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^BSTEACT 

The spatial behavior of the reactivity effect of 

replacing fuel elements of different burn-up by each other 

in the University of Arizona, Tucson, TRIGA reactor was 

determined by the positive period method. One-group 

perturbation theory is used to model the measurements and 

to relate the relative reactivity worths of the core 

elements to their U-235 content. 

As the oae—group model predicted; such reactivity 

effect decreases radiaLly and, especially in the vicinity 

of control rods and irradiation facilities; the fuel 

elements content of U-235 can be linearly related to their 

relative reactivity worths, and changes in the total core 

reactivity worth caused by fuel rearrangements can be 

estimated fairly wsLl. 

•viii 



CHAPTER 1 

INTRODUCTION 

Reactivity (defined as the percentage of change in 

6K 
the multiplication factor, p = -=•/ is an important integral 

J\ 

property of any nuclear core. Perturbing a core can affect 

both the magnitude and the sign of its reactivity to an 

extent which depends on the initial core conditions, nature 

of the perturbation, and how and where in the core such 

perturbation is introduced. This work aims to study the 

spatial dependence of reactivity worth in the TRIGA reactor 

at The University of Arizona, Tucson. TRIGA stands for 

Training, Research, and Isotope Production Reactor, General 

Atomic. The reactor will be referred to as TRIGA. Such 

spatial dependence is studied through the measurement of 

the difference in reactivity worth (Ap) between two pre-

chosen fuel elements (of different burn-up) in all core 

positions. 

Reactivity Measurement Technique 

Several techniques have been devised to measure 

reactivity. The asymptotic period method is the most 

direct method of determining reactivity. It is based on 

the measurement of the stable reactor period resulting from 

the insertion of the test material under study, followed 

1 
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by the application of the period-reactivity relation. A 

closely related variation of this method is the calibrated-

control rod method in which the reactivity change due to 

the test specimen is compensated for by a calibrated con

trol rod. The other basic method is the pile-oscillator 

method in which the reactor power is modulated by a test 

material oscillating between regions of high and low neu

tron flux. Several other techniques have been developed 

which, although very closely related to the two basic ones, 

have fundamental differences that distinguish them. Due 

to the wide range of the reactivity worth for which it is 

applicable, its direct approach to reactivity determina

tion, and its requirement of no special instrumentation 

beyond that available in the UATRIGA systems, the asymp

totic period method is employed in this work. Detailed 

treatment of reactivity measurement techniques is provided 

in references such as Foell (1973) , Keepin (1965) , and 

Toppel (1959, 1963). 

Period Methods 

Period methods are based on the measurement of the 

asymptotic reactor period (T) resulting from the insertion 

or removal of the test specimen followed by subsequent 

evaluation of its reactivity worth through the reactivity-

period relationship, the in-hour equation. For period 

techniques, the lower limit on measurable reactivity worth 
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is dictated ly (1) amount of core and instrumentation 

drift and (2) waiting times associated with higher flux 

harmonics, The -upper limit is imposed by general safety 

considerations designed to prevent a possible inadvertent 

rapid power rise. High power levels may also limit the 

accuracy of tie measurements as feedback mechanisms reduce 

reactivity, a major advantage of the period method is the 

wide range of reactivity worth for which it is applicable. 

Another acLvantag-e is the simplicity of the instrumentation 

requirements hecause the reactivity introduced is static. 

Thus, the methods of removal and insertion are not crucial 

so long as the in-position is reproducible. Further, the 

success of the method is not dependent upon detector loca

tion because measurement of the asymptotic period requires 

that all higher flux modes have decayed before the period 

is measured-

Although the collection of period measurement data 

and their conversion to reactivity are relatively straight

forward, accuracy and preciseness in the measurements 

requires special consideration to eliminate or at least 

minimize sources of error including counting statistics, 

drifts in pulse-coanting channels, and dead time correc

tions. Sacb errors will propagate through the reactivity 

equation, resuLtingr in an error in reactivity. The error 

in reactivity is strongly dependent upon the asymptotic 

period as shown in Fig-nre 1.1 (Toppel, 1963). The positive 



4 

a 
>s 
<*. 
•o 
I 

t "i i rim| i i 11 mi —i i 11 nii| '• -i i i riirr 

NEGATIVE PERIODS 

J.* u * io-s sec 

-

^ POSITIVE PERIODS 

1 1 1 11.. .11....! 1 I I i Mill i 1 i 11111 
10 10* I0» 10* 

ASYMPTOTIC PERIOD ,sec 
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period technique is clearly superior for periods shorter 

than a few hundred seconds. Another consideration in the 

period technique is the inefficient utilization of measure

ment time. This arises from (1) adjustments of reactor 

power between period measurements to ensure that all are 

performed at optimum power level and (2) waiting time 

required for the flux transients to decay. Such a waiting 

time depends primarily on the neutron lifetime. Figure 1.2 

(Toppel, 1963) shows an example relation between the waiting 

times necessary to observe a period within 1%, 5%, or 10% 

of the asymptotic value for the case of a step change reac

tivity in a reactor without a source. 

Reactivity Worth as a 
Function of Position 

The reactivity worth as a function of position in a 

critical reactor is measured in order to (1) evaluate the 

importance function (given the spatial flux distribution is 

also measured, (2) investigate the effect of nonuniformities 

such as variation in enrichment or loading with radius, or 

the presence of control rods, and (3) specify the environ

ment for experimental irradiations or instruments. Another 

important utilization of the measured reactivity worth is 

to provide a basis for calculating the expected reactivity 

changes that result from changes in core configuration. 

Reactivity measurements on individual fuel elements may 

be used to provide burn-up data; this was the subject of 
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an experimental, study to resolve the differences between 

the gamna ray count data and the burn-up data obtained from 

the previous user of the University of Arizona TRIGA fuel 

elements (Nelson, 1976). To conduct the individual reac

tivity measurements, the fuel elements with the greatest 

and the least remaining amounts of U-235 were designated 

the high and low standards, respectively. The reactivity 

increase obtained by replacing the low standard with 

another fuel element should be proportional to the U-2 35 

mass increase in the element relative to the low standard 

for any given core configuration. The high standard was 

used to account for small changes in the reactivity impor

tance of that core position. The positive period method 

was employed to measure the excess reactivity of core 

elements and the high standard relative to the low standard 

in a selected core position. Each fuel element was then 

assigned a relative reactivity value, R, defined by the 

equation 

_ PexceSB (element) - Pexcessd°« standard) 

"excess(hi9h standard) - PexcesBU°w standard) . 

(1.1) 

These R values can be used to predict reactivity changes in 

core rearrangements and also to calculate the U-235 burn-up 

of individual fuel elements more precisely. If the exact 

mass of the low- and high-standard U-235 content is known, 
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the approximate mass of U-235 in any fuel element could 

be obtained from its R value from the formula: 

Mass U-235 = Mass U-235 (low std) + R x [Mass U-235 

(high std) - Mass U-235 (low std)] 

(1.2) 

Further discussion of Equations 1.1 and 1.2 and the results 

of the above-mentioned study will follow in later sections. 

A reactivity measurement can be considered as the 

measurement of the change in a system's effective multi

plication factor due to the introduction of a system 

perturbation, P(r,E,ft,t). At any time, t, the reactivity 

technique provides only one index of the effect of the 

perturbation, i.e., p. The reactivity is a complicated 

integral over the characteristics of the system and the 

perturbation. Its exact calculation would require a 

solution of the neutron balance equation; i.e., Boltzman's 

equation. The central problem to interpreting all reac

tivity measurements is to infer from the measured value of 

p, or from a series of related measurements of p, explicit 

information describing the neutron population in phase 

space n(r,E,R,t) or P(r,E,fi,t). The inference can be 

extremely difficult unless simplifications concerning the 

phase-space dependence of the perturbation and the neu

tron population are introduced. Such simplifications 
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depend upon the objective of the measurements and the 

simplicity of the experiment design. 

In this work, local perturbations (replacement of 

one fuel element by another) are introduced into the reac

tor system. The effect of each is measured by the reactiv

ity change associated with it. The main task of interpre

tation then lies in transforming this reactivity worth into 

useful information describing (1) the characteristics of 

the perturbation itself and/or (2) the system that was 

perturbed. A clear interpretation of such measurements 

requires the characteristics of either one or both of the 

system and the perturbation to be known. The end result 

of this study is to gain knowledge of the spatial distri

bution of the relative reactivity worth. A one-group 

perturbation model is used to interpret the general behav

ior of the experimental results. This model, in conjunc

tion with the experimental data, may also be used to 

provide information regarding the reactivity effect of 

replacing or rearranging fuel elements in the core and 

estimation of burn-up data of each element. Detailed 

treatment of this model is the subject of Chapter 2. 

Comparison between the analytical and the experimental 

data is presented in Chapter 4. 



CHAPTER 2 

ANALYTICAL ANALYSIS 

The interpretation of reactivity measurements 

requires an analytical description of the reactor response 

to the introduced perturbation. One approach is to perform 

eigenvalue calculations for the reactor with and without 

the perturbation. This method is called the eigen-value-

difference method. There are three distinct disadvantages 

associated with it (Foell, 1972): 

1. It requires two criticality calculations, i.e., 

both the unperturbed and the perturbed state 

of the core must be calculated. 

2. It rust have accurate and well-converged eigen

values, usually corresponding to lengthy and 

costly computer calculations. 

3. It yields only the total reactivity change due 

to the perturbation, rather than the individual 

components due to changes in absorption, fission, 

scattering, etc. 

Perturbation theory has none of the above disadvan

tages associated with it; therefore, it has constituted a 

major approach to the interpretation of small perturbation 

reactivity measurements. Perturbation theory is valid 

10 
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provided the perturbation is not so large as to distort 

substantially the flux in the neighborhood of the perturba

tion- In addition to negligible flux density depression, a 

small perturbation is characterized by negligible multipLe 

scattering or scattering followed by absorption. In gen

eral, the distribution of the flux and the adjoint flux 

contributes < 1% error in p when first-order perturbation 

theory is used to analyze the measurements. 

Substituting' a fuel element for one with a 

slightly different amount of U-235 constitutes a small 

perturbation. Replacing a fuel element with water consti

tutes a large perturbation. It is, therefore, important 

to emphasize that the quantity of interest in this work is 

the reactivity difference (Ap) between two elements rather 

than the total reactivity worth of an element or its reac

tivity worth relative to water. 

