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ABSTRACT 

Radiological consequence analysis of a reference LEU core for 
Pakistan Research Reactor (PARR) has Leen carried out using mathematical 
models. It was assumed that 20% of the fuel, having an average burn-up of 
507, achieved by continuously operating the reactor for 300 days =<t 10 MW, 
fails. It was further assumed that 100% of the noble gases a.id a fraction 
of iodine a'-e released. Three modes of leakage from reactor building have 
been considered. These are exhaust through the normal ventilation system, 
through emergency ventilation system and leakage from the building. The 
whole body and thyroid doses have been calculated for the duration of 2 
hours and 30 days at the boundries of exclusion zone at 450m and low 
population zone at 1000m. 

For the releases at stack height through normal and emergency 
ventilation systems, doses at both the boundries remain within relevant 
emergency dose limits of 300 rem for thyroid and 25 rem for whole body. 
However, in case of direct release frcm the containment building, 
limiting thyroid dosa of 300 rem, at 1000m, for 30 days exposure is 
achieved for a leak rate of 27% per day under Pasquill condition E. The 
results presented in this renort are only preliminary estimates. A more 
accurate detailed analysis, for various burnups, will be carried using 
standard computer codes. 
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INTRODUCTION 

A common approach in Safety Analysis Report for research and test 
reactors is to assume that an accident results in the release of some ot 
the radioactive materials from the fuel elements, to the containment, and 
eventually to the atmosphere. The consequences to the surrounding 
population are presented in terms of estimated radiological doses from 
the escaped material. These dose estimates are then compared with the 
recommended dose limits /l/, in order to ensure the safety of general 
puolic. 

in connection with conversion of Pakistan Research Reactor (PARR) 
from the use of Highly Enriched Uranium (HEU) fuel to the use of Low 
Enriched Uranium (LEU) fuel wish power upgrading, radiological 
consequence analysis of a reference LEU core has been carried out using 
mathematical models. Most of the computer codes used for this purpose are 
based on similar models. Therefore, no significant difference in results 
is expected if the detailed calculations are carried out using standard 
computer codes. However, the results presented in this report should be 
treated as preliminary estimates. 

The calculations carried out include the determination of source 
term, leakages from reactor building to the atmosphere, dispersion in the 
atmosphere and calculations of dose rates at the boundries of exclusion 
zone of 450m and low population zone of 1000m. Whole body doses and 
thyroid doses, for an unprotected individual at receptor location, have 
been calculated for 2 hours and 30 days at a distance of 450 meters and 
10C0 meters, respectively. It was assumed that 207. of fuel, having an 
average burn-up of 50% achieved by continuous operation of the reactor 
for 300 days at full power, fails It was further assumed that 100% of 
noble gases and a fraction of iodine are released. Following modes of 
leakage, from the reactor containment building to the atmosphere, were 
considered: 

i) Through normal exhaust at a flow rate of 25000 cubic meters 
per hour without filtration; 

ii) Through emergency exhaust at a flow rate of 2100 cubic meters 
per hour with and without filtration; 

iii) Through reactor building by-passes e.g. leakage through 
penetrations which have not been properly sealed. 
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Stanuard reference values /l/ for breathing rate, dose conversion 
factors for iodine, and dose limits at different locations etc. have been 
used. 

To have a check on reliability of methods, comparison of results 
and validity of conclusions IAEA 10 MW benchmark reactor 12/ and Greek 
Research Reactor (GRR-1) /3/ were analyzed. The results obtained were 
found to be in excellent agreement. 

Having validated the procedure, calculations were carried out for 
a refereace LEU core for PARR. The description of design parameters of 
this core is summer ized in Table 1, whereas Fig. 1 shows the core 
configuration. The methods adopted for the calculations are presented in 
the following sections. 



^ 

2. CALCULATIONAL MODEL 

A simplified, conservative model for estimating radiological doses 
for an unprotected individual from a hypothetical accident has been 
developed for research and test reactors. This model provides the 
estimated doses fc r an unprotected individual at the receptor location. 
These dose estimates are then compared with recommended limits. 

The dose calculations involw the following procedure: 
i) Fission product inventories or source terms available for 

release are determined; 
ii) The containment/building leakage behaviour is modelled under 

conservative assumptions to estimate post-accident fission 
product leakage; 

iii) Atmospheric dispersion is modelled by applying standard 
procedure to estimate dilution factors (X/Q); 

iv) Integrated concentration levels over the exposure period at 

the receptor site are converted to radiation doses by 
applying dose conversion factors. 

The mathematical models used for the calculation of sourc; term, 
leakage from containment building, dispersion ir. atmosphere and dose 
rates are presented in the following subsections. 

2.1. Source Tern 

The inventory of fission products and other radionuclides in 
reactor depends in a complicated manner upon the fissile material, the 
reactor design and materials, the operating neutron flux levels and 
distribution, the power history, and fuel management scheme. For such a 
detailed analysis standard computer codes like ORIGEN /4/, which have 
extensive libraries of relevant parameters, suoh as cross-sections, 
yields, decay constants and branches for many nuclides, are used. However 
the model presented here rely mainly upon fission yield tables, 
conservative estimates of total fissions per unit power, and the burn-up 
at the end of cycle. 

The shutdown activity (sour<_<? term) for isotope 'i' is given by 
the simplified formula /5/. 



Where 
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A. = 0.865 x 10 6 P Y. (1-e" r l T ) ( i ) 

A. = Activity ot isotope i at shut-down (Curies) 
P = Reactor power level (MW) 
Y. = Total fission yield of isotope i 

1 -1 
) \ . = Radiological decay constant for the isotope i (s ) 
I = Operation time of the reactor (s) 

To calculate the maximum fission product inventory, the average 
burn-up contained in the end of cycle equilibrium core is multiplied by 
the U--235 contents of the core to get the U-235 burned. This in term is 
divided by grams of U-235/MWD and then divided by operating power of the 
reactor to get days of continuous operation (which will give the maximum 
fission product inventory). 

