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ABSTRACT

This paper presents a knowledge based methodology for radiological planning and radiation protection optimization.
The cost-benefit methodology described on International Commission of Radiation Protection Report No. 37 is
employed within a knowledge based framework for the purpose of optimizing radiation protection and plan
maintenance activities while optimizing radiation protection.^'* The methodology is demonstrated through an
cpplication to a heating ventilation and air conditioning (HVAC) system. HVAC is used to reduce radioactivity
concentration levels in selected contaminated multi-compartment models at nuclear power plants when higher than
normal radiation levels are detected. The overall objective is to reduce personnel exposure resulting from airborne
radioactivity, when routine or maintenance access is required in contaminated areas.

INTRODUCTION

Due to ongoing maintenance requirements, there arc activities where nuclear facilities personnel may be exposed to
radiation levels less than the prescribed limit and yet higher than planned in normal conditions. Because of this,
utilities operating nuclear power plants look at different and alternative ways to reduce occupational dose. As a
consequence there has been an increased interest to apply optimization principles during reactor operations, and plant
maintenance in order to reduce collective doses. Thus, the nuclear industry in general has become more aware of the
need to reduce occupauonal radiation exposure (ORE) while maintaining all the operational safety requirements and
minimizing cost. There has also been strong emphasis on operations because safer operations not only reduce the
probability of accidents, they also result in reduced exposure for plant personnel and the public.

HVAC design is an integral part of radiation exposure control at nuclear plants, because flow patterns and
confinement of contaminated air is used to control airborne radioactivity due to leaks in contaminated equipment.
The flow and amount of air in contaminated cubicles determines the concentration of radioactive sources present in
areas of the plant. One design objective of the HVAC is to control airflow to restrict doses to on-site personnel
such that doses do not exceed applicable limit; of the 10CFR20 (Code of Federal Regulations part 20). HVAC can
effectively be used to control airborne concentrations and provide safe access and occupancy to the control room
during a post-accident scenario. However, lo*v doses to personnel can also be accomplished by improving plant
design (plant layout), through the use of remote handling devices, better water chemistry, cleanup of equipment that
requires regular maintenance, planning before maintenance activities, and training.

In 1954 the National Commission on Radiation protection (NCRP) recommended that radiation dose should
be kept as low as is practicable. Later in 1965 the International Commission of Radiation Protection (ICRP) stated
that radiation doses be "... kept as low as is readily achievable, economic and social consideration being taken into
account." In 1971, the NCRP restated its original statement be saying "... it is... the intention to encourage
protection practices that are better than any prescribed minimal level...". The current use of ALARA (as low as
reasonable achievable) appeared later in 1975 in Reg. Guide 8.8 revision 2. In 1986 the Nuclear Regulatory
Commission (NRC) under a revised section of 10CRF20.102 (a) (1) restated that a"... a radiation practice program
including provision for keeping dose equivalent ALARA." The Nuclear Regulatory Commission (NRC) requires
utilities which operate commercial nuclear plants plants to include radiological programs to assist and coordinate all
types of maintenance activities. According with NUREG-0578 nuclear utilities must create programs to detect and
reduce leakage fror. systems outside the containment that have high radioactive concentrations. A common practice
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that helps in the reduction of dose exposures5'6'7 is planning for maintenance, It has been observed4 that as nuclear
plants become older they also become more contaminated. Because of this, there is a higher potential of increased
doses 10 personnel and also the number of activities such as in-service inspection, plant modification requirements
and unexpected (unscheduled) maintenance( e.g. steam generators for PWRs and cooling circuits components for
BWRs).5

DESCRIPTION OF THE PROBLEM

The multi-compartment model shown in Figure 1 is used to model transient concentrations of the radioactive
isotopes in order to assess the radiological suite after a postulated pipe rupture or leakage. Piping in nuclear power
plants often leaks and these leaks result in a permanent presence of radioactive sources that can contaminate several
areas in a plant. This results in changing radioactive concentrations and time varying dose fields. The purpose of
this analysis is to determine the level of contamination through the methodology described on ICRP-37. In addition
ii is desired to determine the time limit for (he personnel performing maintenance, during and after pipe ruptuic
occurrences. Air flow can be adjusted to reduce airborne concentrations provided a reliable monitoring system is in
place to measure these transient dose fields.

