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ABSTRACT 

Radiological consequence analysis has been carried out for 
upgradation of PARR-1 from 9 to 10 MW. A hypothetical loss of 
coolant accident resulting in core meltdown and release of fis
sion products tj the atmosphere has been analyzed. Whole body and 
thyroid doses have been calculated as a function of time and dis
tance from the containment building. Based on these dose es
timates, boundaries of exclusion and low population zones are as
sessed. 
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1. INTIODUCTION 

Pakistan Research Reactor-1 (PARR-1) has been converted from 
Highly Enriched Uranium (IIEU) to Low Enriched Uranium (LEU) fuel 
with upgradation of power level from 5 to 9 HW. In this connec
tion, radiological consequence analysis of the LEU core was 
carried out to ensure that the converted facility will continue 
to operate without undue risk to the health and safety of public 
and with minimal effect on the environment [1,2]. A design basis 
Loss of Coolant Accident (LOCA), resulting in release of fission 
products to the containment building and eventually to the atmos
phere, was analyzed. The consequences to the radiation workers 
and surrounding copulation were assessed in terms of radiological 
doses. These dose estimates were then used to determine the 
boundaries of exclusion and low population zones. 

Since attaining the power level of 9 MW on 7th Nay, 1992, 
PARR-1 is operating in continuous runs of several days and per
forming satisfactorily. Now feasibility of reactor operation at 
10 MW is being considered. Core fission product inventory is ex
pected to increase as it is directly proportional to the reactor 
power. On the other hand, operation at higher power level will 
reduce the fuel residence time in the core which, in turn, will 
reduce the decay time. As a consequence, core operating at 10 MW 
will have higher shutdown activity as compared to one operating 
at 9 MW. This necessitate the need to reassess the radiological 
doses to radiation workers and general public and modify the 
boundaries of exclusion and low population zones accordingly. 

Radiological consequence analysis of PARR-1 at 10 MW has 
been carried out and presented in this report where same proce
dure is followed as for 9 MW. Mathematical models have been used 
to compute: fission product inventory in the reactor core, 
release of fission products from reactor core to the atmosphere 
after passing through various retention barriers, dispersion in 
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atmosphere and whole body and thyroid doses due to passing cloud. 
Based on these dose rates, boundaries of exclusion and low 
population zones are assessed. 

2. THEORETICAL CONSIDERATIONS 

2.1 Design Basis Accident (DBA) 

The Design Basis Accident (DBA) is an arbitrary combination 
of severe incidents arising from a simultaneous failure of 
various components of the facility and some of its redundant sys
tems. Such an accident can result in serious consequences. The 
analysis of DBA plays an important role in the design and is a 
requirement for licensing of a nuclear reactor. 

2.2 Exclusion and Low Population Zones 

For the purpose of evaluating the suitability of the 
proposed reactor site, 10 CFR 100 [3] defines the exclusion and 
low population zones and the criterion to determine their bound
aries as follows: 

2.2.1 Exclusion Zone 

Exclusion zone is an area surrounding the reactor in which 
the reactor licensee has the authority to determine all ac
tivities including exclusion or removal of personnel and property 
from that area where residence will normally be prohibited. In 
any event, residents shall be subjected to prompt removal in 
case of necessity. 

The boundary of exclusion zone (and low population zone) is 
defined in terms of the consequences of a serious postulated 
reactor accident involving a major release of fission products. 
According to 10 CFR 100, " an exclusion zone is of such a size 
that an individual located at any point on its boundary for two 
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hours immediately following the accident would not receive a 
whole body radiation dose in excess of 0.2S Sv or a thyroid dose 
in excess of 3.0 Sv from iodine exposure. 

2.2.2 Low Population Zone (LPZ) 

The low populatior. zone is an area immediately surrounding 
the exclusion ar->a which contains residents, where their total 
number and population density are such that there is reasonable 
probability that appropriate protective measures could be taken 
on their behalf in the event of a serious accident. 

The low population zone is of such size that an individual, 
located at any point of its outer boundary, exposed to the 
radioactive cloud resulting from the accident would not receive a 
total radiation dose to the whole body in excess of 0.25 Sv or a 
total radiatic dose in excess of 3.0 Sv to the thyroid from 
iodine exposure when exposed for the entire duration of the acci
dent. 

3. MULTIPLE BARRIERS IN PARR-1 

To prevent Che escape of radioactivity, nuclear reactors are 
designed using the concept of multiple barriers. These barriers 
represent a sequence of obstacles to block the passage of 
radionuclides from fuel to the surrounding population. The bar
riers present in PARR-1 are given below: 

3.1 Fuel 

Low enriched fuel for PARR-1 is uranium aluminum alloy in 
the form of U3Si2-Al which has the capability to retain most of 
the fission products except those originating near the surface of 
the fuel. However, the gaseous fission products like iodine, 
xenon and krypton undergo diffusion and may escape from the fuel. 
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3.2 Cladding 

To prevent the escape of fission product gaaes and to con
fine the fission fragaents emitted near the surface of the fuel, 
the fuel is surrounded by a layer of aluainua cladding which acts 
as the second barrier. 

3.3 Reactor Pool Vater 

Reactor pool water acts as the third barrier against the 
release of fission products. In case of failure of the first two 
barriers, a significant aaount of iodine and solid fission 
products will be retained by water [4]. 

