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ABSTRACT 

The HARAD computer code, written in FORTRAN IV, calculates concen
trations of radioactive daughters in air foJKwinc the ataospheric re
lease of a parent radionuclide under a variety of Meteorological condi
tions. It can be applied Most profitably te the assessMent of doses to 
Man froM the noble gases such as 2 2'Sn, 2 2°Rn, *r»d A> and Kr isotopes. 
These gases can produce significant quantities of short-lived particu
late daughters in an airborne-pi uae, which are the Major contributors 
to dose froM the^e chains with gaseous parent, radionuclides. 

The siaulta-eous processes of radioactive decay, buildup,, and 
environMental losses through wet and dry deposition on ground surfaces 
are calculated for a daughter chain in an airborne pluae as it is dis
persed downwind froa a point of release of a parent. The code eaploys 
exact solutions of the differential equations describing the above 
processes over successive discrete segaents of downwind distance. 
Average values for the dry deposition coefficients of the chain aeabers 
over each of these distance segaents were treated as constants in the 
equations. The Methods used for selecting the distance segaents and 
for calculating the appropriate dry deposition coefficients are de
scribed. The advantage of HARAD is its short computing tiae with 
typical 2 2 2 R n calculations requiring only 0.12 5 on the i3H 370 3033 
computer. 

vi i 
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INTRODUCTION 

The assessment of the radiation dose to man resulting from the 
atmospheric release of a radionuclide from a nuclear facility must take 
into account *«»y.- r;gr,i'i»_diil buildup of radioactive daughters as the 
airborne plume is dispersed downwind. Calculation of the concentra
tions of daughters in air as a function of time or downwind distance is 
complicated by the fact that surface deposition may continuously remove 
daughters from the air during plume travel. The noble gases 2 2 0 R n , 
2 2 2 R n OIIU m-wirf Xe isotopes may serve as examples^ these gases do not 
deposit on ground surfaces, but their radioactive daughters as particu
lates will deposit through both wet and dry processes. The HARAO code 
calculates daughter-to-parent activity ratios in an airborne plume as a 
function of downwind distance for a parent radionuclide released to the 
atmosphere under a variety of meteorological conditions and release 
heights. The code can be used as a subroutine in computer codes such 
as AIROOS-EPA (Moore et al., 1979) designed to estimate the radiologi
cal impact of atmospheric releases of radionuclides. 

DESCRIPTION OF IN-PLUME PROCESSES 

The release of 2 2 2 R n from a nuclear facility or an ore tailings 
pile may serve as an example case. The nuclear reactions in an 
airborne plume are 

2 2 2 R n (gas) -> 2 1 8 P o (solid) + 2 , 4 P b (solid) -> 
T ] / 2 = 3.8229 d T ] / 2 = 3.05 m l ] / 2 = 26.8 m 

2 , 4 B i (solid) -» 2 , 4 P o (solid) + 2 I 0 P b (solid) 
T 1 / 2 = 19.9 m T 1 / 2 = 1.6" x 10"4s T ] / 2 = 20.4 y 
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The daughters of 2 2 2 R n are produced as individual ions that can 
attach immediately to dust particles and can therefore be subject to 
deposition onto ground surfaces through bolh washout by rainfall 
't;C2V?,r,nli",^ •**!£! f?!^ processes. 

The differ-ential equations describing radioactive decay, buildup, 
and deposition processes occurring in an airborne plune following 
release of a parent radionuclide are as follows: 

dN, 
g t " = - M i (1) 

dN2 

^ - = A:B,N, - * 2 N 2 (2) 

dN3 

^ - = A 2 B 2 K 2 - tj>3N3 ( 3 ) 

dN 4 

a r - = A 3 B 3 N 3 - <J,4N4 ( 4 ) 

dN 

dT " V l V l V l " Vn ( 6 ) 

in which ti.a rubscript 1 refers to the parent radionuclide and sub
scripts 2, i, and 4 refer to daughter radionuclides. Symbols are 
defined a^ follows: 

N = number of atoms existing within a small unspecified 
time increment of the airborne plume, 

B = branching fraction for production of daughter, 
A - .adiologica! decay constant (s~*). 
4> = scavenging (or washout) coefficient ( s _ I ) , 
6 = dry depcsitior. coefficient (s" 1), and 
,j> = A + 0 + 6 (s" 1) . 
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SOLUTION OF THE EQUATIONS 

The simultaneous differential equations (1) through (4) ar_- solva
ble only if the «j» values are constant over tin*. Since t|» = X + $ + 6, 
X, t, and 6 would have to be constant to satisfv this condition. The X 
values are always constant, and the scavenging coefficient * may be 
regarded as a constant for annual-average meteorological conditions, 
but the dry deposition coefficient 6 is a complex time function. To 
overcome this difficult/, average values of 6 are calculated for each 
radionuclide over each of a series of time intervals selected so as to 
niniaize the variation of 6. The resulting tjj values are then treated 
as constants in the successive employment cf exact solutions of Eqs. 
(1) through ('-) over these tiae interval*. 

The solution of Eq. (1) for constant «Jii is 

Ni = N,°e (6) 

in which N| is the initial number of atoms of the parent radionuclide 
existing within a small unspecified period of time. 

