radon daughters concertration vessua the Eleoctronie Air Cleecner
operation time is shown, The variations in the daughter oonuentration
levels are a zesult of tho high degree of diseguilibrium between tha

radon gas and its daughters., The reduction in Ra-A, the upper lino,

shows an avdyrage reduction of %8 percent with the short half life of
3.05 minutea and 30 minute delay between samp.e collection. The concen- o3

tration of Ra-A was nearliy in equilibrium with the radon gas at all

ETT
s "
a¥a%2"s

times. The second two drughters with half-l\ives of 26 and 19 minutes

ETYT
e

3

are never 1n equilibrium with their parent, as the 30 minute sample did

S8

'y 8

not allow sufficient time for ingrowth of the daughters. As & result ol

- e
s

this, the daughter concentrution ¢f Ra-B and Ra-C were constantly fluc-

;78 e w e

“e s

T
LS

tuating as can be seen in each figure.
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Qﬁé? VI. Cenclusion and Recommendations {i
¥ Conolusion @
¢ e

The objective of this thesis was to determine the effactiveness of §;

y using an electrostatic precipitator as a means for reducing the airborne *‘
,% concentrations of radon progeny in homes. k%
:E To achieve this goal several preliminary steps had to be accom- E’
o plished. The firet of these was to introduce :ldon'qal into a test 'E
‘2 chamber and achieve a steady-astate concentration of radon gas and its
’ﬁ progeny. Due to unoontrolled air infiltration and removal of progeny
: ) . .
. by other mothody'bcycnd the soope of thias p:ojooﬁ, 4 quasi-steady state &
{ . [\
{' was achieved. The average steady state gas conoentration during the
§ G course of this project was 9.98 pCi per liter of air in the chamber. f;
.4 The next step was to develop the thdory and analysis to caleculate ‘
:\\‘ the daughter concentzation and asscclated working level. This was done E:
E using the modified Taivoglou method. The erxrors in the calculated values ;é
| were due to the uncertainty in the air flow and efficiency which were ?
fg 4.5 and 4.9 percent respectively. Also errors wers introduced by the 'g
.? ‘
}: counting statistics due to randomness of the decay process. A Polsson %5
l- distribution was asaumed for the counting statistics. As a result of
?: extreme degrees of disegquilibrium in daughter concentration the arror ﬁ
S associated with the counting statistics was notably high. The errors %;
| in the daughter concentration levels ranged from 12.8 to 431 percent ?
;: for Ra-A, 5.) to 23% percent for Ra-B and 9.8 to 3531 percent for Ra-C. ;;
;' The largest error in the daughter concentrations was noted whan the :E
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(fﬂn disequilibrium value was high after the precipitator had been on for
oy

R several hours. The averayge error in the working level was 20 percent.
N The tinul'nt-p in meating the objective of this project was to

s take air samples with the electrostatic precipitator in operation te

i measure the reduction in the daughter concentrationa and working level
'é due to the precipitator. In all of the measurements that weze made the

precipitator reduced the working level by as much as 90 percent. This

reduction ulually-ooourrnd within 13 minutes after start of the pracip-~

itator.

From the data collected and analysed results, the electrostatic

precipitator is an effective method to use in reducing the radon daughter

A
=
»

concentrations in homes.

ek

€:> Recommendations

In an effort to improve the results and better evaluate the esffec-
tiveness of using the electrostatic precipitator the following recommen-
dations are asuggested:

'1. Submit work order to fabriocation shop to have seals made for

all heating and air conditioning ducts, and seal off all cracks and holes

in the walls and doors. Then using a tracer gas make detail measurements

Y]

of the air infiltration rates in the room. g;

.' 2. To effectively study the lmpact of humidity and temperature on %
'S the concentrations of radon progeny, submit work ordaer to install con- rg
o

trols, which can be operated from ocutside the test chamber, which con- -

trol appropriate equipment to regulate the humidity and temperature in ;

PR S Rt
-

LN A

the test chamber, i.e., dehumidifier and heaters. A humidifier is avail-

- able with the present setup.

L ot
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o 3. Determine the amount of daughters which are removed from the

AFea

w air due to increased air circulation within the taest chamber while the
z§ blower fan is in operation, This will give a more acourate value of
; the reduction in daughter concentration caused by the precipitator.
m 4. Using the present setup and procedures, continue work with the i[
‘g woightod‘lonlc square rcq:inuion method of nnnlylil to determine the ﬁ;
g sensitivity or error in the method., Then compare the error results ;g
. against the modified Tsivoglou method. .a
:ﬁ 8. Conduct studies of the modified Tasivoglou me-hod under condi- 'f
tﬁ tiona of extreme disequilibrium to obtain optimized values for sample é?

collection and counting times. Conditions of extreme dinoqulllbéium ﬂ

will be achieved within an hour after starting the precipitator.
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l\,‘-/ Appendix A: Elements of the K and L Matrices Used in
: Caloulating Radon Progeny Corcentrationa
K
)
(‘; This appendix lists the specific expreasions for the eslements of
&
-~ the K and L matrices used in solving for the airborne concentrations of
" esach radon daughter product.
The elements of the K matrix used in caloculating the number of
B
. atoms present on the filter after sample collection are:
& 1 -t (23)
K Kk « s= [1 -9 "7y
5 RS ( )
5
. Kiag = Kkyg = kpg = 0 {24)
- 1 “Agt 1 -\t -Aat
' Koy = == (1 - @ ﬂu) P e e MTa .o 2-) (28)
X (_ R ( Ay = A2 (
o kyg = (1 - o"‘lt'> , (26)
B A2
R ' - A2 - .
. ky, = Il' <1 - e >“t|> * <o Mty g )"t')
4 ! (A = 22)(As = A1)
by
: + 2 1 z < .')\St. .'Mh) IS | 2 ( )\lcl A!t.>
’ 2 , (xs = 22)(A1 = 2a)
- (27)
0 1 Ayt 1 gty _-Azts
R kyg = = 1--") —— E L 3) 28
& 02 )\s( +)\s‘>\z < . (28)
. Kyyg = L (1 - e'“t') (29)
o Ay
4 -
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Tha elements of the L matrix used to calculate the number of alpha
(ig' disintegrations in a time interval tni - tn2. Where tni and tn2 are the
start and stop count times for each post sample count interval. The

L elements are:

