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1.0 INTRODUCTION

A problem of conslderable importance in the control of
nuclear reactors is the design and evaluation of the temperature
coefficient of the reactor system. The temperature coefficient
is defined a&s the change in the multiplication constant of the
system due to a change in the operating temperature of the
reactor. Such variations ‘may be localized, e.g., due to
nonuniformity of coolant flow at particular points in the reactor,
or they may effect the reactor as a whole such as the variations
caused by an increase in the power level or coolant inlet
temperature of the reactor.

The temperature coefficient 1s & measure of the stability
ef Lhe reactor. If the coefficient is positive then an increzsc
in temperature will cause the multiplicetion coﬁstant to
increase, which would increase the energy production rate of the
rezctor thus resulting in a further temperature increasse. Such
a gystem is highly unstable and would reguire highly senslitive
monitoring by the control systems to maintaln steady-state
cenditions. For reactors with negative femperature coefficlents,
a temperature increase would cause the multiplication constant
and pover to decrease so that the temperature tends to decrease
to its originzl velue. Heaclors having negative temperature
coelficients are therefore stable with respect to temperature
changes, |

Special moderator materials are often used in ordser to

insure the desired temperaturc coefflcient. In zirconium



hydride, because the motion of the hydroéen atom is severly
reétricted.by the chemical bonds which essentlally tie it to an
infinitely heavy crystal matrix, the motibnAcan be approximated
by the Einstein oscillator model (2, 3) with a sultably ohosén
frequency. The basic process inyolved when Zan'increases in
temperature 1s a speeding up of the neﬁtrons due to collisions
whereby they galn an amount of enefgy from_ﬁhe increased number
df oscillators in the first excited state; Because the neutrons
are speeded up, there is a decrease in the fission probability
and a consequent loss of reactivity. This effect 1s so efflcient
that Zan moderated reactors are able to be pulsed with 1argé
amounts of excess reactivity with reasonabie assurance that

the pulse will be immediately compensated for without dependence
on electrical or mechanical controls by the 1a§ge negative
temperature coefficient of this type of reactor.

The température coefficlent of a reactor is a function of
many other phenomena besides the moderator effect described
above. Another effect that contributes to the temperature
coefficlent, is the Doppler broadening of thé cross section
resdnance peaks with increasing temperature due to the increased
random motion of the reacting nuclei.

The fuel-moderator elements of the Kansas State University
TRIGA Mark II reactor are made of an alloy of uranium-zirconium
hydride containing 8 weight per cent uranium enriched to 20 per
cent in U-235 (1). Thus, because thé moderator effect of the

zirconium and the broadening of the cross section resonances in



the uranium contribute to the negative témperature coefficient
dependence of the TRIGA, it is é very stable reaﬁtor.

The original goal of fhis paper was to.détermine the
Doppler coefficient of the Kansas State University TRIGA Mark
II reactor. It has been shown (8, 9, 12, 13) that the Doppler
coefficient for fast reactors can be eiperimentally found by
heating small samples of fpel in the cente: of the reactor core.
Mﬁch of the work that has been done has 1nv01Ved oscillating
samples of varlous temperatures in and out of low power fast
eritical assemblies (10, 14, 15). Doppler effects obtained by
measuring the reactivity changes from heating samples are
somewhat subject to masking effects due to'simple thermal
expansion. In order to counteract this masking, experiments
have been performed (10, 14, 15) where speoiallfuel elements
were designed that allowed the fuel to expand against springs.
Measurements of reactivity data were taken with the heated
special element in the core and also with a heated regular element
in the core. Then the Doppler cdefficient could be found by
différencing the constrained and unconstrainéd reactivity
changes. |

Since fabrication of such & spring - loaded element would
have been too expensive and since oscillation of an element in
and out of the THIGA's core would have been impossible due to
license limitations, the experimental portion of this thesis was
designed to measure tbe total temperéture coefficient, -This

coefficient includes expansion, moderator effects, and Doppler |
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effects. The temperature dependence of the parameters in the
expression which describes the effective multiplication constant
was developed so that a theoritical value of the temperature

coefflcient could be compared wlth the experimental value.



2.0 BEACTOR DESCRIPTION

The TRIGA reactor core 1s located near the bottom of a
pool, under nearly 16 feet of water which acts as coolant,
moderator, and raéiation shield. The core 1s cooled by natural
convection of the water. The core is surrounded and supported
by & one foot thick graphlte reflector. Flgure 1 shows a cut-
away view of the core and reflector at the bottom of the reactor
pool.

The fuel-moderator and graphlte dummy elements are positioned
in the core by upper and lower grid plates which are bracketed
to the reflector. The upper grid plate is shown in Fig. 2.

The TRIGA fuel-moderator elements are a homogeneous alloy
of uraniﬁmnzirconium hydride containing 8 weight per cent
uranium enyiched to 20 per cent in U-235. The fueled portion of
each element is 1.42 inches in diameter by 14 inches in length.
The elements are c¢lad with 0,030 inch thick aluminum. Four inch
sections of graphite in the fuel can above and below the fuel
region serve as top and bottom reflectors. Each fuel element
contains approximately 37 grams of U~235. A fuel element is
shoun in Fig. 3.

The loading diagram for normal operation of the reactor
is given in Fig., 4., The elements form five concentric rings
around the center position {the.central thimble). These five
rings are designated B, C, D, E and F, recpecltively from inside
to outside. | |

The reactor is controlled by three boron carbide control
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Figure 2., The upper (top) and lower (bottom) grid plates of
the TRIGA.



Figure 3. Exterior view of a TRIGA fuel element,
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rods. The shim and regulating {or reg) rods are motor driven
and are used for controlling the reactor in steady state
operations below the 250 kilowatt licensed power of the Triga.
The pulse rod is used to pulse the reactor to maximum peak |

power ievels below 250 megawatts,
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3.0 THEORY OF THE TEMPERATURE COEFFICIENT

3.1 Definitions

The effective multiplication factor, keff' ls defined as
the ratio of the number of neutrons produced in each.generatlon
to the total number lost by both absorption and leakage in the
preceeding generation. The requirement for reactor criticality
is that the number produced is equai to the number lost, i.e.
Xorp = 1 |

The multiplication factor is a function of many varisbles.
For a finite system, 1T 'is expressed as

k = ‘ '
opp = T)EPLP | | _ (;)

BEta CO) is the average number of fission neutrons emitted
per thermal neutron absorbed in the fuel. Symbollcally, it is

expressed as

1

o

Where
IV = average number of neutrons liberated per neutron éb-
sorbed in a fission reaction
L. = macroscopic fission section for the fissile nuclide
L = total macroscoplc absorption cross section in the

fuel meterial

. The fagt fission factor, €, is the ratio of the total

number of fisslon neutrons produced in a1l Tissions to the number



produced by thermal. fissions alone. In thermal reactors such
as the TRIGA nearly all fissions are at thermal energies, so
that € is approximately equal to one.

As neutrons slow down” from fission energles, some of them
are capturéd in nonfission processes. The fraction that escape
capture and reach thermal energy is p, the resonance escape
probabllity. ,
The fraction of thermal neutrons that are absofbed in the

fuel is called the thermal utilization, f. For a heterogeneous

system f 1s represented by

Lal Vi tf)1
P+ 5, 7, b, (3)
1 i»2 1 b3

the subscript 1 stands for the fuel region and the subscripts

i > 2 denote eny other region. The quantities Eai, Vi' and ¢i
are the macroscopic absorption cross section, the volume, and
the average flux, respectively, for the ith reglon.

The nonleakage probability, P, of a finite system 1is a
measure of the probability that neulrens will not leak out of
the system but instead will remain in it until they are absorbed.
This probability is the product of the probabilities that the

neutrons will not lesak out of the system in both the fast and

thermal energy ranges.

| P = Pth P . (L)

The thermal nonlezakage probability, as glven by diffusion

theory, 1is
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P - | ' : " (5)
th =5, 1282

where L is the diffusion length in the medium and B2

is the
geometric bucklingﬂ The nonleakage probability during Slowing
‘down from fission to thermal energies as predicted by Fermi |
age theory is

2
-B tth-

. - (6

where t

th is the Fermi age evaluated at thermal energy.

3;2 Temperature Coefficients of the Parameters
3.2.1 Reactivity
The reactivity,fﬁ, for a reactor is defined in terms of

keff

Kepp = 1

R i (7)
P Keee -

g0 that it represents how far the reactor 1ls from eriticality.
Taking the partial derivative of Egqn. (7) with respect to

temperature, results in the following equation

eff

%E__ 1 Okepr | (8)
T~ k2 o7 )
' eff :
‘Since Keff is elose to vnity for critical systems
T k OT . '



1l

By taking the logarithm of the expréssion for k and then

eff
. differentiating the result one‘obtains
1 Okeer 10p _‘_I_§_E+_1_.b £) , 1 OP¢p _;_ Pp
Koo OF =p0OT " €BT 7B Py OF TP, 0T
or ' (10)

aplkopp) = ap(p) + ap(€) + apML) + aplPyy) + anl(Py) (11)
where the alpha's (temperature coefficients) are defined by

ap(x) - }:E%}P{
The temperature dependence of'n and T is combined inteo one
term because their dependence is more readily analyzed in this

form. For heterogeneous reactors

E v
=z =T V. o + L L, V, ¢
a core al 1 ¢1 152 i i %

" The temperature coefficient of the terms in Egn.
(11) will now be analyzed for a heterogeneous reactor except

that annf) will be based on a homogenization of the cell.

3.2.2 Resonance Escape Probablility |

The computer code RABBLE (17) was used to determine the
temperature dependence of the resonance’éscape probability.
BABBLE uses space = and léthargy-dependent slowing down sources,

and the program is well suited for the computation of resonance

absorption when the effects of .overlapping between resonances
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ls significant. The réactor cell is divided into reglions, and
the energy range of intebest s divided into extremely narrow
divisions. Regionsl reéétion rates are obtained from the
slowing-down sources, first-flight transmission and escape
probabllities, énd interface currents. These regional reaction
rates are accumulated over specifled numbers of groups to yield

effective cIToss sections,

I

RABBLE allows for five compositions, which can be divided
into 20 regions. There can be 12 nuclides,'all of which can be
resonant absorbers. The total number of resonances is limited
to 800. Effective cross sections and average fluxes are edited
for up to 1000 intermediate groups and 25 broad groups. The
code alsoc computes the accumulated resonance absorption for each
broad group.