Substitution of the expression for N, given by Eq. (6) in Eq. (2) 
results in a linear first order differential equation solvable for N 2-
Successive substitutions in the series of equations results in the 
determination of a general solution for the n :h radionuclide in a 
chain: 

"•i»|t -«|>2t -«J» t 
n n,l n,Z n,n 

in which 
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N = number of atoms of n t h radionuclide, n ' 

K 3 = k k . ... k . where a = 1 to a = n, n,a a,a a,a+l a,n * 

k fc(b > a) = - V l V l 

a,b > a - * b 

£ = a-1 

E ka,b «> " * > » = "a° " E k £ , A , ^ l - "*,a-

k-i i = N, , and 

N_ = initial number of atoms of nth radionuclide n (t = 0). 

EVALUATION OF 6 

The dry deposition coefficient to be used to evaluate <JJ values in 
Eq. (7) is 

A - - d F / F i^ 
6 - -gp IS.-

in which F is the depletion fraction for dry deposition processes, 
which is defined as the fraction of a particulate or reactive gas re
maining in an airborne plume at a specified downwind distance from a 
release point. The depletion fraction is calculated to take into 
account only those losses of material which occur through dry deposi
tion processes, which take place at the bottom of a plume at the ground 
surface. 
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The depletion fraction as derived (Van der Hoven, 1968) from the 
Gaussian atmospheric dispersion equation for pollutant concentrations 
in air at ground level (Pasquill, 1961; Gifford, 1961) is 

( „ 1/2 V r x exp (~H 2/2o 7
2) \ 

F = exp J - - — / — dx > (9) 

in which 

V. = deposition velocity (m/s), 
p = wind speed (m/s), 
H = effective release height (m), 

a = vertical dispersion coefficient (m), and 
x = downwind distance (m) . 

Differentiation of Eq. (9) with respect to x, substitution in Eq. (8), 
and conversion to a time function by use of the relationship t = x/p 
results in 

•ffl 
\ f Z exp(-H2/2a 2 ) 6 = (£) v H D z

 z (D) 

Equation (10), which can be used to calculate 6 values over each 
time interval, is valid only for distances at which the airborne plume 
is not affected by the atmospheric lid overlying the system. A recom
mended "rule of thumb" (Turner, 1969) is to consider the plume to be 
significantly affected by the lid when x = 2x. in which x. is the 
distance downwind for which a - 0.47 times the lid height L. It is 
assumed that pollutant concentrations become uniform from the ground to 
the lid in the vertical direction at x values greater than 2x.. An 
expression for F for that part of the plume beyond 2x. can be derived 
(Moore, 1977): 
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T V d (x - 2x L) -I 

The value of 6 for distances beyond 2x. is 

F(x = 2x L, x) = exp I - ~ S ^ - ' " ( 1 1 > 

*--*&-k • 'v 

DETERMINATION OF TIME INTERVALS 

The time intervals used for successive application of Eq. (7) were 
selected by examination of plots of F versus x calculated by vise of Eq. 
<9). Distance segments (Ax), which are related to time intervals by 
the equation At = Ax/p, were chosen to minimize variation of 6 in 
accordance with the slopes of the F-x plots. Short distance segments 
were selected close to the source where dF/dx changes most rapidly for 
low-elevation releases. Increasingly larger segments were selected for 
increasingly greater Jownwind distances. Distance segments between the 
following downwind distances in meters are used in HARAD: 0; 35; 65; 
100; 150; 200; 300; 400; 500; 650; 800; 1000; 1500; 2000; 4000; 7000; 
10,000; 25,000; 60,000; and 90,000. 

The a 7 values used to calculate F were those recommended by G. A. 
Briggs (Gifford, 1976) of the Air Resources Atmospheric Turbulence and 
Diffusion Laboratory at Oak Ridge, Tennessee.. Briggs' values, which 
are for open-country conditions, are given in Table 1 as different 
functions of x for each Pasquill atmospheric stability category ranging 
from A (extremely unstable) through F (moderate1 / stable). The a 
values for G category (extremely stable) were calculated to be the o 
values for the F category minus half of the difference between the o 
values 'or the E and F categories. 
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2 
Table 1. Formulas recommended by Briggs for o and 

a for open-country conditions^ " 

Pasqui11 
type (meters) 

A 0.22x(l + O.OOOIx)"0-5 

B 0.16x(l + O.OOOIx)"0-5 

C 0.11x(l + O.OOOix)" 0 5 

D 0.08x(l + O.OOOlx)" 0 ' 5 

E 0.06x(l + O.OOOIx)"0-5 

F 0.04x(1 + O.OOOlx) - 0 ' 5 

°2 
(meters) 

0.20x 

0.12x 

0.08x(l + 0.0002x) 

0.06x(l + C.0015x) 

3.03x(l + 0.0003x)" 

0.016x(l + 0.0003x) 

0.5 

0.5 

1 

\ 

"G. A. Briggs, Air Resources Atmospheric Turbulence and Dif
fusion Laboratory, National Oceanic and Atmospheric Administration, 
Oak Ridge, Tennessee. 

Values of x are downwind distances in meters. 
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COMPUTER IMPLEMENTATION 

The HARAD code, written in the FORTRAN TV computer language, is 
organized as follows: 

MAIN program 
1. SUBROUTINE DIST 

1.1 SUBROUTINE ASI^ 
1.2 SUBROUTINE CHAR 

MAIN reads he input data, calls subroutine DIST to make the cal
culations, and then prints tables listing the input data and the cal
culated ratio cf the activity of the parent /»nd each daughter radio
nuclide to the initial activity of the parent. The input data includes 
the number of radionuclides in the chain (MEND), and the name (NAME), 
radiological decay constant K (LR), the scavenging coefficient <j> (SC), 
the dry deposition velocity V. (VD), and the branching fractic? (B) of 
each radionuclide. Activity ratios c*n be calculated for as many as 10 
radionuclides. The maximum value of MEND is 10. Atmospheric and 
release data are also read in MAIN. These data are the wind speed u 
(U), the release height h (H), the Pasquill atmospheric stability 
category (IC), the mean mixing depth (or lid height) L (LID1), and the 
downwind distance beyond which complete mixing is assumed between 
ground and lid, 2x. (XLIDO). The calculations can be made for as many 
as 24 downwind distances (XVAL) that are supplied as input. Table 2 
defines the input parameters, and Table 3 lists their data card for
mats. 