The generaL perturbation formula is a function of 

the spatial and energy dependence of the neutron flux and 

adjoint flux. The objective of this analysis is simply to 

estimate the difference in reactivity worth; this estimate 

•will be compared with the measured value. A perturbation 

formulation based on one-group diffusion theory is used. 

Describing this one-group perturbation model is the subject 

of this chapter. 
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One-group Perturbation Formula 

A change in the critical condition of a nuclear 

reactor due to small changes in the fission and absorption 

characteristics of the core can be described by the one-

group perturbation theory (Lamarsh, 1966; Nelson, 1981). 

Neglecting changes in £ (scattering cross section), the 
s 

change in reactivity, A p ,  induced by a change in fission 

and absorption cross sections <5Ec and <5£a, respectively, 

is given by the formula 

V . (u6£ _ - 61 )<|>(r)¥(r) dV 
A p  =  . J _ r e « c t o r  f  a J I  _ ( 2 1 )  

u V . S,*(r)¥(r) dV 
reactor fT 

one-group neutron flux, 

one-group adjoint flux, 

position, 

average number of neutrons/fission. 

The adjoint flux (referred to sometimes as the importance 

function) is proportional to the contribution a change in 

neutron absorption or production at a point in the reactor 

makes to the overall critical condition of the reactor. In 

addition to one-group approximation, formula 2.1 is based 

on the condition that the perturbation be small enough not 

to cause the perturbed flux to differ significantly from 

where 

<f> (r) = 

*(£) = 
->• 

r = 

u = 
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the perturbed flux, <t>. It is proven mathematically 

(Lamarsh, 1966) that the group operator is self-adjoint so 

that V is proportional to . Equation 2.1 then reduces tor 

( \ ) S E _ - 6 E  )cf>2(r) dV 
£ cl 

V 
A p  =  reactor 

v  Zf<t>2 dV 
( 2 . 2 )  

V reactor 

The integral in the numerator is zero over the nonperturbed 

volume of the reactor. Thus this integral is evaluated 

only over the volume of the fuel element. If and 

are assumed to be uniformly distributed, then Equation 

2.2 becomes 

A p  =  
o6vf-5Za 

<p2 (r) dV 

V 
element 

v Z 2  ( r )  d V  
(2.3) 

V 
reactor 

where the bars indicate averaged values of these parame

ters . 

Equation 2.3 can be written as: 

A p  = K <|>2 (r) dV (2.4) 

V element 



14 

where 

u5Zl-6Z~ T  
K  =  i i- i •  ( 2 . 5 )  

J vE^ifi2 (r) dV 

Vreactor 

K is a constant which is essentially unaffected by a small 

perturbation; this is an approximation because originally 

the integral in the denominator of Equation 2.5 is a func

tion of the perturbed flux. 

Equation 2.4 shows that the reactivity worth, Ap, 

is proportional to the flux squared or, to be specific, is 

proportional to the integral of the local flux squared over 

the perturbed volume. 

The evaluation of the neutron flux distribution 

to be used in Equation 2.5 is presented in the next sec

tion . 

One-group Neutron Flux Distribution 

The TRIGA core forms a near right circular 

cylinder and consists of a lattice of cylindrical fuel 

elements in water. The core has three control rods and 

is surrounded by a graphite reflector as shown in Figure 

2.1. A detailed description of the core composition and 

dimensions is included in Appendix A. The core is 

hetrogeneous structurally and neutronically. In addition 

to considering a hetrogeneous core, the flux calculation 

has to account for the presence, in this case, of three 
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control rods, two irradiation facilities, and a central 

water column. The approach used here is one of simplicity 

and minimal computation requirements. First, the flux (<j>u) 

in a bare uniform core is solved for using the one-group 

diffusion theory. Second, the flux depression of the 

control rods and irradiation facilities is represented by 

that of a central rod of equivalent reactivity worth; one-

group theory is again used to describe the flux distribu

tion in each case separately. Third, the <f>^'s are 

superimposed on the flux distribution in the homogeneous 

core (cf>u) to produce the total flux distribution, <j>(r). 

Finally, <j) (r) is substituted in Equation 2.4 to evaluate 

the reactivity difference, A p .  

Bare Uniform Core Neutron Flux 

The TRIGA core is a totally reflected reactor 

(graphite on the sides and graphite-water mixture on the 

top and bottom ends). The core is made bare through 

reflector savings calculations. The core and reflector 

diffusion coefficients and thermal diffusion lengths, which 

are needed for reflector savings calculations, are evalu

ated using the thermal disadvantage factors of fuel, clad, 

and moderator for the TRIGA cell; the calculations are 

presented in Appendix A. The steady-state thermal diffu

sion equation in a bare uniform core with the central hole 



hole filled with 

(Lamarsh, 1966): 
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water (Figure 2.1) can be written as 

V<f>u(r,z) +- B2 (^(r ,z) = 0 ( 2 . 6 )  

The boundary conditions are: 

u 
0 

z = t H/^2 

0 
r = R 

and 

0 
r = a 

Solving Equation 2.6 and applying these boundary conditions 

yields: 

where 

B2 = a.2- •+ (tt/H)2 = core buckling, 

C = - J0(aB)/To(aE) , 

R,H = core extrapolated radius and height, 

respectively, 

a = central hole radius, 

<J>u (r ,z) = (AJ0(otr) +• CYq (ar)) cos^sr (2.7) 



and 

J , Y = ordinary Bessel functions of the first 
o o 

and second kind. 

The third boundary condition produces the following rela-

tionrfrom which a can be determined numerically: 

jQ(aR) J^(ar) 
(2.8) 

Y (aR) Y'(ar) r = a 
o o 

Then a is substituted in Equation 2.7 to calculate (r,z) . 

Representation of Core Singularities 

tivity of the control rods and irradiation facilities 

(individually) at the core center causes the flux shape 

and magnitude to change. This flux can still 

be represented by Equation 2.7 but with a different 

boundary condition at the internal face which is based on 

the rod extrapoLation-distance concept. It is written as 

(Lamarsh, 1966): 

Introducing a rod of an equivalent worth of reac-

1 
d 

(2.9) 

r = a 

where a is the physical radius of the rod and d is the 

linear extrapolation distance which, in general, depends 



upon the radius of the rod and the scattering and absorp

tion properties of the rod and the core material. 

Applying Equation 2.9 to Equation 2.7 yields a 

relation which is used to evaluate a numerically; this is 

written as 

J"*(aa) ± + C Y"* (aa) 
° 1 o =1 (7 10) 
J (aa) , + C Y (aa) d * u,iUJ 

o x o 

Equations 2.10 and 2.7, together, describe the flux distri

bution in the core in the presence of a central rod of 

radius a and an extrapolation distance d. 

None of the control rods or the irradiation facili

ties in the TRIGA can be considered black (i.e., absolute 

sink of neutrons). This is due to the nature of the rods 

(some have fuel-followers) and their fractional insertion 

in the core under the experimental conditions. Instead of 

approximating d from a black rod (d/Xtr) vs. (a/Atr), an 

alternative approximation is used in which the rod worth 

is incorporated directly. This method is described in 

Appendix A. Once d is determined, the fluxes correspond

ing to each core singularity (-j_1 s) are obtained from 

Equations 2.10 and 2.7. 

Total Flax in the Core 

The total flux in the core, <{>(r,z),is derived by 

superimposing the ^i's'on the uniform core flux, <|>u(r,z). 
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Figure 2.2 shows an example of how <t>^(rfz) and <f>u(r,z) may 

look. 

Each rod can now be represented by a flux shape 

distortion factor, FSDF^(r,z), 

<K(r,z) 
PSDFi(r,z) « ̂ (J(Z) . (2.11) 

When the singularity is displaced from the center to its 

actual position in the core, its effect on the flux can be 

represented by, F^(r,z), which is written as: 

F±(r,z) = FSDFidr-rJ ,z) . (2.12) 

i 

Figure 2.2. Relative shape of <J>u and <|>j_ 
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Since all the singularities'are present simultaneously, the 

total flux <|>(r,e,z) is given by: 

cf>(r,9,z) = <|>u(r,z) x F(r,z) , (2.13) 

where F(r,z) is the product of all F^(r,z) at position r. 

The angular dependence, 6, appears naturally due to the 

distribution of the singularities. Finally, <p(r,z) from 

Equation 2.10 is substituted in Equation 2.4 where the 

integral is evaluated numerically by summing the product 

(J)2 x AV over several segments of the fuel element; i.e., 

N J 

Ap = K Z E (f)2 (rj_ , j, 2) . AV(ri> 0ifj , 2) , (2.14) 

where the subscript i,j refers to each of the K segments 

of the fuel element at r^. 

The Relative Reactivity Value, R 

Each element in a core can be characterized by its 

Relative Reactivity Worth, I, defined as the ratio of the 

difference in worth between, the core element and the low 

standard (Ap_ _) to that between the high standard and 
E—LJ 

the low standard (Ap„ T) (Nelson, 1976); i.e., 
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If the R values of tvo elements, a and b, are known, 

then replacing either one of the two elements by the other 

will change the core reactivity by 

A p
a _ b  =  A p H - L ^ R a _ R b ^  '  (2. 1 6 )  

The sign of A p  , will depend upon the relative magnitudes 

of Ra and and upon which element is replacing the other; 

Ap is measured at the position of replacement. 
II~IJ 

Although R is independent of position, it is a 

strong function of the element's composition which changes 

continuously as the element is burned in the core. Such a 

relation between R and the element composition can be 

derived by rewriting Equation 2.15 in terms of the varia

tions in the absorption (6E ) and fission (6E_) cross-
a f 

sections; i.e., 

( v 6 I  - 6 Z  ) E - L  

R = , > • (2.17) 
(vSZf-dZ^)h_ L  

Because fuel burn-up results basically in a change 

of the atom densities of the fissile and fission product 

materials, then Equation 2.17 can be written as: 

R = S'U_ - k" , (2.18) 
tt 

where U is the U-235 content of the element; S' and k" are 
E 

constants which are functions of the various microscopic 
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cross sections and the burnup of the low- and hig-h-standard 

elements. The derivation of Equation 2.17 and 2.18 is 

described in Appendix B. If the burn-ups of the low and 

high standards are known accurately, then the burn-up of 

a fuel element of known R value can be estimated from Equa

tion 2.18; i.e., 

P V» 
. (2.19) 

Substituting Equation 2.18 in 2.16 yields: 

A p  , = S' (U -U, ) (2.20) 
a-b a b 

where (U -U, ) is the difference in U content between the 
a b 

two elements a and b. 