3.4 Reactor Containaent Building 

To ensure that the health and safety of the public is not 
jeopardized by a design basis accident, the reactor and as
sociated principal components are enclosed in a leak tight con
tainaent building [1]. The containaent systea consists of a nua-
ber of subsystems which combine to isolate the reactor and its 
iaaediate environment to prevent the possibility of any spread of 
radioactive materials to the outside atmosphere and surrounding. 
During normal operation, the pressure inside the containaent 
building is kept at a minimum of 0.2 kPa below the atmospheric 
pressure, so that leakage through the containment penetrations is 
inward from the outside. However, in case of an accident the 
building pressure may increase above atmospheric pressure result
ing in leakage of radionuclides to the atmosphere. PARR-1 con
tainment is designed in such a way that leakage from the building 
will not exceed 30Z of its free volume in 24 hours at a maximum 
pressure of 2.3 kPa. Free volume of the containment building is 
approximately 15,000 m 3. The building can withstand an internal 
pressure of 3.4 kPa, which is greater than the pressure expected 
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as a result of design basis accident. According to Operating 
Policies and Principles of PARR-1, the functional integrity of 
the containaent building is tested after every six aontha [5]. 

The retention of fission products within the containaent 
building for larger tiae reduces the aaount of activity that will 
finally be released to the ataosphere. During this period, 
iodines and solids/aerosols will try to plate-out [A], large 
aaount of iodine will be absorbed and adhered [6] and concentra
tion of short-lived isotopes will decrease due to radioactive 
decay. 

3.5 Eaergency Exhaust Systea 

Eaergency exhaust systea of PARR-1 is an engineered safety 
feature for reaoval of particulate and iodines. In principle it 
is a part of the reactor containaent system. In the event of an 
Increase in building pressure or reactor power or high radiation 
dose in the reactor hall, the noraal ventilation in the reactor 
hall is shut off and an eaergency ventilation systea is puc into 
operation automatically. The sir supply and the exhaust fans for 
the reactor hall are turned off and the air supply/exhaust 
dampers are closed. The eaergency systea draws air froa the reac
tor hall and decontaainates it in a filtering systea consisting 
of absolute and activated carbon filters. The absolute and ac
tivated carbon filters have efficiencies bettor than 90Z and 
99.9% for particulate and elemental iodine, respectively [A]. The 
systea operates at a flow rate of 2100 m /h, relieves any pres
sure buildup in a short tiae and restores building to a slightly 
negative pressure. The emergency exhaust fan is also powered from 
eaergency diejel generator to meet the requirement in case of 
Ions of off-site power. 
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4. COHFOTATIOMAL MODEL 

The dose calculation procedure involves the following steps: 

Totel inventory of the fission products in the r -actor 
core is deteraincd; 

The amount of fission products released froa fuel to 
the containaent building is estimated; 

The tiae dependent behaviour of activity in the con
tainaent building is calculated; 

The leakage froa reactor containaent building is 
aodelled to calculate post-accident fission products 
release to the ataosphere; 

Ataospheric dispersion of the effluent is aodelled; 

Integrated concentration level over the exposure 
period, at receptor location, is deterained and con
verted to radiation doae by applying dose conversion 
factors, 

A siaplified but conservative aodel for eatiaating 
radiological doaes to an unprotected individual froa a hypotheti
cal accident is presented in references 2 and 7 along with neces
sary details. Soae selected equations used for the analysis of 10 
MW PARR-1 core are reproduced below: 

4*1 Inventory of Fission Products in the Reactor Core 

According to this aodel, the shutdown activity of the i-th 
isotope in a U-235 fueled reactor, after a continuous operation, 
is given by: 
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A i g - 3 . 2 x 1 0 1 6 P Y ± (1 - e _ x r i T ) ( 1 ) 

Where 

A i s • activity of the i-th radioisotope in the 
reactor core at shutdown (Bq); 

P « operating power of the reactor (MW); 
Y i » fission yield of the i-th radioisotope 

(fraction); 
*ri * radioactive decay constant for the i-th 

radioisotope (s - 1); 
T • operation time of the reactor (s). 

If the reactor is operated in steps, proper decay factor 
must be applied to Equation 1. For long continuous operation 
times the exponential term in the equation can be neglected and 
the resulting activity will be the saturation activity. 

4.2 Time Dependent Activity BchaTiour in the Reactor Containaent 
Building 

The fractional release of fission products from reactor 
core to the containment building will depend on various factors 
such as type of fuel and cladding, chemical form of the isotope 
and type of accident postulated. When reactivity is released to 
containment building, its concentration (Bq/m3) will change with 
time because of: 

(i) natural radioactive decay; 
(ii) deposition (plate-out) of iodines and solids/aerosols; 

(ill) leakage from containment building. 
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Assuming an instantaneous release of fission products from 
reactor core and neglecting the contribution of precursors, the 
time dependent airborne activity of the i-th isotope in the 
reactor containment building is given by: 

Aib (O - F. F i b F i c A i s e~ *ci* ( 2 ) 

Where 

Aib (fc) " time dependent airborne activity of the 
i-th radioisotope in the reactor con
tainment building (Bq); 

A i g - activity of the i-th radioisotope in the 
reactor core at shutdown (Bq); 

F a - fraction of failed fuel; 
F^ • fractional activity of the i-th isotope 

released from fuel to water; 
F i c m fractional activity of the i-th isotope 

released from water to reactor contain
ment building; 

* c i - reactor containment building cleaning 
constant (s ); 
xri + *pi + xl 5 

x r i » radioactive decay constant for the i-th 
isotope (s - 1); 

* p i - plate-out constant for the i-th isotope 
(s" 1); 

Xj - containment venting rate constant (s - 1); 
t - time from core meltdown (s). 

