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ABSTRACT

The optimization of the burnable poison disposition in the initial core loading of

the 200 MW nuclear heating reactor (NHR-200) , is studied. The mass fraction of

the burnable poison is used as the control variable with the objective to minimize

the power peaking factor. The flexible tolerance method is used to solve the nonlin-

ear programming optimal problem. The optimization method can be used in reactor

physics design, and get a new pattern of initial core which is of reference value.



INTRODUCTION

It is common in boiling water reactor and pressurized water reactor in recent

years that gadolinium is used as burnable poison to compensate excess reactivity. It

can reduce the worth of control rods, and avoid the positive temperature coefficient.

A lot of gadolinium is used as burnable poision to compensate excess reactivity

for burnup in the design for 200 MW nuclear heating reactor, because there is no

soluble boron and the worth of control rods is constrained. Gd burnable poison pel-

lets are sintered with Gd2O3 and UO2 in the fuel assemblies. How to dispose the Gd

rods is a question so that the radial power peaking constraints are satisfied, and the

power distribution in core is close to the haling power. Optimization for core assem-

blies with burnable poison is developed, and the method is introduced as follows.

1 THEORY MODEL

1.1 Core configuration

200 MW nuclear heating reactor is a thermal fission reactor in which the ura-

nium with low enrichment is used as fuel, and the light water with low temperature

and pressure is used as moderator. The core consists of a fuel region and a depleted

fuel region, see Fig. 1. There are 96 fuel assemblies in the fuel region. New fuel as-

semblies are only loaded into the fuel region. Depleted fuel assemblies will be reload-

ed from fuel region to the fuel region in IN-OUT order.

There are four kinds of assemblies for first loading in order to flatten the in-

core power profile. Table 1 shows the features of four kinds of assemblies.

The pellets of fuel rods consist of the UO2 sintered with low enrichment. Three

kinds of 235U enrichment used are 1. 8%, 2. 4% and 3. 0% , respectively, and the

cladding is made of zircaloy-4. The core active height is 1900 mm.

Burnable poison gadolinium,Gd2O3 is sintered in fuel rods, whose mass fraction

is 7% to compensate the excess reactivity.
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Fig. 1 Core assembly loading

Fuel region is in the coarse line, depleted fuel region is out the coarse line,
assembly A: C, = 1.8%, 3 Gd (7%) rods, 24
assembly B, C, = 2. 4%, 7 Gd (7%) rods, 24
assembly C: C, = 3. 0%, 9 Gd (7%) rods, 16
assembly C: C, = 3. 0%, 3 Gd (7%) rods, 32

Table 1 Four fuel assemblies in the first core loading

fuel assembly type

A

B

C

C*

enrichment of main

fuel rods

1.8%

2.4%

3.0

3.0%

the number of

Gd rods

3

7

9

3

GdzOs mass

fraction

7%

7%

7%

7%

number of in-core

assemblies

24

24

16

32

1- 2 Optimization model
The object function for optimizing the burnable poison disposition is to make

the power peaking factor as low as possible. It is as follows:

(1)

where Pmax (U) is the radial power peaking factor. U is the control variable, which
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is a vector of fuel burnable poison mass fraction, (17= (ui, «2» — » w*)T. N is

the number of control variables.

Constraint conditions:

(a) F - ' - ^ P . - t f / X F — , i = l , 2 , —,NF (2)

where P, (C7) is the average power of the e'th assembly in the reactor core. F™", F m "

are the lower and upper bounds of the average power distribution in assemblies, re-

spectively. NF is the number of fuel assemblies in the reactor core.

(b) urn < ut < ur*, * = 1,2, — , JV (3)

where uTm, u?*x are the lower and upper bounds of the control variables.

NF

(O 2lP-("> - * ? l = e (4)

where P,H is the objective haling power of the zth assembly, e is a constant.

The value of above variables is that at the beginning of cycle, (b) is the con-

straint of the total amount of burnable poison (BP) rods, (c) is the constraint to in-

sure the core power distribution as close as possible to the objective haling power.