For this model (Figure I) in order to reduce die collective dose, the air flow, Q (treated here as a variable --
subflows arc depicted by f s in the figure), will be increased, which results in increased cost for the operation (sec
equation. 5). For each increment of the air flow it takes longer to men equilibrium and also limiting concentration
C|. When the flow rate is increased, the dose rates and integrated doses arc reduced. Initially Q is assumed to be
constant, the flow is then used as a variable to reduce the isotopic concentration when a pipe rupture occurs or
equipment leakage higher than normal takes place.

The as low as reasonable achievable (ALARA) philosophy is to apply all measures for radiological
protection in design as well as practices such as planning for maintenance, material selection, equipment layout,
shielding, equipment reliability and all radiation protection related aspects. ICRP-37 describes a methodology that
has been used to optimize equipment operations, shielding design and man-power requirements when performing
maintenance.2 ICRP 26 and 37 requirements include the reduction of annual collective doses through the reduction
o! individual annual doses because the use of more maintenance personnel is not always the best way.

The collective dose, S, is defined as the product of:

I S = D T - N • / 1 (1)

where, D = mean dose rate,
T = mean exposure lime per task,
N = number of workers invoked, and
/ = the frequency of performing the task.

The reduction of any of these factors will result in a reduction of collective dose. Sometimes tasks require
fixed values of N and T; factor D, can be reduced using a variety of techniques such as protective equipment,
temporary shielding, segregation of equipment, moving high maintenance equipment to lower dose rate areas and
application of HVAC control. This paper concentrates on the last technique, but in order to lower collective doses
all options must be considered.

Nuclear power plant design includes several methods to control leaks due to pump seal failure, flange and
valves such as collection tanks and drain systems. Confinement is a common practices to control radiological
contamination to keep clean air-flow separate. Another design measure is to maintain negative pressures to ensure
that radioactivity slays in contaminated cubicles. The air-flow velocity must be changed to reduce radioactivity
concentrations.

The amount of air now can effectively be used as a tool io reduce and control airborne levels and, dose rates
during maintenance. The changing man-power conditions and varying environment during maintenance and
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inspection makes an expert system an alternative tool that can be applied when a fast decision making process is
required. Personnel access to contaminated areas, for maintenance and inspection requires analysis and careful study of
the contaminated environment to determine access limits. These analyses also require reliable monitoring data or
radiation surveys to determine the levels of airborne contamination.

There are a number of systems that are periodically checked to determine leakage [(RHR )residual heat
removal, (SI) safety injection, chemical and volume control system (CVCS)]. A visual inspection is performed on
the piping, valves, pumps, flanges, and fittings for any sign of external leakage. Because of these routine
inspections, the Health Physicists at nuclear power plants have 10 consider factors such as men-power requirements,
time limits and man-hour expenditures to properly evaluate personnel access limitations.

Many places in the plant become contaminated after years of operation, this is why ALARA programs
require low level exposures for personnel performing maintenance activities. Another step toward dose reduction is
to develop a methodology or program to identify repetitive high-dose tasks and circumstances related to the task and
gather the techniques about the task that can help reduce the collective doses. One example of an activity that results
in high collective doses is in-service inspection (ISI). ISI deals with the program set up as a regular practice of in-
service inspection, and its purpose is to examine the system and components of the plant for possible deterioration.
Some of these inspection are done inside the containment by visual inspection. This results in a significant
radiation exposure to personnel performing (his inspection. This is why the air cleaning system can be used as a
tool to control and enhance the allowed limes during maintenance activities such as ISI.