Arky . .
L, [.-htm _.-).n:nt] . [. Meal Mgm]
(A2 = A1) (A = M)

AAg
(A =)0 =)

E.nl'tnl ‘.-k,tn{]

A1)y

.-k;tnl _.-A.tnx
(A2 = M) (A = Aq) [: ] 1o

1 M [.-htm_.-)\,tm] R M E.-Mtnl _.-htm]
nd (As = Aa) (As = A2)
(31)

. [C-natnr _ -Aytn2
1n [‘ e J (32)
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5“;} Appendix B: Calculation 2£ Efficiencies for the Large
Lucas Cell and the Alpha Counting System

The calculation of the large lucas efficiencies wazs made using a
known condsntration of radon gas obtained from Monsanto Mound Labora-
] tories., The gas concentration was 31.74 pCi/liter (8). The sample was

allowed to obtain equilibrium before counting started. The Lucas cells

§

w had a volume of 3.77 litera, giving a total activity of 195 pCi. At
-ﬁ equilibrium, for every decay of radon gas, three alpha particles uare
&

“ emitted.

N Lucas cell\ 1 had & delay of 20175 seconds from tims of collection
Al

. to start of counting; the activity in the cell was then 187 pCi., This
.5 gives a value of 5,61 disintegrations per second. Lucas c«ell ? had a

.,
0
‘s
L3
A5

delay of 73740 seconds, giving an aotivity of 167 pCi, for 35,01 disinte-

grations per second, From these values the expentad counts for a given

& o
A e s -,

time interval can be determined. Table VII lists the expected an4

obsecved counta for o 20060 second count interval and the efficiencies
. of each Lucas cell.

N The efficiency of the grosa alpha counting system “or counting the
filter papers was dstarmined using a 22mm disc source of RaD+E which

had an activity of 508 dps on 1 January 19%3, This value is on file

with the Physics Laboratory and was provided by the National Bureau of

-

o Standards., The expecred count {s determined frum the equation

w5
F)

1 1

(e T

A e Aj* EXP {(=\ t) . Taking )\ to be 8.3 x 10-34"! and t = 11634 days,

"s

the expected activity ie 188 disintegrations per second, For a count
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TABLE VII

(S0 B - M & Aty St be-L sl At Sl Beta s Sl A5 S BNA A A I o G R

Efficlency of the Lorye Lucaa Cells and

Alpha Counting Systums With Error

System Expescted Obsezved Efficiency & Brror }
Lucas Cell »1 336600 75096 0.22 + .5\ !
Lucas Cell §2 300600 838%0 0.28 & ,4¢
Alpha Counting 748880 319337 0.422 ¢ 4.9

interval of 4000 seconds the expesoted counts ars 75%280. Tho observaed

counts for the source in 4000 seconds was 319337, rsusulting in an usbso-

lute efficiancy of 0.422.

The error in the efficiencies can be determined by application of

the standard error propagation formula.

Given a 8% percent error in the

source activities and assuming Pnisson diptributed counting statiscias,

the errors can bo caloulated quite easily.
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o Appendix C: Procec.ur:es for Use of the Radon Collection
' and Transfer System (RCTS)
! 1
3
-
5: This appendix will explain the step by step procedure to be followed
L
v
e

for procassing an air sample through the RCTS. A diagram of the RCTS i3

f; shown in Figure 15.

The purpose of the RCTS is to take a sample of air assumed to cone-
tain radon gas, process the sample through a saries of traps to remove
the water vapor and carbon dioxide and then trap the :adon gas in a char-
coal filter. Once ~oparation of these elements has bsen agcomplished,
the radon gas is then transferred into & Lucas Cell, where the radon gas
end ita progeny dasuay by alph. emiaaion. The disintegrations are then
detected by a photomultiplier tube and counted. The initial conocentra-

- tion of the gas car the. bte talculated using an integrated count method
develcoped by Jonassan (17:13%C).

To insure the raden gas collected in the Lucas Cell is not contam-
inatad with gas from Lha ambient air in the RCTS, it is evacrated. This
is done by opening valves 2, 23, B and allewing the vacuum pump to draw
al. the ai~ trom the system through valve 8. The pump should be allowed
to run unti. the vacuum thormocouple gauge reads about 30-40 microns.
When evacuation is completed, close valves 2 and 3.

To svacuate the air sample collection tank, connect the tank to the
RCTS at vilve 1. COpen valve 1 and the air inlet valve on the air tank,
this will allow tha air to be drawn through valve 8. When the tank is
avacuaced then close all valves. The next atup that should be performed

is to avacuate tho Lucas Cell to be used in sampling the radon gas. This
-
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Figurs 13. Diagram of the Radon Collection and Transfer System

L

LI
(. e

} o g

is done by cpening the stopcock on the cell and opening valve 3 on the

" T A, o
.
.‘l‘—

-« >

e

RC1S. This facilitates the evacuation through viiva 8,

..-,
- "‘- t
S

After the system. collection, and sample vessels have baen svacuated,

Iy o gh

cold baths arm prepared for the water and radcn traps. The baths are

¥
———

prepared by mixing methyl, eLhyl, or isopropyl alcohol and dry icse in

2

;

dewars. The traps 3houl)d be brought down to a temperature of approxi- "
»

mately ~78° C. The purpose of these baths {s to freeze the water vapor r
.

in the sample in the water vapor trap and to freeze the radon gas in the :
f\-

gas trap. The baths are slid over the two traps on the RCTS appropri-
ately marked. The time required to hring traps to the needed temperature

is ipproximately one hour.
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The teznk is then taker to the location where the air is to be drawn,
the inlet valve is openod and the tank is allowed to £ill with the sam-
>.e. The tank will then be caken to the RCTS ind connected at valve 1.
At this time insure all valves on the RLTS are closed. Leaving the
inlet valve on the tank closed, open valve 1 and & of the RCTS. This
will evacuate the air which collected in the feed line, and céuld contam-
inate the aample with radon gas in an unknown volume. When evacuation
is comnleted, usua:ly in 45-60 seconds, closs all valves.

Me next phase of the process will ko to druw the air sample from
the tank and pull it through the water vapor, carbon dio#ido, ind radon
traps. Accomplishment of this phase is done in tﬁo following steps.