The assembly sections are calculated with different mass fraction of burnable

poison rod, such as 0% , 1%, •••, 8%, before optimization. Thus during the opti-

mization , the mass fraction of BP can be directly used as control variable, and the

assembly section with other mass fraction of BP can be provided by the interpola-

tion programming CSINT. This method can avoid repeatedly using the program-

ming of assembly calculation, and save a lot of computation time.

The nonlinear optimization problem described above can be solved by the flexi-

ble tolerance method, which is a search algorithm that need not calculate the deriva-

tive of objective function. The optimal solution can be automatically searched using

this method, with any given objective functions and constraints. In actual calcula-

tion , the convergence of using this method is slower than one of other nonlinear al-

gorithm (such as trapezoid projection method) , but a lot of work need not be pre-

pared before using this method, and it does not require the convexity, continuity,

and existence of derivative of objective function.
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2 THE FLEXIBLE TOLERANCE METHOD

The general nonlinear programming problem is shown here for convenience:

min /U) (5)

(6)

(7)

where fix) ,/t,(x) and gjix) may be linear and/or nonlinear functions.

The flexible tolerance method is a method to solve the constraint nonlinear

programming problem. In many nonlinear programming methods a considerable

portion of the computation time is spent on satisfying rather rigorous feasibility re-

quirements. The flexible tolerance algorithm,on the other hand,improves the value

of the objective function by using information provided by feasible points,as well as

certain nonfeasible points termed near-feasible points. The near-feasibility limits are

gradually made more restrictively as the search proceeds toward the solution of the

programming problem,until in the limit only feasible x vectors in ( 5 ) ~ ( 7 ) are ac-

cepted. As a result of this basic strategy problem, ( 5 ) ~ ( 7 ) can be replaced by a

simpler problem,having the same solution:

min/Cz) (8)

s.t. f - T W > 0 , x 6 E" (9)

where f̂ } is the value of the flexible tolerance criterion for feasibility on the yfeth

stage of the search and T(x) is a positive function of all the equality (6) and/or in-

equality constraints (7) used as a measure of the extent of constraint violation.

<ffk) is defined as

= minlo^",—:—r

(11)



where

£=size of initial polyhedron

m=number of equality constraints

Xik> = ith vertex of polyhedron in £"

r=(«—m)=number of degrees of freedom of fix) in Problem (5)

j — 1,2*'" ,r = vertex corresponding to centroid (12)

xik) = vector that give the maximum value of fix)

£ = 0,l ,*"is an index referring to the number of completed stages of search

yfk~l>=value of tolerance criterion on ik—l)th stage of search

T(x)is defined as Tix) = + [f^hfix) + j>] uig?(x)]* (13)
i - l t -m+l

where «, is the Heaviside operator such that «, = 0 is for #,( .z)^0,and M, = 1 for gt

Although the flexible polyhedron search of Nelder and Mead is used to imple-

ment the unconstrained searches in the flexible tolerance method because the

method of Nelder and Mead is very effective»the particular unconstrained mini-

mization technique used is independent of the flexible tolerance strategy. Thus any

other effective unconstrained minimization algorithm could replace the method of

Nelder and Mead. The flexible polyhedron search of Nelder and Mead is a method

of minimizing fix) as an unconstrained function when the constraint in (9) is not

active,and is also used to minimize T(x) to satisfy the single constraint in (9)

when the constraint is active. To minimize T (x) by the method of Nelder and

Mead,it is necessary to build a new polyhedron at nonfeasible xik>. To avoid any

confusion between the vertices of the polyhedrons in the procedure used to improve

the value of fix) and the vertices of the different polyhedrons used to minimize

T(x) ,we will let the vectors x\k) ,i=\ , ••• ,r- |-l ,stand for vertices of the polyhe-

dron used to improve the value of fix) and the vectors xj° ,i=l, — fn-\-l, stand

for vertices of the polyhedron used to obtain feasible or nearfeasible points by mini-

mizing Tix). The sequence of x vectors generated in the minimization of Tix) for

each nonfeasible x™ will thus be represented byx-0),xjl\ ••• ,x-3),•••, (i = 1,2, •••,
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n 4- 1) , where s is the index used to denote the number of completed stages during

the minimization of T(x). The starting point in any minimization of T(x) is al-

ways xj0) = xjk) , where x}k> is the nonfeasible point on the kth stage of the search

isfor the minimum of fix). The last vertex of the sequence xj0) ,xj1}, ••• ,x}° , •

obtained when for some xjs),T{xjl)) ^ <ftk) . When this happens, the nonfeasible

vertex xf° is replaced by the feasible or near-feasible vertex, so that <fik> —

T{x\k))^ 0,where xjk) = x? .