Equation 1 is correct nnly if A. is the only source of the i-th 
radionuclide. Many nuclides are produced after shutdown. One technique 
for estimating the precursor contribution is to analyze the decay chain 
leading to the i-th radionuclide and determine a correction factor which 
increase A. to approximate this additional precursor's contribution. The 
calculations then proceed as if the entire amount, both shutdown and 
precursor activities, were available to leak from the fuel, to the 
containment building, and eventually to the atmosphere. This method is 
outlined in reference 151. 

2.2. Leakage From the Containment Building 

In reactor accidents, radionuclides are first relens«d into the 
containment buildir.g and subsequently may leak to the atmosphere. The 
magnitude of resulting plume depends, among other things, on the rate at 
which this leakage occurs. 

Isotope release rates depend upon fission products inventory in 
the core, paths and rates of leakage from the prima 'y systems tj the 
containment and paths and nt?<! of leakage from containment building to 
the atmosphere. The leak rate depends strongly upon system design and 
reactor building design. In addition, the leak fraction of a given 
radionuclide depends upor. its chemical form. The noble gases, krypton and 
xenon, will be free to escape completely; solid non-volatile fission 
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products will remain in place. Iodine is volatile so it is normally 
assumed that a significant fraction escapes. The total activity of 
isotope 'i* released over time 't', Qt., is obtained from the following 
equation /5/. 

Qt. = F F F. A. - L _ (1 - e"( fc+ r ) t) (2) 
1 a P b J >y X r Whe e 

F = Fraction of failed fuel 
2 
F = Fractional release from fuel to water P F, = Fractional release from water within the containment b 

building. 
Quantity 
(curies). 

A. = Quantity of isotope 'i' in reactor core at time of accident 

hi = Leak rate parameter (s ). 
X = Radioactive decay constint (s ). r 

Leak rate parameter ' Aj« depends upon the mode of leakage. The leakage 
from the containment building can be through normal ventilation system, 
emergency ventilation system and/or through reactor building by-passes 
e.g. leakage through a penetration that has not been properly sealed. The 
leak rate parameter can be obtained by dividing the volumetric flow rate 
out of the building by total volume of the building. 

If ths leakage path contains absolute and activated charcoal 
filters, the efficiency of these filters, for iodine, must be taken into 
account. However, such filters will have no effect on nobel gases. 
Absorption of iodine on the internal components of the reactor and 
building walls should be given consideration, since the amount absorbed 
and adhered is very high /6/. 

2.3 Ataospheric Dispersion 

After Calculating fission product inventory, rhe integrated source 
terrr, for each significant radionuclide can then be estimated, given 
containment building leakage history. The next step is to account for 
atmospheric dispersion as the fission products are transported from the 
release point to the receptor location. 



An effluent released at some poirt into the atmosphere not only 
moves in a gross way due to the vai Lous temperature conditions, but 
individual particles in the effluent become increasingly separated from one 
another as a result of local atmospheric turbulence. This process is called 
turbulent diffusion. 

The Gaussian plume model /7,8/ is the most widely used method of 
estimating downwind concentrations of airborne material released to the 
atmosphere. In the application of this nodel, which has been verified under 
widely different meteorological conditions, it is assumed that the plu.ne 
will spread both laterally and vertically in accordance with a Gaussian 
distribution. 

For a continuous release from an elevated point source under 
constant diffusion conditions (i.e. wind direction, wind speed and 
atmospheric stability), and allowing for plume reflection at ground level, 
the concentration X (x,y,z,) 

X (x,y,z,) = -JL- exp (- v ^ _ ) [ e x P [ - i£l!i>] [- (z+hji JJ ( 3 ) 

Where the origin of the co-ordinate system is at ground level directly 
below the release point, and 

_3 
X(x,y,z,) = Air concentration (Bq.m ) at a point with 

co-ordinates x,y,z 
x = Downwind distance (m) 
y = Crosswind distance (m) 
z = Height above the ground (m) 
Q = Release rate (Bq.s~ ) 
U = Mean wind speed (m.s ) 

0y", fZ = Diffusion parameters (m) which are a function of 
downwind distance, x, and atmospheric stability 

h = Effective release heighi. (m) 
To utiHze Eq. 3 it is necessary to categorize any given set of 

meteorological conditions ar.d ascribe values of the diffusion parameter^ 
( ffv. ff"z) for each category. Methods for classifying meteorological data 
and values <-f parameters are given in Section 2.3.1.1 and 2.3.1.2, 
respectively. 

When the release occurs from an elevated source the plume will 
disperse down to ground level from where it is effectively reflected back 
into the atmos^.iere, increasing the giound level concentration by a factor 
of 2. Similarly, the plume can be reflected from the top of the atmospheric 



mixing layer. When this occurs just above the level of the stack height, 
the plume concentration at ground level could be increased by a further 
factor of 2. The probability of occurance of this later condition is low 
and the effect of mixing layer height on the average annual plume 
concentration within a few km of the release point can therefore be 
neglected. 

The concentration at ground level (i.e. z=0) and allowing for ground 
reflation is given by: 

X = _JL_ exp (- ._!» - _XL) (4) 
A U O ^ 2 Q~z2 2{Jy2 

When Eq. 4 is integrated over a time At during which diffusion 
parameters ( (J-y and 6~z), wind velocity U, and wind direction are 

_3 considered r.o be constant, the time integral of concentration in Bq.s.m 
is obtained as the product of the total activity released (Q) in Bq and the 

_3 short-term diffusion factor (X/Q) in s.m . The diffusion factor is defined 
as the time-integrated concentration at ground level and on the diffusion 
axis (z = 0,y = 0) per unit of released activity: 

- = - JX dt = -J exp(- " 2 .) (5) 
Q Qit A(Tyffzu 2 (Ti2 

This factor can be used to calculate the time-integrcted concentration as a 
result of single emissions during constant meteorological conditions. 

As seen from Eq 5, the diffusion factor (X/Q) strongly depends on 
diffusion parameters (fy, fl~z and effective release height (h). The method 
for determination of these parameters is given in the following 
subsections. 