The time dependent activity concentration (Bq/m ) of the 
i-th isotope in the reactor containment building can be obtained 
by dividing Equation 2 by total volume of the building. 
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4.3 Leakage from the Reactor Containment Building 

The fission product released from reactor core into the 
reactor containment building will subsequently leak to the atmos
phere through reactor exhaust system or building penetrations if 
the building loses its negative pressure. Total activity of the 
i-th isotope released to the atmosphere over a time t is given 
by: 

A t i * Fa Fib Fic < 1" n > Ais < x l ' xci> (l-e^ci* ) ....(3) 

Where 

At^ * total activity of the i-th isotope released to the 
atmosphere in time t (Bq); 

n « filter's efficiency for the i-th isotope. 

4.4 Atmospheric Dispersion 

Once the radionuclides are released f.o the atmosphere, they 
will disperse due to the effects of atmospheric turbulence and 
advective transport. The amcunt of dispersion depends, amongst 
other things, on the wind speed, meteorological conditions, dura
tion of the release, height of release, building wake effect, the 
buoyancy of the airborne effluent, and on the downwind distance. 
The standard Gaussian distribution is used to determine the con
centration in the cloud using the simplified method proposed by 
Pasquill [8]. However, it requires accurate site specific data on 
weather conditions at the site. If the site specific data is not 
available, a conservative approach suggested in USNRC Regulatory 
Guide [9] can be adopted. According to this approach, the dose at 
any distance from the reactor is calculated based on the maximum 
concentration in the plume at that distance taking into account 
specific meteorological, topographical and other characteristics 

9 



which may affect the maximum plume concentration. The atmospheric 
diffusion factors, under these conditions, can be obtained 
directly from the curves given in USNRC Regulatory Guide. 

When the release height is less than twice the height of 
nearby buildings which are located closer to the release point, 
the effluent will be caught in the turbulent wake created by the 
ambient air flow around the building. Particularly, for releases 
through building penetrations, the wake effect will produce 
greater dispersion in the lee of the building. For this reason, 
the ground level release concentration, for the first 8 hours, 
may be reduced by a factor ranging from one to three [9]. 

When the effluents are released from a stack, they have ad
ditional energy in the form of upward momentum and thermal 
buoyancy. The net effect is that downwind concentration behaves 
as if the effluents were emitted from a higher stack, commonly 
referred as effective stack height. The diffusion factor 
decreases with increasing release height. 

The detail of procedures and models to determine Pasquill 
conditions, diffusion parameters, building wake effects, effec
tive stack height etc. have already been reported [2,7]. 

4.5 Radiation Doses 

When the radioactive material is released to the atmosphere 
it is transported downwind and dispersed by normal atmospheric 
mixing process. As a result the local individual members of the 
public are irradiated. The dose received by an individual is due 
to inhalation of the radioactive material and the external dose 
due to beta and gamma radiations. 

A significant element from the human biological standpoint 
is iodine, which concentrates in the thyroid glands. Each 
radioisotope of iodine will affect the thyroid in a complicated 
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manner depending on both its behaviour as a radionuclide and as 
an element taken into, utilized by, and eventually eliminated 
from the human body. During its stay in the thyroid, the radioac
tivity of each iodine isotope can result in energy deposition and 
hence damage to the gland. Since thyroid and whole body doses are 
the determining factors for exclusion and low population zones, 
only these have been calculated. 

Application of diffusion factor (X/Q) to the total activity 
of the i-th isotope released to the atmosphere over a time t 
(At.*) yields the expected integrated concentration at the recep
tor site. Once the diffusion factor and integrated source terms 
are known, the internal and external doses due to passing cloud 
can be calculated in the following manner: 

4.5.1 Thvroid Dose 

The internal dose to any critical organ is calculated 
by multiplying the integrated concentration at the receptor site 
by the breathing rate and the appropriate dose conversion factor 
and summing over all the isotopes [4]. 

D (t) = (X/Q) BR? At± (DCDi (4) 

Where 

DQ(t) » total dose to critical organ, at receptor 
site, over time t (Sv); 

X/Q * diffusion factor (s/m 3); 
BR • breathing rate (m3/s); 
Atj = total activity of the i-th isotope released 

to the atmosphere over time t (Bq); 
(DCF)̂ . - dose conversion factor for the i-th isotope 

(Sv/Bq). 
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4.5.2 Vhole Body Dose 

Whole body dose due to gamma is estimated from the 
semi-infinite cloud approximation [10] which xesults in the fol
lowing equation: 

D (t) - 6.76 x 10~ 1 4 (X/Q)2 At t E y i (5) 

where 

D (t) • external dose due to gamma at receptor site 
over time t (Sv); 

E Y i = average gamma energy per disintegration for 
the i-th isotope (MeV/dis). 