The general strategy is to reduce fa> as the search progresses, thus tightening

the region of near-feasibility,and to segregate the minimization of / ( x ) from the

steps taken to satisfy the constraint in (11). For a given value of 9?a),the value for

TCr) at xlt+1> will be either (1) T{x(k+1>)^k) ,in which case x<*+l> is either a

feasible or a near-feasible point and will be accepted as a permitted move,or (2)

T{ xik+1)) >9^*>,in which case x(i+1> is classed as nonfeasible,and a x vector closer

to or in the feasible region must be found in lieu of x(*+1>. One way of getting an

xik+u closer to the feasible region is to minimize the value of T(x<A+1)) as defined

by (13) until T(

NUMERICAL RESULT

The disposition of burnable poison for the optimal fuel assemblies (see Fig. 2)
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Fig. 2 The optimal assembly arrangement for 1/8 initial core
assembly type Cs
A 1.8%
B 2.4%
C 3.0%



in the initial core for the NHR-200 was calculated using the method described

above. The objective function is to minimize the radial power peaking factor

(Pin«x) at the beginning of cycle (BOC), and the control variable is the mass frac-

tion of burnable poison Gd2O3. P™* is reduced from 1. 444 292 to 1. 353 280, after

the optimal results is calculated by nonlinear programming GDOPT. Fig. 3 shows

the disposition of burnable poison during the optimization. The final arrangement of

fuel assemblies in initial core of 200 MW nuclear heating reactor is shown in Fig. 4.
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Fig. 3 The burnable poison disposition during optimization
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Fig. 4 The optimal arrangement in initial core for NHR-200



4 CONCLUSION

In the design and study of initial core for 200 MW nuclear heating reactor, a

initial core arrangement is obtained by a lot of calculation, as shown in Fig. 5 (burn-

able poison disposition). The pattern shown in Fig. 4 is compared with that shown

in Fig. 5» the effective multiplication Ktu is calculated by NGFM and burnup pro-

gramming BURN»which is shown in Fig. 6. Fig. 7 and Fig. 8 show the BOC power

and EOC burnup of two patterns.

A

7.0

7.0 i 7.0 ! 7.0

I L J L

1

assembly type

mass fraction of BP in new fuel (% )

Fig. 5 The design pattern of initial core for NHR-200

K,u before optimization

K.u after optimization

100 200 300 400 500 600

burnup (EFPD)

Fig- 6 The effective multiplication versus burnup
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Fig. 7 The BOC power distribution
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Fig. 8 The EOC burnup

We can conclude from above results:

(1) The optimal pattern can make the effective multiplication high, as shown

in Fig. 6, and make full use of the fuel in inner core,as shown in Fig. 8. Thus when

the fuel in inner core is unloaded when reloading, the average unloading burnup in-

crease, which benefits the low-leakage arrangement is used at the second cycle, that

is, the new fuel is loaded in inner core,not at the edge of core, so the pattern shown

in Fig. 4 can be of guiding value for actual engineering design.

(2) The initial core arrangement obtained by a lot of calculation in the design

and study of initial core for NHR-200,is verified reasonably,which BOC power dis-

tribution is flatten, shown in Fig. 7.
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(3) The optimal pattern can be reference pattern in design of NHR-200, the

fuel management and optimization method studied in this paper can be a guiding

method during the design, in order to check the design pattern and improve new

optimal pattern.

In brief, the optimal method studied can be used in design and study for nucle-

ar heating reactor from above results, and get a new pattern of initial core» which

can be used as a reference pattern in actual operation.
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