Subroutine DIST is called from MAIN for each specified downwind 
distance (XVAL) for whic s calculations are to bf made. This subroutine 
calculates the dry deposition coefficients (6 values) for the parent 
and each daughter in the chain for each of the distance intervals 
listed in the preceding set-Jon out to the distance XVAL or out to the 
distance XLIDO, whichever is smaller. For distances•less than XLIDO, 
,his is accomplished by calling subroutine ASIG to obtain o values and 
then using Eq. (10) tc calculate 6 values. The average 6 value used 
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Table 2. Definitions of input parameters 

Name Definition Data type 

MEND Number of nuclides including the parent 
in the chain (maximum = 10) 

Integer 

NAME Name of nuclide Alphameric 

LR Radiological decay constant (s b Floating point 

SC Scavenging coefficient (s ) Floating point 

VO Dry deposition velocity (m/s) Floating pcint 

B Branching fraction Floating point 

IC Pasquill stability catego y (1 
for A through G) 

tnrough 7 Integer 

U Wind speed (m/s) Floating point 

H Release height (m) Floating point 

LID1 Lid height (m) Integer 

XLIDO Downwind distance beyond which complete Floating point 
vertical mixing from ground to lid is 
assumed (m) 

NX dumber of downwind distances for which 
chain calculations are to be made 
(maximum = P4) 

XVAL Downwind distance for chain calculation 
(as many as 24 values) 

Integer 

Floating point 
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Table 3. Data deck preparation for HARAD 

Parameters Number of 
values 

Number uf 
ca ds 

Format 

MEND 1 1 110 
NAME, LR, SC, 
VD, B 

1 for each 
parameter 
* MEND 

MEND A3, Til. 
4E10.3 

IC, U, H, LIDI, 
XLIDO 

1 for each 
parameter 

I 110, 2EI0.3, 
110, E10.3 

NX 1 1 110 
XVAL 24 3 8E10.3 
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for each distance segment is the average value of the two ends and the 
midpoint of the segment. Equation (12) is used to calcuate 6 for all 
distances greater than XLiOO. The ty values for each distance segment 
are calculated by adding \, $, and 6. 

Subroutine CHAR is successively called from OIST to calculate the 
number of atoms N for the parent and each daughter for each succeeding 
distance segment by use of Eq. (7). The final values of N calculated 
at distance x (XVAL) are used to calculate the ratio of the activity of 
each radionuclide to the initial activity of the parent as follows: 

'» = AT° (13) 

A 1 N 1 
in which 

r - activity ratio for the xth radionuclide, n 
A = radiological decay constant of the nth radionuclide 

(s" 1), 
A, = radiological decay constant of the parent (s ), 

N = numoer of atoms of the nth radionuclide, and n 
N,° = initial number of atoms of the parent. 

Double precision is used for the calculations in subroutine CHAR 
because evaluation of the constants K ,, K <, etc. of Eq. (7) should 

n,l n,Z ^ 
be done as precisely as possible. If the differences in any of the 4> 
values in the chain are small, imprecision in the calculation of k 
values and consequent imprecision in the K values in Eq. (7) will 
ensue. This can be seen by reference to the definition of k, 

k ( b > a) = - V Bb~l (14)' 
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Also, if the differences between «J> values are small, exponential over
flow of K. which is a product of k values, may occur. These problems 
are avoided by use of a test of the absolute value of »J» - «j>. for 
applicable a and b integers. For any test in which J i|» - «|i. | is found 
to be less than iO**7, the increment 10" 7 is added to «ji . This procedure 
may be viewed as increasing the scavenging coefficient $ by 10~ 7. It 
has no effect on the k values which determine the buildup of succeeding 
chain members. Since scavenging coefficients generally range from 
about 5 x 10" 6 to 3 x 10" 5 the addition of 10~ 7 will have a minimal 
effect on the final calculated activity ratios. 

Code calculations were verified by using two different procedures: 
(1) comparison of calculated activity ratios for the case in which 
ground deposition does not occur with ratios calculated using exact 
solutions of the decay chain equations, and (2) comparison of calcu
lated activity ratios witn those calculated through use of an ineffi
cient computer technique which simulates decay and ground deposition 
processes over consecutive one-second time intervals. 

Identical activity ratios were obtained for 2 2 2 P n and daughters at 
all distances from 300 to 80,000 m by the two methods used in proce
dure 1. Procedure 2 revealed differences of less than 0.5% for dis
tances up to 40,000 m. At 80,000 m. however, the HARAD value tor 2 2 2 R n 
was higher than the computer simulation value by 0.8%, and the daughter 
ratios wer? higher by about 1.5%. Since the HARAD ratio calculated for 
2 2 2 R n was exactly equal t* the value calculated using the exact solu
tion (procedure 1), it appears likely that the lower values for both 
2 2 2 R n and daughters obtained through computer simulation were a result 
o1 the propagation of small errors in this technique. 