2.3.1 Diffusion Parameters and Pasquill Conditions 

Theoritically, the diffusion parameters (Ty and ffz should increase as 
vx from the point of emission, where x is the disfar.ee in the direction of 
movement of the effluent. In fact, experimental data shows thp.c (Ty and 6"~1z 
increase much more rapidly with distance /9/. This means that diffusion for 
atmospheric dispersion is not an exact description of the phenomenon. The 
time-averaged distribution of the effluents in the y- and z- directions, 
however, has been found to be approximately Gaussian. It has become 
standard practice, therefore, to use experimental values of (Ty and ff~z, in 
.̂q 5, to calculate effluent concentration. Naturally, these functions 
depend upon atmospheric conditions. Many classification schemes have been 

http://disfar.ee
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proposed for relating measured meteorological parameters to diffusion 
parameters ( ffy, 6"z) for use in Gaussian plume equation. Working from 
experimental data Pasquiil-Gifford /2,10/ obtained a set of curves fcr OTy 
and 0z for six different atmospheric stability conditions, designated A tc 
F in order of increasing atmospheric stability. These curves are based 
primarily en the Prairie Grass experiments, which were performed over 
terrain of very low surface roughness length (z ~ 1cm) with ground level 
release of a £ew minutes duration. They should be applied only under 
comparable conditions. For greater surface roughness the modified data 
based on a model by Smith /H,12/, parametrized by Hosker /13/, can be 
used. Fig 2 shows the values of g"y as a function of downwind distance, 
taken from Pascuill-Cifford, and Fig 3 gives the (Tz parameter taken from 
the new Smith scheme for a ground roughness length of 30cm, which i? 
representative of undulating countryside. 

As shown in Figures 2 and 3, the less stable conditions have higher 
values of ffy and (Tz than stable conditions, at all distances from the 
source. Both the above mentioned curves are for ground level releases. For 
elevattd sources, three data sets, for 50m, 100m and 180m, are shown in 
Table 2, which are based on experiments over terrain of 30 to 60 minutes 
/14,15,16/. For other release heights the values of dispersion coefficients 
may be obtained by interpolating logarithmically. 

Now the problem resolves into two parts; first to classify the 
measured meteorological conditions into stability classes, and second, for 
each category, to decide upon values of (Ty and (Ti. 

2.3.1.1. Classification of Stability Conditions 

Applicable Pasquill stability condition (from A to F) can be 
selected on the bssis of one of the following: 

a) Insolation 

Since thermal turbulence is related to heat flux, and since the 
amount of cloud covei causes less heating or cooling according to the time 
of day, neutral conditions are found wit'/i significant amounts of ':.oud 
cover. High wind speeds also tend to give neutral conditions. While olear 
skies at night with low wind speed tend to give Hctle dispersion (stable 
conditions), the same conditions during day light lead to good dispersion 
(unstable conditions). 

Pasquill conditions as a function of wind speed, day time insolation 
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(sunlight) and night time cloud cover are presented in Table 3 , which has 
been taken from reference /17/. The scheme outlined ir Table 3 is 
qualitative and therefore open to error, but it has an advantage of 
requiring very little data only a rough estimate of wind speed and cloud 
cover or sunlight. 

b) Temperature Lapse Rate 

The ro^m 'temperature lapse' rate refers to the vertical temperature 
gradients in >he atmosphere, which is an often measured quantity. The 
degree of atmospheric stability is then directrly related to the vertical 
temperature gradient and the horizontal wind speed. Large negative 
gradients generally lead to unstable conditions, neutral conditions 
correspond to just negative temperature gradients, vhile positive 
temperature gradients indicate stable conditions. 

The temperature is measured at two or more heights on a 
metoroloeical tower. The slope of the temperature profile can then be 
computed by dividing the temperature difference AT by the difference in 
height A Z of the measurement. The relationship between the pasquill 
stability categories and A T / A Z is given in Table 4 taken from reference 
/18/. 

c) Angle of Wind Vane 

The Pasquill conditions can also be determined by monitoring the 
fluctuation in the angle of wind vane. On days when the atmosphere is 
unstable, a wind vane tend to fluctuate more widely than on days when the 
atmosphere is stable. The correlation between the standard deviation of the 
angle, (Ĵ , to the various P?'iquill categories is shown in Table 4. Although 
instrumentation to measure (IT directly has been installed at a number of 
nuclear power plants, this method is generally considered to be less 
reliable, the i i._erpretation of data is more difficult than the simple 
ttmperature measurements described above. 

2.3.1.2. Determination of Dirfusion Parameters 
« 

The diffusion parameters iTy cud 0"z need to be carefully specified 
when using the Gaussian plume model. A number of empirically determined 
graphs of G~y and 5"z as a tunction of downwind distance and atmospheric 
stability have been proposed. Two of such graphs for ffy and 0"z are shown in 

h 
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Fig 2 a-d 3, respectively. As site specific measurements of (Ty ?nd C"z are 
usually not available, such sets of standard curves are used to determine 
these parameters. 

2.3.2. Plume Rise and Effective Stack Height 

When effluents are released from a stack, they have additional 
energy in the form of upward momentum and/or higher temperature than the 
environment and hence the thermal buoyancy. The net effect is that down'-ind 
concentrations behave as if the effluents were emitted from a higher point 
of release, or a higher stack, commonly referred as effective stack 
height. The effective stack height 'h' consists of actual stack height 'h' 
plus a correction 'Ah' i.e. h = h + A h . As the plume is blown downwind 
from a stack, :Ls centre line which starts out at the actual physical 
height (h) of the stack, soon reaches an elevation of effective height (h), 
where it remains unless gravitational settling of particulates produces a 
downward tilt to the plume or until meteorological conditions change. Many 
equations have been proposed for calculating Ah. They relate to the 
numerous atmospheric parameters affecting downwind concentrations. Some of 
.hese equations for determining plume rise Ah from tall stacks are given 
below: 

For effluents released from stacks which are at least 2-2^ times the 
height of adjacent solid structure, Ah can be reasonably estimated for 
neutral or unstable conditions /19/ by using the following equation: 

A h = 1.44 D. ( ^ - ) 2 / 3 (-§-) 1 / 3 - C (6) 
Where 

W -- Exit velocity (rn.s- ) 
x = Downwind distance (m) 
U = Wind speed (m.s ) at stack height 

and 
D = Internal stack diameter (m) 

C = 3 (1.5 - ̂ 2. ) D (7) 
U e 

Where 'C is a downwash correction factor /20/ for W <1.5 U: here D is 
o e 

the external stack diameter (m). 
When estimating Ah from Eq. 6 one should also estimate it by using 

following expression: 
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Ah = 3 (-̂ 2) n. (&) 

The lower value calculated from the two Equations 6 and 8 should be used as 
the more suitable estimate of plume rise. Caution should be exercised if 
the downwash correction '»rings the plume to less thon 2-2^ times the height 
of any adjacent building. 