ICRP-37 METHODOLOGY

Cost-benefit analysis has successfully been applied in a number of disciplines such as pipe inspection,
decontamination, reduction in the release of specific isotopes, and the use of temporary shielding during
maintenance.8'10'1' ICRP-37 has introduced Cost-Benefit analysis which is used to optimize radiation protection.
The application of cosi-bcncfit analysis offers an alternative methodology thai can be used in radiation protection
optimization. The formulation is based under the following premises:2'7-9

a) No practice shall be adopted unless its introduction results in a positive net benefit, B.

| B = V - P - X - Y | B > 0 (2)

where: V = grqss.value of the practices,
P = cost of input,
X(s) = cost of radiation protection, X = X (qi,q2> -.qn )•
Y(s) = cost of radiation exposure detriment, Y = Y (qi, q2,... ,qn).
s = collective dose resulting from the operation, s = qj+ q2+.. +qn.
q = individual dose.

b) The exposure shall be kept ALARA, economics and social factors being taken into account (i.e.
optimization). This implies that the sum of the cost of protection X(s) and the cost of detriment
Y(s) be minimized with respect to collective dose.

c) The individual dose qj shall not exceed the limits recommended by the applicable ICRPs (i.e.
limitation), q; < qi where, qi =limit.

The cost function is monoionically decreasing and ihe slope of X(q;) is negative and Y(qj) is monoionically
increasing function of individual dose qi, wiih positive slope.
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The detriment function Y(s) in not necessarily linear. Y(s) refers to ircatmcm costs of explicit health
detriments of individuals exposed to radiation. Y= a • (qi+q2 +».+qn). Where, the collective dose, s, is s = qj +
<I2 + <13 —•+9n • a n e r c is taken to be a constant and is measured in US S/man-rcm to lake into account all costs to
treat individual malignancies. Detriment Y(s) and a require more detailed study to determine all social factors
involved and also perhaps should include administrative judgement. The application of this concept raises questions
that must be well understood. Y(s) should include all economic cost estimates for ihc man-rcm and all complexities
involved to place a monetary value of human life, ̂  ̂  Detriment was introduced to define the mathematical
expectation of harm in an exposed population. Since Y(s) is the monetary equivalency of collective dose its value
depends on several factors. The suggested value ranges from $1000 to $10 000 per man-rcm, but the value use
may have to be established by regulatory authority.7 The detriment should reflect current economic conditions and
public concerns. Dose optimization decisions oflcn have ihc tendency to decrease public collective doses resulting in
an increase of ORE. Note that the cost of exposing individual at a certain level is X + Y > 0. The first assumption
made by the IRCP-37 implies that (X+Y), the cost of radiation protection, is probably independent of production
cost Bp = V - P, which is the cost before economic and social factor arc taken into account. This means dial :

(4)

C O S J T - U E N E F I T ANALYSIS FORMULATION IN HVAC

The total cost of HVAC in airbomc radioactiviiy control includes the cost of installation, cost of equipment and
costs of operation and maintenance. To show how ICRP-37 methodology is applied, let us use a single
compartment model (Figure 1) to exemplify the methodology . The cost of operation Xm when only air-flow is
considered can be expressed as (without taking into account installation and maintenance):10'11

X,R = a • b • Q • F, • T (5)

where: a = cost of electricity used to move the air,
b = power required to mov hr air,
Q = air flow-rate,
F t T = time of operation,
Fi = time fraction of the operating systems

The cost of operating the HVAC (equation 5) is a function of a, b, D, T and Q. it is also a function of
dose because the isc-opic concentration is a function of air flow rate and as Q increases the collective dose is
reduced. On the other hand, the integrated dose in a single compartment model when integrated for all times is
given by :

the resulting collective dose would be :

where: D = integrated dose
N = number of exposed personnel

In a single compartment model the cost of protection (due to cost of operating the HVAC) is directly
proportional to: the concentration of the contaminant, leak rate of contaminant, mixing factors, filter efficiencies.
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recalculation if used, partition factors (this is the fraction of the liquid that goes into airborne), the number of
maintenance personnel, time spent in the cubicle, and flow rate.