The calculational procedure used in HARAD avoids the use of com
puter-time consuming numerical integration or simulation techniques. 
A typical HARAD calculation of the activity ratios of 2 2 2 R n and its 
first five daughters at 80,000 m downwind, for example, requires only 
O . ^ s on the IBM 370 3033 computer. The short running time of HARAD 
makes it advantageous for adaptation for use as a subroutine in com
puter codes designed to assess the radiological impact of atmospheric 
releases of nuclear power plants and fuel-cycle facilities. 
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C 5 
C HIBID CODE 10 
C 15 
C E. B. HOOBE HEALTH 1»D SIFBIT BESEIBCB DTT. OBBL 1 1 - 7 - 7 9 20 
C 25 
C l CORPOTER CODE TO CJLCOLITE DIOGBTBB-TO-PUEET ICTITITT 30 
C P»«CS IB IB IIBBOEVE PLOHE POLLORIRG ITROSPHEBIC BBLEISE OF 35 
C I P1BERT BIDIOBOCLIDE. *0 
C «5 

COH80V /JCHV S ( 1 0 | ,LR(10) .LT[10) ,SC (10) , B ( 1 0 ) 50 
COHBOB /KCHI/ TD(10) 55 
BB1L*8 LP,XT 60 
BEIL*8 BIRE(IO) 65 
DIREBSIOB XTIL(2«) 76 
REIX*8 B 75 

C BEID IB PIT DITI FOB BBCXIDE CHUB. 30 
C flEBQsROHBEB OF BOCLIDES IB CHUB ISC1 "DIBG THE PIBEBT 35 
C BIBE*BIHE OP BOCLIDE (8 CHIBICTEBS1 90 
C LB*BIDIOLOGICIL DECIT COBSTIBI (PEB SEC) 9 5 
C SC=SCITEBGIBG COEFFICIEET(PEB SEC) 100 
C TD=DBT OEPOSXTIOB TELOCITY(HETEBS/SEC) 105 
C E-EBIBCBIBG FB1CTI0B 110 

BEID(50,100)HEBD 115 
BEID{50,101) U B I H E ( I ) , L B f I ) , S C [ I ) ,TD(I) ,B (I ) ) , I « 1 , HEBD) 120 

C BEID ITROSPBEBIC PIBIHETERS. 125 
C IC-PISQOILL BTROSPBEBIC STIBXLITT CITEGORT 130 
C |1 TO 7 FOB CITEGORIES I TO G) 135 
C B'BIBD SPEED(RETEBS/SEC) 1B0 
C H=* RELEASE REIGBT(HETEBS) 1*5 
C LID1*LID HEIGHT (BETEBS) 150 
C XLIDO-D03BBIBD DISTBBCS PO-? ISSDBED CORPLETE VERTICAL 155 
C HIXIBG PBOH THE GBOBBD TO fHE LID'HETEBS} 160 

RKID(50,102)IC,O,H,LID1,XLIDO 165 
C BEID BOBBER OF DOBBBIBD DISTIBCES FOB CILCULATIOBS. 170 

BEID(50,100)BX 175 
C BEID DOBBBIBD DISTIBCES. 180 

RE»D(50,103J (IT»L(I) , I = 1 , 2 « ) 185 
C PBIBT IBPOT DITl . 190 

a«:TE(51 ,10») 195 
BBITE(51,109) 200 
»BJTE(51,105) 205 
•RITE(51,106) 210 
•BITE(51,107) 215 
*BITE(51,108) 220 
BBITE(51,109) 225 
90 1 I«1,HERD 230 
BBITE(51 #110) R l H E ; i ) , L B ( I ) , S C ( I | , T D ( I ) , B ( I ) 235 

' COBTIVCF 210 
BBI?B(51,109) 2»5 
B»XT«(51,1i:) 250 
BBITE{51,109) 255 
BBITE(51,112)H 260 
•BITE(51 ,113)IC 265 
•BITE(51,1 IB) o 270 
BBITE(51,115)LID1 275 
BRIlE(51,11o)XLIDO 280 
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WRITE(51,117) 285 
WRITE £51 , 109) 290 

CALL SfTBROOTIRE DIST *0 CALC0LATE ACTIWITT RATIOS. 295 
DO 2 1=1,RI 300 
CULL PIST(XTIL(I) ,0.IC,U,LID1,XLIDO,!!ESD) 305 

PRIST OUTPUT TABLES OP ACTITITT RATIOS. HO 
W1I?E{51, 118) ITU! (I) 315 
WRITER 1 , H 9 ) HAHE(1) 320 
•RITEt51,109) 325 
WRITE(5 1,120) 33a 
WRITER 1,109) 335 
50 3 J=1,REHD 3«0 
WBITE(51,12 i)RAHE{J),W(J) 3«5 

3 COSTIRWE 350 
2 COHTIROE 355 

STOP 360 
IOC PORHAT (110) 365 
101 P U B ! U T { » 8 , ' n , » E ' 0 . 3 ) 370 
102 PORHAT(H0 2 E 1 0 . 3 , I 1 0 , E 1 0 . 3 ) 3T5 
103 P0RHATC8E 0. 3) 380 
104 P0RRAT{ , 1-,T57,«00TP0T OP HARAD CODE*) _- 385 
105 PORIUT^OSTSS, 'RWTIIDE CHAIR DAT**) 390 
106 PORHATt*0«#T31 r«ROCHDE',T»2,»DECAT CORSTAtT»,T60,'SCATEIGIRG', 395 