If the effect of beta is to be included, energy of 
gamma ray in Equation 5 is replaced by effective energy defined 
as gamma plus one-third the beta energy [10]. 

5. RADIOLOGICAL CONSEQUENCE ANALYSIS OF 
10 MW PARR-1 CORE 

The radiological consequence analysis of 10 MW core is based 
on the same lines as that for 9 MW core [1]. A design basis loss 
of coolant accident resulting in release of fission products from 
reactor core to the atmosphere, after passing through various 
retention barriers, has been analyzed. Total whole body and 
thyroid doses, for the duration of 2 hours and 30 days, have been 
calculated as a function of distance from the reactor containment 
building. These dose estimates are then compared with the recom
mended dose limits [3] to assess the boundaries of exclusion and 
low population zones. 

Because of its higher fission product inventory, the equi
librium core approaching its recommended burnup limit (i.e 20% 
235 

U) has been selected for the analysis. This would give conser-
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vative estimates. Relevant design data on PARR-1 is given in 
Table 1 and Fig.l shows the configuration of the equilibrium 
core. Accident scenarios and methodology alongwith the assump
tions are given in the following sections: 

5.1 Accident Scenarios 

Following are the accident scenarios which could be visual
ized: 

i) Reactor is operating at 10 MW prior to the accident and 
core is approaching its recommended burnup limit; 

ii) LOCA occurs just before reactor shutdown and pool water 
drains out leaving reactor core fully exposed to the 
air after about 18 minutes of the transient; 

iii) The radiation dose in reactor hall rapidly rises to a 
value sufficient to cause initiation of the emergency 
ventilation system; 

OR 

The emergency system fails to operate; 

iv) Emergency Core Cooling System (ECCS) fails to function, 
either because there is a failure of water supply sys
tem, the emergency power system providing power for the 
electric control of ECCS, or the actuating valves them
selves do not function properly; 

v) Fuel temperature starts building up and reaches suffi
ciently high values resulting in an instantaneous 
meltdown of the core; 
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vi) In case of failure of the emergency ventilation system, 
as mentioned in (iii) above, the building pressure 
starts increasing due to heating up of containment air; 

vii) The fission products a;e released to the reactor con
tainment building and eventually to the atmosphere; 

viii) The emergency procedures to mitigate the consequences 
of sector emergency are not properly followed by the 
responsible personnel. 

5.2 Methodology 

The analysis has been carried out using mathematical models 
given in section 4. It is important to mention here that the 
reliability of these models have already been checked and proce
dures validated [2,7]. The relevant data on significant fission 
products is given in Table 2. It includes: critical organs [10], 
fission yields [4,10,11], decay constants [12], average beta and 
gamma energies [12] and dose conversion factors [7,13]. The 
release fractions, plate-out constants and filter efficiencies 
for various nuclide groups are given in Table 3 [4]. For thyroid 
dose, the rate of iodine intake was calculated by using the 
breathing rate of a standard man given in USNRC Regulatory 
Guide [9]. 

The methodology adopted for the calculations and the assump
tions made are as follows: 

i) Average burnup of the equilibrium core at the beginning 
of cycle is 13.71% 2 3 5 U and it goes upto 19.96% 2 3 5 U 
at the eni of cycle (EOC) [1]. Clearly, the core will 
have maximum concentration of fission products at the 
EOC. Fission product Inventory has, therefore, been 
calculated corresponding to 20% burnup. Reactor was 
operated at 10 MW in a cycle of 5 days continuous 
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operation following 15 days shutdown. About 24 such 
cycles are required to achieve the target burnup. 
Proper decay factors, for the shutdown time, have been 
applied to the core activity; 

) It has been assumed that the core temperature rises to 
sufficiently high values resulting in 100Z core 
meltdown; 

) Since three important retention barriers namely the 
fuel, cladding and reactor pool water have been lost, 
fission products are released directly to the contain
ment building. It has beei' assumed that 100Z of noble 
gases, 50Z of iodines and 1Z of solids in the core in
ventory are released into the reactor containment 
building [4]; 

) Time dependent activity behaviour within reactor con
tainment building has been modelled after making proper 
allowances for radioactive decay, leakage from the con
tainment building and plate-out for iodines and solids; 

) Two modes of leakage namely the emergency ventilation 
system and building penetrations have been considered 
for releases from containment building to the atmos
phere. The detail of these pre as follows: 

a) High radiation dose in the reactor hall causes in
itiation of the emergency ventilation system. The 
activity is released at a constant flow rate of 
2100 nr/h at an elevation of 61 m. It has been as
sumed that system will function properly during 
the DBA conditions and that the reactor contain
ment building is leak tight and will prevent any 
release of fission products at ground level. 
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The emergency exhaust line contains absolute and 
activated charcoal filters. The efficiencies of 
these filters for iodine and particulates have 
been taken to be 99 and 90%, respectively [4], 
Since top of the exhaust stack is covered with a 
rain cap, it has been assumed that all the 
releases are at actual stack height rather than 
effective stack height i.e. effect of upward 
momentum and thermal buoyancy of the effluents 
have been ignored; 

b) It has been assumed that the emergency exhaust 
system fails to operate with all the inlet/outlet 
dampers at their closed position. Building is 
pressurized due to heating of air. As a result ac
tivity is released through building penetrations. 
Such a release has been considered to be at ground 
level and the leak rate has been calculated as a 
function of pressure [14]. Average values of 266 
and 162 mJ/h have been taken for first two and 
next six hours, respectively. Since the building 
remains pressurized only for 8 hours, a leak rate 
of 6.25 m /h has been assumed for rest of the 
period. This value corresponds to a leakage rate 
of 1% building volume per day [4]; 