Open valves 1. 2, and 3 vn RCTS and the inlet valia on the tank. This
will pull the alr from the tank up through the radon trap. At this time
gauge B will zero out. The purpose now is to pull the air through the
traps to separats the radon gas from the other elements. This iz done
by regu_uating the air flow with valve 4 which is connected to cthe vacuum
pump. It is .mperative that the flow through the system is not a0 fust
that the radon gas does not have time to freeze and be cauynt in the
radon trap. It is recommendmd that a minimum time of 15 mir' te3 for 34
liters of ai: be usad as a benchmark. Aigain, this flcw is regulsted by
valve 4, Wnon the sample has been drawn through the traps, the vaives
are then closed in the following sequence: tank inlet valve, valve 1,
valvse 2, valve 3, and finally valve 4. Record the time tiat this phase
is complate as it is critical to the calculation of the gas concoantration.

The cold b th is now removed from <he —adon chairzoal trap, an oven is
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:; N raised over the trap and voltage applied to the heating element. The

i ] temperature is raised to approximately 400° C which takes approximately
5 60 minutea. When the trap has reached the desired temperature, then

§ the next phase of transferring the gas to the Lucas cell will bagin.

i This 18 done by first opening the valve on the helium tank. Open valve
ﬁ 6 on the RCTS until gauge A reads approximately 4 on the pressure dial.
7y

Ei Close valve 6, open valve 7 which allows the helium gas to flow into

the radon trap. The helium gas should be held in the radon trap for §
minutes before transferring it to the Lucas cell. A small transfer pump,
which pumps the gas from the trap into the Lucas cell is started at this
time by plugging its power cable into an electrical outlet. The flow of
the gas to tha Lucas cell is regulated through the TV valve identified

on sketch in Figure 15. While leaving valve 7 open and the pump running,
slowly opan the TV valve until the needle on gauge C hegins to move,
leave the valve open until the needle movemant stabilizes. At stabili-
zation close the TV valve and valve 7, Open valve 6§ to allow more halium
gas into the aystem, repeat the process until gauge C reads 0, indicating

one atmosphere pressure in the Lucas cell. When transfer has been com-

pletesd the Lucas cell, TV valve, valve 7 and halium tank are all closed.

PR

At thia time the Lucas cell is removed from the RCTS and placed in a

L . 52

photomultiplier tube and counting of the sample can be started., The

F)
e
/)

counts can be taken for any length of time desired. The gas concentra-

PP PP

tion is then calculated using an integrited count method described by

- K Co '
tals el -_'a.'_‘.&' LRAA

Jonasasn (17:350), The efficlency of the RCTS has besn detsrmined by

previous sxperimeanterma and is taken as 84 percent (8;11,37).
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The value of 84 percent for efficiency of the RCTS was arrived at
by p;oceseing a known concentration of radon gas through the system.

Thi radon gas was collected by flowing air through a known concentration
of radium in solution. Thon processing the gas through the RCTS using
the procedure outlined in this anpendix, a value for radon gas concen-
tration was calculgt;d. This calculated value was then compared to the
thecretical value, as determined from known radon gas emanation rate

and radium solution concentration. The value of the cffieioncy includes
contribution of the transfer, collecting and counting efficiency of the
system; therefore, it is the total efficiency of the system.

In processing a sample of air with an unknown radon gas concentra-
tion, the value of efficiency for the system may be highes than 84 pes-
ocent, this difference resulting from the fact that the process doass
not include the efficiency of radon gas emanation from the radium solu-
tion.

It is recommended that the efficiency of the system be verified.
This can be accomplished by taking an air sample of known radon gas con-
centration and processing it through the RCTS., The sample may be pro-

vided by the Monsanto Mound Laboratory in Centerville, Ohio.
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Appendix D: Computer Programs Used in Math Analysis

n,
.
.
.
“-
]

This appendix lists the computer programs used in performing the
calculations for this thesis. The firast listing is the program used in
calculating the raden gas concentrations using an intergated count method
(16). The second listing is the progrdam for the modified Tsivogleou
method used in determining the daughter concentrations, Both programs
were written in MBASIC for ume on an Epson QX-~10 cumputer system. The
third listing is a weighted least square regressicn method used in deter-
mining the daughter concentrations. It is writteh in Fortran 8 for use

on a Zenith 2-100 computer system with Z DOS operating system.
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20 REM THE PROGRAM USES THE INTEGRATED COUNT METHOD FOR THE RADON CON
CENTRATION,

30 REM FOR RADON DETERMINATIONB, THE PROGRAM REQUIRES. 1) RADON FREE
LUCAS CELL BACXGROUNDCOUNT AND COUNT INTERVAL LENGTH (IN MIN)O!

40 REM 2) TIME (MIN) BETWEEN SAMPLE COLLECTION AND COUNTING. 3) COUNTING
INTERVAL (MIN), AND 4) TOTAL COUNTS IN INTERVAL

50 PRINT "~=~LUCAS CHLL DATA INPUT=--"

60 INPUT “"Lucas background interval (in Min) =*;T2

70 INPUT “Lucas hackground oount -',32

80 INPUT "Lucas Cell Efficiency =";E2

90 INPUT "Time from sample to count (MIN) =*;73

100 INPUT "Counting interval length (min) «";T4

110 INPUT "Total counts =";G4

120 Frid904.806234%(EXP(~-.0001259*T))-BEXP(~.00012539%(T3+T4)))=4.50748%(EX
P(=.2272% %)-BXF(=.2272%(T3+T4)))=165.519514*(EXP(~.02586*T3)~EXP(~.02584
*(T3I+T4)))

130 GaF+93,636Y(\dP(=-,03818%TI(-EXP(~-.03518%(T3+T4)))

J40 Ra(G4-B2*T4/12)/(BEA"G*2.22)

150 D=100%(1/(2,22%E2*R*T4))". 58

160 RleR/34.41

170 LPRINT CHRB(IS)!

180 PRINT ,

190 PRINT “=--LUCAS CELL DATA-=="

400 PRINT "T1 = *;T3;"* Minutes"

210 PRINT "T2-T1 e ")T4)* Minutes*

220 PRINT "Counter Efficiency = ";E2,* CPM/DPM"

230 PRINT "Total Counts % ")G4

240 PRINT “B.okground count rate = "BZ/?21'+/- .SQR(Bz)/TZ;'CPM'

250 PRINT *

260 LPRINT * “

270 PRINT "---Radon Conc and Coeff of Variation~--"

280 PRINT "Radon = *;R1)"PCI/L +/= “jDp" &“

290 LPRINT" *

300 END
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. 10 REM Program to calculate the radon progeny concentration using the
Sad 20 REM Thomas method (Modified Teivoglou Method)