The effect of element replacement will be measured 

experimentally and compared to the theoretical prediction 

of Equation 2.16. The relation between R and the burn-up 

will also be investigated using the experimental R values 

and the available burn-up data. 



CHAPTER 3 

REACTIVITY MEASUREMENTS 

When a fuel element is replaced by another element 

of higher fissile content, the core reactivity increases 

as a function of the fissile content and the element posi

tion in the core. In a critical core, such a step depar

ture from criticality can be quantified by measuring the 

corresponding asymptotic period which is then substituted 

in the core reactivity equation to calculate the reactivity-

worth, p. Primary sources of error in the data collection 

phase of the period determination are counting statistics, 

drifts of pulse-counting channels, and dead-time correc

tions. These errors in period determination will propagate 

through the reactivity equation, resulting in an error in 

reactivity. This chapter describes the procedure used to 

apply the period method to determine reactivity worth and 

the associated errors. 

Considerations in Using the Period Method 

To minimize the error as well as the measurement 

time in the period method, a pre-measurement analysis to 

determine the appropriate period size, settling time (time 

to reach the asymptotic values), and error estimation 

approach is a necessity. 

24 
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In measuring p by the period technique, it is 

essential to wait some time (settling time) for the tran

sients to disappear and the asymptotic period, T, to be 

established. Failure to do this results in a measured e~ 

folding time smaller than the true asymptotic period, per

haps quite drastically so. Actually the asymptotic period 

is approached as the delayed neutron precursors come into 

quasi equilibrium, and it is necessary to specify the 

acceptable error, for example, within 10%, 5%, or 1% of T 

in the instantaneous rate of change defined by ((dN/dt)/N) 

where N(t) is the neutron population at time t. For the 

TRIGA, a computer program was used to determine the 

relative reactor power (P(t)/P(t=o)) at which the reactor 

period reaches 99% of its asymptotic value (Spriggs, 

1981). The reactor power (at 99% of the asymptotic period) 

increases as the reactivity inserted increases. For a 

stop change < 50 <?, a waiting time of - 14 sec (P(t)/P(t=o) 

= 28) ensures the reactor period to be within 9 9% of the 

asymptotic period. 

The calculation of the settling time was used as 

a guide, but existence of the asymptotic period was checked 

experimentally by measuring the period after different 

waiting times (i.e., by making three determinations in a 

run and comparing). When the measurements were consistent 

they were averaged for the period to be reported. 
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As shown in Figure 1.1, the relative error in reac

tivity and asymptotic period is a function of the period 

size. This error is attributed to counting' statistics, 

drifts of pulse-counting channels, and dead-time correc

tion. Other important considerations in the period mea

surement include: drifts in reactivity due to significant 

feed-back effects, ensuring reasonable measurement time 

utilization, timer manipulation involved, and approach 

to the period alarm setting. Such considerations prevent 

measurements of very long (> 3,000 sees) and very short 

(< 10 sees) periods. 

The actual measurement is made by timing the inter

val At between two power levels on the asymptotic increase 

and compute the period, i.e., 

T « 
£n ((f> i | <}> o) 

It is convenient to measure the ten-folding time; i.e., 

At = xu; men x = 
l ' ' o 

three timers, one at 30%, a second at 60%, and a third at 

<f> | cj) =10; then T = ^. For example, one can start 

90% of 30-watt fullscale on the linear power recorder; 

then stop the timers at the same fractions of 300-watt 

fullscale. The detection system must be linear and capable 

of accurately measuring flux densities over at least one 

decade of the initial level. The linear ion chamber in 

the reactor instrumentation is sufficient for this purpose. 
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The errors and limitations of the period technique 

are discussed by Foell (1972). The physical quantity 

measured in a reactivity measurement is the change, or rate 

of change, in reactor power. There are many potential 

sources of error associated with these power-level measure

ments, most of which result from extraneous reactivity 

effects. Temperature feed-back is a typical source of 

reactivity drift. In principle, all extraneous effects 

can be eliminated by sufficient refinement of the facility 

and the measurement technique. If these drifts are elimi

nated, the ultimate precision is then limited only by the 

errors associated with the reactor noise. In practice, the 

period is seldom measured to better than 1%. The accuracy 

of p depends on the accuracy of the basic data describing 

the delayed neutron's fraction and precursor halflife, and 

is estimated at ± 2% for a single fissile-nuclide system 

(Profio, 1976). 

The period measurements were made using the TRIGA 

linear recorder to monitor the pover level. The accuracy 

of the linear recorder was checked by comparing the 

results from one measurement to those obtained from a 

neutron counting system; the results were identical to 

within three hundredths of a percent. To reduce tempera

ture changes, the measurements were carried out at low 

power (< 300s). No significant temperature change was 

observed. This required a reasonable amount of waiting 
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time following each measurement to allow the power level 

-3 
to go below 10 watts. This made it possible to attain a 

power level rise of 4 decades before the period measure

ments were initiated and the power level would remain low 

enough not to cause any significant temperature change 

throughout the run. 

Ideally, the measurements under consideration 

require the orientation of the shim rod as well as the fuel 

elements to be reproducible. Meeting such a condition is 

not easily attainable, if at all possible, because the 

fluctuation of the control rod orientation could be inher

ent in the rod control mechanism. So, instead, the rod 

orientation effect is accounted for by estimating an error 

term to be reported with the reactivity worth. The error 

estimation is done by repeating a measurement several times 

in which only the shim rod is moved. A similar procedure 

is applied to estimate the error associated with the oriea-

tation of the other control rods as well as the fuel ele

ments. This orientation effect results basically from 

imperfect alignment and non-uniform burn-up on the outer 

part of the rods. 

Period Measurement Procedure 

Step 1 

The first step in the procedure is to choose tv/o 

fuel elements, each containing different amounts of U-235. 



Elements 3874 (27.09 g U-235) and 40 63 (29.74 g TJ-235) were 

chosen to be the high standard and the low standard, respec 

tively. The two elements will be denoted as HS and IS, 

respectively. The LS has more burn-up than any of the ele

ments in the S-21 core; this makes all the R values posi

tive, simplifying the plotting of the F-data vs. burn-up 

data. Verification of the elements' serial numbers physi

cally is advised. Early in the data collection phase, sev

eral measurements had to be corrected when a discrepancy in 

the results revealed a mislocation of the HS. The two 

standard elements are normally chosen not to be part of the 

core loading, otherwise they would have to be removed from 

the core and replaced by other elements. 

Step 2 

The regular core element in the measurement posi

tion is replaced by the LS element. The reactor is brought 

to critical at 1 watt with the transient and the shim fully 

withdrawn while the reg rod is partiall withdrawn. 

Step 3 

The shim rod is then manually dropped. A.bout +2 0c 

worth of reactivity is inserted on the reg rod. The reg 

rod is to be kept at its new position throughout the three 

measurements that are to follow at that particular fuel 

location. 
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The amount of reactivity inserted is chosen so that 

a reasonable positive period (10-40 sees) is attained when., 

the LS is in the core and also when the HS is in the core. 

ks mentioned in the previous section, periods in this range 

can be measured with minimum drift and statistical errors. 

Step 4 

- 3 
After the power is allowed to decrease below ~ 10 

watts, the shim rod is fully withdrawn. Three timers are 

then started successively as the linear power recorder indi

cates 30%, 60%, and 90% of the 30-watt scale. The scale 

selector is then switched to 300 watts. The timers are 

stopped successively as the linear power recorder indicates 

3 0%, 60%, and 90% of the new power scale. The power-folding 

scheme need not be restricted to this mentioned here. The 

only two considerations here are (1) not starting the period 

measurements too soon, at times when the asymptotic period 

may have not yet been established* and (2) not extending 

the power folding and the scale fractions too high, which 

may permit temperature changes during the measurement. When 

the third timer is stopped, the shim is immediately scrammed. 

Step 5 

If the readings of the three timers are not consis

tent, the measurement is repeated (i.e., repeat step 4); 

otherwise their average is used to calculate the period. 
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Reactivity worth (denoted p l) corresponding to this period 

is read from a table of solutions to the in-houx equation. 

Step 6 

The LS is replaced by the US. Steps 4 and 5 are 

repeated to determine p . 
H 

Step 7 

The HS is replaced by the regular core element (RE). 

Steps 4 and 5 are again repeated to determine p._, 
i\E 

Steps 3-7 are then repeated for the other fuel 

positions. The reg rod setting need not remain the same 

for all fuel positions. It can be changed depending on 

the considerations mentioned in step 3. "The reg rod set

ting, however, must be maintained throughout the three 

measurements in each position. 

Determination of pT , pTT, and p__ in 84 fuel L ri ftE* 

element positions in the S-21 core were made in the above 

described manner. On the average, about 30 minutes were 

required to perform the measurements for each position. 

No significant core temperature changes were noticed in 

any of the runs. The small temperature rise and possible 

fission product (xenon> buildup which may occur when the 

measurements at several positions are performed succes

sively is of no relative importance. The difference in 

worth between two elements is unique to each position as 

long as the setting (temperature, xenon level, reg rod 
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position, etc.) remain unaltered during the measurements 

in that particular position. 

It was mentioned earlier that the reactivity worth 

of the fuel element may change as it is rotated in its 

position due to the non-uniform burn-up on the outside. 

This is referred to as the element-orientation effect. To 

estimate this effect, the measurements in the F-21 and D-7 

positions were repeated with each of the LS, HS, and the 

core element rotated 360° (approximately 90° at a time). 

The combined uncertainty resulting from the shim rod- and 

the fuel element-orientation is estimated. 

Analysis of the data obtained from all of the above-

mentioned measurements is discussed in the next chapter. 



CHAPTER 4 

DATA ANALYSIS AND RESULTS 

The period measurements described in. the last 

chapter produced the relative reactivity worths of the 

two fuel elements designated as LS and HS, and the regular 

core fuel elements designated as RE, in most positions of 

the S-21 core. The reactivity worth difference (Ap=pHL-

p T O )  for each position, as well as the relative reactivity 
lib 

value, R, for each element were calculated. TJne combined 

statistical variation in the reactivity values due to 

measurement errors and control- and fuel-rod orientation 

was also estimated. The Ap- and R values are compared to 

the previous measurement results and to the values pre

dicted by the one-group perturbation model described in 

Chapter 2. At the end of this chapter, the utilization of 

Ap values and R values in estimating reactivity effects 

of redistributing the fuel elements in the coare is dis

cussed. 