The energy range spanned in the ecalculations (150-0.2eV) is
the range of the resolved resonances of U-235 (19), For an
intermediate group containing 69 fine groups the computing time
required on the IRBM 380/50 is about 2.5 minutes, so one broad
group containing 20 intermediate groups was chosen to keep calcul-
ations under an hour. The intermediate group lethargy interval
nust be 0,331, which is too large to meet the requirement that
the lethargy interval must be smaller than the maximum loss per
collision with the lizhtest resonant material (~0.02 for U-235)
which assures no within group scattering. The program was
modified to handle the within_group scatterings that would occur
because of the coarse lethargy grid and the program was run at

several temperatures so aT(p) could be found.
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3.2.3 Fast Fission Factor

The temperature depenﬁehce of the fast fission factor, €, is
mainly a function of fast neutrons. Except for the thermsl
expansion of the fuel rods and resulting'fuel density changes
and for the thermal flux flattening in the fuel at higher
temperatures, which both cause decreases in the escape
probability from the fueln there is 1little to causeg changes 1n.
E; The effects named here are minor so thaﬁ_aT(E) is extremely
small compared to other effects and thus the usual asstmption

(u's 5’ 69 ?) is to take O'.T(€) = 0,

3.2.4 The7)f Product |

The temperature dependence of the'ﬂf product was determined
With a method outlined by Strawbridze (18), In this method, the
reactor cell is homogenized through the use of flux and
disadvantage factor welghting of the cross sectiéns. Strawbridge
compéres his calculations for‘qf with more rigorous calculations
that were made with the code THERMOS (22). For the test cases
described, his largest per cent error was less than 0.3%,

Physically,??f is the number of fission neutrons released
per thermal absorption and it is the most slgnificant thermal
parameter in eriticality caleulations., It can be caiculated

from group constants averaged over the thermal‘speétrum.

P: f core | (13)
3 .
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Group cross sectlions are needed in the?]f calculation for
the materiels in the TRIGA cell. The enefgy dependent fluxes
are needed for the averaging process and the scattering kernel
and scattering cross sectionz are needed to calculate‘the'fluxes.

Since.the TRIGA fuel elements contain Zril as a moderator,
the energy dependent scattering cross section for the H had to
be determined. The theoretical derivation of the scattering
kernel for ZrH was first given by McReynolds (21). 'This theory
essumes that the hydrogen atom acts like an Einstein oscillator
(20) with a vibrational freguency W = 0.130eV in the ZrH
Jattice. The calculated expression for the ZrH scattering
kernel is (21)

o e

b . - 8 )
Os,z1m Bt Er O) = qp B L (Ey. E ) (14)
B 1/2 1/2
where f (Eo, E, 9) = (Em) (LmTay) exp(~y/A)exp{ w/2T)
' o]
2
I (v/Blexp [=(E - E_ 4+ w+rY)7/(4mhy)] (15)
where Ob = bound proton cross ssction
Eo = initial energy, before scattering
E = fingl energy, after scattering
& = the angle of scattering
T = absclute tempsrature
1/2
Y = E &« E -~ 2(E_ E} cosb
(e} O

For en arbitrary system w, A, A, and B can be free parameters

used to fit the data. The parameters used for ZrH ares
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W o= Wo = 0.130eV

X = 1/91

A = u, tanh (wO/ZT)
B zrwo sinh (WO/ET)

The angular dependence of Eqn. (14) can be integrated out

0 z1ax(Bor B) = [ 0(E_, E, 0)ao | (16)
Then,
US(EO) i % Us(Eo’ ENE (17)

where AE is the energy interval around energy E.

A computér code ZIBK was written fo perform the above
indicated calculations to determine the scéttering kernel and
scattering cross section. A description of this code is given
in Appendix B. The scettering kernel output of the program
is expressed as a function of velocity (inrunits of vo) where
T e il Bk

The scattering cross section and scattering kernel
(OS,GAKEB(i 2 J)) for the H in the water was determined fron
the code GAXER (28).

The energy dependent absorption, scatfering, and fission
cross sections of the othér materials (U-235, U-238, Zr, A1, 0)
and the absoxption cross section of H viere obtained fiom
refcrences (20) and (23).

The cross section dats wereused in the calculation of

group monoenerzetic disadventage factors for the cladding end



19

moderator. The calculation of the disadvantage factors follows
the integrsl transport method proposed by Arouyal and Benoilst
(24). The geometry of the problem is given in the following

Tigure

Cig

noderator

Figure 5. Fuel rod ﬂnit cell.

The supseript 1 refers to the fuel, 2 to the clad, and 3 tc

the moderator. The clad disadventage factor is given by
¢2 ¢g
= 92 4 = (18)
Tt

where ¢ 1s the flux &t the fuel surface, ¢i is the average
flux in reglon 1'ané£5¢2 is the flux rise across the clad,

Diffusion theory predicts thal thls flux rise is

£l¢ & a
,ﬁzéﬁi L (19)
2 Lz "a,

where t? ig the c¢lad thickness and L

5 is the diffuslon length

of the clad, The ratio of surface lux to average fuel flux ls
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determined from

¢ 4
2 : b3 b
¢s a F 54 5, 2
- = 1 «+ aIE g B EF 14 ¢ gl B(*Tl) ] (2C)
9 Bl-% . ° g Lt 2%

The aéterisks indicate that the scattering and total cross

sections are transport corrected for anisotropy so that

Ly = le(l - 1) *

where JI is the average cosine of the scattering angle in the
laboratory system.

“The collision probablility in a cylinder, Pc, and ¢ and B
are functions of Rlztl' Case et. al. (25) present a tabulation
of P, end a and B plots are given in Strawbridge's paper.

The disadvantage factor for the moderator is calculated

zg follows

{%.—_ % . 2 szalu e 2@’2)[32‘&3(% — + %(3\3- 2]
| (21)
wWhere ¥ is given in terms of modlfied Bessel funotions.
- (R_%—Rg)ril(;%/rz)xdzaz/Lj) + Tg(Ry/La)K  (Ra/Lp) -
~ 2L3Rp "I (R3/L3)Ky (Rp/Lg) = I3(Rp/L3)K; (R3/Ls)
(22)

where L3 is the diffusion length of the moderator and Aj is the
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extrapolation length for a black cylinder. A plot -of kj as a
function of RZEtr is given by Strawbridge (18). .
Strawbridge's procedure outlined above concerns only

slowing down sources in the moderator, but since the TRIGA fuel
contains ZrH, slowing down sources also need to be taken in the
fuel._ Using the method proposed by Aﬁouyal and Benoist , the
disadvantage factor for t@e fuel is calculated as deseribed in
Egn. (22). Then, & disadvantage factor for the fuel due to
éources in the fuel is glven by

b, * ¢, 2

() = 1+%—+3R§‘f2aa(1+ﬁ%‘z§i—) '

3
2% s ...
[353 (Hz ” 32) * Rz(ka 2/3)] (23)

The thermal utilization due to the two sources may then be

calculated as

1
3= 2 V ¢ #*
14+ (=)
5T, %
£, = -
1.,._i31333
=l

f

Then, the disadvantage factor for the moderator due to both

sources 1s calculated f'rom

Eﬁ Ealvl V1Qf5 + V3Q3(1 - fq) A | I
. T LV Ev (1 - f.) V.3.f ] (2%)
A W o el LR '

where Qi is the slowing down power in region 1 and is calculated
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from
R f; KA

and é; is the average logarithmic energy decrement per collision.
Once the disadvantage factors are determined, the fluxes

are normalized to. a volume average of unity. . Therefore,

VE e Ve VE =1 (25)

[

where the $1's are-the,normalized fluxes énd.ﬁk is the volﬁme
fraction in region k., These disadvantage factor calculations
are performed for each energy group.
The aﬁerage'fission.and absorption cross sections for each
group are calculated as follbws: |
2( =

.Ei = (26)
youLe k=1 elements

Ne1®1,e1) Viedx
where 1 refers to absorption or fission, Nél is the number density
of the elements, Ui.el'is the mieroscroplic cross section, and
. ] R
k subscript refers to the fuel, clad, and moderator, respectively.
The scattering cross section must contain a homogenization

of both the zirconium hydride and water kernels. Redefining Egn.

(16) such that it now is in a group notation,
» v B :
o (1 53) =0 (E, E) (27)
"where the 1 stands for the initial state and the j for the.

final state, then the scattering cross section for the core can

be expressed as
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1]

% ] = N, - ) Yl . O 1 r{ i y
s,core(l > 1) = tIﬁﬁ?fs,ZlﬁK(i j)%blg(é%s,efv(lhﬁv(lﬂ V1@1

#=H
03 48 o1ad (HIAV(LIV b4 [NHH Dgs,GAKEB(i > §)
S (AL Vb 2
40, Sjo(i)mtl)]vjq),j (28 )
613 = Dirac delta function
ﬂs 017 scattering cross section of the elements in the
13

fuel except for H
Eacladzscattering cross section of the cladding

Zq o = scattering cross section of Oxygen
L= ] . B

As can be seen from the above, the nohmoderating elements only
contrivute to the diagonal of the scattering kelnel and here

again all contributions from the various regions are Welghted
by the volume fraction and average flux of the reglons. Then

the scattering cross section for group 1 1ls found from

% corelt) = sriverTy 5 s cove(t > 1)v(Av(I) (29)

vhere v is velocity and Av is the velocity interval around v,
A computer program was written to;calculate the core
averaged ciross sections and scatbering kérnel. A description

of this code, GROUPS, ig given in Appendix Ce

The crogs section data and scattering kXernel data were
used to calculate the thermal neutron spectrum in the éore.
The procedure used to calculate the spectrum is given in (25)
and ls outlined below,

The total number of neutrons leaving a velocity intervsl
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of a scattering material may be expressed by the following slou-
ing down equation in terms of veloclity space as

3
v

Et(v)vN(v) - fo Z (vt > vIN(v')vav' + S(v) (30)

where N(v) is the velocity dependent neutron density, Zé(v' e;ﬁ)
is the thermal neutron scattering kernel whlch describes the
thermal neutron scattering into each velocity interval dv, and
S{(v) is the contribution of neutrons from higher energies which
upon subsequent collisions lose energy and fall into the
thermal region. The maximum cutoff veloclty for the thermal
region is v%.

S(v) may be expressed (26), generally, as the following‘

summation over the elements

S(v) = £ s(v) Vo Es.el (31)
el
Wwhere
S(V) - 2V ( 1 - O“el) (32)
1=ty y#2 v2
for OLG]_V""r < v < v" and s(v) = 0 otherwise.
Vel = volume fraction of the element (33)

2
Aq - 1

(Iel‘: (MA61 = 1)

mass nunmber of the element

]

Ael

Rewriting Eqn., (28) in terms of a multigroup approach
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gives

- Equation (32) may be rewritten so that an iterative

procedure may be used to calculate the neutron density of the

form
(k) 1 ‘ (k1)
N R S T (1 ) + 8. ]
)T Ty - Py r Tsh RIS, s

where Ngk)is the density for group j after the kth iteration.
Using an initial guess for the density Ngl), new values of the
neutron densities are calculated, normalized, and checked with
the previous value. This lteration procedure continues until
the densities calculated agree for two iterations to within
0.001%.