>T75,•DEPOSITION•,T91,•BRIBCPIRG') «60 
107 POEHATC •,T60,•COEPFICIERT•,T76, ,TELOCITY*,T91,»rRAC?I0I») *05 
108 PORHWC , . T a » , « ( P E P SEC) » , T 6 1 , , ( P E B SEC) , , T 7 « , « ;«ETERS/S»C)») «10 
109 PORHAT{' •) «15 
110 FORHKT ( « 0 « , T 3 1 , » 8 , T « » » , 2 1 0 . 3 # T 6 0 , P 1 G . 3 . T 7 5 , T 1 0 . 5 , T 8 8 , P 10.3) «20 
111 POR«I»T{»0',T25, •iTFlOSPHERIC PARAKETEBS •) »25 
112 fORHATl'O'^O,'RELE1SE HEIGHT {HETEBS)»,T80.f10.2) *30 
H 3 PCRMHTCOVTSO^PUSQOILL CATEGC2I»,T80,I10) -135 
T»a FORMAT C O ' , T 3 0 , *WIRD 5P2ED (KETERS/SEC)•,T80,F10.2) MO 
115 PORHHTt'O'.TSC'LID BSIGHT [RETERS; • ,T80,X10) %«5 
116 PORHATt'O^TIC'DOWRWIH^ DIS1ARCE POR BELOV-LID F1IIICG (HETERS) • , »50 

>T80,P10.1) «55 
117 PCBBAT[ , 1 , ,T38 , 'R»TI0 OP ACTITTTY OF SGCLIDE TO TdlTIAL ACTITITT O «60 

>P PUREST') «65 
H 8 FORMAT ( •0» ,T30 , , DIS'USC2 (HETEBS) =« ,«M0.3) «70 
119 POR«UT(»0',?30,'PllRERT',T38,»8l «75 
120 F0R1AT[ , 0« ,T56 ,»RaClI3E , , ?71 , , ACTITIT» RATIO') «80 
121 PORBATC ' , T 5 8 , n e , T 7 3 , r ' 0 . 4 ) «85 

ERD «90 
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c 
c 
c 
c 
c 
c 
c 
c 

c 
c 

c 
c 

c 
c 

SOB FOOT H E 9IST(X»&,IC,B,LID1,XLIDO,HEBD) 

B. E. flOCBE HEALTH U D SAPSTT BESEAVCB DIT. OBBL 1 1 - 7 - 7 9 

a SOEBOOTIBE OP BABAD to CALCULATE DBT DEPOSITIOB two TOTAL 
LOSS COETPICIEBTS POB EACH DISTAPCE IBTEBYAL 00T TO 
TBE SPECIPISD DOVBVIBD DtSTlWCE. 

COHBOB /BCH1/ HPT AG 
COHflOB /JCHA/ V ( 1 0 ) , L B ( 1 0 ) , L T ( 1 0 ) , S C ( 1 0 ) , B ( 1 0 ) 
CORBOS / K C B i / TD(10) 
aiHPaSICB H O I £20} 
REAL'S IB,LT 
BEAL*8 a 
OUTS X I D I / 3 5 . , 6 5 . , 1 0 0 . . 1 5 0 . , 3 0 0 . , « 0 0 . , 5 o 0 . , 6 5 0 . , 8 0 0 . , 1 0 0 6 . , 

> 1 5 0 0 . , 2 0 O O . , « O G O . , 7 0 0 0 . , 1 0 0 0 0 . , 2 5 6 0 0 . , 6 0 0 0 0 . , 9 0 0 0 0 . , 2 0 0 0 0 0 . / 
RPtae*i 
m * x t i i » 
I P f X . L E . I i . I D O ) XT1=I 
I P C X . G ? . I I D I [ 1 ) ) G O TO 1 
IC=I 
GO TO 2 
XOXIDX I I ) 

CALCOLATIOB POB TBE FIRST DISTABCE TBTE6TAL. 
TC*XC/0 
IL=XC/2. 

aSIG IS CALLED TO CALCULATE SIGH A Z TO CALCULATE TBE DBT 
DEPOSITIOB CDEPPICIEBT OTEB TBE CISTAHCE IBTEBTAL. 

CALL ASIGIIC,IL,SIGI) 
DO 3 IB = 1,«IEBD 

DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
3IST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 
DIST 

C 
c 

IT(IB)=U(IB)»SClIB)* .797885*Tt t t IB)*{EX? | -B**2 /C2 .»SIGZ**2) ) /SIGZ)9IST 
CHAR IS CALLED TO CALCOLATE BOBBES OP ATOHS OT EACH BOCLIDE DXST 
IB TBE PLOHE AT EBD CP TBE DISTABCE IBTERTAL, DIST 

CALL CHAB(HEBD,TC) DIST 
IP(X.LE.IIDI(1) )GO TO 8 DIST 

CALC0LA7I0BS P02 EACH DISTABCE UTEBYAL BETOBD THE PIBST DIST 
DISTABCE IBTERYAL OP TO I 08 X L J J O BBXCBEPEB IS SBALLEB. DIST 

ITTE=0 DIST 
DO * I s 2 , 20 DIST 
IPtXIDI (Ii.GT.XT1)GO TO 5 DIST 
XC*XIDI H ) - I I D I ( I - I ) OIST 
TC=XC/0 DIST 
Xl*XIDI (T)- (XC/2. ) DIST 
XLT«XIDI (I) DIST 
XLB*XIDI(I)-XC DIST 
GO TO 6 DIST 
X C * X T 1 - X I D I { I - 1 ) DIST 
TC*XC/0 DIST 
X l » X T 1 - [ X C / 2 . ) D I S I 
XLT*-XT' DTST 
XLB*XT1-XC DIST 
KTE»I-1 DISf 