The effect of turbulent wake created by the am
bient air flow around the building has been taken 
into account. Building wake correction factor as a 
function of downwind distance and building surface 
area normal to the wind direction has been taken 
from Fig.2 of USNRC Regulatory Guide [9]; 

vi) Since accurate site specific data is not available, the 
atmospheric dispersion is modelled very conservatively. 
It has been assumed that those meteorological condi-
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tions which maximize the dose, persist independently 
for each point downwind throughout the incident. Based 
on this assumption values of diffusion factor for dif
ferent time intervals, distances and release heights 
have been taken from Figs. 1 to 3 of USNRC Guide [9]; 

vii) Radioactive decay and ground deposition of the 
radionuclides, en route in the atmosphere, have been 
ignored; 

viii) In order to include the contribution of beta rays to 
whole body dose from passing cloud, the gamma energy in 
Equation 5 was replaced by gamma plus one-third the 
beta energy [10]. 

5.3 Results and Discussion 

Results of the study are presented in Table 4 through 8. For 
the purpose of comparison, relevant data on 9 MW con [1] is also 
included in these tables. 

The inventory of fission products is strongly influenced by 
the irradiation history of the reactor. The maximum inventory for 
a given isotope may not be at the end of the maximum irradiation 
time. Short lived isotopes like xenon and krypton peak after 
about four to five days. However, long lived isotopes require 
more time. Since PARR-1 core approaches recommended burnup limits 
after 24 operating cycles, some fresh fuel elements will replace 
the irradiated fuel. This, in turn, will reduce the core fission 
product inventory. It is therefore concluded that the inventory 
corresponding to 24 operating cycles will give realistic es
timates. 

For releases through emergency exhaust, whole body and 
thyroid doses are within specified limits and many order of mag
nitude less than those from ground releases. This is because of 
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the fact that absolute and activated charcoal filters, in the 
emergency exhaust line, have high efficiencies and prevent the 
escape of iodines and solids to the environment. On the other 
hand, leakage from building penetrations poses more severe 
problem. Since no credit is taken for filtering, thyroid dose in 
2 hours exceeds the specified limit for all downwind distances 
upto 1140 m. Whole body dose, at all locations upto 250 m, is 
more than 0.25 Sv. However, it starts decreasing afterward for 
longer distances. The building wake effect has played a sig
nificant role in reducing the whole body and thyroid doses. 

No significant increase in the doses is observed for period 
between 2 hours to 30 days. Low containment venting rate, high 
filter efficiencies, large plate-out constants for iodine and 
solids and short half-lives of many of the radioisotopes are 
responsible for this effect. Since the containment venting rate 
constant is quite low, activity is confined within the building 
for longer duration, A large fraction of short lived isotopes 
decays during this period. The plate-out of solids and iodines is 
also a time dependent process with an exponential removal half-
life that ranges from few minutes to few hours. A significant 
amount of these is deposited on inner surfaces of the building. 
As a result, the source term available for release to the atmos
phere decreases with time. 

By comparing the results with established site criteria, 
boundaries of both the exclusion and low population zones are 
assessed to be 1140 m. These estimates are very conservative 
because of: 

i) Since accurate site specific data is not available, it 
has been assumed that those meteorological conditions 
which maximize the dose persist independently for each 
point downwind throughout the incident. The local 
meteorological conditions play a strong role in es
timating the radiological consequences. Credits for 
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elevated releases and site specific wind speed and at
mospheric conditions can result in order of Magnitude 
reducti >ns in the dose estiaates; 

ii) A 100Z core meltdown has been assumed to fulfill the 
requirement of the licensing authority. The calcula
tions show that only 30Z of the core will melt in case 
of the most severe accident. Core melt fraction of 202 
has been assumed for the consequence analysis of Greek 
Research Reactor-1 [15] and IAEA 10 MW Generic Reactor 
[16]. Credit for realistic melt fraction will, there
fore, reduce the dose estimates by about 7OX. 

5.4 Comparison Between Results for 9 and 10 HV 

From the results obtained for 9 and 10 MW power levels, a 
few interesting points are summarized below: 

i) For the same operation schedule and target burnup, fis
sion product inventory at the EOC will increase from 
2.8 x 10 1 7 to 3.13 x 1 0 1 7 Kq which is in direct 
proportion to the reactor power i.e. H Z ; 

ii) The radius of exclusion and low population zones will 
increase from 1065 m to 1140 m i.e. 7Z. 