As can be seen from equation 7, the collective dose is inversely proportional to the total flow rate, Q. To
optimize radialionprotection means mathematically to minimize the sum of X and Y with respect to collective dose.
To optimize HVAC factors that control airborne radioactivity we take the derivative of the cost function (equation 5)
with respect to Q and substitute into equation 13. For a given maintenance activity the optimum value of flow rate
Q is reached when the sum of X and Y is at a minimum value. According to premise (b) of the 1CRP-37 one must
take the partial derivative of the cost function and detriment with respect to Q:

(8)

= 0 (.0)

dY

since, Y= a • S (12)

finally: ~ = a ^ . (13)

The application of 1CRP-37 in HVAC analysis offers a direct approach which leads to a consistent formulation of
the optimization components of the system.

MATHEMATICAL FORMULATION

SINGLE COMPARTMENT MODEL

Figure 1 shows the model the concentration q is found using the following equation14

04)

(15)

The integrated dose, D t , is given by:

where:
fo. fl. f2. f3 = air flow [cfm] range 100-10,000,

—, —, — = activity concentration [nci/cc],
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L], L2. L3 = leak rate into the compartment [gpm] range 0.0001-100,
v'l, v2, V3 = compartment volume Ice],
ci, C2i C3 = radioactive concentration of the leak ||ici/cc] range 10-40,
k = conversion factor to obtain Rein/Hr per uri/cc ,

- £ •
Note that in order to obtain (ici/cc, one must multiply the at factor by 472 and the concentration by 0.13372

TWO COMPARTMENT MODEL

The activity concentration is given by:

^—- = aj • (1 - c'bl) + a2 • (c'bl - c'al), (17)

, (C1L1+C2L2) Lici vi fi . , h
where, aj = — — „ •, a2 = , \ : , a = — and b = — .1 i * (vj-v2)f vi v2

The integrated dose is:

THREE COMPARTMENT MODEL

The activity concentration is given by:

?1 = a3 -* ( c-bt . c-ct) + a 5 ( 1 . c-ct) + afi ( e-ct . e-at) ( , 9 )
V3 34

wheru:

c=—, a3 = Li ci v\ (2 - (c| Lj + C2 L2) • ( V2 f2 - fj V2)

6 =

f lv 2 ) . (r 3 V2-f2V3) . a5 =

vi L; C] v) f
- f l v 2 ) ( f3 vi - f i v 3 )

COST BENEFIT FORMULATION

Since flow rale is employed as a variable to optimize radiation protection^ equation 7 is used to obtain the
optimum value of Q and S (collective dose). The cost function X is a function of Q. The concentration increases
when Q increases. The methodology of ICRP-37 consists of defining the cost-function and finding the point that
would be the best optimum value for the combination of Q and S. According with equation 12 detriment is also a
function of the collective dose and integrated dose. Y= a • S , the integrated dose is given by equation 16 and the
optimum value is found by using equation 13. The following equations arc found for the compartments used:
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<!INGLE COMPARTMENT

S = N • Di , Dt = integrated dose

Y . . - S . . . N t L ' ' l " Q
( '•'•"» ' (20,

solve for Q the optimum value, by using equations 13 and 8:

Q = { a N t L i c i ( i - ( l - e - " ) ) , m (22)
v l a b F t T '

pOUBLE COMPARTMENT MODEL

The integrated dose from equation 8 after factoring the flow out (f=Q) is:

D = ( w j + w 2 - w 3 ) / Q (23)

where: wj = k ( q L\+ C2 L2) ( l + (e '^l • 1) ]

(V1-V2)

_ (i-cbt) (e-at-n
b a

To find the optimum value of Q, use the same methodology as the single compartment model to find the
optimum flow :

_ | N a ( w | + W2W-W W3) , 1 / 2 .--. (24)
1 a b Ft T '

As was explained earlier, Q will be increased, for each increased Q+AQ at T+At. The optimum value will
be obtained by comparing calculated values with that corresponding to the lowest point of the summation of Ihe two
functions. This process will continue until the increment of Q reaches the optimum value.