ASIG IS CALLED TO CALCOLATE SIGBA Z TO CALCOLATE THE DBT OIST 
DEPOSTTIOB COEPPICIEBT OTEP THE frISTAHCE IBTEBfAL. OIST 

CALL AS IG( IC ,XL ,S IGZ) DIST 

5 
10 
15 
20 
25 
30 
35 
«0 
•5 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 
105 
110 
115 
120 
125 
130 
135 
H O 
i « 5 
150 
155 
160 
165 
170 
175 
180 
*85 
190 
195 
200 
205 
210 
215 
220 
225 
230 
235 
290 
2*5 
250 
255 
260 
265 
270 
275 
280 

http://IPfX.LE.Ii.IDO
http://Ii.GT.XT1
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CU.L ISIG(IC.XLT.SIGZT) DIST 285 
CILL 1SIG(IC,IL3.SIGZB) DIST 290 
EFIkC=lEX? (-H»*2/(2 .*SIGZ»«2)) /SI3Z»EXP(-H**2/[2 .»SIGZT*»2)) / DIST 295 

>SIGZT*EIP(-H«*2/(2. »SIGtB»»2)) /SIGZB) /3 . DIST 300 
DO 7 IB = 1."»EBD DIST "»05 

7 LT{IB)=IB (IB)^SC(I«)».797885»T3[IB)*EFXC DIST 310 
C CHIE IS CILLED TO ClLCStlTE SO S3 EH OF ITOHS OF EICH WJCLIDE DIST 315 
C IS TBE PWHE IT EBD OF THE DISTISCE IBTEBTIL. DIS1 320 

CILI CHIP (HEID,7C) DIST 325 
IP(KTE.IE.0)GO TC 8 DIST 330 

« COITIHDE DIST 335 
8 COSTISH? DIST 3«0 

C CILCOtlTIOS PCE THE DISTISCE BETSEEJ XUDO IID X IF X IS DIST 3*5 
C GSEITE5 THIS XLIDO [X=SPECIPIED DOWWIBD DISTISCE OB XVIL). DIST 350 

IF[T.LE.XLIDO)GO TO 9 DIST 355 
T=(I-XLIDO)/a DIST 360 
DO 10 I8=1,HESD DIST 365 

10 t T [ I E l = i e tIBf •SC(IB)*TD(IB)/LTD1 DIST 370 
C CHIP. IS CXLLED TO CILCOTITE JOBBER OF ITORS OF SICE lOCLIDE DIST 375 
C IS THE PLOHE IT ESD OT THE DISTISCE ISTERTIL. DIST 380 

CILI CHIP (*ESDrT) DIST 385 
9 COSTIVE DIST 390 

RETORS DIST 395 
EWD DIST 4 0 0 
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c 
c 
c 
c 
c 
c 
c 

SOBBOITHE CHUF. (HPID,TC) 

F. B. "WORE HEALTH IBD SAFETT RESEARCH DIT. OHBL 1 1 - 7 - 7 9 

5 
a 
3 

k S0BRO7TIRE OF DIST TO CALC0LATE TBE IUHBEB OF 
BOCLIDE IB I HE CHAIH ABD THE DltlGHTER-TO-PAREBT 
IB THE JtOHE AT THE EHD OF EACH DISTABCE IBTEEVAL. 

ATOHS OF EACH 
ACTIfTTT RATIOSCBAR 

E-7 TO THE TOTlL LOSS COHSTABT OF k IDCLIOS 
BETBEEB IT ABD THE TILDE FOR THE SUCCEED DCG 

THIS PROCEDURE IS EQOTT-
1.B-7 TO THE SC&TEBGIBG 

COHHOI /HCHA/ BPLAG 
COR HOI /JCHA/ VpO) ,LR(10) ,LT(10) ,SC(10) ,B(1O) 
REAL'S Z(101 .K(10 ,10 ) ,KB(10 ,1G) ,10(10) ,R ,SDH,A 
REAL*8 IR,LT 
IF(HFLAG. EQ. 127) GO TO 1 
Z(1) = 1.E30 
DO 2 1=2,HERD 

2 I ( I ) = 0 . 
HPLAG=127 

1 COBTIHOI 
BBBD=HEBD-1 
! ' (1.1)=Z(1) 
BCOB=0 
IDiH»WD1=I.T(HE!ID) 

C TIE ADDITION OF 1 
C IF THE DIFFEPEBCE 
C BOCLIDB IS LESS OR EQ1AL TO 1 .E-7 . 
C ALERT TO ADDIRG THE SHALL IBCREHBBT 
C COEPPICIEHT. 

DO 3 BO=1,BERD 
L0(BO)=tT(BO) 
BA=B0*1 
DO a BR*BA,HEH; 
IF (DABS (LT(RO)-LT (RR) ) . GT. 1. E-7) GO TO 5 
SCOH=BCOB»1 
A=1.E-7*RCOR 
L0(BO)=IT(H0) •» 
CORTTBOt 
COSTIBIIE 
COHTirOE 

CALCOLATIOR OF SHALL K TALOES. 
DO 6 110*1,BERD 
BA=B0»1 
DO 7 BR*BA,SEBD 

7 K(BO,BR) = - ( I B (BP-1)*B(»R-1)) / [LG(BO)-L0(Ba)) 
6 COM-IROE 

CALCOLATIOH OF LARGE K TALOES. 
R E ( 1 , 1 ) « R ( 1 , 1 ) 
DO 8 BB*2,HEBD 
HE-BB-1 
SOH*0. 
DO 9 »T=1,HE 
KE(IT,»B)»1 . 
BS=HT 
DO 10 BP*BS,RB 