6. CONCLUSION 

Although the fission product inventory has increased by 
about H Z , the corresponding increase in the radius of exclusion 
and low population zones is only 75 m. The reactor licensee has 
already control over this area and got the authority to determine 
all activities including exclusion or removal of personnel and 
property. It is therefore concluded that the upgraded facility 
will continue to operate without undue risk to the safety of 
general public. 
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TABLE - 1 

Relevant Data on Pakistan Research Reactor-l 

Reactor Type Swimming Pool 
Reactor Powar (MW) 10 
Fuel U3Si2-Al 
Enrichment in U 2 3 5 (wt. %) 19.99 
No. of Fuel Elements in 
Equilibrium Core: 

Standard Fuel Elements 23 
Control Fuel Elements 5 

Loading of U 2 3 5 in (g): 
Standard Fuel Element 290 
Control Fuel Element 164 

Core Average Buraup At the EOC 20 
(wt.%) 
Volume of Reactor Containment 15000 
Building (m 3) 
Height of Reactor Containment 33 
Building (m) 
Height of Exhaust Stack (m) 61 
Containment Internal Pressure 1.8 
in case of LOCA (kPa) 
Ventilation System Flow Rate (in /h) 

Normal Exhaust 25000 
- Emergency Exhaust 2100 
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TABLE - 2 
Data on Significant Fission Products 

Sr. Radio- Critical Fission Decay Average 
No. isotope Organ Yield Constant - Energy 

(Fraction) (s - 1) (MeV/dis) 
Average 
- Energy 

(MeV/dis) 
Effective 
Energy * 
(MeV/dis) 

Inhal. Done 
Conv. Factor 
(Sv/Bq) 

1. Kr-83m 0.00187 l.03x 
2. Kr-85ra 0.01290 4.30x 
3. Kr-87 0.02556 1.52x 
4. Kr-88 0.03541 6.80x 
5. Kr-89 0.04840 3.65x 
6. Xe-131m 0.02770 6.70x 
7. Xe-133 0.06696 1.53x 
8. Xe-135m 0.02000 7.40x 
9. Xe-135 0.06535 2.10x 
10. Xe-137 0.06122 3.02x 
11. Xe-138 0.06233 8.20x 
12. 1-131 Th lyroid 0.02892 9.97x 
13. 1-132 ti 0.04313 8.40x 
14. 1-133 ti 0.06693 9.25x 
15. 1-134 ii 0.07794 2.20x 
16. 1-135 ii 0.06293 2.94x 
17. Sr-89 Bone 0.04822 1.58x 
18. Sr-90/Y-90 it 0.05900 7.93x 
19. Y-91 n 0.05931 1.37x 
20. Zr-95 n 0.06519 1.25x 
21. Zr-97/Nb-97 II 0.05900 1.14x 
22. Nb-95 it 0.06520 2.29x 
23. Ba-140/La-U0 it 0.06300 6.29x 
24. Ce-141 II 0.05787 2.47x 
25. Ce-143 •1 0.05963 5.81x 
26. Pr-143 II 0 ->5963 5.91x 
27. Ce-144/Pr-144 ti 0.06100 2.81x 
28. Nd-147 it 0.02270 7.30x 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

_4 
-5 
-4 
-5 
-3 
-7 
-6 
-4 
-5 
-3 
-4 
-7 
-5 
-6 
-4 
-5 
-7 
-10 
-7 
-7 
-5 
-7 
-7 
-7 
-6 
-7 
-8 
-7 

0. 00257 0.038 
0. ,15600 0.255 
0. ,79600 1.330 
1. ,96000 0.365 
1. ,83000 1.380 
0. ,02000 0.143 
0. ,04630 0.136 
0. ,43200 0.098 
0. ,24900 0.319 
0. ,19600 1.700 
1. ,13000 0.693 
0. ,38200 0.192 
1. ,29000 0.494 
0, ,60800 0.410 
2, .61000 0.618 
1. ,65000 0.377 
0. .00100 0.583 
0. ,00200 0.934 
0. ,00460 0.603 
0, ,73300 0.120 
0. .87000 0.711 
0. .76400 0.044 
2. .32000 0.534 
0. .07710 0.171 
0. .27500 0.439 
0, .00030 0.315 
0, .01900 0.046 
0, .14100 0.269 

0. 
0. 
1. 
2. 
2. 
0. 
0. 
0. 
0. 
0. 
1. 
0. 
1. 
0, 
2, 
1. 
0. 
0. 
0. 
0, 
1, 
0, 
2, 
0, 
0. 
0, 
0, 

015 
241 
239 
082 
290 
068 
092 
465 
355 
763 
361 
446 
455 
745 
816 
776 
195 
313 
206 
773 
107 
779 
498 
134 
421 
105 
034 

0.231 

4. 
1. 
I. 
6. 
3. 
1. 
1. 
9. 
1. 
1. 
3. 
2. 
5, 

024x 
446x 
081x 
757x 
324x 
124x 
197x 
108x 
676x 
081x 
243x 
432x 
135x 

10 
10 
10 
10 
10 
10' 
10 
10 
10 
10" 
10 
10 
10 

-7 
-8 
-7 
-8 
-5 
-8 
-8 
-9 
-8 
-9 

CO 
CM 

6.216x10" 
3.243x10 
5.108x10" 

-7 

(Continued...) 