30 DIM A8(J),B8(3),A(3),C(3),D(]),E(3),F(3),G(3),2(3)

40 DIM K(3,3),L(3,3),M(3,3),8(3,3),R(3,3),W(3),¥(3)

S0 DIM B(2),T(6),U(3),V{(3),P(3),3(})

60 INPUT "Samples collsction time"?

70 INPUT "Air flow rate (LPM) and uncertainty in "V, X

80 INPUT *The effactive efficisncy of the system(detector and tiltor)
and uncurtainty in §",G,¢

90 PRINT "The counts detected for sach time interval®

100 INPUT "Counts in T1";G(1l)+PRINT

€W
%l

t1 110 INPUT “Counts in T2 ";G(2)t1PRINT
:q 120 INPUT "Counts in T2 *)G(3)PRINT
< 130 INPUT “Background count rate (CPM) "B
140 PRINT "Enter the staxt time(tl) and end time(t2) of each aount interxv
alt
130 INPUT "T1 and T2 for first intezrval*T(1),T(2)
160 INPUT “T1 and T2 for seocond agount interval *;T(3),T(4)

170 INPUT "T1 and T2 for third count intecval *;T(85),T(8)
180 A$(1) = "Ra=~A" B§(l) ="firet"

190 AS(2)= *"Ra-%"iBg(2) =*"Sec0nd"

200 A8(3) = "Ra=-C" 1B§(3) ="thirad*

210 D{1)=s ,2272 1+ D(2)w ,02%86 1+ D(3)m ,03818
220 F(l) = D(2)~D(1)

230 F(2)= D(3)-D(})

240 F(3) w» D(I)=D(2)

250 FOR I = )1 TO 3

260 C(I) » (G(L) «B¥(T(2*I)-T(2*I-1)))

270 2(I) =8QR(G(I) + B*(T(2"I)-T(2%I~ 1)))/C(I)

T

T
AL I PLIE 1

280 NEXT I

2490 K(1,1) = (1-EXP(=-D(1)*T))/D(1)

300 X(1,2) = 0

310 K(1,3) = 0

320 K{3,1) » 1/D(2)=-EXP(-D(1)"T)/(D(2)~D(1))+D(1)*EXP(=D(2)*T)/(D(2)%{D(2
)=D(1)))

330 K(2,2) = (1-EXP(-D(2)*T))/D(2)

340 K(2,3) « 0

3%0 K(3,1) » (1=EXP(=D(3)"T))/D(3)-D(2)*(EXP(=-D(1)*T)=-EXP(-D(3)*T))/(F(1)
*F(2))+D(1)*(EXP(-D(2)*T)-EXP(=D(3)*T))/(F(L1)*F(3))

360 K(3,2) » (1=EXP(«D{3)¥%T))/D(3)+(EXP)-D(I)*T)-EXP(~D(2)*T))/F(3)

370 K(3,3) = (1-EXP(-D(3)%T))/D(3)

380 REM

390 FEM Calculate the inverse of matrix K

400 GOSUD 1060

410 FOR Il = 1 TO 3

420 L(I,1) = (1+D(2)*D(3)/(F(1)=-F(2)))*(EXP(~D(1})"T(2%I-1))-EXP(-D(1)*P(2
*I)))+D(L)I*D(3)}/(F(L1)"F(3))*(EXP(-D(2)*T(2%1))-EXP(-D(2)%T(2%I-1)))+D(1)}*

AR

i
IS
"l

3

Y
-
S ad
-t

-‘l
D(2)/(F(2)*F(3))*(EXP(-D(I)*T(2%I-1))=-EXP(=D(3)*T(2*1))) b:
430 L(1,2) «D{3)/F(3)*(EXP(=-D(2)"T(2%I-1))-EXP(-D(2)*T(2*L)))+D(2)/F(3)%{( }t
EXP(-D(3)*T(2*I))-EXP(~-D(3)*T(2*I-1})) gi

440 L(I1,3) = (EXP(-D(3)*T(2%I-1))-EXP(-D(3)*T(2%1}))
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NEXT I

REM Calculate the inverse of matrix L
GOSUN 1310

REM

REM Multiply matrix s with matrix r
REM

FOR I = 1 TO 3

FOR J = 1 TO 3
M(I,3) = 0
FORK =1 7T0 3

M(I,J) = M(I,J) + S(I,K)* R(K,J)

NEXT K
NEXT J
NEXT I
REM
REM return matrix m = a%r
REM
REM multiply matrix m with ¢
REM
FORI = 1T03

$(I) » 0

FOR K= 1 TO 3

Y(I) = ¥Y(I) +« M(I,K) * C(K)

NEXT K
NEXT I
REM
REM
REM multiply matrix y with l/gv
REM
FORI = 1 T0 3

W(l)= (1/(G*V))*¥(I)
NEXT I

REM

FOR I « 1 TO 3

J(I) » ((2(1)*C(I))/(G*V))~2

NEXT I

FORI = 1 TO 23

U(I) = SQR{M(I,1)~2(*J(1)+(M({XI,2)72%J(2)+(M(I,3)%2)*J(3))
V(I) =(U(I)*100)/W(I)

P(I) = SQR({V(I)*2+Y"2)+X"2))

A(I) = (D(I)*W(I))/2.22

NEXT I

E(l)s 11

E(2) = (D(2)*W(2))/(D(1)*W(1))

E(3) = (D()*W{3))/(D(1)*W (1))

REM

REM print solutions

REM

FOR 1 =« 1 TO 3

PRINT “wekddannnnwnrwnww® RANDON PROGENY CONCENTRATIONS #wweennnnneweww

PRINT "Counts for ";B$(I);" interval are "; G(I)
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960 PRINT “Concentration is ";AS$(I); * ia ";A(I);"pCi/liter +/- ";P(1)

970 PRINT "Equilibrium concentration hetween Ra-A and “;A$(I):" is"E(I)
980 PRINT [ e A R Y2 T RIS 2212 2222220222 2 2 X222 A2 A2 2 Q2] ]