For stable conditions the result from Eq. 6 ir. compared with the 
results from the following two equations: 

S £>h = 4 (I"!-* (9) 

Z^h = 1.5 S' 1 / 6 (^H!) 1 / 3 (10) 
U 

and the smallest of the three values cf Ah is used. In these equations F 
m 

is a Momentum flux parameter and S is a stability parameter, defined as: 

2 D 2 
Fm = W (—) (11) 

o 2 

S * & (£?) (12) 
T 9 Z 

Where 

_2 g = Acceleration due to gravity (m.s ) 
T = Ambient air temperature (k ) 

,o -1. -22f= Potential temperature lapse rate (K .m ), which may be 
approximated by - ( J T / ? Z + f ) . 

-4 For stability class E, S = 8.7 x 10 
_3 For stability class F, S = 1.75 x 10 

2.3.3. Building Wake Effects 

In the case of a building where the effective height of release is 
less thjn twice the building height, the radioactive material released will 
be mined in turbulent wake created by the ambient air flow around the 
building. Particularly in case of release either at roof level or from the 
sides of the building, the wake effect will produce greater dispersion in 
the lee of the building. To take this effect into account, any one of the 
following two approaches is normaly adopted. 
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a) To take dilution >> behind the building into account, the modified-sigma 
method /21/ may be used. The diffusion parameters (Ty and G~z according to 
this method have to be replaced by modified diffusion parameters Z-y and ̂ -z 
given in Eqs 13 and 14: 

I = «Ty2
+ ^ )' (13) 

Where 
7. = (ff^ 2

+--e )* (i4) 
z Z K 

A G = H G 2
b G f 0 r bG > HG 

A G = H G f ^ ' b G < H G 
H - Building height G 
b = Building width. G 

b) A second method of correcting the normal dispersion equations for 
application to this case /22,23/ is based or studies of experimental 
release from buildings and on the assumption oi uniform mixing of the 
effluent in the building wake. 

The normal short-term, centreline, dispersion equation 5 with h = 0 
can be modified in the following manner: 

<X/Q). = ! _ _ . (15) 

(X/'Q) = (X/Q) corrected for wake effect 
A - Cross-sectional area of the building normal to the wind 
C = Fraction of A over which the plume is dispersed by the wake 

(building shape factor conservatively estimated to be \ by 
Gifford/ 7/ ) 

However, one cannot decrease the value of X/Q to less than one third of the 
uncorrected value of X/Q( = l/(uW~ fl~) for the same distance llkj. 

y z 

The effect of the above procedure is to reduce X by a constant 
fraction for all crosswind locations at a given distance, thus in practice 
reducing source strength. Although this represents a valid procedure for 
calculating ground level concentration at, or close to, the centreline, it 
must be applied with care in other situations. In particular, when external 
gamma radiation dose from a cloud is calculated for short distances 
downwind from the source, the effective reduction of source strength will 
lead to a significant underestimate of the hazard /25/. Such effects should 
be corrected for as necessary. 
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2.4. Radiation Doses 

Radioactive materials eleased to the atmosphere will be transported 
downwind and dispersed by ncimai atmospheric mixing process. As the 
activity disperses, the local individual members of the public ire 
irradiated internally < ing to inhalation of activity and externally by p ~ 
andV-n^diations from the plume. Th- removal of the activity from the plume 
leads to further pathways for the irradiation of exposed individuals. There 
are three main pathways; external irradiation from the radioactive decays 
of the materials deposition on the grr-und; inhalation of suspended 
materials; and as a rê i'li. of the transfer into the terrestrial 
environment, from food stuff consumed by san. A simplified representation 
of the pathways to man, from atmospheric releases, is shown in Fig 4. 

Application of the dilution factor (X/Q) to the integrated source 
term for the i-th radionuclide (Qt.) yields the expected integrated 
concentration at the receptor site. The effect of this radioactive material 
on a human being, located at the receptor site for a given exposure time, 
depends in a complicated way on the intake and retention of the various 
nuclides, the possibility of concentration in the body organs and the 
radiological half life of the nuclides. 

A significant element from this human logical standpoint is 
iodine, which concentrates in the thyroid glands. Each radioisotope of 
iodine will affect the thyroid in a characteristic manner depending on both 
its behaviour as a radionuclide and as an element l.aken into, utilized by, 
and eventually eliminated from the human body. During its stay in the 
thyroid, the radioactivity of ea«:h iodine isotope can result in energy 
deposition and hence damage to i'-e gland. 

For the purpose of this study, only the thyroid doses from iodine 
isotopes and whole body gamma doses from noble gas'.s has been estimated. 
The methods to determine these doses are outlined in the following 
subsect ions. 

2.4.1. Thyroid Dose 

The thyroid dose is calculated by multiplying the integrated 
concentration at the receptor site by the breathing rate 3nd the 
appropriate dose conversion factor 2nd summing over all isotopes. Thyroid 
dose is given by the formula 1211. 

D ,(t) = (X/Q) B?Oi . D F . t n i i c l (16) 



Where 
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D (t) = Thyroid dose at receptor over time (rem) 
t - Dose integration time (s) 

_3 (X/Q) = Atmospheric dispersion factor (s m ) 
Qt. = Total activity of isotope i released over time (curies) 

1 3 -1 
B = Breathing rate (m s ) 
D F. = Dose conversion factor 
c J. 
Dose conversion factors have been derived in reference /l, 27/ and 

are listtd in Table 5 Breathing rate for a standard man given in reference 
/l, 28/, is as follows: 

-4 3 3.347 x 10 m /s for working day; 
-4 3 2.32 x 10 m /s for average 24 hours day. 