The homogeneous cross sections are then calculated from
the spectrum as

I =ZIN

Kk =

J

5 B 03) v(3)Av() (36)

where k represents either absorption or fission.

Finaliy,??f is calculated from

Nt =V (13)

]| lH’MI

®

A'computer program, SPECTRUM, written to perform the flux

iteration is described in Appendix D,

Theseq7f calculations were performed for various temperatures



26

sa that aTG7f) could be determined from a plot of 7)f versus

temperature.

3.2.5 Thermal Nonleakage Probability

The temperature coefficient of Py will be found by

h
differentisting the analytical expression for Pth (Eqn. (5)).

For heterogeneous systems it's a good approximation (4, 6)

to take L% = L2(1 - £) where L = J/B.75% " _ is the diffusion
i m g,

length in the moderator. The temperature coefficlent is given

by
1 Of 1 082
ap(Pep) = = (1= Py ) 5 5 4 5 e | (37)
where
2
2 T »
Sr-0-05-1§ (8)
and
2
oLy L2 [...l_me s i %, (39)
OF = Sy D, OT 2 ﬁ?)T

L
The temperatﬁre coefficient of a macroscopic cross section
is obtained from the following (6)1
Dz dNe) Qg  , Ou
— X nils - G e
where N is the nuclear density of the nmaterial and o refers to

the microscopic thermsl group cross section. N has the units

of nuclei per unit volume so it can be defined as

B o= o (41 )
o
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where n is the number of nuclei and r isisome characteristic
dimension of the system. Then,

10K 30r - | '
Nﬁz - rﬁ: B , (42)
where B is the coefficient of volume expansion of the material,
In computing the derivative of o, the usual assumptions
(6) that are made are that absorption cross sections (ca) vary
as 1/v in the thermal range and that microscopic scattering
(Gs) and transport cross sections (ctr) are temperature

independent. Then it follows that

CLT(Ua) = = -é%f
Therefore,
1
aT(Ea) = - (B + '2'T)
g - " (43)
0‘"‘I‘( s oF tr) ==&

The diffusion coefficient, D, as glven by diffusion theory
is '

D= 312 . . (L)
s

Then, differentiating (42) and rearranging gives
a,(D) = D - a - (B5)

The buckling, Bz. is inversely proportional to the square
of one or more of the reactor's dlmensions. Therefore, B2 can

be represented as proportional to 1/r? where r has the
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dimensions of length. Thus,

B (46)

uﬂm

2 2 Or
ap(B7) = - 257 =

ﬁhere Br is the volume coefficient of expansion of the reactor

as a whoie; In liquid moderated systems this coefficlent is

very nearly the same as that of the moderator (7).
Substituting Eqns. (%6), (45), (39), and (38) into Eqn.

(35) gives

“Bn 2 1 D
og(Peyd = = (- Py X —= + 37 = TS5 57 (47)

The temperature dependence of I can be extracted from the
anOf) data by weighting the absorption cross section in the
“fuel with the calculated spectrum and with the fuel volume

fraction so that Eqn. (3) can be used for the calculation of f.

3.2.6 Fast Nonleakage Probability
The temperature coefficient of the fast nonleakage
probability, Pf, will be found by analyzing the analytical

expression for Pf (Eqn. 6). The temperature coefficient of P

f
is
2
1 Otftn 1 OB
a0 (Pg) = = Bty [= 5, Of ST (48)
The Ferml age is defined by
E :
D, (E) ‘ :
t(E) = —te 2 _
(E) IE fii (ﬁ) dE (49)

where Eé is the energy of the source of neutrons and f'is the
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aeverage logarithmic enerzy decrement per céllision. Since Dm
is proportional to 1/2S 41t can be seen that t is proportional
'1.

to 1/N§. Hence,

D(=)
2 N2
GT(t) = I'\im —ST*I\"-"” - 2 Bm (50)
Then, substituting Egns. (50) and (46) into Eqn. (48)
gives |
2 L o S
an(Pp) = = BY by [5 8] - (51)

3.3 Hesults and Discussion

" The total temperature coefficlent of reactivity was found by
summing the temperature coefficients of all the terms
conprising keff' The resolved resonance region of U-235 was the
energy range consldered by RABBLE in the caleulations for the
resonance escape protahility of the KSU TRIGA Mark II. In this
range (150-0.2 eV) there are I%Y cross section resonances of
U=235 and 18 rescnances in the cross sections of U-238 (19);
The program was run with several input fuel temperatures chosen to
span the temperature range of interest and the results of the

celculations are given in Fig. 6. The temperature coefficient

of p is found from
(p) = lé?—
°T p AT

and 1t is plotted in Fig. 8.

The programs ZIEK, GROUPS, and SPECTRUM were used in the
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1

calculation of the temperature dependence of??f. Figure 7 showus
the results of the calculations, The'temperature ceefficient 1is
found ffom
aT('f’)f) = :Ol—f%%ﬁ

and this also is plotted in Fig. 8.

The temperature coefﬁiciemts of the nénleakage probabilities
were found as deseribed in 3.2.5 and 3.2.6. The temperature
and P

coefficients of P are plotted in Fig. 8.

th £
The coefficienté combine in a marnner such that the total
temperature coefficient doesn't changé considerably over the
temperature range analyzed. The average value of the coefficlent
over the renge from 60°C to 450°C is 8.66 x 1077 Ak/k%C evaluated
at 21500. The magnitude of the tempcrature coéfficient changes
only 11% from the average at the extremes of the range. Converting.

to dollar units, the average value of the tempersture coefficient

is

’ o

The value reported (1) for the TRIGA ié 1.52 ¢/OC and experimental
values of this coefficlient are given in the following section.

| The silight tempersture dependence of the coefficient shovn
in Fig} 8 was also observed experimentally by Stauder (165 in

his work on the KSU TRIGA Mark II.
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¥

L.0 EXPERIMENTAL DETERHINATION OF THE TEMPERATURE COEFFICIENT.

L.1 Experiment Design -
4.,1.1 Reactor Licensing

The technical specifications of the reactor 0pefating
license of KSU's TRIGA_(ll)-limit the maximum fuel temperature to
450 °C and place an upper bound of #2 on reactivity insertion
into the core. ' |

Initial célculatidns showed that the saﬁple size needed to
note a measureable reactivity change due to heating a sample by
100 °C was approximately the size of a fuel element. In order
to elevate the temperatuie of this sample, it was decided to
use nuclear heat. Anliﬁsulation applied to the exterior.of the
element would restrict the flow of heat from the element and
elevete 1ts temperature with respect to the normal uninsulated
condition. The largest opening in the top grid plets (see
Fig, 2) is the centfal.thimble hole. ItsI.D. is 1.515 inches
while the 0.D. of a fuel elements is 1.475 inches. Thus, there
is only a 0.020" radial gap which places a 1limit on the thickness
of insulation for an element pla;ed in the central thimble.

The insulation chosen was ScotchTite.Brand heat shrinkable
tubing with 0.002" wall thickness made by the 3M Company. It is
easily applied to an element with a heat gun and does not corrode
"or danage the element‘in any way, ©Several layers can be applied
without wrinkles between layers. 1t was later determined that

the insulation deteriorated and failed from radiation damage

after about 750 kilowatt hours of operatlon.
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1

In order to perform this ezxverinent, a hazards analysis

had to bte performed to show that the rmaximum fuel temperature of

an insulate

the 450°C

elerment in the central thimble would not exceed

limitetio Aleo the rescetivity limitation had to be

0,)

'3

considered. The worth of an element in the 3 ring, adjacent

to the central thimble was determined to be $1.5%7. Since the

inse tj.

the -Tlu

position would be considerably less th

on

of & Tuel element in the central thimble would depress

¥ in the central thimble, the worth of an element in this

\

an the #$2 linit and the

reactivity limitetion did not restrict the experiment.

.The hazsids analys g sub ed to the AZC with the license
application to perform the experiment 1s contalned in Appendix

A, The license spplication was approved by the AEC but the

experline

of" 100

nt

1T
Lot

Jocabion.,

11".1.2

ways limited to operating below the first to ocour

L,

or a temperature of 35C%YC in the element in the central

Insulated Instrumented Element

A cold clean instrumented fuel element, number TC 274LE

was evailable for use in this experiment. It containsg three

thermocounles located on the centerline, an inch above the

centerline, and an inch below the centerlire ¢f the element as

is shoun

in the internal diagramn of the elemzent (Fiz. 9).

Fizure 3 shows the exterior of the elsment and Flg. 10 shews the

-l ]']_Qu-i g_; iy

it wes used in the resctor. Three layers of the

were all that could be applied to the element with a
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Figure 10,

The insulated instrumented element
as it was used in the experimentation.
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1

etripping wire teneath the insulation end still enable the

element to be it into the centrsl thimble; The apparatus on

the aluninum cordult above the element. was needed to gupport

the element on the top grid plsate af‘the séme elevation as the
other elements. This was necessary bécause the bobtfom grid plsate,
which supports all other elements'has 2 hole in it in the cential

thimble position which allcus the central thimble tube to pass

through the grid plate.

Iy, 2 Reactor System Initilization
L,2.1 Approach to Critical

An approsch to criticel experiment was performed becausc
the presence of en element in the éentral thimble constituted an
unknewn eriticel conliguration for the reactor;

The central thimble tube was removed from the core. The
elements frmnpositidns k-7, F-B, E=4, E~5, E—6, gnd E-7 were

removed from the core and then the insuleted element was placed

o]

in the central thimble. The approach to criticsl experiment as

described in (1) was performed to find the ofitical confTiguration.
The elements from the F ring were left in the storage rack

since excess reactivity limitations described in the reactor

license would have been exceeded if they were left in the core.