(22212212 A

990 PRINT:PRINT

1000 NEXT I
1010 PRINT "®WAGARSGONawwavdededw® JHORKING LEVELS WORRNANANONRINCRNSRRINNWY
T

1020 WI = .00102%6*A(1)+.0050624*A(2)+.0037247%A(3)

1030 SI = SQR((.0010236)72*(P(1)*A(1)/1C0)"2+(. OOSG?‘)‘Z'(P(2)*A(2)/100)‘
2+4(.0037247)72%(P(3)*A(3)/100)"2)

1040 PRINT “Working level = ";WI;" +/- ") (SI/WI)*100)"s"

1030 END

1060 FOR I = 1 TO 3

1070 FOR J = ) TO 3

1080 8(I,J) = K(1,J)
1090 NEXT J
1100 NEXT I

1110 FOR I = 1 TO 3
1120 N =« 8(1,1)
1130 FOR J = 1 TO 2

1140 IF J =« I THEN 1170
1150 8(1,J) = 8(I,J)/N
1160 GoTO 1180

1170 8(1,3) = 1/N

1180 NEXT J
1190 FORJ » 1 T0 1

1200 IF J » I THEN 1280

1210 Q= -8(J,I)

1220 FOR K =1 T03

1230 IF K = 1 THEN 1260

1240 8(J,K) =8(1,K)*Q + 8(J,K)
1230 GOTO 1270

1260 $(J,K) = S(I,K} *Q

1270 NEXT K

1280 NEXT J

1290 NEXT I

1300 RETURN
1310 FOR I = 1 TO 3
1320 FOR J = 1 TC 3

1330 R(I,J) « L(I,J)
1340 NEXT J
1350 NEXT I

1360 FOR I =~ 1 TO 3

1370 N « R(I,1)

1380 FOR J = 1 TO 3

13%0 IF J = I THEN 142V
1400 R(I,J) = R(I,J)/N
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) 1410 GOTO 1430 o
PN 1420 R(I,J) = 1/N (¥
X el 1430 NEXT J o ha
1440 FORJ = 1 7O 3 A
£ 1430 IF J = I THEN 1330
1460 Q= =R(J,I) .
— 1470 FORK =170 3 a
< 1480 IF X = I THEN 1510 N
1490 R(J,K) = R(I,K) * Q + R(J,K) _
1500 GOTO 18520 »
1810 R(7,K) » R(I,K) * Q d

& [\
b 1520 NEXT K o
& 1530 NEXT J s
] 1540 NEXT I b
v 1550 RETURN '
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PROGRAM RADON MAIN

SOLVES FOR THE INITIAL DISTRIBUTION OF A RADIOACTIVE CHAIN.

GIVEN SEQUENTIAL VALUES oF COUNTS EACH FOR THE SAME TIME
INTERVAL., '

DIMENSICN A(18) ,Y(10) ,B(l@) ,w(le) ,u(le,1@) ,22(1@,19), 2(10)

DIMENSION Q(18) ,CC(l9,10) ,DA(18) ,LC(l@) ,UU(1@) .TQ(IG)
DIMENSION YY(96) ,AL(1.9),P(10) :
CHARACTER*64 FNAME

WRITB(' '(A\) )' INPUT FILE NAME?

READ(*,' (A) "' )!NAME ' .

NA=10

N: 4 OF NUCLIDES IN THE CHAIN

A: DECAY CONSTANTS OF EACH DAUGHTER

W: # OF ALPHAS PER DECAYING NUCLEUS

N=3 '

A(l)=0.0037877

A(2)w@,00043106

A(3)=0.00058642

W(l)= 1

W(2)= @

W(3)m 1

§T=§

CONSTRUCT EIGENVECTORS OF THE DECAY MATRIX

NRRN AR RN R AR R RN RN R RN LRARRRRRR I RN R AR R AR R AR R RN R RNR TR RN
CALL EIG (U,A,NA,N)

DO2BLI=]1,N

WRITE(',BSQ) (U(1,3),J=1,N)

L T T T T S T T Y Y

CONSTRUCT TRANSFORMED WEIGHTS AND ZERO SOME ARRAYS

(AR A2 AR 22222 R 2222222222 222 RARZYE R X R ]
DOl41=1,N-1

DOl4J=I+1,N

W(I)wW(I)+W(J)

DOl Tel,N

Y(I)=VPROD (U(1,I) ,1,W,1,N,XX)

WRITE (*,898) (Y (I),I=1,N)

Ced.0

DOL3I=l,N

Q(I)=0.0

W(I)=0.0

B(I)=0.0

DOL3J=1,N

22(1,J)=0,0

I 23X XAARARRE AR AREEZEAREERARRZRAEXAS SN AR R R 2
READ DATA

(2222 AXREARRNRERRRRRERRRRERRERRRERRRPRAEE SRR X R X
WRITE(*,991)

READ (*,992)F

WRITE(*,993)

READ (*,994) EFF
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38 ' WRITE (*,996)F

: % WRITE(*,997)EFF
’ < Mi ¢ OF INTERVALS AND. COUNT DATA
WRITE (*,902)

; READ (*,904)M
: WRITE (*,906) M : '
. OPEN (7,FILESFNAME,ACCESS=' SEQUENTIAL® ,8TATUS='OLD")
Y READ (7,903 ,END=4@) (Y¥(I),Isl,M)
: 40 CONTINUE -

CLOSE (7,8TATUS="XEER')
c TN: TIME OF START OF COUNTING FROM SAMPLE COLLECTION
‘ WRITE (*,935)
4 WRITE (%,945)
N WRITE (*,955)
s READ (*,90@) TN,DT

WRITE (%,96%) TN,DT

g WRITE (*,975)
' VALUES OF "T" AND "D" NOW ENTERING
T+ TIME AT END OF COLLECTION OF "D" COUNTS
D: COUNTS ACCUMULATED IN EACH INTERVAL

e
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v WRITE(*,976)

: DO3 Kwl,M

) o T=T+DT

.. WRITZ (*,98%)K

: DaYY (K)