2.4.2 Whole Body IT-Dose 

A second significant biological effect from an accidental fission 
product release is due to the whole body dose of gamma irradiation from 
radioisotopes in the passing cloud. This whole body gamma dose is estimated 
from the semi-infinite cloud approximation which results in the following 
equation /5/. 

D = 0.25 "Ey X (17) 
Where 

D = Gamma dose rate (rem/s) 
Ey= Average gamma energy per disintegration (Mev/dis) 
X = Concentration of gamma emitting isotope in the cloud 

(curie/m ) 

The total dose received over a given time is obtained by summing the 
total activity of each isotope released over time, t, over all isotopes and 
multiplying by the atmospheric dispersion factor. That: is, 

)r(t) = 0.25 (X/Q)£Qt. E f ± (18) D % 

Where 
Dy(t) = Whole body gamma dose at receptor over time t, (rem), 
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3. RADIOLOGICAL CONSEQUENCE ESTIMATES FOR A REFERENCE LEU CORE FOR PARR 

Radiological consequence analysis for a reference LEU core for PARR 
has been carried out using the mathematical models presented in section 2. 
Design parameters of this core are summerized in Table 1, where as, Fig 1 
shows the core configuration. As a first step, detailed analysis of IAEA 10 
MW benchmark reactor HI and Greek Research Reactor-1 was carried out, The 
purpose of this study was (1) to have a check on the reliability of 
methods, (2) comparison of results, and (3) validity of conclusions. The 
results obtained were found in good agreement with those quoted in ref. /3/ 
and 1211, respectively. Having validated the procedure, reference LEU core 
for PARR was analyzed in detail. Dose calculations were performed for 
hypothetical fuel failure accident. The assumptions and calculational 
approach are given in the following subsections: 

3.1 Assumptions 

The assumptions used for the radiological consequence analysis for a 
reference LEU core for PARR are given below: 

i) Contineuous operation of the reactor, at 10 MW power level, for 
300 days has been assumed; 

ii) The core melting of 20?, has been considered; 
iii) Release of noble gases and iodine, from fuel to water, has been 

taken to be 1007. and 50% respectively; 
iv) It has been further assumed that 1007. of noble gases and 50% of 

iodine in water are available fur release within the 
containment building; 

v) Following modes of leakage, from reactor containment to the 
atmosphere, has been considered: 
a) Normal ventilation system without filtration ; 
b) Emergency ventilation system with and without filtration ; 
c) Direct leakage from reactor building penetrations. A leak 

rate ranging from 107. to "J07„ per day has been considered. 
vi) Filter efficiency for iodine has been conservatively taken to 

be 907.. No absorption of iodine on the walls and internal 
components of the reactor was taken into consideration, 
although the amount of iodine absorbed and adhered is very high 
/6/; 

vii) Whole body and thyroid doses, for 30 days, were calculated 
assuming the X/Q value as an average for whole above mentioned 
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time; 
viii)The doses from beta exposure, direct Y-ray emission from 

reactor building, and dry deposition on ground has not been 
included in this study. 

3.2. Calculations 

The calculational approach is given below: 
i) The operation time of 300 days, at 10 MW power level, was 

calculated to achieve 507. burn-up (see section 2.1). It was 
assumed that 1.2 gm of U-235 produces one MWD. 

ii) The shutdown activities, for different isotopes, were 
calculated using Equation 1. The values of fission yields and 
decay constants for noble gases and iodine, and the activities 
at shutdown are given in Table 6. The calculated shutdown 
activities, except Xe-135, Xe-135m, and Xe-131m are 2X to 10% 
higher than if calculated using compucer code ORIGEN /4/. For 
the above men. ioned isotopes of Xe, the calculated shutdown 
activities are significantly higher. 

iii) Total activity (Qt ) of isotope i, released over time 't* was 
calculated using Equation 2. Fractional releases were 
considered according to the assumptions made in section 3.1. 
Leak rate parameter for leakage throi>j»h ventilation systems, 
was determined by: 

Flow rate through mode of leakage x 1 Q Q 

Total volume of the containment building 

Calculations have been carried out for a flow rate of 
3 3 

25000 m' /h and 2100 m /h, respectively, for normal and 
emergency ventilation system /29/. Total volume of the 

3 containment building was taken to be 15000 m 1301. Various 
values of leakage parameter have been assumed, for direct 
release, from containment building, 

iv) Dilution factor (X/Q) was calculated as a function of wind 
speed, effective release height, and stability condition. 
Calculations were carried out for a wind speed of 3m/s and 
exhaust stack height of 61m /30/. The effective release height 

% was calculated using Eq. 8. Stability conditions were decided 
£ on the basis of degree of cloudness at Islamabad area. The data 

obtained from National Agromet Centre, Islamabad is presented 
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in Table 7. This data is based on the measurements for the last 
26 years and gives the average value of amount of clouds for 
every month. Using Table 3 and Table 7, Pasquills stability 
classes, at the site, were estimated to be C,D and E. 
Horizontal and vertical diffusion parameters, corresponding to 
thes«» Pasquill conditions, were determined from Fig 2 and Fig 
3, respectively. 
Thyroid doses and whole body Y-doses at 450m for 2 hours and 
at 1000m for 30 days were calculated using Eq 16 and 18, 
respectively. Dose conversion factors for iodine, ujed are 
listed in Table 5, where as, breathing rate used is given in 
section 2.4. The Y -energies of noble gases used for 
calculations of whole body doses are presented in Table 8. 
These values have been taken from reference /30/. 
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4. RESULTS AND DISCUSSION 

Results of the study are presented in Table 9 througn 13. The 
conservative assumption of operating the reactor at 10MW for 300 days 
assures that the fission product inventory will be greater than that 
contained in the end of cycle equilibrium core, under normal operation. 
This assumption also conservatively implies a negligible cooling time. 
Furthermore the Pasquill conditions C,D and E, selected on the basis of 
cloud cover at Islamabad a.-ea, cover the range of increasing atmospheric 
stability and will give more conservative results. 