Analysis of A p  and R Values 

A p  Values 

The relative reactivity worths of the HS and LS and 

84 of the 85 regular S-21 core elements (RE) are presented 

in Table 4.1. The element position and identification 
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Table 4.1. The relative reactivity worths of the 
high standard, low standard elements 
(pgr and PlS, respectively), and the 
S-2I regular core element (p r e ) .  —  
p in dollars. 

Element D 
Position Number HS LS RE 

F-l 8735 0.3342 0.2697 0.3438 
F-2 RABBIT TERMINUS 

F-3 NOT MEASURED 

F-4 3774 0.3968 0.3435 0.3577 
F-5 3862 0.3946 0.3473 0.3581 
F-6 4123 0.4155 0.3739 0.3758 
F-7 4060 0.4323 0.3955 0.4052 
F-8 FAST IRRADIATION FACILITY 

F-9 4054 0.3660 0.3240 0.3497 
F-10 3677 0.3919 0.3517 0.3639 
F-ll 8736 0.3117 0.2635 0.3164 
F-12 3810 0.2980 0.2444 0.2646 
F-l 3 4088 0.3117 0.2525 0.2691 
F-14 4068 0.3577 0.2955 0.3200 
F-15 3721 0.3382 0.2722 0.2868 
F-16 8733 0.2735 0.2028 0.2763 
F-l 7 3840 0.3239 0.2550 0.3087 
F-18 4083 0.3283 0.2556 0.2910 
F-19 4126 0.3238 0.2520 0.3088 
F-20 3872 0.3313 0.2598 0.2961 
F-21 3870 0.3277 0.2552 0.2764 
F-22 4071 0.3301 0.2585 0.2791 
F-2 3 8723 0.3284 0.2576 0.3321 
F-24 3854 0.3167 0.2468 0.2731 
F-2 5 3858 0.3796 0.3999 0.3320 
F-26 4086 0.3791 0.3111 0.3271 
F-2 7 8732 0.3496 0.2812 0.3557 
F-2 8 4104 0.3531 0.2836 0.3143 
F-29 4064 0.3280 0.2609 0.3140 
F-30 4094 0.3515 0.2862 0.3296 



Table 4.1.—Continued 

Position Number PHS PLS PRE 

E-l 4070 0.4111 0.3070 0.3373 

E-2 3851 0.3592 0.2555 0.3370 

E-3 4064 0.3829 0.2857 0.3360 

E-4 4085 0.3584 0.2720 0.3356 

E-5 4066 0.3939 0.3176 0.3582 

E-6 4074 0.3633 0.2980 0.3470 

E-7 4077 0.3470 0.2911 0.3210 

E-8 4114 0.3768 0.3017 0.3610 

E-9  3122 0.3760 0.2881 0.3477 

E-10 4087 0.4130 0.3131 0.3445 

E-ll 4069 0.4019 0.2384 0.3480 

E-12 4127 0.3104 0.. 2004 0.2810 

E-13 3674 0.3366 0.2116 0.2801 

E-14 3683 0.3795 0.2524 0.3240 

E-15 3743 0.3832 0.2544 0.3003 

E-16 3853 0.3993 0.2722 0.3543 

E-17 4103 0.3573 0.2340 0.3009 

E-18 3685 0.3712 0.2550 0.3003 

E-19 3856 0.3487 0.2354 0.3267 

E-20 3868 0.3813 0.2649 0.3536 

E-21 4095 0.4659 0.3470 0.3967 

E-22 4111 0.4105 0.2954 0.3699 

E-23 3676 0.4407 0.3233 0.3705 

E-24 3682 0.4316 0.3197 0.3721 



Table 4.1.--Continued 

Element 
>sition Number PHS PLS PRE 

D-l 4120 0.4000 0.2374 0.3530 
D-2 4110 0.4306 0.2742 0.3521 
D-3 4113 0.3934 0.2503 0.3532 
D-4 4118 0.3914 0.2724 0.3662 
D-5 3855 0.4081 0.2992 0.3467 
D-6 3865 0.3695 0.2484 0.3423 
D-7 4125 0.4325 0.3000 0.3492 
D-8 4081 0.3865 0.2295 0.2881 
D-9 4107 0.3736 0.1990 0.2887 
D-10 SHIM ROD 

D-ll 3864 0.3708 0.1989 0.2872 
D-12 4082 0.4293 0.2457 0.3498 
D-l 3 3679 0.4458 0.2697 0.3352 
D-14 4049 0.4666 0.2874 0.3493 
D-15 4106 0.4081 0.2329 0.3462 
D-16 4046 0.4347 0.2627 0.3405 
D-17 4050 0.4955 0.3182 0.3701 
D-l 8 3671 0.3986 0.2231 0.2990 

C-l 4117 0.4141 0.2060 0.3846 
C-2 3130 0.4525 0.2565 0.3936 
C-3 3866 0.4421 0.2796 0.4200 
C-4 REGULATING ROD 
C-5 3673 0.4017 0.2361 0.3471 
C-6 4055 0.3633 0.1531 0.2980 
C-7 4133 0.4218 0.2004 0.3965 

0
 

1 00
 

4132 0.4017 0.1684 0.3854 
C-9 3835 0.4605 0.2347 0.4107 
C-10 TRANSIENT ROD 
C-ll 4131 0.3989 0.1781 0.3756 
C-12 4121 0.4785 0.2559 0.4042 



Table 4.1.—Continued 

Element on 
Position Number PHS PLS RE 

B-l 3748 0.4718 

B-2 4119 0.5461 

B-3 4053 0.4321 

B-4 3852 0.3977 

B-5 4129 0.4918 

B-6 7879 0.3441 

0.2164 0.4202 

0.3110 0.4303 

0.1983 0.3633 

0.1385 0.3376 

0.2252 0.4779 

0.0855 0.3838 



numbers are indicated. The presence of the rabbit terminus 

in the core position F-2 prevented removal of the eLernent in 

position F-3, so no measurements were done for -that posi

tion. Table 4.2 contains the calculated Ap and Rvalues. 

The core position, the RE number, and the remaining U-2 35 

content are also included. The Ap distribution is also 

presented on a core map as shown in Figure 4.1, ks was 

presented in Chapter 2, the Ap value is strongly dependent 

on position. The R value is spatially independent; it 

is a function of the uranium and fission product content 

(i.e., burn-up conditions). 

The A p-spatial dependence is illustrated very 

clearly in the 3-D and the contour plots shown in Tigures 

4.2 and 4.3, respectively. These plots are obtained using 

a plotting subroutine called SURFACE-II (SURFACE-II, 1980) 

on the University of Arizona computer. For these plots, 

the Ap values for the reg rod, transient rod, and the Fir 

positions are determined by estimating the flux reduction 

due to the presence of the rod for each position (Appendix 

A) . Ap for the rabbit terminus position is taken -to be 

the average of Ap of the neighboring positions since the 

flux reduction due to the rabbit terminus is very small. 

Both Figures 4.2 and 4.3 show Ap to decrease rapidly in 

t h e  r a d i a l  d i r e c t i o n .  T h i s  i s  n o t  s u r p r i s i n g  s i n c e  b p  

is shown theoretically to be proportional to the square 

of the neutron flux (see Chapter 2). The Ap behavior as 



Table 4.2. The relative reactivity values, R, and 
the differences in the relative reactivity 
worths, Aput » in the S—21 core. Ap in 
dollars. 

Element Remaining Relative 
Position Number GMS U-235 R-OLD PH PL 

F-l 8735 38.0297 1.1488 0.0645 

F-2 RABBIT TERMINUS 

F-3 4134 35.1537 NOT MEASURED 

F-4 .3774 30.8420 0.2664 0.0533 

F-5 3863 30.5991 0.2283 0.0473 

F-6 4123 30.0355 0.0457 0.0416 

F-7 4060 30.4152 0.2636 0.0368 

F-8 Fir 

F-9 4054 32.5209 0.6090 0.0420 

F-10 3677 31.7883 0.4379 0.0402 

F-ll 8736 37.8997 1.0974 0.0482 

F-12 3810 30.8238 0.3767 0.0536 

F-l 3 4088 31.3550 0.2806 0.0592 

F-l 4 4068 32.5226 0.3938 0.0622 

F-15 3721 30.3973 0.2211 0.0656 

F-16 8733 37.4397 1.0400 0.0707 

F-l 7 3840 35.2703 0.7798 0.0689 

F-18 4083 31.6107 0.4869 0.0727 

F-19 4126 33.2459 0.7911 0.0718 

F-20 3872 30.6450 0.5080 0.0715 

F-21 3870 30.5888 0.2925 0.0725 

F-22 4071 30.0025 0.2878 0.0716 

F-2 3 8734 37.2897 1.0525 0.0708 

F-24 3854 31.3421 0.3763 0.0699 

F-2 5 3858 31.0420 0.3171 0.0697 

F-26 4086 31.5484 0.2353 0.0680 

F-2 7 8732 37.2997 1.0892 0.0684 

F-2 8 4104 31.4969 0.4417 0.0695 

F-29 4064 34.2531 0.7914 0.0671 

F-30 4094 34.5367 0.6646 0.0653 



Table 4.2.—Continued 

Element Remaining Relative 
Position Number GMS U-235 R-OLD H L 

E-l 4070 32.8603 0.2911 0.1041 
E-2 3851 35.2976 0.7859 0.1037 

E-3 4065 32.7943 0.5175 0.0972 

E-4 4085 34.8251 0.7361 0.0864 
E-5 4066 30.8458 0.5321 0.0763 

E-6 4074 34.2638 0.6539 0.0653 

F-7 4077 31.8200 0.5349 0.0559 
E-8 4114 34.6409 0.7896 0.0751 
E-9 4122 32.5273 0.6777 0.0879 
E-10 4087 32.9457 0.3143 0.0999 

E-ll 4069 34.1850 0.5253 0.1130 

E-12 4127 34.8165 0.7330 0.1100 
E-13 3674 32.8893 0.5481 0.1250 
E-14 3683 33.5054 0.5633 0.1271 

E-15 3743 31.7393 0.3563 0.1288 
E-16 3853 34.5654 0.6391 0.1285 
E-17 4103 32.1728 0.5427 0.1233 
E-18 3685 32.5984 0.3898 0.1152 
E-19 3856 35.7217 0.8061 0.1179 
E-20 3868 34.1099 0.7618 0.1170 
E-21 4095 32.9005 0.4180 0.1189 
E-22 4111 33.8022 0.6473 0.1151 
E-23 3676 32.9837 0.4020 0.1174 
E-24 3683 32.3234 0.4683 0.1119 