WRITE(*,995)T,0

CONSTRUCT “DECAYED WEIGHT VECTOR"

g DO4 I=l,N

o 4 Z(X)» (EXP(=TN*A(I))=EXP(=T*A(I)))*Y(I)
X TNaT

c ACCUMELATE RIGHT~HAND~-SIDE AND COEFFICIENT MATRIX

C=C+D*D

Y WRITE (*,921)C

0 DOS I=l,N

B(I)=B(I)+D*Z(I)

o W(I)=B(I)
. DOS J=1l,N
Z22(1,7)=Z2Z(1,3)+Z2(1)*Z(J)
g CONTILYI
“ WRITE (*,924)
R DOlL@I=1,N
0 10 WRITE (*,925) (22(1,J),Jw1l,N},B(1)
A c SOLVE FOR INTERMEDIATE VECTOR
DO2@GIm1,N
DA(I)=@.Q
D020J=l,N
24 CC(1,3)==U(J,1)
CALL QUAD(B,22,CC,DA,Q,UU,N,N,NA,LC,TQ)

w un

AR

s
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GO0

(9]

11

12

2%
ann

LR o U P e T i, A, "I, Wkl ML AL AL VL AR L A R B T R T R AR A AL S

(A2 AR RRR AR RRERARR R R A2 RS R RS RRETREE Y

COMPUTZ SENSITIVITY
LA A AR 22 222X SIZNTERRE X X
Cs=g, 5% (C’VPROD (wppo'l'N,XX))
WRITE(*,922)C
FINISH INVERSE OF 22
272(1,1)=1./22(1,2)
DO 11 J = 2,N
22(3,3)=1./22(3,J+1)
DO 1l I= J=-1,1,-1
2Z (J3,I)m=-VPROD(22(I,J+1),=-NA,22(J,J),=-NA,J~1,XX)%22(1,I)
NPaN+1
DO 12 J=),N
DO 12 I=J,N
22(1,J3)=C*VPROD(22(1,J3),1,22(1,1),1,NP=1,%XX)
22(J3,I)=22(1,J)
(AAAR R AR AR AR AR 2R 22 2 22222 2 22222222 20}

UNFOLD INTERMEDIATE VECTOR TO FINAL SOLUTION
I A R Y R Y R R R s Ly

DO6 1Iw=l,N

X=g.0Q

D07 Jwl,N

X=X+U(1,J)*Q(J)

Z2(I)=X

AL(T)®w2Z(1)/(F*EFF"S8T)
P(I)w(AL(I)™A(I))/0.037
CONTINUE

PRINT RESULTS

WRITE(*,92¢)

WRITE(*,930)N, (2(I),1=]1,N)
WRITE(*,96@)

WRITE(*,970)N, (AL(I),I=]l,N)
WRITE("“,982)

WRiITE(*,94¢Q)

DO 2 Ie=]1,N

WRITE(*,9%0) (2Z(I1,J),J=1,I)
STOP '

FORMAT (I15/(2F15.5))
FORMAT(IS5,F10.0)

FORMAT (2F10.8)

FORMAT(1H ,'U = ', Gl4.7)
FORMAT(1H ,'Y = ', Gl4.7)
FORMAT (2F5.0)

FORMAT (10F6.0)

FORMAT(1H ,'ENTER FLOW RATE IN LITER/MIN IN F5.0 FORMAT')
FORMAT (F5.,0)

FORMAT (1H ,'ENTER THE PRODUCT OF DETECTOR AND FILTER EFF')
FORMAT (F4.3)

FORMAT (1H ,'FLOW =',FS5.0)
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‘=) 997 FORMAT(LlH ,'EFFECTIVE EFFICIENCY =',F4.3)

992 FORMAT(LH,'ENTER"M"™, NO OF DATA IN "I4" FORMAT'/)
9¢4 FORMAT(I4)

99@¢ FORMAT(F7.0)

986 FORMAT(LH ,'Mw',IS)

i,

% 935 FORMAT(1H ,'ENTER YN, DT IN "2FS5.¢" FORMAT')
}. 945 FORMAT(LH ,' TNs TIME FROM END OF SAMPLING TO START OF COUNTING')
955 FORMAT(LH ,' DT= COUNTING TIME PER MEASUREMENT IN SECONDS')
965 FORMAT(LH ,' TN,DT= ',2F9,0)
B 975 FORMAT(1H ,' VALUES OF "T" AND "D" NOW ENTERING')
> 976 FORMAT(1K ,' ENTER JUST D, COUNTS AT TIME T, IN FREE FORMAT')
2 985 FORMAT(LH ,' TIME AND COUNT SET,#===',Id)
4 995 FORMAT(LH ,' T,D = ',2F9.0)
924 FORMAT(LH ,'ZZ = MATRIX, B ~ VECTOR' )
| 925 FORMAT(//2G14.7)
. 921 FORMAT(lH ,'C = ',F14.0)
; 922 FORMAT(F14.6)
- 920 FORMAT(1H ,'NUMBER OF ATOMS OF EACH RADIONUCLIDE')

b 930 FORMAT(//14/(6Fl12.8))

_ 960 FORMAT(1H ,'CONCENTRATION IN ATOM3/LITER')
970 FORMAT(//14/(6F12.4)) :
980 FORMAT(LH ,'CONCENTRATION IN PCI/LITER')
5 940 .FORMAT(1lH ,' MEAN SQ. ERROR MATRIX')

", 95¢ FORMAT (2X,1P6El3.4)
o (o END
-’ SUBROUTINE EIG(U,A,NA,N)
) c CONSTUCTS THE EIGENVECTORS OF THE COUPLED-DECAY MATRIX
' DIMENSTON U (NA,NA),A(NA)
- o ZEROING THE ARRAY
e DOl I‘l,N
DOl J=),N

. 1 U(I,7)=@.0
| c STEPPING THROUGH THE COLUMNS (EIGENVECTORS)

‘ DO2 J=1,N
v c FILLING THE BOTTOM PART OF THE VECTOR
o DO3 I=J,N

‘ X=l,3
- IMaI-1

) IP (IM-J) 6,7,7
DO4 K=J,IM
XmX*A (K)

IP=I+l

0 IF (N-IP)3,8,8
v DOS K=IP,N
X=X% (A (K)~A(J))

“ U(I,”) =x
v CONTINUE

0 c NORMALIZE VECTORS
By DO9J=1,N
N =g,

O s 3
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Feelsr g [

DOl@Im]l ,N

X=aX+0(I,J)**2

X=1,/8QRT(X)

DO9I=L,N

U(L,3)=X*U(I,d)