4,2.2 Fower Calibration
A vpover calibrstion was necessary because the removal of

elements F-7, F=8, and -9 from the core had shifted the flux
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glightly so that the linear and log powef recorder on the reactoxr
console wWere no longer calibrated to the true power. A
calorimetric power calibration was performéd using a thermistor
to measure the bulk water temperature wifh the log recorder set
at 30 kW. This calibration determined that the true power was
30 kW, as indicated by the log'recordef. The linear recorder
was reading a higher power, thus the position of its fisslon
éhamber was adjusted so that it iﬁdlcated:the correct power for

this reactor configuration,

b,2.3 Control Rod Calibration

Control rod calibrations were also reqﬁired for this new
reactor configuration. A zero power check of the control rod
calibrations was performed by making'the reactdr critical at
several different poslitions of the shim and reg rods.
Calibration curves for the regular configuration (Figs. 11 and
12) were used in the check; The range over which the sum of
fhe worths of both rods gave a réproducible total worth was found
to be from 250 to 550 for the reg rod and frém 500 to 620 for
thershim. Since these control rod oalibratiﬁn curves gave
consistent critical worths, they were also used in the above
mentioned ranges as the calibration curves for the new reactor

configuration.

L.3 Experimental Eguipment and Procedure

4.,3.1 Steady State Method
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In order to note the effect of temperature on reactivity
while at steady state, the following procedurerwas used. Flrst
the reactor was brought to criticality at zero power. The control
rod positions were recorded and the temperature of the central
thimble element and the instrumented element in corelposition
B-5 were measured using a Leeds and Nérthrup potentiometer.

The water temperature Wasfmonitored by a thermistor. The same
data were taken at 90 kW. Thls procedure was repeated twenty
fimes.

The above data were taken for three conditions, with the
insulated element, bare element, énd the element usually in
position B=3 inserted in the central thimble. The temperature
effect on reaétivity caused by the increased temperature of the
1nsu1atéd element can be found by differencing the bare and
insulated reactivity data. Data with the B-3 element in the
centfal location were taken as a check on the method. Since the
experiment could not be performed again, once the element was
stripped of its insulation, data were taken on the B-3 element
for comparison with the insulated element data to see if
reasonable values of the temperature coefficient'Were beling
obtalned by this method. The B-3 element was ﬁsed because it is
an instrumented element and also because of the instrumented
A elements available its U-235 mass most closely matched Ehe mass

of U=235 in TC 27L4E,

4,3,2 Transient Method

The transient method involves dropping the reactor power
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from 90 ¥W toc 10 kW very quickly and recording temperatures
and control rod positions untll steady state is reached again
et 10 kXW. The traces of power and temperature would ideally

look as follows:

——Power
Power ~— Temperature
or T
N\
Temper- \
ature T._..__._._._. ___________
tp tl “time to

Fig. 13, 1Ideal temperature and power traces.

The traces of the temperatures in the central thimble z2nd
in the B-3 element as well as a poWer.trace Were recorded on &
brush recorder. The power was measured With an ionization
- chamber and is used in the data analyslis as a time initilization
for the teméerature data. The recorder and power indicating
devices are shown in Fig. 14 aﬁd a schematlec of the system is
shown in Fig. 15.

‘The power was dropped by driving thé shim rod into the core
and keeping the reg rod position constant, The shim rod was
continually adjusted to maintain criticality and 1ts positions
were recorded as a function of time until steady state was agsain
reached. Shim rod position versus time data were then avallable
from the strip chart paper and temperature veréus time data were

available, therefore, reactlivity versus temperature data
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wWere recorded.
The above procedure was repeated twenty times with first

the bare and then the insulated element in the central thimble.

k.4 Results and Discussion

The reactivity loss created by'tﬁe raising of the témperature
of the single element can be found from the steady state data.
The average values of temperature and of the feaétiﬁity
differential between zero power and 90‘kW‘£or each of the three
cases 1s given in Table 1. (NOTE: The temﬁeraturés reported
here, as well as all other témperétures in this paper, are the
temperatures above the watér temperatﬁre. -The water temperature
changed during eﬁperimentation but the effect of this chanée on

the temperature of the elements has been shown insignificant.

Table 1

Steady State Differential Control Rod Worths

Element in central thimble | Temp. at 90kW | Reactivity change from
(R} 0 power to 90 kW (¢)

Insulated TC 2744E 237.7 # 9.7 ~87.51 4 2.04

B-3 138.7 + 4.4 -84.56 ¢ 1,22

The standard deviations listed for the above temperatures
include the statistical uncertainty' of the data and a-iZ.BOC

uncertainiy associated with the chromel-azlumel thermocouple
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wire (28).
The average‘temperature coefficient for the element over

the temperature range from Tins to T can be found from the

bare
above data by céloulating

@ns - f%s.re
0 = T T
£ ins = “‘bare

The average coefficient found by comparing the data taken
with element TC 2744E is oy = -0.0312 % 0.0223 ¢/°C. The
coefficient found by the comparison of the insulated element
and the bare B-3 element data 1§ o, = ~0.0298 + 0.0243 ¢/%.
The standard.deviations reported are mostly due to the uncartainty
in the reactivity data. The temperature daﬁa uncertainty
contributes only about 1% of the uncertainty in the average
temperature coefficlents. . '

The temperafure and power traces of a typleal power drop
transient are shown in Fig.-lé. The central thimble element
temperature versus control rod reactivity data for the first
four rurds of the insulated and bére cases is plotted in Figs. 17
and 18, However, to put the data on a comparable basis, the
reactivity data must be analyzed with fesﬁect to the aﬁerage core
température. The B=ring element is used as a standard hecause
the same B-ring temperatures in both the insulated and bare cases
- will insure that.the rest of the core:is in a corresponding
condition. Then, the only perturbation in the core 1s due to the
increased temperature in the central position when it is occupied

by the insulated element. A plot of the B-ring temperatures for
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both cases versus control rod reactivitj-is given in Fig. 19,
The error bars given in ﬁhe figure show the stafistical Uncer-
tainity of the data. The total uncertainty in the data polints
will also include a +2.3°C uncertainty assoclated with the pre-
cision of the thermocouple wire.

The reactivity needed to keep the reactor critical after
the power drop is & function of the delayed neutron effects, the
femperature effects, and the oontrpl rod éffects. The delayed
neutrons, resulting froﬁ an asymptotic precursor concentration
at 90 kW, cause the power to decrease more slowly than it would
with a precursor concentration at 10 kW, while the initlal control
‘rod motion and the temperature drop cause the power to decrease;
As the transient effect of the delayed neutrons dies out, and as
the fuel cools, the reactivity is compensated for by more control
rod motion. In the core center where the measurements were
made, leakage has 1little effect on the reactivity so it is =
good assumption that to keep the reactor critical the control
rod motion (positive resctivity effect after initial drop) and
the temperature effect (positive effect due ﬁo fuel cooling)
just balance the transient delayed neutron effect.

The reactor kinetics of the delayed neutron effect can be
enalytically described. The flux after a step inéertion of

reactivity, considering only one deléyed group 1s glven by (6)

U-z(al = )‘-)Cbo alt al_(ﬂ-z o= X) ¢ eﬂ.zt

¢(t) = 3 (G'Z = U‘l) e 4 k(al o 0’2) o (52)
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[

where ¢o = initial flux

A = one group decay constant

and the a's are the solutions of

- (pt e B '
P'—l-i-r'a (r +a+)\_) o ' 53
where [F= reactivity in units of k/k
r'= prompt neutron lifetime

B'= -one group delay fraction

The first term of Eqn. (52) is the stable term and the
second is the transient one. The second term goes to zero very
fast since a, 1s very large compared to aqy (&, 6, 7). With
this knowledge, Eqn. (52) reduces to

o )Y ot
#(t) = —3;;-— ¢ e 1 | (54)

For the transient power drop from 90 kW to 10 kW, this

Treduces to

1 % X gt

The root of this eguation éan be fouﬁd for any time, t,
and then the reactlvity contribution from ﬁhe delayed neutrons
can be found from Eqn. (53). |

Figures 20 and 21 are plots of these three éffects fof the
insulated and bare cases, ;eSpeotively. Tﬁe reactivities plotted

in these figures are the reactivity differential from zero
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¢

power to the sgeady.state control rod reactivity worth at 10 kW.
The reactivities are plotted versus B-ring temperatures and the
temperature effect of reactivity is found by requiring the
temperature and control rod effecﬁs to cancel the delayed neutron
effect. | | 7

The difference of the slopes of the linear portion of the
temperature. effect plot gives the average temperature coefficient
for the B-ring ﬁempérature range considered (90°C to 5800). This
-coefficiént ig the contribution from the elevation of the
temperature of the éne insulated element. The number is found
to be f0.0294.¢/°C. This value falls very close to the temperaturer
coefficlients calculated from the steady state data. Since three
independently obtalined mean values for the temperature coefficient
have been calculated, an indication of the accuracy of these
values can Ee found from the standard deviation of the means (29).
The mean value is o = ~0.0300 4 0.0010 ¢/°C. The accuracy
associated with this mean value is about 3.3% while the precisions
associated with the steady state values are 71% and 81% and the
standard deviation of the transient value glven above 1s nearly
510% of the mean value. This large standard deviatién is due
about half to the uncertainty in the reactivity data and half
to the uncertainty 1in the temﬁerature data.

The total temperature coefflcient of the core also can be
found from the steady state and transient data if the averége

core temperature is known. Stauder (16) has developed a procedure

to find the average temperature in the TRIGA core as a function
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Figure 21l. The effect of delayed neutrons, temperature and
control rod movement on the reactivity when the
bare element was in the central thimble position,
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1

of the reactor power. The average temperature is found from

_ % NR TH
T e e o
= ) NR
R

R

where N_ 1s the number of elements in fuel ring R and Tp is the
average temperature for a singie elemént in the Rth ring..
Using Stauder's data and modifying the average core temperature
programs developed by him to handle the néw core configuration,
average core temperature data were found for both the bare and
insulsted central thimble fuel element conditions. A plot of
these data and the measured B-ring temperature data is shown in
Fig. 22. From this figure_it is possible to determine the
average core temperature knowing the B=ring temperature.

The temperature coefficient for the Whole'core can be found
from the linear portions of the temperature effect curves in
Figs. 20 and 21 since now the average fuel temperature of the core
can be found.' The average core temperature coefficlients found
from the insulated and bare element transient data are.greatly
influenced by how accurately the delayed neufron effect curves
glven in Figs. 20 and 21 reproduce the real effect. The B-ring
temperature range over which the single element ﬁemperature
coefficient was calculated was the range from 58°C to 90°C. The
slope of the delayed neutron effect is very nearly constant in
this range and because of the differencing method used to find

the temperature coefficients this slope has little effect on the

value calculated for the central thimble element temperature
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coefficient, However, 1ts slope will greatly influence the
magnitude of the overall temperature coefficient. The core
temperature coefficient found from the insulated element data is
=0.468 + 0.399 ¢/°C and the value fgr the bare element data is
~0.395 4+ 0,342 ¢/OC. Stauder reports a value for the temperature
coefficient of -0,869 + 0.020 ¢/°C (temperature range 315°C -
SOOC). The method he used to find this coefficient was the same
as that employed in the séeady state method. Using Fig. 22 to
find the average core temperatures for thé steady state data, the
average temperature coéfficient_for the core temperature range _
from 62°C to 42°C found is -1.09 & 0.80 ¢/°C. This value falls
between the value found by Stauder and the coefficient reported
in (1) of -1.52 ¢/°% (at 50°C). :

The above values cited for the temperature coefficient
should be compared with the average theoretical wvalue found
earlier in this paper (-1.096 ¢/°C at 215°C). The experimental
steady state value and the theoretical value agree and since
these numbers lie between the values reported by Stauder and
Genéral Atomics, it appears that these numbers are representative
of the average temperature coefficient of réactivity of the
KSU TRIGA Mark II.