Table 4.2.—Continued 

Element Remaining Relative 
Position Number GHS U-235 R-OLD p«" PL 

D-l 4120 34.9984 0.7199 0.1626 
D-2 4110 34.5587 0.4981 0.1564 
D-3 4113 33.1072 0-7191 0.14 31 
D-4 4118 35.5320 0.7882 0.1190 
D-5 3855 31.7783 0.4362 0. 1089 
D-6 3865 35.5106 0.7752 0.1210 
D-7 4125 30.5999 0.3713 0.1325 
D-8 4081 31.9604 0.3732 0.1570 
D-9 4107 32.8051 0.5137 0.1746 
D-10 SHIM ROD 

D-ll 3864 32.1548 0.5138 0.1910 
D-l 2 4082 32.3894 0.5669 0.18 33 
D-l 3 3679 31.7863 0.3720 0.1766 
D-l 4 4049 32.7668 0.3455 0.1772 
D-l 5 4106 32.5429 0.6466 0.1749 
D-l 6 4046 32.3418 0.4523 0.1720 
D-l 7 4050 30.7858 0.2927 0.1773 
D-l 8 3671 31.5159 0. 4325 0.1755 

C-l 4117 34.6297 0.8582 O.2081 

C-2 3130 35.1093 0.6995 O.1960 

C-3 3866 36.6586 0.8640 0.1625 
C-4 REGULATING ROD 

C-5 3673 33.1292 0.6703 0.16 56 
C-6 4055 35.4343 0.6893 O.2102 
C-7 4133 36.7609 0.8858 O.1961 
C-8 4132 36.2968 0.9301 O.2330 
C-9 3835 35.0153 0.7795 O.2250 
C-10 TRANSIENT ROD 

C-ll 4131 36.1307 0.8945 O.2208 

C-12 4121 35.8679 C.<662 0.2226 



Table 4.2.—Continued 

Element 
Position Number 

Remaining 
GMS U-235 

Relative 
R-OLD 

Ap 
PH"PL 

B-l 

B-2 

B-3 

B-4 

B-5 

B-6 

3748 

4119 

4053 

3852 

4129 

7879 

35.2709 

32.1529 

35.9999 

37.1834 

37.1650 

37.6035 

0.7980 

0.5074 

0.7057 

0.7681 

0.9478 

1.1535 

0.2554 

0.2351 

0.2338 

0.2592 

0.2659 

0.2586 
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ESTIMATED Apu . 
n™L 

c-k REGULATING ROD 2 . 8 8  <  
C-10 TRANSIENT ROD 1 1 . 4 3  *  
D-10 SHIM ROD 1 8 . 2 3  t  
F-8 FAST IRRADIATION FACILITY 1.01 C 
F-2 RABBIT TERMINUS 5 . 3 2  c  
A-l GLORY HOLE 2 5 . 1 3  <  

Figure 4.1. Distribution of the reactivity worth 
differences, Ap , in the S-21 core 



Figure 4 . Z .  Distribution of tne measured reactivity worth differencesr 
ADH-t, in the triga s-21 core (3-D plot). — Azimuth = 45° 
east of south. Elevation = 10°, reference orientation is as 
indicated in Fig. 2-1 
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Figure 4.3. Distribution of the measured reactivity 
worth differences, ApH_r, in the TRIGA 
S-21 core (contour plot). — Dotted line 
indicates fuel region boundary. 
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predicted by the one-group perturbation model is shown in 

Figures 4.4 and 4.5. Comparison of the measurement results 

and the theoretical results reveal considerable similarity 

between the theoretical and measured values of Ap, especi

ally for the radial and angular dependence away from the 

control rods and irradiation facilities. 

The effect of the control rods and the irradiation 

facilities is very evident as shown in these plots. The 

effect is greater in the right half of the core where the 

regulating rod and Fir are located near each other. A p  

reduces by as much as 45% from its maximum value in the 

F-ring as the Fir position is approached. This depression 

of Ap values in the right half of the core can be attrib

uted to the combined effect of the reg rod and the Fir 

(both are strong thermal neutron absorbers). Figure 4.1 is 

a core map where the relative Ap values are shown for 

every position; close examination of this figure reveals 

that the flux reduction due to the reg rod and the Fir 

extends to cover the right half of the core in its 

entirety. Because in normal reactor operation the shim 

and the transient are usually withdrawn, the fuel elements 

in the left half of the core would be generally subject to 

more burn-up. 

The analytical calculation of the control rod 

effect on the neutron flux distribution was intended to be 

an approximation showing the general effect of the rods. 



Figure 4.4. Distribution of the calculated reactivity worth 
differences, ApH_L, in the TRIGA S-21 core. — 
Azimuth = 45° east of south. Elevation = 10°, 
reference orientation is as indicated in Fig. 2-1. 

•c* 



-23.C -1G.C -12.C -3.0 -«.C 0.0 <•. C s5.C 12.0 16.0 2 5. 0 

• G ,  

IS) 
cc 
LU 
(— 
z 
UJ 

(— 

UJ 
CJ 

o.s 

• 2 0 . 0  •  

20.0 3 . 0  0 0 s.c 1 2 . C  I S  , C  2  P . c 

CENTIMENTERS 

Figure 4.5. Distribution of the calculated reactivity 
worth differences, aph_l, in the TRIGA S-21 
core (contour plot). -- Dotted line indicates 
fuel region boundary. 
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In addition to all of the simplifications adopted in model

ing the control rod influence, neglecting the effect of the 

rod on the axial flux distribution is probably the most 

serious; this is illustrated very profoundly in the case 

of the transient rod since the rod is nearly withdrawn and 

it was mostly replaced by water during the measurements. 

Nevertheless, the model generally does show the radial and 

the angular variation trend of the Ap values fairly well. 

R Values 

The R values had been determined previously for all 

fuel elements at a single position (Nelson, 1976). These 

R values are plotted against the newly determined R values 

where the measurements are done in the actual fuel element 

positions. Figure 4.6 shows the two R values to compare 

well; the variations may be attributed primarily to experi

mental error. A 1% error in Ap propagates to ~2.0% in R. 

Increased burn-up since the original measurements would be 

expected to decrease the value of R of an element since 

P would decrease If the differences between the R 
RE 

values are to be attributed to burn-up, then they would be 

expected to lie below the RQld = Rnew line. Figure 4.6 

shows the variation to scatter on both sides of this line 

which makes burn-up very unlikely to be the reason for the 

variation. 



Besides providing an indicator of which way the 

core reactivity would change as a result of replacing one 

element by another element (both of known R values), the 

R value is of interest because it is expected to be 

linearly proportional to the U—235 content of the element. 

This is illustrated by Equation 2-18 vrliich v/as developed 

using one-group perturbation theory. liquation 2.18 can be 

written in the form 

U = jr R + |̂ - . (4.1) 

This is a linear relation where iys' is the slope and K"/S' 

is the y intercept. Hence, the uarandam content U is 

related to the R value through a simple linear relation. 

The U content is plotted against -the Rvalue in Figure 4.7. 

The scattering of the data points on this graph may be 

attributed to the combined effect of the errors in U-235 

content data and the measurement errors. The straight 

line fit in Figure 4.7 is obtained the method of least 

squares. The equation of this fit is 

U = (8. 0801 ± .3996) R +- (28 .7592 ± .2554) (4.2) 

The average uncertainty in the • content of the fuel ele

ments is ± .9231 g. 

It was mentioned earlier that the R values match 

very well with the R values determined in previous measure

ments (Figure 4.6). This indicates that the R values can 

be reproduced with a very small variation. It is not 



R - O L D  

Comparison between the previously (R-OLD) 
and the newly (R-NEW) measured relative 
reactivity values 
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therefore, unreasonable to attribute the variation in the 

U-content of the elements to the uncertainty in the burn-up 

data. Because the burn-up data is fairly accurate for the 

five new fuel elements (see the last five elements in Table 

4.2), then the fit in Figure 4.7 can be modified by having 

the straight line go through tvo points, one representing 

the average of the new elements (U, R) , and the other 
^ new 

representing the average of the rest of the elements (U, R) 

used* This is shown in Figure 4.7 by the dotted line; its 

equation is 

U = 8.2850 R + 28.5019 . (4.3) 

The uncertainty in U is ± .9240 g. This modification does 

not seem to be very significant as far as the U-235 g-mass 

is concerned. 

Statistical Analyses 

The physical quantity measured by the period method 

is the change in the reactor power. The primary sources of 

error in such measurements are the counting statistics, 

reactor drift, and dead-time correction. These errors 

result in a basic uncertainty to be associated with the 

reactivity worths determined. This uncertainty is estimated 

to be ± 2% under normal experimental conditions (Foell, 

1972). 

The period measurements under consideration 

involved the movement of the fuel elements for which the 

relative worth was determined. When the fuel is unevenly 
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Figure 4.7. The relation between the relative 
reactivity value and the burn-up 
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burned up (particularly in the angular direction), then 

its reactivity worth may depend on its orientation. This 

orientation effect would obviously be greater where the 

neutron flux has rapid spatial variation. To estimate the 

orientation effect the relative worth of the HS, LS, and 

the regular core elements in the positions F-21 and D-7 

were determined for various orientations (each element was 

rotated in position at approximately 90° intervals). The 

two positions F-21 and D-7 were chosen to represent areas 

where the flux radial and angular gradient is large; F-21 

is adjacent to the radial reflector; D-7 is near the 

regulating control rod. The radial flux distribution is 

also quite steep near the D-ring. The results of these 

measurements are presented in Table 4.3. 

As expected, the percentage of uncertainty (o/p) 

is highest for the LS element and lowest for the HS ele

ment; this is probably due to the relatively high and non

uniform burn-up of the LS element. The above results show 

no significant spatial dependence of o/p as the D and F 

ring are compared. The percentage of uncertainty seems to 

depend primarily on the burn-up conditions of the element. 