RETURN

END

SUBROUTINE QUAD(A,B,C,D,X,U,NX,NC,NB,LC,TN)
DIMENSION A(1l),B(NB,1l),C(NB,L1),D(l),X(1),0(1),LC(1),TN()
NP=NC+l

REDUCE THE PROBLEM TO "NORMAL" FORM

CALL MCDCMP(B,NB,NX,X)

DOl I=1,NX

C(I,NP)=A(I)

poaJ=],I

B(J,I+1)m=B(I,J)

DC3J=]1,NP
C(1,J)=(C(1,J)=-VPROD(B(I,1),NB,C(1,J),1,1-1,XX))/B(1,1)
CONTINUE

DO7Jw=1,NC

LC(J)=J

U(J)=0.0
‘XX=l,,/8QRT(VPROD(C(1,J),1,C(),T),1,NX,XX))
DO9I=]l,NX

C(I,J)=XX*C(I,J)

D(J)mXX*l (J)-VPROD(C(1,J),1,C(1,NP),1,NX,XY)
TN(J) XX

CONTINUE

NPwul

NI=@

MAIN ITERATION

DO41w] ,NX

PREPARE FOR LM COMPUTATION

D0281=1,NI
U(I)w(D(1)-VPROD(B(I,1),NB,0,L1,1=-1,XY))/B(X,1)
CHECK VIOLATIONS; FIND ONE MOST NEGATIVE LM
XXu@,0

Kn@

DOS5J=NP,NC

XY-VPROD (C(lpJ) ,l,x,l,NX,XY)*-D(J),

IF(XY)S5,5,6

IF (NP-NX) 38,138,490

sSTOP

IF(NI)36,36,37

DOl31=]1,NI
A(I)=s(VPROD(C(1,I),1,C(1,J),1,NX,XY)-

1 VPROD(A,1,B(1,1),NR,I-1,XY))/B(I,1)
A(NP)wVPROD(C(1,J),1,C(1,3),1,NX,XY)~-VPROD(A,1,A,1,NI XY)
XUm(D(C)=-VPROD(A,1,U,1,NI,XY))/A(NP)
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“' ) 27 B(I'J)-(VPROD(C(].'I)'J.'C(I’J)'lIN::'xY)-
1 VPROD(B(Y,1),NB,B(J,1),NB,J-1,XY))/B(J,J)
"y B(I,I)=SQRT (/PFOD(C(1l,I}),1,C(1,I),1,NX,XY)-
. - 1 VPROD(B(I,1),MB,B(1,1),NB,IM,XY))
X" 26 U(I)=(D(I)-VvPROD(B(I,1),NB,U,L1,IM,XY))/B(I,I)
R U(NI)=U(NI)/B(NI,NI)
> GO TO 29
.. 17 D023J=1,NX
v_g) InhX+1l-J
» 23 X(I)rn (X I)+C(I ,NC+1l)-VPROD(B(I,142),NB,X(I+1),1,J~1,XY))/B(I,1+1)
IF(NI.EQ.Q)GOTO30
DOl21I=1,NI
JaNI+l=I
) 12 U(J)=(U(J)~VPROD(B(J+1,J),1,U(J+1),1,I1-1,XY))/B(J,J)
& DO391=1,NC
X 39 U!I)=sTN(LC(I))*U(I)
- 30 IF(NP,GT.NC)GOTO32
& DO31J=NP,NC
: 21 U(J)=0.80
= 2 DO33I=1,NC-1
s XX=U (1)
: DO34J=1,NC
o IF(LC(J)=~1)34,35,234
- ~~J4 CONTINUE
. W {35 U(I)=U(J)
’ U(J) =XX
", K=LC(I)
- LC(I)=LC (J)
TR LC(J) =K
X 33 CONTINUE
RETURN
END
FUNCTION VE 9D (A,L,B,M,N,X)
DIMENSION A(l) ,B(1l)
DOJBLE PRECISION XX
XX=0.0
. IF(N)1,1,2
% 2 I=l.L
= Jul-M
- DO3K=1,N
I=I+L
N ImJ+M
. 3 XX=YX+DBLE(A(I))*DBLE(B(J))
1 X=XX
VPROD=XX
RETURN
END
SUBRVUUTINE MCDCMP(A,L,N, X)
DIMENSION A(L,1),%(s)
IF(N)3,3,4
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IF (XX~XU)5,5,16
: - K=J
5 & XX=XU
‘ A (NP) =SQRT (A (NP) )
0Ol19I=1,NP
19 B(NP,I)w=A(I)
CONTINUE
IF(K)18,17,18
IF WE HAVE ONE, COMPUTE THE LM'S
NIsNP
NP=NP+1
I=LC (NI)
LC(NI)=LC(K)
LC(K) =1
XU=D (NI)
D(NI)=D(K)
D (K)=XU
DO281I=1,NX
XU=C(I,NI)
C(I,NI)=C(I,K)
26 C(I,K)=xU
U(NI)eXX
29 XX=@.0
K=g
IF (NI.EQ.1)GOTOL®
DO21I=1,NI-1

<
[
()}

R TR

w

O

SRR
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255

ey

L B aa
AR

., JaNI-I : . _
Q}' U(J)=(U(J)=-VPROD(B(J+1,3),1,0(3+1),1,1,XY))/B(J,J)
IP(XX~-U(J))22,21,21
22 XX=Q (J)
. KnJ
X 21 CONTINUE
o IP(K)24,106,24
c IF AN LM>@ THEN DELETE THE CONSTRAINT
24 NP=mNI
NI=NI-l
XX=D (NP)
g D(NP) =D (K)
. D(K) »XX
I=LC (NP)
LC(NP)aLC(K)
LC(K)=I
D025I=1,NX
XX=C(I,MNP)
C(I,NP)=sC(I,K)
25 C(I,K)mXX
o) THEH DO '"HE REDUCTION FROM K ON
DO261I=K, NI
IM=1-1
IF(IM)26,26,8
8 DO27J=1,1IM
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4 DOlJe=l,N
IMaJ-l
A(J,J)=BQRT (A (J,J)-VPROD(A(J,1),L,A(J,1),L,IM,2))
X(J)=l./A(J,3)
IF (J.EQ.N)GOTOl
JPsJ+)l
DO21=JP,N
AL, J)-(A(I J)=VPROD(A(1,1),L,A(J,1),L,IM,2))*X(J)
CONTINUE
RETURN
END
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o (ﬁ:} Appendix E: Comparison of Daughter Concentrations
! s Between the Modified Tsivoglou and

Least Square Methods
)
¥
N
Eﬂ This appendix presents in tabular form the results of the daughter
! conaentrations caloulated using both methods of analysis. The tables are
%
ﬁ, listea by the category of runs described in Chapter V. As can be geen in
i
{Q the following tables, all valuaes except for the concentration of Ra-A are
i in agreement between the two methods. The values of Ra-A in all cases is
».':i.
M off by a factor of 2, which indicates a program error., It is recommended

that further work on the program be made to determine the source of this

error and also tc determine sensitivity of using the least square method.