The reason for the discrepancy in the values found from the
transient data is due to the analysis of the delayed neutron
effect. Since the delayed nsutron contribution was only studied
analytically, no estimate of the error associated with this effect

is known. Therefore, if the slopes of the curves shown 1in Figs.
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20 and 21 were about double that shown in the .temperature range
of from 5800 to 90°C then the coefficients calculated from the
transient data would havé magnitudes that fall closer to the
other values reported in this thesis. 7

From the average core temperature data it 1s also possibié
to determiﬁe an "average" temperature coefficient for any
element in the core. The‘reactivity change caused by the
difference in température at two power levels may be expressed
as

AP= FEJ’\JRZ\‘-—T-R aT,H

Wherezng is the difference between the two core temperstures

for ring R and «o is the temperature coefficient for an

T,R .
element in ring R. If the temperature coefficient is assumed
independent of temperature then 1t is the same for all the
rings, thus, it may be extracted from the summation. Then,

solving for this average teumperature coefficient for an element

one obtains

AP

o =
T,element z
. _ R E{ZNTR

The average temperature coefficient per element found in
this manner for the insulated case was -0.00726 ¢/PC and for
- the bare element case it was =0.00633 ¢/°C, 1In comparing these
numbers with the mean value for the temperature coefficient
of the element in the central thimble (~0.0301 ¢/°C), one can

see the influence of leakage on the temperature coefficient.
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Since the coefficient in the center, where the leakage of
neutrons 1s the smallest, is four times as large as the average
coefficieht; one can account for this By noting that the average
coefficients for the outer rings of elements, which are the
most subjected to leakage, are greatly influenced by this 1eékage.
Thié causes the core averaged temperature coefficient per
element to be smaller thaq the central positlon coefficient and
one can assume that the average coefficient per ring decreases
- for rings of larger and larger radil. This effect may be the
reason why the core average temperature coeffilcient calculated
from the steady state data is laréer'than the value Stauder
reported. The changes in the core that the calculations given
in this thesis were based on as compared to the core with which
Stauder's measurements were taken are that an element was placed
in the central thimble and three elements were removed from the
F-ring. Therefore, a higher core temperature coefficient was
noted because of the effect of leakage Influencing an increase
in the coefficient due to the central element and the three

elements that were removed.
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5.0 SUGGESTIONS FOR FURTHER STUDY

The major problem encountered in the experiméntal
investigation was the inability to distihguish with high accuracy
the difference between two reactivities of approximately the
same magnitude. It is suggested for further study that a fine
control rod be constructed so that reactivities that differ by
as little as 0.1l¢ coﬁld be measured. Such a rod could be made
to traverse through the core in one of the small flux probe
holes in the top grid plate.

Another way to improve thié procedure would be to insulate
& larger sample so that the reactivity change would be large
enough that the precision experienced in thls investigation would
be adequate enough for the precislon needed to obtain small
standard deviations in the average changes iIn reactivity between
two power levels. Such a sample would be, for example, all the
elements in the B-ring. This would require a number of cold,
clean elements and could be performed as part of the check out
procedure when the KSU TRIGA core 1ls upgraded with stainless
steel fuel elements.

A large number of theoretical experiments should be
performed with the code RABBLE now that this code has been macde
operable on the IBM 360/50 for this 1nvestigation. This would
maeke the optimization of future experiments much better. The
only drawback is the long running time on this system. The time
required for one calculation for the group structure analyzed

in this investigation was on the order of 60 mlnutes.



.53

6.0 ACKNOWLEDGEMENTS .

The suthor wishes to express his gratitude to Dr. M. J.
Roblnson for his guldance and help throughout this investigation.
Special thanks are aiso extended to Dr. Z. B. Weiss for his
help with the neutron thermalization theory presented in this
paper. I wish also to thank Nr. R. W. Clack for.hié help with
the experimental procedure and appafatus. Thanks are also
‘extended to the reaptof operatdrs; Mr. E.Heckman, Mr. J.
MecCleskey, and Mr., M. Esﬁes; for their particular contributions
to this work, I also wish to thank thé National Aeronautles
and Space Administration for providing financial suppoft for

this investigation by granting the author a NASA Traineeship.



Fe
Y,

5.

9.

10.

61t

LITERATURE CITED

Hazards Summary Report, Engineering Experiment Station
Special Report No. 7, Kansas State University,VManhattan,
Kansas (1961).

Williams, M.M.R.

The Slowling Down and Thermalization of Neutrons,

North-Holland Publishing Co. (1966).
Technical Foundation of TRIGA. GA-471 (1958).

Lamarsh, J.H.

Nuclear Reactor Theory, Addison-Wesley (1966).

El-Wekil, M. M.

Nuclear Power Engineering, McGraw Hill (1962)

Meghreblian, R.V. and D. K. Holmes

Reactor Analysis, McGraw-Hill (1960).

Glasstone, S. and A, Sesonske

Nuclear Reactor Engineering, D." Van Nostrand (1963).

Fisher, E.A.
"Interpretation of Doppler Coefficient Measurements in
Past Critical Assemblies," ANL-7320, 350-357 (1966)._
Storrer, F., et. al.
"Measurements of the Doppler Coefficient in Large Fast
Power Reactors Using a Fast Critical Assembly and an
Experimental Fast Reactor," ANL-6796, 823~8352 (1963).
Till, C. E., et. al. '

"ZPR-6 Doppler Measurements and Comparisons wlth Theory,"

ANL-7320, 319-333 (1966).



A1,

12.

13"

14,

15,

16.

17.

18.

65

' 4

License No. R-88, Technical Specifications for the Kansas

,State'University TRIGA Mark II Reactor,

Pucker, N,
"The Measurement of the Dopplgr.COefficient-of Fast
Reactors Using Heated Samples," ATKE 12-30, 189-192
(1967). | |
Greebler, P. and E, goldman
"Measurement of Doppler Coefficient by Heating a Small
Region of a Fast Reactor Critical Assembly," Nuclear
Science and Engineering, 18, 287-289 (1964).

Gasldlo, J. M.
"Results of Recent Dopﬁier Experiments in ZPR-3,"
ANL-7320, 345-349 (1966).

Fiéoher, Ge Joy et ai.‘
"Experimental Results for U-238 Doppler Measurements

in Fast Reactor Spectra," ANL-6792, 885-895 (1963).

Stauder, J. W.

"An Analysis of the Pulsing Charaqteristicsrof the

Kansas State Univérsity TRIGA Mark II Nuclear Heactor",

e Master's Thesis, Kansas State University (1969).
Keir, P, H,, and 4. A. Robba

"RABBLE, A Program for Computation of Resonance

Absorption in Multiregion Reactor Cells," ANL-7326

(1967). | |
Strawbridge, L. E. and R. F. Barry

"Criticelity Calculations for Uﬁiform Water Moderated



19.

20,

21,

22,

23,

24,

25,

26,

66

Lattices," Nuclear Science and Engineering, 23,
58~73 (1965).
Schmidt, J. J.

"Neutron Cross Sections for Fast Reactor Materials
Part It Evaluation," KFK-120 (1966).

Schrpidt, J. J. '
"Neutron Cross Sections for Fast Reactor Materials
Part IIt Tables," KFK-120 (1962),

McRéynolds. A. Wey, et, al.
"Neutron Thermallzation by Chemically Bound Hydrogen

and Carbon," Second International Conference on the

Peaceful Uses of Atomic Energy, P/1540 (1958).

Toppel, B. J. and I. Baksys
"The Argonne-Revised'Thermos Code," ANL-7023 (1965).
Hughes, D. J. and J. A. Harvey ‘
"Neutron Cross Sectiohs," BNL-325 (1955).
Amouyal, A., P. Benoist, snd J. Horowitz
"Nouvelle Methode de Determination du Facteur

D'Utillisation Thermique D'Une Cellule," Journal of

Nuclear Energy, 6, 79-97 (1957).
Case, K. M., et. al.

"Introduction to the Theory of Neutron Diffusion,"
Los Alamos Scientific Laboratory (1953).
Stamniler, Re Jo, S« M. Takac 2nd Z. B. Weiss

- "Neutron Thermaiization in Reactor Lattice Cells,” An NPY

Project Report, International Atomic Energy Agency (1966).



27

28,

29.

67
Bouchey, G. D.
"Experimental Neutron.Flux Measurementé and Power
Calibration in the Kansas State Uﬁiversity TRIGA Mark
II Nuclear Reactor," A Master's Thesis, Kensas State
University (1967).
"Thermocouple and Extensioh WIreé," Thermo=-Electric Co.,
Section 332 (1965).
Brownlee, K. A.

Statistical Theory and Methodology in Science and

Engineering, Wiley & Sons (1965).



68

APPENDIX A
Temperature Analysis of TRIGA Mark II Insulated Fuel Element

An analysis was performed to determine the expected fuel
centerline, fuel surface, and clad suﬁface temperatures as a
function of power for an insulated instrumented fuel element in
the central thimble of the KSU TRIGA Mark II reactor.

The rate of heat produced per unlt volume of the fuel is

from El-Wekil (5)

q'" = 2.783 x 10"6 No b _EIth (A.1)
hr ft

N = ﬁumber of fissionable nuclei/cm3

cf = effeotive fission cross section of the fuei, cm2

$ = neutron flux

Thus, since N and of are nearly constant the heat generatioﬂ

rate can be said to be proportionsl to the flux,
qllr - Kb : (AIZ)

The temperature distribution in solid cylindrical fuel
elements can be predicted under the assumption of small axial
or radisl variation in the flux, heat flow essentially in the
radial direction, equal heat flow in 2ll radial directions, and
steady state heat transfer. The fuel temperature distributidn
is given by

| L o2 1 A S O |
ey =g+ & B [hkf + THoEs T T o e+ ]

max cf 1 c 1 ZHRZ
- | © (4.3)
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= maximum {centerline) temperature

Tmax o

T. = bulk fluld temperature

Hl = radius bf the fuel

Bz = radius of the fuel plus cla&ding thickness

kf = thermal conductivity of the fuel '

kc = thermal conductivity of thé cladding

h = heat transfer coefficlent

Rcf = thermal conductance between the claﬁding and fuel

The thermal conductivities of the fuel and cladding are
functions of temperature. Data from reference 3 was used in
order to obtain the following equation for the fuel thermal

conductivity

BTU
hr £t°r

(8.4}

T T énn
. 00868 (~aX ; surf)

ko (T) = 57.78[.17 & .05 e

T = maximum fuel temperature, ©C
max : ,

fuel surface temperature, °C

Tsurf

Tmax ki Tsurf
2

The variation of cladding thermal conduot;vity was also accounted
for in the calculations, but it has only a'Very slight

temperature dependence.