Results of the study, are compared to established site criteria 
of 10CFR-100 /l/. According to this document, the iodine doses at the 
boundries of exclusion zone of 450m and low population zone of ICOOm, over 
the time periods cf 2 hours and 30 days, respectively, are required to be 
less than 300 rem. The whole body doses, at the same locations and for the 
same time periods, are not to exceed 25 rem. 

Thyroid and whole body Y-doses, for leakage through normal and 
emergency exhausts are many order of magnitude less than the proscribed 
levels. The use of absolute and activated charcoal filters in emergency 
system reduces the thyroid doses significantly. 

Direct, leakage from the builaing po«es more severe problems. A 
leakage rate of 277. per day, under Pasquill stability class 'E', results in 
a limiting thyroid dose of 300 rem at 1000 meters for 30 days exposure. 

The doses from beta exposure, direct Y-ray emission from reactor 
building, and dry deposition on the ground have not been included in this 
s;udy. Beta exposure from the passing cloud will have a very small 
contribution to the whole body dosre as compared to gamma exposure. It will 
mainly cause skin dose. Doses from exposure to gamma rays emitted from 
within the reactor building, has not been included in the present report, 
since they are estimated to be much smaller in magnitude. Doses due to dry 
ground deposition of isotopes has not been included, because the noble 
gases do not deposit on the ground, while solid fission products were 
non-existent. Contribution will come from iodine only and needs special 
consideration if the amount released is significant. However, all the above 
mentioned doses should be included in order to present p. complete picture 
of the radiological consequences. The results presented in this report are 
only preliminary estimates. A more accurate detailed analysis will be 
carried using standard computer codes. 
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TABLE-1 

DESIGN PARAMETERS FOR THE REFERENCE LEU CORE FOR PARR 

Reactor type Pool type 
Steady state power level (MW) 10 
Fuel U

3V*l 
Enrichment (%) 
Grid plate 
Number of fuel elements in the core 

-Standard fuel elements 
-Control fuel elements 

Nuniber of fuel plates in 
-Standard fuel element 
-Control fuel element 

Thickness of the plate (mm) 
-Inner plates 
-Outer platos 

Total width of the plate (mm) 
Total length of the plate (mm) 
Fuel meat dimensions (mm) 
Thickness of the clad (mm) 

-Inner plates 
-Outer plates 

Thickness of side plate (mm) 
U-235 loading in (gm) 

-Standard fuel element 
-Control fuel element 

19.75 
6 x 9 

23 
5 

23 
17 

1.27 
1.5 

67.1 
625.0 

62 75 x 0.51 x 

0.38 
0.495 
4.410 

270 
200 

600 
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TABLE-2 

COEFFICIENTS FOR DETERMINING RELEASE HEIGHT 
DEPENDENT DIFFUSION PARAMETERS ( ff- = P x q y; tr = P x q Z . 

uy y u z z ) 
(based on measurements at Julich and Karlsruhe) 

Release | Coefficient! 
1 1 1 1 

Diffusion category 
height 

| Coefficient! 
1 1 1 1 

A B C D E F 

P 1.503 0.876 0.659 0.640 0.801 1.294 
v 

q y 
0.833 0 .823 0.807 0.784 0.754 0.718 

50m P 0.151 0.127 0.165 0.215 0.264 0.241 
z 

q 1.219 1.108 0.996 0.885 0.774 0.662 

Py 0.170 0.324 0.466 0.504 0.411 0.253 
100m 

qy 
p 
z 

1.296 1.025 0.866 0.818 0.882 1.057 
qy 
p 
z 

0.051 0.070 0.137 0.265 0.487 0.717 
qz 1.317 1.151 0.985 0.818 0.652 0.486 

py 
qy 

0.671 C.415 0.232 0.208 0.345 0.671 
180m 

py 
qy 0.0O3 0.903 0.003 0.903 0.903 0.903 

Pz 0.0245 0.0330 0.104 0.307 0.546 0.484 
qz 1.50 1.32 0.997 0.734 0.557 0.500 

Note: For other release heights fl~ and «— should be 
interpolated logarithmically 
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TABLE-3 

ASSIGNMENT OF PASQUILL STABILITY CLASSES 

A Extremely unstable 
B Moderately unstable 
C Slightly unstable 

D Neutral 
E Siightly stable 
F Moderately stable 

Wind speed 

U(m.s - 1) 

Stability class, day 
with insolation 

Strong moderate slight 

Stability class, night. 
with sky conditions 

thinly overcast •£ 3/8 
or 2- 4/8 cloud 
cloud cover cover 

U< 2 A A-B 
24U<3 A-B B 
3 6U<5 B B-C 
5&V4.b C C-D 
64U C D 

B 
C 
C 
D 
D 

E 
D 
D 
D 

F 
E 
D 
D 

In some Member States stability class F is extended to night time with 
wind speed less than 2 m.s 

Notes: 1) 'Moderate' insolation implies the amount of incoming solar 
radiation when the sky is clear and the solar elevation is 
between 35 and 60 . The terms 'strong' and 'slight' insolation 
refer to solar elevations of more than 60 and less than 35 , 
respectively. 

2) Solar elevation may be obtained for a given date, time and 
latitude from astronomical tables. Since cloudiness reduces 
insolation, it should be considered along with solar elevation in 
determining the Pasquill stabilicy class. Insolation that would 
be 'strong' may be expected to be reduced to 'moderate' with 
broken middle clouds (cloud cover 5/8 to 7/8) and to 'slight* 
with broken low cloud cover. 

3) Where data from solar radiation measuring instruments are 
available, the values of insolation corresponding to 35 and 60 
on clear days tray be obtained and used as a limit in 
classification irrespective of cloudiness data. 

4) Neutral class D should be assumed for overcast conditions during 
day or night. 'Night' refers to a period from 1 hour before 
SITES': to 1 hour after sunrise. 