Elements of high burn-up (similar to the LS element) may 

be assigned an uncertainty of o/p = ± 0.3% to their rela

tive reactivity worth; those of low burn-up (similar to the 

HS element) may be assigned a value of o/p = ± 0.1%. Other 
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Table 4.3. Data on measurements made in D-7 and F-21 
positions to investigate the effect of fuel 
element orientation 

Element Worth ($) 

Element 
Orientation 

<*) 

D-7 F-21 Element 
Orientation 

<*) LS RE HS LS RE HS 

0 0.3336 0. 3553 .4157 .3975 .4212 .4710 

90 0.3346 0. 3539 .4159 .3939 .4200 .4702 

18 0.3350 0. 3540 .4155 .4005 .4202 .4702 

270 0.3337 0. 3546 .4157 .3989 .4216 .4694 

360 0.3326 0. 3550 .4161 .3979 .4212 .4694 

P 0.3339 0. 3546 0.4185 0.3987 0.4208 0.4700 

a ± 0.27% + 0.17% ± 0.05% ± 0.30% ± 0.17% ± 0.15% 
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regular core elements may have an uncertainty of ± .2% 

associated with them. 

Once the combined basic uncertainty in the reactiv

ity worth were determined, standard statistics techniques 

(Young, 1963) were used to propagate such errors through the 

reactivity worth differences, Ap, and the R values; i.e., 

A p  
HL 

(C,H 
A p  x 100% 
HL 

A p  
EL 

(aE + 
2 x h 

A p  
x 100% 

EL 

a  %  _  1  ' 9R 2  _  2  2  
2 

R Vi  >  R 9  A p  
a  +  I  »  

HL 
a  

EL 
x 100% 

where 

A p  

A p  

HL PH " °L 

EL PE PL 

R = 
ApHL 

A p  
EL 

aH = 0.001 p  

aE = 0.002 P 
H 

E 

aL = 0.003 pL 

Using the D-l position as an example, 

p „  = 0.4000 , p T  = .2374 , 
n li 

p,, = 0.3530 
E 



The above formulae yields 
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Ap = 0.1626 ± .50% 
HL 

ApEL = °-1156 1 *90% 

R = .7109 ± 2.0% 

Such uncertainty in the R value, combined with the uncer

tainty in the burn-up data (± 1 gm) is expected to cause 

the scattering of the data points in the U vs. R graph 

(Figure 4.7). The above example indicates a variation in 

the values of Ap of about 1%. 

Utilization of the Ap and the R Values 

In an experimental nuclear reactor it is useful to 

characterize the reactivity worth of each fuel element by 

a unique parameter which is independent of the element 

position in the core. Such a parameter can then be used 

to estimate the effect of moving the fuel elements around 

in the core on the reactivity worth of the core; hence, 

estimating the change in criticality. As shown in Chapter 

2, one way to describe such a unique parameter is through 

the relative reactivity worth, R value. With the knowledge 

of the R values and the reactivity worth difference, Ap, 

between the two reference elements HS and LS, the reactivity 

worth of replacing an element (a) with an element (b) in 

position (c) can be estimated by Equation 2.16, i.e.: 



A p  a-b 
= (R - R,) Ap 

a b ^E-L 
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(2.16) 

To test this formula, which, is derived from the basic defi

nition of the R value, five measurements were carried out 

to determine the change in the core worth that results from 

exchanging core positions between several core elements. 

The data and results are presented in Table 4.4. The table 

includes also the estimates obtained by the above formula. 

For an example calculation, consider the two elements 

(4086, F-26) and (4129, B -5). The R values are 0.2353 

and 0.0478, respectively. The in F-26 and B-5 are 

$.0680 and $0.2659, respectively. Denoting element 4086 

by a and element 4129 by b, the net reactivity change is 

given by: 

A p  ,  =  
net 

A P K  a b-a 
+ A p  .  

a-b 
F-2 7 

- (W (ApH-L 
= - $0.1411 

B - 5  

- Ap 
H-L 

F-27 B-5 

(4.4) 

This implies a $.1411 reduction in the core worth as a 

result of interchanging the positions of elements a and b. 

The estimated and measured reactivity changes 

listed in Table 4.4 are fairly close to each other. This 

method of estimating the reactivity change remains 
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Table 4.4. Estimated and experimentally determined reac
tivity effect of exchanging core positions 
between several fuel elements 

Exchange Reactivity Change ($) 

Element Position Estimated Experimental 

41)86 F-26 

4129 B-6 - 0.1411 - 0.1312 

4086 F-26 

3865 D-6 - 0.0286 - 0.0143 

3676 E-23 

4129 B-5 - 0.0810 - 0.0764 

4050 D-17 

4129 B-5 - 0.0581 - 0.0467 

8732 F-17 

4121 C-12 + 0.0652 + 0.0712 
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approximate since, in addition to the errors associated 

with the period measurements and the rod orientation 

effect, the interchanging of the elements changes the core 

configuration for which the Ap values were determined. 
Il—ij 

Table 4.4 indicates that the estimated values for the five 

reactivity change are correct to -within 1.4 cents. This 

estimation, method is clearly very effective in predicting 

the magnitude of the reactivity change. In particular, one 

could calculate the departure from criticality as a result 

of core element movements, and predict whether the reactor 

will be supercritical or subcritical. 

Another utilization of the &p values is the esti

mation of the area of influence of the control rods and 

irradiation facilities. The relative values of Ap's are 

plotted in Figure 4.8 against the angular element position 

around each of the five rings in the core. It is clear 

that the influence of the partially inserted regulating 

rod and the thermal-neutron-absorbing fast irradiation 

facility (Fir) extends to cover almost one-half of the 

core. The Ap gradient (hence, the gradient of tj>2) in the 

angular direction is shown to follow a smooth function 

which can be modeled for accurate description of the con

trol rod effect on the core reactivity. 

It was shown in Chapter 2 that the R value is gen

erally proportional to the element burn-up (i.e., propor

tional to the fissile content). If an element of gm of 
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u-235 is to replace an element of ̂  gm of U-235 in the 

core, the resulting reactivity change can be estimated by 

Ap = m(M2-M1)ApH_L (4.5) 

where m is the inverse of the slope of the U vs. R curve 

(see Equation 4.3) and ApH__L is the measured reactivity 

difference between the high- and low-standard elements 

for the core position of interest. Similarly, the U-235 

content of an element can be checked by determining its 

R value in the core and then estimatings its U content 
« 

using Equation 4.3. This method would obviously be most 

reliable for elements with little or no burn-up. 



CHAPTER 5 

CONCLUSIONS 

The difference in the reactivity worth, ApHL, of 

two selected elements of different burn-up has been deter

mined as a function of position using the positive period 

method. The relative reactivity worths, R, of each of 84 

fuel elements in the 5-21 core have also been determined 

in the same manner. 

As expected, the A p  values decrease in the radial 
HL 

direction and in the vicinity of the control rods and irra

diation facilities. The spatial behavior, determined exper

imentally, compares fairly well with that predicted by an 

approximate one-group perturbation model as shown, in Figures 

4.2, 4.3, 4.4, and 4.5. 

The A p  values and the R values can be used to give 

a reasonably reliable estimate of the effect on the core 

reactivity worth that results from redistributing the 

fuel elements in the core, and/or replacing the core ele

ments by other elements (see Equation 4.4). Measurements 

made to check the validity of this estimation procedure 

indicate agreement to within < 1.4 cents as illustrated 

in Table 4.4. 

In addition to the basic uncertainty characteris

tic to the period method, the reactivity worth is found to 

6 3  
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be affected by the fuel element orientation in the core. 

The worth of the elements of high burn-up (non-uniform 

burn-up in the angular direction) can vary by as much as 

.3% as the element orientation is changed. The uncertainty 

in the Ap„_ values and the R values depends on the relative 
II Jj 

worth of the individual rods; the kp values have an esti

mated variation of ~ ± 1%, and the R values have an 

estimated variation of ~ + 2% . 

Plotting the U-235 content vs. the R values for 

the elements indicates, in general, a linear relation 

between the two parameters. This linear relation of U vs. 

R is shown in Figure 4.7. U is related to R through 

Equation 4.3: 

U = 8.0801 R 4- 23.7592 (4.3) 

with a ± .9231 g uncertainty in U. This linear relationship 

is predicted by the one—group model based on the approxima

tion that the variation in the initial U-235 content of the 

elements is uniform (see Appendix C). The above relation 

(Equation 4.3) can be used to estimate the burn-up of 

elements. This method would work best for elements with 

very small burn-up or for larger, but uniform, burn-up. 

High non-uniform burn-up would introduce uncertainty in 

the R values which would make the estimate of the U-235 

content less certain as compared to the case of little 

or no burn-up. 



65 

The effect of the control rods and the irradiation 

facilities on the spatial distribution of reactivity worth 

is evident as indicated in Figure 4.2. This effect is 

illustrated in Figure 4.8, where the variation of the 

reactivity worth around the core rings is shown. The 

influence of the regulating rod and the fast irradiation 

facility covers almost all of the right half of the core. 

The effect of the transient is, expectedly, small since it 

is almost totally withdrawn during the measurements. The 

shim is totally withdrawn and has a fuel follower so its 

effect is totally absent. 

Such a knowledge of the spatial behavior of the 

reactivity effect that results from fuel element movement 

and the relative reactivity worths of the elements could 

be utilized very effectively in the design of core experi

ments especially where the core configuration and the fuel 

burn-up are of interest. 



APPENDIX A 

CORE CALCULATIONS 

A-l Core Description 

The following information is extracted from the 

UATRIGA lab manual (Nelson, 1982). The TRIGA core forms 

a near-right circular cylinder and consists of a lattice of 

cylindrical fuel elements in water. The active part of 

each element is approximately 3.6 cm in diameter by 38.1 

cm long and is a solid homogeneous mixture of hydrided 

hydrogen-to-zirconium alloy containing 8.5% wt of uranium, 

enriched to 20% in U-235. The hydrogen-to-zirconium atomic 

ratio is approximately 1.68. Each fuel element is jacketed 

with 0.051 cm thick 304 stainless steel. 

A new standard TRIGA fuel element contains 38 g of 

U-235, 152 g of U-238, 2,070 g of zirconium, and 35 g of 

hydrogen. Presently, the average burn-up of core S-21 is 

4.8 g U-235 per fuel element. Core S-21 consists of 85 

fuel elements plus two fuel follower control rods. 

The elements are spaced so that about 33% of the 

core volume is occupied by water. The core is surrounded 

by a graphite reflector 30.4 cm thick and 55.9 cm deep. 

The reflector above and below the core is composed of 8.9 

cm long end pieces of graphite enclosed in the fuel element 

66 
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cans; thus, the reflector in this region is approximately 

67% graphite and 33% water by volume. 

The core has three control rods of composition, 

worth, and length as follows: 

Reg rod, B4C 
with fuel follower 

Shim rod, B4C 
with fuel follower 

Transient rod, B^C 

$4.20 to full-out position 
(total distance moved: 
000-37.95 cm) 

$3.10 to full-out position 
(total distance moved: 
000-38.18 cm) 

$2.48 to mechanical stop 
(total distance moved: 
000-24.69 cm). 