The heat transfer coefficlient was found using the Weisnan

e@uation as given in El-Wakil

wu = ¢ re'® prt/3 ' 7' {(R.5)
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A

C = constant which depends on the lattices arrangement

' - hD
Nu = Nusselt number = __&

ok
m V5
Re = Reynolds' number = ~S 1
' P

Pr = Prandtl number
D, = equivalent diameter of channei
kw = thermsl conductivity of water
V = water velocity

F) = Water density

water viscosity

-
1

The physical propefties‘are evaluated at the bulk fluid
temperature (70°F). The water velocity in the channel was found
by equaﬁing the pressure drop due to friction through the core
to the hydrostatic pressure change in the core. The equations for
the pressure changes are found in El-wakil. The friction

pressure drop is

H YV -
APf = jf1;111] 2g (A.6)
: e c
ﬁﬂ = Moody's friction factor
gc = converslon factor, 32.174 1bm ft/1bf sec?

core helight

It

The hydrostatic pressure drop is

' -pRE | 1.7
A,Ph = p a1 s | (4.7)
C : .



g = graﬁitational acceleration .

Equating Eqns. (A.6) and (A.7) and gives
2 Dg . ‘ '
Vz - e ' . ) . (AIS)
T | A

The friction factor is a function of Reynolds' number and
cthannel roughness. Using Moody's friction factor chart for
smooth pipes, an iteration’ was performed until the Reynoldsf
number celculated using the velocity determined in Eqn. (A.8)
was the same as the Reynolds' number at which f was evaluated.
Using this velocity, the heat transfer coefficient given by Egqn.
(A.5) was determined to be 1640 BIU/hr £t2 OF,

The only unknown left in Eqn. (A.3) 1s Ryr» the thermal
conductande of the gap between the cladding and the fuel,
Temperature on the fuel element centerline (Tmax) Tersus power
data were taken using an instrumented fuel element in the B ring
of the core., The flux data as a function of power used to
calculate q'" were taken from Bouchey (27). Rcf was then fit as
g function of g'" so that the Tm;x data were reproduced. The
R _ thus determined was linear over certaln ranges of power and

cf
four linear fits of the form

Ryp = A + Bg"" ' : (A.9)

were used, A and B are constants which depend on the reactor
poWer range.
The thickness of the gap between the fuel and cladding is

unknown and Hcf physically represents a thermal conductance
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across this unkﬁown gap. As q'" increases the fuel and cladding
temperatures increase and the fuel and claddinz expand causing
.the.gap thickness to decrease. Thus, the ilncrease of Bcf with
q'" shown in Egn. (A.9) is‘comparable with physical expectations.
It should be noted that the fit for R, . versus q'" will lead to
higher calculated temperatures than will actually occur., This
is because Hcf is primari%y dependent on the fuel expansion
against the cladding which is in turn a function of fuel
femperatﬁre. For the insulated fuel element case, the fuel
temperature will be higher for the same q'" as used in the bare
case, In essence, then, the contéct conductance value used for
the insulated case i1s low and leads to a calculated fuel
temperature of a conservatiVe nature (i.e. hilgher than will
actually occur). This approach is taken from the hazards
analysis viewpolnt.

Based on the above assumptions, a computer program was
written to calculate the fuel temperatures asa function of power.
For comparison with actual measurements, maximum fuel temperature
was calculated for the bare element in the B ring. The same
model was then used for predicting the central thimble fuel
element temperature values for both the bare and insulated cases.

In the present configuration of the core, the central
thimble acts as a "flux trap". With the insertion of a fuel
element in the central thimble, the flux ﬁill then be'depressed.

Thus, the values of the central thimble flux taken from Bouchey's

data overstate the actual fluxes that will exist for the fueled
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central thimble case. The temperatures‘given in this report
therefore represent a cOﬁservative estimate of ﬁhe tenperatures
that would be reached. | |

The results of the computer fit are given in Fig. A.1.
Temperature versus power-curves are shown for the measured and
She praiieied temmelures fn the Wlemat o S B rimey Foo
the predicted temperature§ for a bare element in the central
fhimble, and for the températures to be réached with 0.008" of
Scotchtite insulation on the element in the central thimble.
The temperatures for the above conditions are listed in Table
A.I as well as the calculated cladding and fuel surface
temperatures in the B-ring and in the cenﬁral thimble for the
bafe and insulated cases. Flgure A.2 shows the calculated
radial temperature distribution in a fuel elemént ét 100 kW for
the B ring and the central thimble bare and insulated cases.

The fuel temperature limitation for the core is 450°% (11).
All experimentatlion must be done such that the maximum tempera-
ture reached in the insulated elements will be less than 450%%,
According to the above conservative analysis the temperatures
reaéhed during experlmentation wiil be beloﬁ the maximum
allowable temperature for powers at least up to 100 kW. The
" temperature in any configuration was monitored as the power was
increased in order to double check the calculations. Due to
the conservative nature of the'calculationé the insulated ceantral
thimble element temperature reached only 2?500 at 100 kW as

compared to the calculated temperature of 410°C,
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APPENDIX B
ZIRK, A Scattering Kernel Code for Zircqnium Hydride

B.1 Introduction

The computer code ZIRK follows the same calculational
procedure as does GAKER (22), The only major change from GAKER
is that the scattering kernel as given by McHeyneolds for ZrH is
substituted for the Water'kernel. |

The typical rumning time on the IBM 360/50 is about 10
minutes for a 30 group oalculatién of thg écattering kernel and
group scattering cross sectlons. )

Some of the variables used in the:program are defined in

the FORTRAN listing and others are deflned In the input data

given below.

B.2 Main Program Input Data Format
Card 1: FORMAT(I5,E15.8)

'NE - number of energy groups

T - temperature of the medium (°K)
Cards 2-71 FORMAT( 5E15.8)

E(I) = energy of group I (eV)

B.3 ZIRBRK OQutput Date Format
Cards 1-61 FORMAT (5E15.8)
SO(I) - scattering cross section in barns for

- group I
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Cards 7-1561 FORMAT(6EL3.6)
PO(J,I) ~ the scattering kernel from group I to

group J

Figuré B.l shows the scattering croés section output of
ZIRK for temperatures of 293% and ?730K. This figure shows
h&w the characteristic-“wiggles" in the crosé section, that were
notéd experimentally by MoReynolds (21), are smoothed out with

increasing temperature in the medium.
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B.h FORTRAN Llstlng of ZIRK

DIMENSION PU(55¢55), SO(JS 55) 5 TRX(5514VI55)3kV(55),E(55)

11 FORMAT{IB,E]15.8)
12 FORMAT(5E15.8)
1 READ(1,11) NE,T

IF(T+EQC.ueT) CALL EXIT
READ(1,12)(E(1),41=14NFE) .
C CALCULATIUN OF THE VFLOCITIES FROM THE ENERGIES
DO 9 I=1,NE ,
VIIY=SQRT(E(I)/0.7253)
WVII) IS THE VELCCITY INTERVAL ARDUVD Vi)
WVI{l)=2.%V (1)
WV{2)=2.%(VI(2)-wVI1))
D0 3 I=34MNE
3 WVlT)=2Z2. % (VIT)=(VITI=-1)}4WVII-1})/2, )}
WRITE(3,15) (I.V(I},yI=14NE)
WRITE(3:16) {(I,wVI(1),I=1,NE)
15 FORMATU/sY T N I)'o/3(T(I3,E12.4)))
16 FORMAT (/4" I CVII) ' /(T7C13,E12.4)))
CALL ZIRK{NE sT4PD3ST3TRXVeWV,sE)
6o 10 1
P STOP

END

SUBRDUTINE ZIRK(NC 3 TsPLsSO,TRX,VsHVLE)

DIMENSIOM VI55)4E155)4P2(55455)4P1{554551,ANG(301+BF{30).W(35),
1 S3(551,S1(559), TRX(55},P{55455)s WVI355),U[55)

DATA ANGUL)sANG(2) s ANGIU3) s ANGI4) J ANGID) s ANGLE Y, ANG(T I ANGIE8 ),
IANGIGY s ANGCLID ) s ANGLLIY ) o ANG(L12) s ANG{L3)ANGL14) ,ANG(15)
2/-eGBT759:=a93727 9= aBG821 4= T244]1 4=oBT09T 329415, 4201995047,
3.20119,.394154e570973.72641,,84821,.937274.98799/

DATA WEL)gw{2) W3] okl a) oW (D) s W) oW T8 ghlg)owl(l1D3),Ww{ll),
IWII2) e {l3)eWl14), (15 0153732351846 L5358,.,06978:.28314,
2:0930B54799219s1701294,09921,3s090383e B3145+4_69784.125358,;.03518,
3.01537/ :

HLARG=

NA=15

CO 35 I=1,4NF

DO 35 J=1,NE

POLIJ)¥=0,3

PlL{Il.J)=00

35 CONTINUE
C CATA FOR THEF ZIRCCNIUM HYDRIDE KERNEL
T=(T%8.61756E-05) /0,253

WC=5,.,13

RARNS=81.6

PI=3,141593

CMEGA=WD/D, 3252

B=({OMFGAFSINHILYMEGA/{2:¥T1)))

A={DMFGARTANHICVEGAZ (2%T) ) )

XLAM=1."/91a1

CC 170 k=1gNA

C THFE K D LO0OF PERFCRMS THE INTEGRATICN OVER THE AMGLES USING
C 15-POTNMT LAUSSIAN CQUADRATURE
DO 170 I=1:NE
DD 170 J=14ME _
C THE T & J DO LCCPS ARE USED TO CALCULATF THE UPPER TRIAWNGULAR
C FORTION OF THE SCATTERTIHMNG KERNEL Pellsdd

VIi=vIii)

Vi=viJ}

[ Y}



1

1

c
c
C

81
82

940

el el

040

245

38

NDG=0 : . 8l
IF{TNELJ). GO TC 1045

VI=VJ=a 6254V (J)

STOR=0{.