5) To obtain (p and (j~ for (A-B), etc. use is made of the average 
y z 

of those for A and B, etc. 
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TABLE-4 

RELATIONSHIP BETWEEN PASQUILL CATEGORY AND AT/ A Z AND <J£ 

Pasquill Category | AT/Az (c^lOOm) | ffj(degrees) 
A 

B 

C 

D 

E 

F 

G 

A T / A z 4 - 1 . 5 

- 1 . 9 < A T / A z £ - 1 . 7 

- 1 . 7 < AT/Az ^ - 1 . 5 

- 1 . 5 < AT/ Az 6 - 0 . 5 

- 0 . 5 < A T / A z 4 1.5 

1.5< AT /Az 6 4.0 
4.0 < AT/Az 

( ^ 2 2 . 5 

2 2 . 5 > ( £ > 1 7 . 5 

17.5>%^12.5 

12.5 ^BJ ^ 7 . 5 

7.5>(£ >3 .8 
3 .8 > ( £ ^ 2 . 1 

2 . 1 > 0 i , 

TABLE-5 

DCSE CONVERSION FACTORS FOR IODINE 

IODINE | DOSE CONVERSION 
ISOTOPE | FACTOR (rem/curie) 

| inhaled 
1-131 

1-132 

1-133 

1-134 

1.135 

1.48E+06 
5.35E+04 
4.00E+05 
2.50E.-04 
1.24E+05 
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TABLE-6 

VOLATILE FISSION PRODUCTS ACTIVITIES AFTER 
300 FULL POWER DAYS OF OPERATION 

| DECAY | TOTAL | ACTIVITY (Ai) 
NUCLIDE J CONSTANT j FISSION j AT SHUT DOWN 

I (SEC-1) j YIELD (X) J (CURIES) 

Kr-85 4.415E-05 1.33E+00 1.1505E+05 
Kr-87 1.480E-04 2.56E+00 2.2144E+05 
Kr-88 6.949E-05 3.7OE+0O 3.2005E+05 
Xe-131m 6.684E-07 2.77E+00 2.3960E+05 
Xf .133 1.522E-06 6.77E+00 5.8561E+05 
Xe-135m 7.404E-04 2.00E+00 1.7300E+05 
Xe-135 2.108E-05 6.70E+00 5.7955E+05 
1-131 9.964E-07 2.77E+00 2.3961E+05 
1-132 8.021E-05 4.13E+00 3.5725E*05 
1-133 9.255E-06 6.77E+00 5.8561E+05 
1-134 2.200E-04 7.I9E+OC 6.2194E+05 
1-135 2.882E-05 6.70E+00 5.7955E+05 
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TABLE-7 

AVERAGE AMOUNT OF CLOUD COVER (OCTAS) AT ISLAMABAD AREA 

One Octa = l/8th of sky 
MONTH OF | OOZ (5 A.M) | 0300 Z (8 A.M) | 1200 Z (5 P.M) 
YEAR | | | 

January 1.9 3.5 3.0 
February 1.1 3.4 3.8 
March 2.5 3.4 3.9 
April 2.0 2.6 3.5 
May 2.2 1.9 2.8 
June 1.8 2.1 2.3 
July 3.6 3.9 3.2 
August 4.0 4.0 3.1 
September 1.8 1.9 1.7 
October 0.5 0.8 1.0 
November 0.8 1.5 1.8 
December 0.9 3.0 3.2 

* The data is based on the measurements carried out at 
National Agromet Centre and covers the period from 1961 to 
1987. 

TABLE-8 

'», GAMMA ENERGIES FOR NOBLE GASES (Kr, Xe) 

NUCLIDB f Y-ENERGY 
I (MeV) 

Kr-85-n 1.810E-01 
Kr-87 1.374E+00 
Kr-88 2.070E+00 
Xe-131m 1.630E-01 
Xe-133 8.100E-02 
Xe-135m 5.200E-01 
Xe-135 2.680E-01 
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TABLE-9 

DOSE ESTIMATION FOR LEAKAGE THROUGH NORMAL EXHAUST (WITHOUT FILTRATION) 

Failed fuel fraction = 0.20 
Fraction of noble gases released = 1.00 
Fraction of halogen released without filtration 
Normal exhaust flow rate = 25000 m /h 
Leak rate = 167 % per hour 

= 0.25 

I PASQUILLl DILUTION FACTOR | DILUTION FACTOR | THYROID DOSE (reap | WHOLE BODY V-DOSE (rem) 
S.NO. | STABILITY I AT 450 METERS | AT 1000 METERS |AT 450 METERS | AT 10O0 METERS | AT 450 METERS | AT 1000 METERS 

I CLASS J j FOR 2 HOURS | FOR 30 DAYS j FOR 2 HOURS j FOR 30 DAYS 

1. C 

2. 0 

3. E 

6.689E-06 

1.656E-06 

1.314E-08 

9.011E-06 

9.709E-06 

2.998E-06 

7.607E+01 

1.883E+01 

1.495E-01 

7.087E+01 

7.636E+01 

2.358E+01 

3.871E-01 

9.586H 02 

7.606E-04 

5.334E-01 
5.76.8F.-Q1 

1.775E-01 
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TABLE-10 

DOSE ESTIMATION FOR LEAKAGE THROUGH EMERGENCY EXHAUST (WITH AND WITHOUT FILTRATION) 

Failed fuel fraction = 0.20 
Fraction of noble gases released = 1.00 
Fiaction of halogen released without filter = 0.25 
Fraction of halogen released with filter = 0.025 

3 Emergency exhaust flow rate = 2100 m /hr 
Leak rate = 14.00 % per hour 

| WHOLE BODY V—DOSE (remT PASQU1LL | DILUTION FACTOR |DILUTION FACTOR| THYROID DOSE (rem) 
S.HO-I STABILITYl AT 450 METERS | AT 1000 METERS| AT 450 METERS| AT 1000 METERS |AT 450 METERS |AT 1000 METERS 

I CLASS J j FOR 2 HOURS | FOR 30 DAYS | FOR 2 HOURS | FOR 30 DAYS 

WITHOUT FILTRATION 

1 . C 1.132E-05 1.013E-05 3.215E+01 6.876E+01 1.490E-01 2.971E-01 
2 . D 4.491E-06 1.289E-05 1.275E+01 8.751E+01 5.910E-02 3.781E-01 
3 . E 1.240E-07 6.239E-01 3.520E-01 4.234E+01 1.631E-03 1.830E-01 