The S-21 core configuration has two irradiation facilities 

inserted in the core, the fast irradiation facility (Fir), 

worth 40£ compared to water, and the pneumatically operated 

rabbit terminus (RT) tube, worth 7£ compared to water. The 

Fir and the RT are about 20 cm long. The locations of the 

control rods and irradiation facilities are shown in Figure 

2.1. In the S-21 configuration, the central core position 

(referred to as the "glory hole") is occupied by water. 

The average U-235 content of core S-21 is as 

follows: 

Core Position 

B-ring 
C-ring 
D-ring 
E-ring 
F-ring 
Whole Core 

Number 
of Fuel 
Elements 

6 
11 
18 
24 
28 ' 

87 

Average U-235 Content of 
Elements (including fuel 

follower) 

35.9 
35.2 
32.7 
33.4 
32.9 
33.5 

g 
g 
g 
g 
g 
g 
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The approximate worths of the fuel elements rela

tive to vater are as follows: 

Distance from Center 
A.pproxiitiate Worth Core of Fuel Element to 
Relative bo Water Position Center of Core 

$1.35 

$1.00 

$5.81 

$0.55 

$0.41 

A-2 Core Parameter Calculations 

A-2—1 Parameters 

One-group calculations of reflected cores can be 

simplified by replacing the reflector by additional core 

material (required to maintain core criticality); this is 

characterized as the "reflector savings" wliich is defined 

as the decrease in the critical core dimensions of a 

reactor when the core is surrounded by a reflector. For 

reflector thickness, b, of the order of magnitude of the 

reflector thermal diffusion length L™ , the reflector 
r 

sa-vings, <5, is given by Lamarsh (1966): 

B-rmg 4.054 cm 

C-ring 7.9 81 cm 

D-ring 11.946 cm 

E-ring 15.916 cm 

F-ring 19.888 cm 

Dc b 
5 ~ L^r tanh , (A-l) 

Dr Tr 
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where D and D are the average thermal neutron diffusion c r 

coefficients in the core and the reflector, respectively. 

For a heterogeneous lattice, the average thermal 

diffusion coefficient is estimated by Lamarsh (1966): 

_ 6fYf 
+ <5 y 

mm 
+ 6 Y s ' s 

o
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. i£ >, s -Is 
Sf • r ' 6m • i s 

and 

$ m 4>„ 4> yc c , 

V* V v 
_ f , _ m v _ s 

Yf " V IS V ' Ys V 
c c c 

Subscripts ff m, s, c refer to fuel, moderator, structure, 

and core, respectively. V denotes volume, and <J> denotes 

average flux. D^, D^, and Dg are for the respective 

materials. 

For the axial reflector (a mix of water 33% and 

graphite 67%), the thermal diffusion coefficient (5z) can 

be estimated as in Eq. A-2 with the graphite replacing the 

fuel. Making the approximation that the flux does not vary 

considerably between water and graphite (i.e., ^g=^IR=®s) * 
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The average axial reflector thermal diffusion length, L , 
z 

is simply 

L = / D /Z (A -4 )  

z z az 

where 2az is the average macroscopic absorption cross 

section in the axial reflector. With the same approach 

used in deriving Eq. A-3, I can be estimated from 
aZ 

Z  ^ Z y + Z y + Z y  (A-5) 
az ag'g am m as s v 

For a homogeneous mix of materials, a macroscopic cross 

section is given by Lamarsh (1966): 

M -1 
Z = Z a.N. cm (A-6) 

i=l 1 1 

where 

til 
= microscopic cross section of the i 

constituent in barns 

KL = number of nuclei of the i constituent 

3 
per 1 cm of the material 

M = number of constituents. 

If the material density, p, is known and the weight frac

tions, W^'s, of its constituents are known, then Eq. A-6 

can be written as 

M W. n 

Z  = .6023 p Z  ~ o .  cm"1 , (A-7) 
i=l i 1 
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where 
j.U 

A^ = atomic or molecular weight of the i 

constituent in g/mole 

3 
p = material density (g/cm ) 

The multiplier 0.6023 comes from Avogadro's number. 

If the total volume, V, and the weights of the 

constituents, m^'s, are known, then Eq. A-7 can be written 

as: 

M m. 
^ .6023 r 1 „ 

- —v- ,!,r "i • !A"8' 
1=1 1 

The diffusion coefficient is related to the absorption 

cross section, Z . and the total cross section, Z , by the 
a. u 

relation (Lamarsh, 1966): 

d = -—g . (a-9) 

3 £t(I-v)(1~| ̂  + ••• ) 

If Z /Z << 1, Eq. A-9 reduces to 
ci U 

i 

D = 3 I (1-5) • (A-10' 
s 

From the core geometry and the fuel element dimensions as 

described in part A-l, the volume fractions are calculated 

to be 

II >
-

0.60 

-<
 

(0
 II 0.03 

Ym = 
0.37 
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In the core description, the volume fraction of 

water is given as - 33%. This is different from the cal

culated value above due to the incorporation of the 

central hole, control rods, and irradiation facilities in 

the calculation. All core space not occupied by the 85 

fuel elements and the reg rod and the shim rod (fuel fol

lowers) is assumed to be occupied by water. 

The estimate of the disadvantage factors 5^, 6m, 

<$s is obtained from a study done by the General Atomic 

Division on a similar TRIGA core (West, 1969). For 

energy range (0.05-0.002 eV) and temperature of 23°C, the 

disadvantage factors are given as: 

5f = 0.850 

5 = 1.122 
s 

6 = 1.270 
m 

A.2.2 Parameter Calculations 

Data for the core parameters calculation is com

piled as follows: 

Total Core: H = 58.42 cm, R = 21.77 cm 

Active region of the core: H = 38.10 cm, R = 21.77 cm 

Fuel element composition: 33.2 g U-235, 4.8 g U-235 
burn up, 152 g U-238, 2,070 g 
Zr, 35 g H. 

Composition of control 31.76 g U-235, 0.04 g U-235 
rod follower: burn up, 

127.04 g U-238, 1,730 g Zr, 
29.25 g H. 



Averaging the composition of the 85 fuel elements 

and the two control rod fuel followers, i.e., 

m./element = ff m./fuel element + •£= m./fuel follower , 
1 C / 1 O / L 

yields the following composition of a representative fuel 

element: 

33.17 g U—235, 4.69 g U-235 burn up, 

151.43 g U-238, 2,062.18 g Zr, 34.87 g H. 

The structure material is mainly the SS-304 clad 

3 
which has a density of 8 g/cm and a (wt %) composition 

(CRC, 1973) of: 

(Fe: 71.92; C: 0.08; Cr: 19.1; Ni: 9.0). 

The microscopic cross sections (in barn) at 0.0253 eV are 

listed below for all of the fuel and structure elements 

(CRC, 1973): 

Element 
as( 1-y) o.=(a +a ) 

t s a 

U-235 678.2 8.3 (.9972) 686.5 

U-2 38 2.73 8.3 (.9972) 11.03 

Zr 0.18 8.0 (.9927) 8.18 

H 0.33 38.0 (.3386) 38.33 

Fe 2.62 11.0 (.9881) 13.60 

C 0.004 4.8 (.9444) 4.80 

Cr 3.1 3.0 (.9872) 6.1 

Ni 4.6 17.5 (.98871) 22.1 

H,0 • 66 103.0 (.676) 103.0 
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For the fission products,-50 barns/U-235 atom 

fissioned is used for the absorption cross section and 

20 barns/U-235 fissioned for microscopic scattering cross 

section. These values were obtained using Kr, Cs, Xe, Sr 

as representatives of the two groups of fission products. 

The macroscopic cross sections can now be evalu

ated losing Eq. A-7 for structure material and Eq. A-8 for 

fuel material; this yields: 

For the fuel: 

Eaf = °*1769 crn~I 

E sf = 2.3291 cm"1 

Ztf = 2.5060 cm~"L 

For the clad: 

Z = .2512 
as 

Z = 0.8663 cm""1" 
ss 

Z. = 1.1175 cm"L 
ts 

Applying Eq. A-9 to calculate the diffusion 

coefficients, this yields: 

= 0.3326 cm 

D = 0.3696 cm . 
s 
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Since 2a/st << 1 f°r water and graphite, then the 

diffusion coefficient of 1^0 and C is given by Eq. A-10, 

this yields: 

D = 0.1429 cm 
m 

D = 0.9168 cm . 
9 

The average diffusion coefficient in the core is 

estimated by Eq. A-2: 

D = 0.2063 cm . 
c 

The average diffusion coefficient and absorption 

cross section in the axial mixed reflector are estimated 

by Eq. A-3 and Eq. A-4, respectively: 

D = 0.3008 cm 
z 

Z = 0.0159 cm 
az 

The thermal diffusion length in the axial.mixed reflector 

is obtained from Eq. A-5: 

L = 55.28 cm . 
r 

The reflector extrapolated thickness is obtained using 

be = bc + .712 Atr . 

For graphite A = 2.75 cm, bQ = 30.4 8 cm , 

for H^O-graphite mix A = 0.91 cm, bQ = 8.64 cm 
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The radial (6r)- and axial (5Z)-reflector savings 

are estimated using Eq. A-l: 

<$r = 7.0 cm 

5z « 3.0 cm 

The extrapolated core radius and height are then 

estimated to be: 

P = R + Sr 

= 21.77 + 7.0 

= 28.77 cm , 

and 

H = H + 2 6 
z 

= 38.1 + 2(3.0) 

= 44.10 cm 

A-3 Worth of Control Rod 

A-3-1 Worth of Control Rod 

When the reactivity measurements were carried out 

in the S-21 core, the shim rod was fully withdrawn 

(replaced totally by its fuel follower), the transient rod 

was withdrawn to mechanical stop, and on the average 6.5 

inches of the regulating rod was withdrawn. The remaining 

negative reactivity on the reg rod and the transient rod 

under this configuration are obtained from the worth vs. 

position data of the two rods (Reactor Data, 1981): 



Remaining worth of Reg rod at 6.5" = 

Remaining worth of Transient rod at 

mechanical stop = $0.70 . 