10 KE[*T,RB)»K(WT,RP)*KE(RT,RW) 
SDB»SOH»RE(»T,RR) 

9 COMTIBOE 

CHAR 5 
CHAR 10 
CHAR 15 
CBAR 20 
CHAR 25 
iCBAR 30 
CBAF 35 
CBAR no CHAR 45 
CBAR 50 
CBAR 55 
CHAR 60 
CHAR 65 
CHAR 70 
CBAR 75 
CHAR 80 
CBAR 85 
CBAR 90 
CHAR 95 
CBAR 100 
CHAR 105 
CBAR 110 
CHAR 115 
CHAR 120 
CHAR 125 
CHAR 130 
CHAR 135 
CHAR mo CHAR 1»5 
CBAR 150 
CHAR 155 
CHAR 160 
CHAR 165 
CflAR 170 
CHAR 175 
CHAR 180 
CHAR 185 
CHAR 190 
CHAR 195 
CHAR 200 
CHAR 205 
CHAR 210 
CHAR 215 
CHAR 220 
CHAR 225 
CHAR 230 
CHAR 235 
CHAR 200 
CHAR 2«5 
CHAR 250 
CHAR 255 
CHAR 260 
CHAR 265 
CHAR 27 0 
CHAR 275 
CHAR 280 
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CHLCOLITIOR OP URGE K TJILOE POP THE L4ST TERR OP EQOITIOR. CHIB 285 
K(R».RR|=Z(RR)-SPR CHM 290 
1CE(RR.RR)=M»». *») CRH5 29S 
CORTIRBE C8»R 300 

CILCOHTTOI OP ROBBERS OF MORS OP EMTH RUCLTDE I I CHIIR. CHIR 105 
DO 11 RR=1,HERD CHIR 310 
IEI=IR CHIR 315 
• ( » R ) = 0 . CHRB 320 
DO 12 RT=1,WER CHIR 325 
i P ( l L 0 ( r r ) * r o . G I . I O O . J G O TO 12 CHIR 330 
R(RR)=KE(RT»BR)*DEXP(-LO(RT)*TC)»R(RR) CBAB 335 

2 CORTIROE CHIR 3«0 
1 CORTIRBE CHIB 3*5 

CllCOXWIOR OP KCTITITT R»TI0S. OUR 350 
Z(1 )=»("!) CHIR 355 
R ( 1 | = S C ! ) / 1 . E 3 0 CH*R 360 
DO 13 1B=2,RE«D CHIB 365 

3 » ( ! » ) = (B(RRl*tF ( R B I ) / ( I . E30»LPC) ) CHftR 370 
CALCDLITIOI OP RDRBER OP 1TORS. CHIR 375 

DO 14 RR=2,RERD CHIR 380 
» Z(HR)-(«(IR)*LR(1)*'>.E10)/I.R(RR) CHIB 385 

RETOSH CHIR 390 
BID CHUB 195 
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SOBBOOTIIE »STG(IC rXL,SIG2) 
C 
C E. E . ROOBE HE1LTH ISO S W C T RESBIBCB DIT. OBWL 1 1 - 7 - 7 9 
C 
C & StJEBOOTIHE OP DIST TO CM.COLME SIGH* Z TM.OES BISEO OB 
C BBIGGS* HTDL RECOBHEBDJITIOIS rOB OPEB-COOBTBT COHDITIOBS. 
C 

GC TO f 1 , 2 . 3 , « , 5 , 6 . f ! . Z C 
1 SIGZ=.2»Xt 

GO TO 8 
2 SIt,?=. 12*XL 

GO TO » 
3 SIGZ=.08*XL/SQBT(1.».0002*XL) 

GO TO 8 
• SIGZ=.06*XL/SQPT(T.».0015*Xt) 

GO TO 8 
5 SIGt= .G3*XL/ f1 . • . 0003*11) 

GO TO 8 
6 SIGZ=.0T6*X1/[1.*.0003*XL) 

GO TO 8 
7 SIGZ=(- C 1 6 » X L / [ 1 . » . O 0 0 3 * X L ) J - ( ( ( . 0 3 * X l / ( l . » . 0 0 O 3 * I L ) ) -

> C . 0 1 6 * X l / ( 1 . * . 0 0 0 3*XL)>)/2 . ) 
8 COBTIVBf 

BETDBS 
EfO 

ISIG 5 
ftSIG 10 
asiG 15 
I S I G 20 
I S I G 2 5 
»SIG 30 
KSIG 35 
&SXG • 0 
ASIG • 5 
ASIG 50 
I S I G 55 
1SIG 60 
I S I G 65 
&SIG 70 
»SIG 75 
I S I G 80 
ISXG 85 
*SIG 90 
»SIG 95 
I S I G 100 
I S I G 105 
IS IG 110 
»SIG 115 
ASIG 120 
1SIG 125 



APPENDIX B 

OUTPUT OF AN EXAMPLE CASE RUN WITH THE HARAO CODE 
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APPENDIX B 

OUTPUT OF AN EXAMPLE CASE RUN WITH THE HARAD CODE 

The example case consists of the release of 2 2 2 R n gas from a point 
source with a l~m elevation. The wind speed is 1 m/s, and Pasquill 
atmospheric stability category B (unstable) is assumed. The mean mix
ing depth (lid height) is 2000 m, and complete mixng between ground 
and lid is assumed to occur beyond a distance of 15,667 m. The follow
ing daughters of 2 2 2 R n were assumed to build up in the airborne plume: 
2l8p 0 i 214p b ) 2l4 B l > 214p 0 j a n d 210pb 
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OUTPUT OP HfcfiAD CODE 