WITH 90 Z FILTER EFFICIENCY 

4 . C U132E-05 1.013E-05 3.215E+00 6.876E+O0 1.490E-01 2.971E-01 

5 . D 4.491E-06 1.289E-05 1.275E+00 8.751E-1-00 5.910E-02 3.781E-01 

6 . E 1.240E-07 6.239E-06 3.520E-02 4.234E+00 1.631E-03 1.830E-ni 

\ 



-29-

TABLE-11 

DOSE ESTIMATION FOR DIRECT RELEASE FROM BUILDING BY-PASSES 
WITHOUT FILTRATION FOR PASQUILL STABILITY CLASS 'C 

Failed fuel fraction = 0.20 
Fraction of noble gases released = 1.00 ' \ 
Fraction of halogen released (without filtration) = 0.25 
Dilution factor at 450 meters = 6.241E-05 
Dilution factor at 1000 meters = 1.516E-05 

S.NO. | LEAK RATE 1 THYROID DOSE (rem) WHOLE BODY Y-DOSE (rem) 
j(X PER DAY) J AT 4SO METERS | AT 1000 METERS 
j j FOR 2 HOURS | FOR SO DAYS 

AT 450 METERS | AT 1000 METERS 
FOR 2 HOURS | FOR 30 DAYS 

1. 10 5.996E+00 3.851E+01 2.751E-02 7.988E-02 
2. 13 7.785E+00 4.392E+01 3.572E-02 9.327E-02 
3. 15 3.975E+00 4.690E+01 4.U8E-02 2.020E-01 
4. 20 1.194E+01 5.288E+01 5.481E-02 1.177E-01 
5. 25 1.490E+01 5.749E+01 6.838E-02 1.317E-01 
6. 26.64 1.587E+01 5.880E+01 7.283E-02 1.359E-01 
7. 27 1.607E+01 5.907E+01 7.380E-02 1.368E-01 
8. 28 1.666E+0J 5.982E+01 7.650E-02 1.393E-01 
9. 30 1.784E+01 6.123E+01 8.190E-02 1.440E-01 

\ 
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TABLE-12 

DOSE ESTIMATION FOR DIRECT RELEASE FROM BUILDING BY-PASSES 
WITHOUT FILTPATION FOR PASQUILL STABILITY CLASS 'D' 

Failed fuel fraction = 0.20 
Fraction of noble gases released = 1.00 
Fraction of halogen released (without filtration) 
Dilution factor at 450 meters = 1.382E-04 
Dilution factor at 1000 meters = 3.417E-05 

0.25 

| LEAK RATE THYROID DOSE (rem) WHOLE BODY *-DOSE (rem) 
S.NO. |(1 PER DAY) ] 1 AT 450 METERS | AT 1000 METERS 

FOR 2 HOURS j FUR 30 DAYS 
AT 450 METERS | AT 1000 METERS 
FOR 2 HOURS j FOR 30 DAYS 

1. 10 1.327E+01 8.681E+01 6.089E-02 1.801E-01 
2. 13 1.723E+01 9.901E+01 7.907E-02 2.103E-01 
3. 15 1.987E+01 1.057E+02 9.U6E-02 2.278E-01 
4. 20 2.643E+01 1.192E+02 1.213E-01 2.654£-01 
5. 25 3.298E+01 1.296E+02 1.514E-01 2.970E-01 
6. 26.64 3.512E+01 1.326E+02 1.612E-01 3.065E-01 
7. 27 3.559E+01 1.332E+02 1.633E-01 3.085E-01 
8. 28 3.689E+01 1.348E+02 1.693E-01 3.140E-01 
9. 30 , 3.949E+01 1.380E+02 1.813E-01 3.247E-01 

\ 
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TABLE-13 

DOSE ESTIMATION FOR DIRECT RELEASE FROM BUILDING BY-PASSES 
WITHOUT FILTRATION FOR PASQUILL STABILITY CLASS 'E! 

Failed fuel fraction = 0.20 
Fraction of noble gases released = 1.00 
Fraction of halogen released (without filtration) = 0.25 
Dilution factor at 450 meters = 2.763E-04 
Dilution factor at 1000 meters = 7.733E-05 

| LEAK RATE THYROID DOSE (rea) WHOLE BODY Y -DOSE (rem) 
S.hO.|(1 PER DAY) | 1 

AT 450 METERS | AT 1000 METERS 
FOR 2 HOURS | FOR 30 DAYS 

AT 450 METERS | AT 1000 METERS 
FOR 2 HOURS j FOR 30 DAYS 

1. 10 2.654E+01 1.965E+02 1.218E-01 4.075E-01 
2. 13 3.446E+01 2.241E+02 1.581E-01 4.759E-01 
3. 15 3.973E+01 2.393E+02 1.823E-01 5.155E-01 
4. 20 5.287E+01 2.698E+02 2.426E-01 6.006E-01 
5. 25 6.595E+01 2.933E+02 3.027E-01 6.722E-01 
6. 26.64 7.024E+01 3.0OOE+O2 3.224E-01 6.936E-01 
7. 27 7:il7E-:-01 3.014E+02 3.267E-01 6.981E-01 
8. 28 7.378E+01 3.052E+02 3.387E-01 7.106E-01 
9. 30 7.898E+01 3.124E+02 3.625E-01 7.348E-01 
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., Fig. 1 Core Configuration of lOMW Reference LEU 
Core for PARR. 
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Fig. 2 Horizontal Standard Deviation due to 

Turbulence, (Tyt,as a Function of 
Distance in each Pasquill Category 
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Fig. 3 Vertical Standard Deviation, 01, as a Function 
of Distance for each Pasquill Stability Cate
gory and a Ground Roughness Length of 0.3m. 
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SOuRCE CONTAMI: 
PROCESS 

ATION CONTAMINATION 
MEDIUM 

MODE OF 
EXPOSURE 
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ATMOSPHERIC 
RELEASE 

OISPERSION AIR 
CONTAMINATION 

INHALATION ATMOSPHERIC 
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IRRADIATION. 07 OCCUPANCY EXTERNAL 
IRRADIATION. 07 OCCUPANCY 

DEPOSITION _ 
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Fig. 4 Schematic Representation of Atmospheric Pathways 
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