29. — 3 ™»> 2-S3S8S ?:Jt;l°oi SM Jig 
33?; R r i ° 0 5

6 / R h - 1 0 6 7 ;; ' - B O 2 . 1 5 x 1 0 - 2 88000 0 .31 
32. Te-127m/Te-127 0.00250 7.36x u _ ? o ( j 

33 . Te-129m/Te-129 J - J I S ™ 6 6 8 x l 0 " 6 1.42000 0-052 
34. Te-131m/Te-131 S ' S ^ J ? 2 * 4 6 x l 0 " 6 0.23400 0.102 
35. Te-132 M , S"SS32o 7 3 2 x l C r 1 0 0.66100 0.250 36 Cs-137/Ba-137m Muscle 0.05900 7.J-Jxiu 

* The e 
a c t i v e e n e r 8 » i s the , . - . P l « « . t h i r d t he be t a energy 

0.522 
0.128 
2.985 
0 .038 
0 .631 
1.437 
0.268 
0.744 

1.392x10 
3.784x10 
1.757x10 
4.865x10 
1.243x10 
2.081x10 
4.054x10 
2.324x10' 

-9 
-10 
-8 -9 
-8 
-9 
-10 

CM 



TABLE-3 
Release Fractions, Plate-out Constants and Filter Efficiencies 

for Different Nuclide Groups 
Nuclide Release Fraction Plate-out Filter's 
Group From Fuel to Constant Efficiency 

Containment 
(s"1) (Z) 

Noble gases 1.00 Nil Nil 
Iodines 0.50 5.549xl0 - 4 99 
Solids 0.01 1.389xi0"5 90 
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TABLE - 4 
Activities of Different Radioisotopes 

Sr. Radio- Shutdown Activity at BOC (Bq) 
No. isotope 

9 MW 10 NW 

1. Kr-83m 5.3864x 
2. Kr-85m 3.7158x 
3. Kr-87 7.3624x 
4. Kr-88 1.0199x 
5. Kr-89 1.3941> 
6. Xe-131m 2.9239.\ 
7. Xe-133 1.0042x 
8. Xe-135m 5.7609x 
9. Xe-135 1.8824x 
10. Xe-137 1.7634x 
11. Xe-138 1.7968x 
12. 1-131 3.5488x 
13. 1-132 1.2423x 
14. 1-133 1.9279x 
15. 1-134 2.2450x 
16. 1-135 1.8127x 
17. Sr-89 3.8347x 
18. Sr-90/Y-90 1.7679x 
19. Y-91 4.6542x 
20. Zr-95 5.0749x 
21. Zr-97/Nb-97 1.6871x 
22. Nb-95 5.4129x 
23. Ba-140/La- 140 6.5150x 
24. Ce-141 4.8560x 
25. Ce- 143 1.5781x 
26. Pr-143 6.0488x 
27. Ce-144/Pr- 144 3.4802x 
28. Nd-147 2.4674x 
29. Ru-103/Rh- 103m 2.4537x 
30. Rh-105 2.3454x 
31. Ru-106/Rh- 106 1.8976x 
32. Te-127m/Te -127 1.8504x 
33. Te-129m/Te -129 8.3516x 
34. Te-131m/Ts -131 7.8872x 
35. Te-132 8.2179x 
36. Cs--137/Ba-137m 1.6345x 

* End of"~Cycle 

L0 + }* 5.9840x 
L0+JJ 4.1280x 
LO+J5. 8.1792x 
L0 +J° 1.1331x 
L0 +J° 1.5488x 
L0+JJ 3.2482x 
L0 +J° 1.1156x 
10+JJ 6.4000x 
L0 +}° 2.0909x 
L0 +}° 1.9590x 
L0 +J° 1.9961x 
10+]1 3.9425x 
10 + J° 1.3801x 
L0 +}° 2.1023x 
L0 +J° 2.4940x 
l 0 + } ° 2.0137x 
L0+Jf 4.2575x 
L0 +JJ 1.8364x 
L0+J5 5.1629x 
i0+]l 5.6243x 
10+}° 1.8742x 
L0 +J^ 6.0133x 
10 +J^ 7.2378x 
10+11 5.3946x 
L0+}° 1.7531x 
L0+J^ 6.7195x 
10+)1 3.5631x 
L0 +}^ 2.7411x 
1 0 i ? 2.7256x 
L0 +J^ 2.6055x 
L0 + J ; 1.9092x 
L0 + J ; 2.0195x 
L0 + j* 9.2779x 
L0 +JJ 8.7621x 
L0+}? 9.1295x 
L 0 + 1 4 1.8161x 

0 +14 
0 +15 
0 +15 
0 +16 
0 +16 
0+15 0+16 
0+15 

0+16 

0+16 
0+16 0+16 
0+15 0+14 
0+15 
0+15 
0+16 
0+15 
0+15 
0+15 
0+15 
0+15 
0+15 
0+15 0+15 
0+4 
0+14 
0+15 
<l 
0+14 



TABLE-5 
Dose in Two Hours for Releases Through Eaergency Exhaust 

Exhaust Flow Rate 
Exhaust stack height 
Filter's efficiency 

2100 m3/h 
61 m 
99 % for iodines 
90 % for solids 

Distance Thyroid Dose (Sv) Whole Body Dose (Sv) 

(•) 9 MW 10 MW 9 MW 10 MW 

200 
300 
400 
500 
600 
700 
800 
900 

1.51x10-2 
1.93x10"? 
1.89x10 
1.79x10 
1.70x10 
1.65x10 

-2 
_2 
-2 
-2 

1.51x10 -2 

1.68x10 
2.15x10 
2.10x10 
1.99x10 

-2 
-2 
-2 
-2 

1.89x10-2 
1.84x10-2 

1.56x10"? 1.73x10"? 
1.68x10 -2 

-2 1.63x10 
2.09x10"? 
2.04x10 
1.94x10 
1.84x10 

-2 
-2 
-2 

1.78x10"; 
1.68x10"; 
1.63x10-" 

1.81xl0"2 
2.32x10"? 
2.27x10"; 
2.1.'5xlO" 
2. 
1. 
1. 
1. 