NUCLIDE Cflft l l D&Ti 

ITOCLIDE DECAY COHST&HT SCAYEIGIHG DEPOSITIOi BRfclCHIBG 
COEFFICIENT TE10CITT FRACTION 

(PER SEC) (PEB SFC) (HRTERS/SEC) 

FI-222 0.210D-05 0 . 0 0 . 0 1 .000 

PO-218 0 .379D-02 O.2O0E-0U 0.01000 1.000 

PB-214 0 .»31D-03 0 .200E-0* 0 .01000 1.000 

EI-21» n. r .86D-03 0 . 200E-0* 0 .01000 1 .000 

PO-21« 0.«J:3D OH 0. 200E-0B 0.01000 1.000 

PB-210 0 .108D-08 0. 200E-0* 0 .01000 1 .000 

ITHOSPBEBIC P1BAHETEBS 

RELEH5E HEIGHT (HETEBS) 

PlsQUILL C1TEG0RT 

WIND SPEED(HETERS/SSC) 

LID HEIGHT(HETERS) 

DONNVIRD DISTANCE PCS BELOH-LID MIXING(RETERS) 

1.00 

2 

1.00 

2000 

15667 .0 
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PITIO OF ICTITITT OF HOCLIDB TO IWITI&L ICTITITT OF PIBEIT 

DISTIRCE (nSTEBS)- 0 . 3 0 0 E 0 3 

PIBEIT BH-222 

VOCLTDE ICTIVITY BIT 

R I - 2 2 2 0 .9991D 00 
PO-218 0 .6436D 00 
P B - 2 H 0 . 4 5 1 6 D - 0 1 
B I - 2 M 0.2716D--02 
PO-214 0 . 2 7 1 6 D - 0 2 
PB-210 0 . 2 3 0 5 D - 0 9 

DISTIICE (RETEBS)- 0 . 5 0 0 B 0 3 

PIBEIT B I - 2 2 2 

DISTIICE (HETEBS) 

PIREIT R I - 2 2 2 

HUCLIDE ICTIVITT BIT 

R I - 2 2 2 0 .9990D 00 
PO-218 0 .9129D 00 
PB-21« 0 . 9 9 9 5 D - 0 1 
BI-21H 0 . 1 0 2 1 D - 0 1 
P0-2UI 0 . 1 0 2 1 D - 0 1 
PB-210 0 1500D-08 

0 . 1 0 0 E 0« 

DISTIHCE (RETERS) 

PIREWT R I - 2 2 2 

I0CLIDE ICTIVI1T SIT 

F I - 2 2 2 0 . 9 9 7 9 D 00 
PO-218 0 . 9 4 8 9 D 00 
P B - 2 U 0 . 2 4 6 9 0 00 
B I - 2 1 » 0 . 5 1 4 3 D - 0 1 
PO-21H 0 . 5 1 4 3 D - 0 1 
PB-210 0 . 1 6 » 0 D - 0 7 

O.2O0E 00 

I0CLIDE 

BM-222 
PO-218 
P B - 2 U 
B I - 2 U 
P O - 2 U 
PB-210 

ICTI7ITT BITIO 

0.9958D 00 
0.9800D 00 
0.4811D 00 
0.1927D 00 
0 .19 27D 00 
0.1395D--06 
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DISTMCE (METERS) = 0.400E 04 

P»RE!IT RH-222 

DIST&SOB IHETEBS) 

PIREflT RH-222 

HOCLIDB iCTITITT BIT: 

R l - 2 2 2 0.9916D 00 
PO-218 0.9808D 00 
PB-214 0.7325D 00 
BI -214 0.4888D 00 
PO-214 0.4888D 00 
PB-210 0.8496D-06 

0.8G0E 04 

DISTAHCE (HETERS) 

P&REHT BH-222 

RDCLIDE &CTIYITY BIT! 

RH-222 0 .98 34D 00 
PO-218 0.9764D 00 
PB-214 0.8845D 00 
BI-214 0.7853D 00 
PO-214 0.7853D 00 
PB-210 0.3466D-05 

0. 120E 05 

D1ST&HCE (HETERS) 

PAREHT RH-222 

HUCLIDE ACTIVITY R»T 

BH-222 0.9751D 00 
PO-218 C.9690D 00 
PB-214 0 .91040 00 
BI-214 0.8597D 00 
PO-214 0.8597D 00 
PB-210 0 .6517D-05 

0. 200 E 05 

HOCltDE 

RH-222 
PO-218 
PB-214 
BI-214 
PO-214 
PB-210 

ACTIVITY RITIO 

0 . 9 5 8 9 0 00 
0.9S31D 00 
0.90U7D 00 
0.8700D 00 
0.8700D 00 
0 .1213D-04 
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DISTMCE (HETERS) = 0 . »00E 0 5 

PJREHT RH-222 

D 1ST MICE (HETERS) = 

PHREHT RH-222 

R0CL IDE &CTT7ITT H&T 

RH-222 0 . 9 1 9 5 D 00 
PG-218 0 . 9 1 0 0 D 00 
P B - 2 U 0 . 8 6 7 9 D 00 
B I - 2 1 « 0 . 8 3 5 2 D 00 
P O - 2 U 0 . 8 3 5 2 D 00 
PB-210 0.2179D-OH 

0 . 8 0 0 E 05 

NOCLIDE 

RH-222 
PC-218 
P B - 2 H 
B I - 2 U 
P O - 2 l « 
PB-210 

1CTIVITY RATIO 

0.8155D 00 
0.8UOOD 00 
0.7980D 00 
0.7680D 00 
0.7680D 00 
0.29680- -04 