TABLE VIII
(;; Comparison of values With Blower Only
Tsivoglou Weighted Least Square
RUN 1
Ra-A Ra-B Ra-C Ra-A Ra=-B Ra-C
9.5%59 6.39 2.5%4 4.%7 5.33 3.76
8.38 4,52 2.34 3.90 4.10 3.33 !
4.681 2.76 2.22 2.67 2.73 2.39 :}
4.96 1.79 0.87 2.98 1.88 1.00 g
0.17 0.19 2.94 2.48 1.8%3 1.30 .
3.12 0.89 0.3% 1.99 1,02 0.39 -
2.5%0 1.05 0.41 1.71 1.08 0.47 ;1
2.86 1.02 0.46 1.%9 0.99% 0.66 .;3
0
RUN 2 a:_"<
6.73 4.34 2.88 3.67 4.33 3.02 "
3.94 2.80 2.05% 3.30 2.91 2.27
3.%3 2.09 1.90 2.03 2.09 1.99
o 2.76 0.95% 0.71 1,72 1.03 0.76
o 4.41 1.%8 0.30 2.63) 1.64 0.48
3.86 1.11 0.64 2.9%4 1.72 0.71
3.64 1.24 0.6% 2.14 1.30 0.79




TABLE IX

Cai
g Comparison of Valuea With EAC in Operation
Taivoglou Weighted Least Square
RUN 1
Ra-A Ra=B- Ra-C Ra~-A Ra-B Ra-C
5.27 4,48 2.94 2.70 3.87 .49
5.52 4.08 2.86 3.41 4,01 3.08
1.9% 0.11 0.14 1,30 0.28 0.11
1.87 0.04 0.24 1.09 0.27 0.17
2.42 0.40 0.00 1.38 0.39 0.02
2.086 0.11 0.26 1.02 0.11 0.38
2.74 0.34 0.00 1.26 0.2% 0.10
2,66 0.24 0.00 1.52 0.29 0.02
1.08 0.53 4,01 .47 3.28 1.97
6.89 3.64 2.1 3,54 3.62 2.%7
RUN 2
7.14 4.5 2.1¢ 3.70 4.04 2.83
. 1.80 0.72 0.13 0.97 0.17 0.17
C;; 1.91 0.22 0.21 0.91 0.21 0.33
2.03 0.3% 0.03 1.43 0.42 0.08
2.84 0.17 6.00 1.70 0.31 0.00
2.38 0,18 0.03 1.%3 0.33 0.02
2,36 0.23 0.03 1.21 0.21 0.19
7.11 2.42 0.61 3.7 2,68 0.93
RUN 3
> 7.32 3.92 3.78 3.95 3.99 3.03
" 5.27 3.84 2.94 2.84 3.68 3.21
v 2.19 0,22 0.02 1.19 0.24 0.11
i 2.21 0.14 0.03 1.36 0.24 0.08
3 2,32 0.16 0.00 1.17 0.13 0.34
; 2,47 0.18 0.1% 1,53 6.29 0.65
- 2.70 0.24 0.00 1.78 0.323 0.00
2.98 0.28 0.00 1.5%0 0.3% 0.05
2.76 0.27 0.00 1.69 0.38 0.02
RUN 4
2.21 0.09 0.06 1.36 0.23 0.08 -
2.43 0.1% 0.06 1.66 0.35 0.01 N
0.99 0.00 0.51 1.21 0.24 0.11 o
2.47 0.18% 0.02 1.49 0.23 0.0% ce!
2.%6 0.29 0.00 1.38 0.37 0.02 i
2.13 0.10 0.0% 1.28 0.21 0.07 E:
..“.‘ 2N
o "
e
3 8 -
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%
A
-
E

N TABLE X
¥ &
i e Comparison With Half of Intake Sealed on the EAC
"
§ Tsivoglou Weighted Least Square
N RUN 1
Ra-A Ra-B Ra-C Ra~A Ra-B Ra-C
4.64 2.72 2.18 3.18 2.96 2.11
2.24 0.32 0.00 1,37 0.45 0.00
2.55 0.18 0.00 .52 0.26 0.01
2.23 0.18 6.14 1.49 0.37 0.10
2.48 0.28% 0.00 1.36 0.27 0.10
1.88 0.10 0.12 1,39 0.33 0.04
2.42 0.17 0.00 1.46 0.25 0.02
6.12 2.09 0.67 4.92 3,58 0.00
5.75% 3.50 2.02 3.94 3.%9 2.11
RUN 2
< 12.33 6.78 2.99 5.19 5.90 4.72
2 3.83 1.63 0.86 2.13 1.83 1.13
N 3,03 0.16 0.10 2.22 0.47 0.03
QEE' 4.04 0.39 0.00 2.08 0.%4 0.00
1.97 0.09% 0.16 1.40 0.32 0.07
1.89 0.07 0.09 1.17 0.17 0.08
2.5%4 0.21 0.00 1.25% 0.21 0.04
5.78 0.67 0.06 3.33 0.87 0.21
5.68 2.99 1,28 3.08 2.87 2.12
RUN 3
6.28 3.95 2.21 2.7% 3.43 2.88
2.2% 1.00 0.53 1.62 1.44 0.45%5
2.5%0 0.03 0.02 1.28 0.23 0.00
2.60 0.26 0.00 1.21 0.21 0.09
2.%3 0.24 06.00 1.%2 0.36 0.02
2.33 0.23 0.00 1.66 0.36 0.00
2.40 0.19 0.01 1.61 0.35 0.00
$.87 0.98 0.00 3.42 1.14 0.14
8.21 3.41 0.81 4.%9 3.71 1.18
- -
{;.\.:. !‘.
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