NDG=NDG+1

VI=VI+.25%WVIJ)

El=VI*VI

EJ=VI*V

Z=F1+EJ=2 ¢ #ANG (K} %V £V

SuM2=0, :
FROMT=SORTIEI/EJ)*SORTI1. G/ (4a¥PTXXLAMKT®2) ) REXP(=Z/A)
1P=7/8 ‘

CALL BESLIN(ZP,NLARG,BF)

THIS DO LGOP PERFCRMS THE SUMMATION OVER N FROM -INFINITY TO
+INFINITY WHERE TERMS QUTSIDE THE RANGE FRGM.-8 TC +8 CO NOT
CONTRIBUTE 7O THE SUMMATION .

165

170

THE FOLLOWING DO LDONP CONVERTS THE KERNEL FROM ENMERCY SPACE TO

DO 97" N=1,17

NP=N-9

NPA=1+L[ABS [NP)

XNP=NP
ARGL=XNP*OMEGA/ (2. %T)
ARG2=({EI-EJ+XNPHOMEGA+XLAMRZ J&%2 )/ (4 ¥ THXLAMKZ)
ARG=ARG2-ARG])
IF{ARG.GT.40.,) GO TO 81
TERMA=EXP{=ARG)

GO T 82

TERMA=I,1

DUM=TERMA®BF (NPAY®FRONT
SUM2=SUMZ2+DUM

CONTINUE

IF{NDG.LE.D) GC TO 165
STOR=STOR+S5UM?
IFINDG.LTs4) GC TO 1043
SUMZ2=,25%5TOR
POLIsJ1=Pa{Tld)+R{K}=SUM2
PLIT,)=PLl Ly} +W(K)ESUMZHANGIK)
CONTINUE

VELOCITY SPACE

180

DO 180 I=1,4NE

CC 180 J=T1,NE
FACT=2 . ¥BARNS®ENV{II*V{J]
POL{I+J)=FACT*PG(I,J)
PLIIJI=FACT*P1{T,J)
CONTINUE

NEP=NE-1

THE FOLLCWIMNS DO LOOP USES THE DETAILED BALANCE CONDITION TUO
CALCULATE Pa{ds1) FROM PL{I,4d) '

190

D0 190 I=1,MEP

M=1+1

ga 1940 J=MyNE
FACT=E(U)/ELT)V*¥EAP{LE{T}-E(JI}/T)
PE{JIV=FACT®P3{I,.0)
PiftJ1}=FACT*P1(1,.1)

CONT INUE

S2(1) IS THE SCATTERING CROSS SeCTION
TRX(I) IS THE TRANSPORT CROSS SECTION

DO 222 I=1eNE
SO(13¥=1.
S1{I)=us
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CO 200 J=1,NE
SOULI)I=STTI)+PL L TYEWV (D)
SI{L)=S1(I)+P1{J, I)RWVLY)
200 CONTINUE
VINV=1,/V(I)
SC(IN=SI(T)*VINY
SI{I)=VINV%S1{I)
U{ry=sitr)
TRX{I}=S0{I}-S1(T])
202 CONTIMNUE
2001 FORMAT(5E15.8)
WRITE(Z2,20010(55(1),1=1, NE!
WRITE(3,230) {(I.SD001),1=1,NE)
WRITLE(3,250) (I,TRX[I},I=1,NE)
23C FORMAT{/' SCATTERING CRUOSS SECTICN, ZERDO TH LEGENDRE COMPOMENT?,
1 {(7{13,E12.41}))
240 FORMAT(AHEL3.6)
25C FORMAT{/4* TRANSPORT CRDSS SECTIUN®'/,(7(I3,E12.4)))
0O 195 I=1, NE
Vi=l./Vv{I)
DO 195 J=1,NE
POITJ)=PI(Isd)%WVIJ)®VI
195 CONTINUE
2000 FORMATI(6EL3.6)
WRITE(Z2,2202) LIP3 (I 1) 4d=1,NE),I=1,yNE)
WRITE(3,21C) {(T4JsPlJdyI)oJ=1,NE),I=14NE)
210 FORMAT(® SCATTERIMG KERNEL - ZEROTH LEGENDRE COMPOMNENT -1 J F
1143)'/7,15(214,4E12.4)))
RETURN
END
SUBROGUTTIME BESLIN(X,NMAX,BF)
C CALCULATION UF BESSEL FUNCTIONS I{N} FOR ARGUMENT X FROM TINMAX-1) €
C TG I1(Q),y, THEY ARE CALLED BF(N)sssessEF(1l)}, NMAX MAY NOT EXCEED 20,
DIMENSION BF(3C)
X=ABS(X)
IF(XeGT+2s0E-05) 50 TO 2
BF{l)=1.0
A=Q.5%X%
DC 1 N=2,MMAX
1 BF{MN)=AF%BF (N-1)/FLOATI(N-1}
RETURN
2 A=1.0/7X
BFI15)=30.0
BF{14)=1,0E-37
SUM=2.5E-37
. N=14
3 IFINLEQsL) GO TO 4
N=N-1
BF(N)-Z.?*FLUAT(H)*A*BF(N+1I+BF(N+2)
SUM=2.C*¥BF{N)+SLM

GO0 10 3

4. A=EXP (XY /{SUM-BF(1))
DO 5 N=1,NMAX

5 BFE(N)=AZBF (M)
RETURN

END
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APPENDIX C
GROUPS, A Progrem to Homogenize the TRIGA Cell

C.l1 Introduction

This computer program was wrltten to perform a homogeniza;
tion of thé cell in the TRIGA reactor. lThe procedure used is
basically that outlined bq Strawbridge (18). The calculations-
for a glven temperature of the fuel can be performed in less than
three minutes on the IBM 360/50.

The input and output‘parameters are described below and

some of the logic is described in the FORTRAN listing

C.2 Input Data Format
Cards 1~1261  FORMAT(5E15.8) _
. TABLE(I,J,K) - the table of cross sections; I
refers to the element, J refers to the type, and
K refers to the energy group
Cards 127-133: FORMAT(5E15.8)
| DEN(I,J) - neutron deﬁsity of element I in region
J where J refers to as followsi 1=fuel, 2=clad,
& 3=moderator |
Cards 134-139: FORMAT(5E15.8)
' E(K) - energy of group K (eV)
-Cards_ibOwlhls FORMAT(5E15.8) |
R(I) - radius of reglon I {seme 25 J described

above)



Cards 142~143:

Cards 144-293;

Cards 294-443:
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"VOL(I) ~ volume fraction of region I (same as J
described above)

FORMAT(5E15.8)

AMU(J) - mass number of element J (same as I
described above)

FORMAT(6E13.6)

P(I,J) - scattering kernel from ZIRK for the
temperature of the fuel |
FORMAT(6EL3.6) |

Q(I,J) - scattering kernel for water from GAKER

at 293%

C.3 Output Data Format

Cards 1-150

Cards 151-1561

Cards‘157-1621

Cards 163-1681

FORMAT(6E13.6)

SIGS(I,J) - homogenized scattering kernel
FORMAT( 5E15.8)

HOMOAB(K) ~ homogenized absorption cross section
for group K

FORMAT(5EL5.8)

HOMOSC(K) = homogenized scattering cross seétion
for group K

FORMAT( 5E15.8)

HOFOF{K) - homogenized fisslon cross section for

group K
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C., FORTRAN Listing of GROUPS

CCIMENSICN TABLELT7,3,20),TERMI(27),TERVN2(38), TERF3{35),CLACLALRC
LECMCFE3 ") DEN(T3), F (325 ,VI30),VOL(3)4R{3),FUELAB(32), FUELSC(3I
2CLACAB(3C )Y sCLACSCU3T ) 4HOMOAL(3T ) 4HONMCSCI3T )P I30,303),6(33,30),
3FUELCA(3C),,SICGS(30,37),wWV{22Y,ANMLIT),SIGH(T7)

REAL MCECA{3C),MOGAB(3O) 4MOULESCL2EL)

REAL IC,11,K04K1

C TAPLE(T1,JsK} IS THE TAELE CF MICRCSCCPIC CRCSS SECTICKNS
C K REFERS TO THE ENERGY GnOUP
L J REFERS TC TYPE: 1=ABSCRPTICKh, 2=SCATTERING, & 3=FISSICN
C 1 REFERS TG THE ELEMENT; 1=H(ZIRH), 2=Cy 3=ALy 4=7R, 5=0L235,.
-C €=Lz28, & T=+{Fz()
CC 1C . I=1,7

: CC 1C J=1+3 -

1 READ(1,1% )(TAELE(T,J KiK=1,3C)

160 - FcnwnTt5L15 8)

3nn FCRMATI(TE15.8) .
EC 11C 1=1,7

110 REACIL10Z) (CEM(TJ)sd=142)
READ(L, 107 MLE(K)Y 4K=1,37)
READ(l,lﬁc}(R(I).VGL(Ia,I=1.3}
REACIL 100 LANLIS) 3 d=15T7)
LC 20 K=1,43% _
VtK)—SCRI[E(K)/C.)2“3}
TARLE(2.1,K)=.23/VI(K)

20 TARLE (441 4K)=0418/VIK)
WV ILI=2.2%V(1)
WVI21=2,0%(V(2)=-wV(1))
[C.9 1=3,328 '

5 WV LE)=2. 7% (VI = (V{I-1 46V IT-1)/24))
EC 40C I=1457
TF(AMULTI)alTalel) GCT TC 401
BLP={{AMUITI)=1a)/0AMULT +1a )} %22
QICHlllul +ALP*bLPa(ALPl/(l.-ALP)
GC TC 47

4051 SICPII!-l.;

40%  CCNTINLF
T2=C. 015
XFUPAR=4 0 /568 ,C
C2=Ce233333/{1.2%0EN(3,2)1

C IN THE FCLLCWING CC LCCP THE MACRCSCCPIC CRCSS SECTIONS ANEC THE

C CISACVANTAGE FACTCRS ARF CALCULATED FOR EACH GRCLP K
CC 3C K=1,32 ‘
SLM=C,.{
VLN=C,. ¢
BSCRC=C,.0
BC 4T I=l,.1
VLN=VUFEOEN( T3 1) HTARLE(T 42,K)

. ASTRC=ASTRCHCENII g LY ATARLE(T 424K )IASIGH(T)