PROGRAM ARCHITECTURE

The purpose of the rule-based system is to analyze the radiological contamination in a selected multi-compartment
model (Figure 1) after any of the following occurrences:

a) pipe rupture
b) unexpected equipment leakage
c) small postulated LOCA.

The rule-based system CONCE2-OPS is written in OPSS and is used to analyze the transient radioactive
concentration for each cubicle.
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The code CONCE2-OPS simultaneously calculates and compares ihc integrated dose and dose rates as a
function of increasing Q, to those obtained from the optimization routine to determine the optimum value of Q.
When this value in reached the rule-based system calculates the corresponding integrated doses, dose rates as a
function of time, and the length of time maintenance personnel can enter the compartment. A ieak in compartment
one for instance, (Figure 1) will set a pattern of concentrations in each of the compartments down stream, which is
different for every increase in Q. The rule bused system's global working memory can be updated until a final slate
is reached at tn = k> + n At. Note that the leak rates (L\, Li, L3) can also change (this results in a changing
environment). If this is the case CONCE2-OPS will also have to pass the new leak rates into the external routine.
For each increment of Q in time At the external routine calculates the new set of concentrations, these concentrations
are stored in DATA-FILES for further analysis.

The purpose of the routines is to generate numerical data that represent a decreasing (or increasing) air flow
and leak rate in a given compartment model. They calculate the concentration as a function of lime in the selected
cubicle uf the model, after a pipe rupture, unexpected leakage (higher than normal) or postulated lost of coolant
accident (LOCA). In addition 10 concentrations the external routines provide the dose rates at any given time, as well
as the lime it takes to reach the equilibrium concentration and integrated dose.

In Figure 2 we outline the way in which the routines are interfaced with CONCE2-OPS. The codes,
MULT1-1.F0R. MULTI-2.F0R, MULTI-3.F0R, MULTI-4.F0R are written in FORTRAN to calculate the
concentrations, integrated dose, and time limits. CONCE2-OPS uses these external routines, which can be called as
required, through a template in memory15 called the "result element." The objective of 0PT1M-F0R is to determine
the optimum flow rate in the cubicles of the multiple compartment model of Figure 1. CONCE2-OPS uses its
working memory15 as a dynamic data storage, the data about specific states can be deleted and added to reflect the
transient generation of new information.

CONCLUSIONS

in the presented methodology we employ a cost benefit analysis in a knowledge based environment with the purpose
of optimizing radiation protection. Using radiological data and knowledge about the specifics of a facility or a task,
the methodology can be used as a planning tool or as decision and control advisor. For example it could help control
air How inside cubicles in nuclear facilities where personnel may perform maintenance, in a manner consistent with
the ALARA principle. Air flow control can be used to reduce occupational radiation exposure, ORE, for expected
frequent occupancy, as well as to determine access control. Exposures rales inside the containment cubicles can also
be affected through air flows in order to ensure that design objectives arc met. When performing maintenance, it is
required 10 calculate personnel exposures. The design of HVAC incorporates radiological controls of contaminated
areas at nuclear power plants and the design criteria should include features to reduce ORE.13 The methodology
developed in this paper intends to enhance' the operation of HVAC a system vital to radiation protection.
Optimization of maintenance procedures may also benefit form the outlined methodology, because planing prior to
maintenance activities has proven to improve task efficiency as a result of the increased attention paid to Ihc detail of
the task.

In radiological control some of the responsibilities include planning and developing, reviewing, and
coordinating maintenance activities to ensure that an adequate radiological environment is present. The rule-based
system developed with the knowledge-based methodology outlined in this paper, may help achieve these and also
provide support in regulatory policies related to the tasks. Maintenance personnel activities include the planning of
all related tasks to ensure that equipment and system are maintained in accordance with opcrabilily and specifications.
The- rule-based system can be used in the review of current radiological control programs and during and after accident
conditions. It may also be of benefit in radiological assessments in order to decide which protective measures arc
required, and to protect the health and safely of nuclear personnel in the event of a radiological emergency resulting
form an accident
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