- $2.34 

The average of the worth of the fuel elements in 

the C-ring relative to water is z $1.00/element. The 

average worth of the fuel element in the central position 

relative to water is estimated to be s $1.80, obtained by 

extrapolating the worth vs. ring-distance data given in 

Part A-2-1. If a control rod is worth (relative to 
J.1. 

fuel) in the i ring, then its worth when displaced to 

+• vi 
the j ring, p . . ,  is 

p. = P. * ̂  3 p f i  

where p^ and p^^ are the worths of fuel elements, compared 

to water, in the i*"*1 and j1"*1 ring, respectively. 

Since the reg rod has a fuel follower, then its 

given worth is relative to fuel. The given- worths of the 

transient and the irradiation facilities are relative to 

water. If they were to be replaced by fuel, then their 

worth will be greater by an amount equivalent to the fuel 

element worth in the respective ring, i.e., 

preg compared to fuel = $2.34 

ptransient compared to fuel = $(-0.70 - 1.0) 

= - $1.70. 
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pFIr compared to fuel = $(- .41 - .41) 

=  - $ . 8 2  .  

The effect of the presence of the RT on the spatial flux 

distribution is not significant due to its small worth 

(~7<=) , so it is not included in the calculations. 

Then the worths of the reg rod, transient rod, and 

Fir when displaced to the core center are: 

p „, 1.80 g = - .24 x 

= - $4.21 

ptransient = - 1.70 x 
1.0 

= - $3.06 

PFIr = - .82 x 

= - $3.60 . 

A-3-2 Equivalent Control Rod 
Effective Radius 

Denoting the rod worth by pw, it follows from the 

definition and the formula for reactivity and using modi

fied one-group theory (Lamarsh, 1966) that: 

2 2 2 
(B -B ) M 

Pw = 2 2 (A-11* 
W 1 + BQ M 

2 2 
where B^ and B are the core bucklings before and after the 

2 
rod (worth pw) is inserted. The migration area, M , is a 



physical property of the core material which does not 

change significantly as a result of the rod motion. 

2 
and Bq are gaven by modified one-group theory as 

and 

_2 2 /2 
Bo = ao + <H} 

B2 = a2 + (£)2 7 

then, (B2-B2) = a2 - a2 . 

2 2 405 2 
For a bare uniform core a = (—^—) 

o R 

For the TRIGA core: 

2 2 vsr = x t  + l j  

a 27.0 + 1.70 

a 28.70 cm2 

b2 . ,2,105/ + j 2 
° R H 

« (2,405 2 + /—H__j 
v 29.0' 44.1 

- 2  
* 0.0120 cm , 

then, 1-B2M^ - 0.6570 
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2 2 2 2 
Substituting the expression for (B -BQ = a -aQ) in 

Eq. A-ll yields 

2 (1-B^M2) 2 

a J—- . P w + c £  . (A-12) 
M 

The radial flux distribution in the core is given by (see 

Chapter 2): 

4>(r) = AJ (ar) + BY (ar) . (A-13) 
o o 

Applying the boundary conditions 

< K r )  = 0  ,  
1 r=R 

and 

$(r) I =0 , 
1 r=e 

where 

R = core extrapolated radius , 

a = rod radius , 

d = rod extrapolation distance , 

e = a-d , 

to Eq. A-13 yields: 

J
o (aR) Yq (aR) 

JQ(ae) Y0(ae) 
(A-14) 



Substituting a from Eq. A-12 into Eq. A-14 enables us to 

solve for the rod effective radius (e). The values of e 

for each rod can then be substituted in Eq. 2-9 to solve 

for the corresponding a which in turn determines the flux 

distribution associated with the presence of that rod. 

Eq. 2-10 is then used to determine the total flux 

distribution in the core. 

A-4 Flux Calculations 

The flux calculations were done numerically using 

a. FORTRAN program. In the first part of the program the 

extrapolation distances of the reg rod, transient rod, and 

the Fir using Eqs. A-12 and A-14 are determined. The sec

ond part of the program evaluated the total flux in the 

core using Eqs. 2-8, 2-10, 2-11, and 2-13. Eq. 2-14 is 

then evaluated for the relative spatial distriubtion of A p  

in the core. This was done by evaluating p in the center 

of small segments of each fuel element; these flux terms 

are then squared and summed up- The result of this calcu

lation is included in Chapter 4 in a 3-D plot and a con

tour plot obtained using SURFACE-II SUBROUTINE (SURFACE-

II, 1981). 

A-5 Estimation of at Positions 
of Reg Rod, Transient Rod, and Fir 

The values of in the locations of the reg rod, 

transient rod, and Fir are estimated by multiplying the 

average value of Ap in the surrounding neighboring 
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locations with the square of the fraction of the area under 

the sin curve (representing axial flux distribution) which 

corresponds to the portion occupied by water at each loca

tion. Referring to Figure A.l: 

PORTION OF THE ROD INSERTED = L 

TOTAL AREA UNDER 
THE SIN CURVE = C sin — dZ 

H 

AREA CORRESPONDING TO 
THE UNOCCUPIED 
PORTION (SHADED AREA) = C 

H-L 

. ttz 
sin — dZ 

Z=H 

Z=0 

sin 
ttz 

Figure A.l. Estimation of Ap in the partially 
occupied core locltions 

The portions of the positions of the reg rod, tran

sient road, and Fir occupied are: 8.4/15, 5.28/15, and 

8/15, respectively. 

Carrying out the calculations yields: 

A p  = (.41) x 17.11 H-L/reg rod 

ApH-L/transient rod = (.72)2 x 22.43 

ApH-L/FIr 

=  2 . 8 8  c  

11. 43<? 

2 
= (.45) x 4.87 

= 1.01c . 



APPENDIX B 

ONE-GROUP MODEL DERIVATION OF A RELATION 

BETWEEN THE RELATIVE REACTIVITY WORTH AND 

THE U-235 CONTENT OF THE FUEL ELEMENTS 

If a small perturbation is introduced into a criti

cal core, its worth can be estimated by one-group pertur

bation formula as follows (Lamarsh, 1966? see Chapter 2). 

/„(v5E--6 2L) <j>2 dV 
Ap = — £ (B-ll) 

where 

v/ E- 4>2 dV 
v f ^ 

Ap = change in absolute reactivity worth, 

2 
(f> = neutron flux (neutrons/cm sec) , 

V = core volume, 

Z = macrosopic absorption cross section, 
cl 

= macroscopic fission cross section, 

v = average number of neutrons per fission, 

and 

ST.-, 6E represent the change in the macroscopic fis-
£ 3. 

sion and absorption cross sections due to the 

perturbation. 

83 
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The perturbation of the system under consideration 

is introduced by replacing one fuel element by another 

element of different atom densities. In a TRIGA fuel ele

ment, the major effect of burn-up results in the alteration 

of the atom densities of U-235, an^ the fission prod

ucts, Np Denoting the high standard element by H, and the 

low standard element by L, and the regular core element 

by E, then the changes in Z- and Z may be written as: 
H cl 

<5Ef = EfH " ZfL = °f *NfH~NfL* 

5SfL = EfE ~ EfL = °f *NfE~NfL* 

ITT 

= EaH * SaL " <1+<» °t <NfH-NfL> + °P 'VV 

{Eal = EaE " £aL " (1+0> °f (N£E-NfL» + °P VV ' 

(B-2) 

where a ,  and o indicate thermal neutron absorption cross 
i P 

sections for U-235 and fission products, respectively. 

The relative reactivity worth is defined as: 

_ ApEL H = 7 . (B-3) 
HL 

Substituting the respective worths given by Eq. 

B-l and B-2 in Eq. B-3, and assuming that the changes in 

the cross section are uniformly distributed in each fuel 



eLement (i.e., taking the term (v6£. - 6E ) out of the 
X cl 

integral in Eq. B-l, this yields: 

R =  va £ (N £ E -N f L )  - ( ( ! + , )  £ (N £ E -N £ L )  +  Qp(N p E -N p L ) )  

V°f(NfH"NfL) ~ ((1+a) f ̂ fH~NfL^ + aP(NpH"NpL)) 

(B-4) 

where a denotes the microscopic cross section. Since the 

amount of fission products is proportional to the amount 

of U-235 consumed (i.e., Np ~ a(N£-N£)), where a is the 

average number of fission products per fission, and N£ is 

the initial U-235 atom density, Eq. B-4 can be reduced to: 

. (KfE-N£L' <wf-<1+a> Of + V) " aVNfE-NfL> 
R = —— . *>— • 

(HfH-NfL)(Wf-(l+0,) Qf + °pa) " 
aVNfH"NfL» 

(B-5) 

The denominator in Eq. B-5 is clearly a constant for a 

specified high standard and low standard pair; the numer

ator depends on the initial and present U-235 concentra

tion of the core element relative to that of the low 
/ s 

standard element. Eq. B-5 can be written as: 

R = S (NfE-NfL) - K (N£E-N^l) , (B-6) 

where 
a (vex,.- (1+a)) + ao 



and 
aa 

K = 

86 

and 

D * (NfH-NfL)(of(v-(l+o.)) + acp) -

Since 

N " x AV° atom/cm" 

where 

and 

m = mass of U-235 in g , 

A = atomic weight of U-235 g/mole , 

V = volume of the fuel element cm , 

AVO = Avogadro's number atoms/g-mole , 

then Eq. B-6 can be written in terms of the initial (u1) 

and present (U) U-2 35 mass content, i.e., 

R = S'(UE-UL) - k'(uj-uj) (B—7) 

where 

S' = S 

K' = K 

AVO 
AV 

AVO 
AV 
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This relation can be further simplified by recognizing that 

the variation in the initial U-235 content is very small 

(i.e., ± 0.1 g) and is the same for all elements, the 

second term on the right-hand side of Eq. B-7 can then be 

treated as constant. Eq. B-7 then becomes a linear relation 

between R and U_, i.e., 

R = S'U_ - K" (B-8) 
E 

where 

K" = constant = S'U_ + K1(uj-uj) 
jj cJ lI 

The bar indicates that an average value of (U^-U^) be 
O IJ 

used. 

It should be emphasized that Eq. B-8 is only approx-

ixmate because of the underlying assumptions. The assump

tion of uniform matieral distribution in the fuel element, 

in particular, can be difficult to justify in the case of 

high burn-up elements. The lack of uniformity of burn-up 

causes the R-values of the fuel elements to differ even if 

their total U-235 content is identical. A more accurate 

relation between the R-values and burn-up might be obtained 

by considering the spatial distribution of the material 

(i.e., U-235 and fission products) in the fuel element. 

The integration in Eq. B-l would then be carried out; 

this would eliminate the assumption of uniform burn-up. 
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