04x10 
98x10 
87x10 
81x10 

-2 
-2 
-2 
-2 

TABLE-6 
Dose in 30 Days for Releases Through Eaergency Exhaust 
Ex haust Flow Rate 2100 ra3/h 
Ex haust stack heij zht 61 m 
Fi It er's efficiency 99 % for iodines 

90 % for solids 
Dista ince Thyroid Dose (Sv) Whole Body Dose (Sv) 

(») 

ince 
9 MW 10 MW 9 MW 10 MW 

200 1.53x10"? 1.69xl0"2 3.32xl0"2 3.63x10-2 
300 1.96x10"^ 

1.91x10"; 
2.17x10"; 4.17x10-2 

4.07x10"; 
4.64x10"; 

400 
1.96x10"^ 
1.91x10"; 2.12x10"; 

4.17x10-2 
4.07x10"; 4.53x10"; 

500 1.82x10"; 2.01x10"; 3.87x10"; 4.31x10"; 
600 1.72x10"; 1.90x10"; 

1.85x10"; 
3.67x10"; 
3.57x10-2 

4.08xl0"2 
700 1.67x10-; 

1.90x10"; 
1.85x10"; 

3.67x10"; 
3.57x10-2 3.97x10-2 

800 1.58x10"; 
1.53xl0"2 

1.75x10-; 3.37x10"; 3.74x10"; 
900 

1.58x10"; 
1.53xl0"2 1.69xl0 - 2 3.32x10-2 3.63xl0"2 
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TABLE-7 

Dose in Two Hours for Leakage Through Building Penetrations 
(Ground Releases) 

Leak rate = 266 m /h 

Distance 

(•) 

Thyroid Dose (Sv) 

9 MW 10 MW 
Whole Body Dose ( S T ) 

9 MW 10 MW 

200 
300 
400 
500 
600 
700 
800 
900 

1000 
1065 
1100 
1140 

2.34x 
l.l7x 
03x 
47x 
92x 
, 41x 
,47x 
95x 

3.35x 
2.98x 
2.58x 
2.32x 

9. 
7. 
5. 
5. 
4. 
3. 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

+ 1 
+ 1 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
o+o 10 
10 +0 

2.42x 
1.30x 
l.OOx 
8.25x 
6.58x 

02x 
97x 
39x 
74x 
44x 
22x 
98x 

6, 
4, 
4, 
3. 
3. 
3, 
2. 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

+ 1 
+ 1 
+ 1 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 

0 .37x 
0 .19x 
0 .14x 
0 .12x 
0 .90x 
0 .80x 
0 .70x 
0 .60x 
0 .50x 
0 .44x 
0 .38x 
0 .32x 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

-0 
-0 
-0 
-0 

0. 39x10 
0. 20x10 
0. 16x10 
0. 13x10 
1. 05x10 
0. 96x10 
0. 80x10 
0. 70x10 
0. 60x10 
0. 55x10 
0. 51x10 
0. 48x10 

-0 
-0 
-0 
-0 

TABLE-8 
Dose in 30 Days for Leakage Through Building Penetrations 

(Ground Releases) 
Leak rates: 

0 • - 2 h : 266 m3/h 
2 - 3 h : 162 m3/h 
8h • - 30d : 6.25 m3/h 

Distance 

<«) 

Thyroid Dose (Sv) 

9 MW 10 MW 

Whole Body Dose (Sv) 

9 MW 10 MW 

200 
300 
400 
500 
600 
700 
800 
900 
1000 
1065 
1100 
1140 

2, 
1. 
9, 
7, 
5, 
5, 
4 
3, 
3, 
2, 
2, 
2, 

34 x 
17x 
04 x 
47x 
92x 
4 2x 
48x 
95x 
3 5 x 
98x 
58x 
32x 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

+1 
+1 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 

2, 
1, 
1. 

6, 
5, 
4, 
3. 
3. 
3, 
3, 

,44x 
,31x 
Olx 

8 .31x 
6 . 6 2 x 

06x 
OOx 

,42x 
37x 
30x 
24x 
OOx 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

+ 1 
+ 1 
+ 1 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 
- 0 

6 .07x10 
3 .04x10 
2 ,35x10 
1 ,94x10 
1 ,54x10 
1 ,40x10 
1 16x10 
1 01x10 
0 87x10 
0 77x10 
0 65x10 
0 55x10 

6 29x10 
3 38x10 
2 61x10 
2 14x10 
1 71x10 
1 56x10 
1 29x10 
1 14x10 
0 97x10 
0 90x10 
0 84x10 
0 77x10 
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FIG. I CONFIGURATION OF THE EQUILIBRIUM CORE FOR PARR-1 
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