47 SLE=SUN4DON( T, 1 )*TARLE(TI y1,4¥)
ASCRC=ASTRCHVCL(L)
FLELAR(® y=SUV
FLELSC{K}=VvUN
CLADARIKI=TARLE(3,1+K)FDEN(3,2)
CLACSCUK)=TABLE(342,K)*0EN(2,2})
CAPASC=CLACAR(K)/C2
TERMLIK)=CAPASEAT2XT2*FUTLARIK) /CLACARIK)
STARSF=FUELSCIKI*(1.~XNUEAR)
START=STARSF+FLFLARI(KY
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77
11

ARG=STARTHR(1) 86

PC=l2 %ARG+1. 0/ ({1 CH+ARG /2261 4%4,58)-1.01/(2,%ARG)
IF(Apc-:uq‘lai CC TC SC

ALPHA=L o T33*ARC/ a5

BETA=C,. 1BE6EXARC/T65

CC 1C 51

AlPP&“*.4133137FP“2+.8122596E—’1*ARG-.1453651C C1HARGH%2+
114518525 -0C2%BRC%%3

BETA=—, 1494580E-01+, 1 1CEBE6%ARC-,1345515%ARGY%2+,825098GE~L1%ARG

13- 275454 RE~D1HARGHH4+ 3487 1EF-02%ARCH*ES+, 1c21647E-u3”ﬁRC*f6
2= Y0 T5336E-23%ARCEET+, 8)?178?5-“5*AQ€**6

CCANTINUE

TERMZIKY=1 D3+ (FLELAB(KY/STARTIH{PC/{10-PCI-ARG)*{1.CHALPHA
1*STARSF/START +BRETA®{STARSF/START )%%2)

CLACDAIKI)I=TERMZIK)FTERNI(K)I/Z.C

TUN=CL
LLWM=T el

BECRC=L,0

CC 60 I=1,71

ELMN=CUMH+CEN( T2 V&TABRLE{TI1,K)

BSCRC= PrP9C+Cth(I;3)*TﬂBLFII'2 K)*SIGF(I)

TUNM=TUN+DEN{ T 43 )%TARLEI] 42 4K)

BSCRC=BSCRCAVCLI(3)

MCOSCUK)=TUM

MCOCAB(IK)Y=LLUM

C2=C.232333/TL¥

CAPMOL=SQRT(MCCABIK)/L3Y):

X=CAPMLCD*R{2)

CALL BESSEL{IC,T1:KO4K1,4X)

A=1C

=11

C=K©C

C=K1

X=CAPN(CEC=xR({3)

CALL BFSSELLICsT14KTZ4KLX)

TERNM={ 11 HC+AXK 1) /(T 1H0~-E%K1)

BICX=AZ 9% CAPNMELH(RI3)F&R2-Q(2)*¥2V/RU2))=TERN~-1,7

TRANS=CLF4 TUM-TLN /27,

ARC=TRANSER(Z2)

TF{ARC GT1.2) CO TO 70

XLAVMBA=" 2442/ ARG+, 4316)+5.7675

CC TC 71

XLANEA=C,2G20/ (ARCHT 2BV +C 7104

CCATINLE

SERM={Z.¥BIGX) /{3 %LV

TERMB{K )=(1.5%R (L) *¥2%
1*CLALCCAE(KI))®SERNM

RATIO=FLELAR(KYFVOCLIL Y/ (MCDARBLRYSVEL(2))

TERMA=TEANM (Y )I+TERMZ ()4 TZAM (K]

TERMEB=1 " #TERMLIIK)+(TERM2 (K }-1 -)/R5T1C+TERVJ(R3/RﬂTIC

FV=YaT /LY CHRATICRTERMDY

FF= 10;/(1aﬁ+TFFFA/RATIE) :

MCCCELR) =RATICH({ASORCHFMABSORCH(] o ~FF} )/ {ASCRCR{] .~FNM}+
LBESCRCE=FF )

CCNTIANUE
FRINT CLT TFF CRCES SECTICNS FCR FRACK QnGEQN

WRITE(3, 173) '

PC S7 K=1,431

I3

(2)%%2-R{Z2)=%2) )+ {LLAVBA=-2./32.)/R12)
Lo+ LIVCL(2YRCLACARIKY I/ IVEL L1 ®SUMY Y

R
14

*
Syw

WRTITE(3,124) K,FUTLAR(K) 4FLELSCIK),CLADABIK) 3CLADRSCHK) ,NOLABIK),

1MCLSCIKY
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1C4 FCRMATISX,I5,6{EX,EL12.€)) ' .
163 FCRMAT{LIH1,47X%s *GROUP CROGSS SECTICGN CATAY/ 4t GRCLP - Fi

1APRS . FLEL/SCAT " CLAC/ABS CLAC/SCAT
2 ¥CD/ABS MCC/SCAT?)

C CALCULATE THE AVERAGE FLUXES IN EACH GRCUP FRCHM THE CISACVANTAGE
C  FACTICRS THEN PRINT Thcf cCurv .
CC 225 K=1.30
FLELCA(R) =10/ IVOLIL)Y+VOL T2V SCLACDALKI®VCLA(Z2IHNVCOCALIK]))
CLACDA(EI=CLACC2A(K)YEFULCLEA(IR ]
20 VCEG#(K}=NGDEﬂlK} *FUELCA(K)
WRITE(3,101) ) ‘
1C1 FCRMAT{'1 CISAODVANTAGE FACTCRSY/,? GRLUP CLAL
1 WMCUERATCR FUEL?} :
1C2 FCRMATIS XI5 431EXF10.T))
. CC 8f K=1,34 _ _
af WRITE(3,172) KoCULACCA(K) MCCCA(K)FUELCA(K)
2300 FCRMAT(6E13,6)
2001 FCRNMATI5E15.8)
: REAC(1, EFMQ)({P!I;J),J 11?@)71 1,3C)
REAG(L2C003LUCIT o) 4d=14320),1=1,30)
THE MACRCSCCPIC SCATTERIAG XERNEL IS CALCULATLE WITE THE PRCPER
FLUY AND VOLUME WEIGHTING FRCHM THF TWC SCATTERING KERNELS IN
IRE (P(T4J)Y) ARNC WATER {C{Tsd)}) wWITH THE INCLUSION CF THE NON
MCCERATING LCLEMENTS CCNTRIBUTICNS TC THE SCATTERING CN THE
CIACCANAL CF THE NEVY KERNEL SIGS({1, J)
CC 237 1=1,37
CC 23r J=1,3"
CIAG=(.T
IFIT.EC.J} GO TC. 231
GC TC 232
231 CTAG=VY{I}*( (FLELSCUTI)-CEN{L,1)*TABLE(Ll 42,13 }*VCLILYFFUELDALT)+
IVCL(2YSCLACDACTI) *CLATSCUI Y+ {FOUSCUTI-TEN(T«3)ETABLE(Te241))
2EVCLAIZYRMCTD2(T) =WV LT
232 CIGS I =P I ) =DEN{L 1) YL (2 IRFLELDALT Y+ ICUIT,J)FCEN(T,3) )2
1(2)*MCCCALTI)4CIAG
230 CONTINLE
C PRINT CLT THC SCATT[RIN KERNEL
WRITEI3,1061{{T1,3JsSIGSHT ) +1=1430),J=1,33)
106 FCRMATI('] SCATTERING KERMNEL I J SIGSH{IJd)v//(E(214,E12.
1)
¢ CALCULATIGN QF TFE HODMCGEMIZED SCATTERING CRCSS SECTICANS FRCN THE
C NEW KERKEL '
CC 247 1=1,43C
SLN=P¢~
CC 250 J=1,3"0
259 SUM=SUMESTIGSIT Y=V SV )
247 FCMOSC (I =3SuM/ (v I ®=wv(l))
WRITE(32,155)
145 FORMAT {1} FONMCGENTIZED CROUSS SECTICNSY /4! GROLP
1ARSCREYTCN SCATTERINC FISSICAY/)
C CALCULATION CF THE EOMCGENIZED ABSCRPTICN AND FISSICA CRCSS
C SECTICHS Y WEICGHTTING THE CRCSS SELCTIONS wWITH VOLUME FRACTIONS.
C ANEC AVERAGLE FLUXES
CC 2C0 K=1,23C
PCFrﬁPfﬁ)“VFI!1)*rUrL“P(Kl*FLELrﬂ(K)*VﬂL(Z,*CLAFAE(K)*CLAECE(K1
IVCLI3Y2XODAR{KYSMOCDALK)
FOMOF(E)=VCLILI)*TABLE(Sy 34 K)EFUELCA(KIFLEN(D,1)
270 WRITE(3 14 K, FCMOARTK Y HOMOSCUK ) s FOMTF ()
C FUNCE CLT ThE SCATTERING KERNEL AND FCOMCGENTZELD CROSS SECTICAHS
C TC RE USEL AS INFLT TCO SPzCTRLK

OO0



C
C

L)

88

WRITE(2,2C0C) ({SIGSIT4J),41=1+430),4d=1,30)

WRITE(Z2,2C21)UFCNOGARIK ) K=1,32)

WRITE(2,200L {FCMOSCAKY K=1,20)

WRITELZ2,20C1 M {FCMOF{K]) K=1,3C)

STCP : o

ENE -

SUBRCUTINE BESSEL{TC,11,KC, KI’X)

THIS SUBRCUTINE CCMPUTES THE 1 ANC K BESSEL FUNCTIONS Iq;Il Kiy &
K1 FCPR A GTVEN ARCUMERT X

INTEGER R4R1 -

REAL IC,I1,KCsK1,0037)

CATA CH1)4C(2),CU3),Ct4),C(5),CL6),C(T),CL8),C(G),C({127),C(11),
IC(12)Y,C013),C(14),C{15),C(16),CL1T7),C{18),C(19),C(2.),C(21),C1(2
20123140124}, C(25),0(26),C{27),0128),C(29),C(20)/255.4665,1GC,46
B3R2e40G03,22.2T482:4e7116T444509493y 747716,y CC3416,7.000162,
4,C00009,259.8602,181,2126+£G635592,1633455,2.571464.287856;

50023563 C010A8 o TNCLTSe &TCCLC3~2] 05786 —~4a5E24 s E.uu51691_
£654283€23,414511526,54259084,40200R1,40025364943001€3 45,4000 Pf

T= x*x,léb'ZO )

R=R+1%

C1=¢

CC=C{R+1)

£2=C1

Cl=C+
CC=T*D1~-C2+CI(R)
R=R-1

IF(R.GE.RL) GC TC 2
R=R+9

IFIR1.NELYL) CC TC 3
1C={CE~-L2V/2.C

CC TN 1 '
IF(R1.NZ.11} CC TN 4
J1=X%R{LT-C2)/1&.T

GCC 70 1
KO=(DO-C21/2.C~1T*ALDGIX/BLC)
Ki={l.C/X=-Kax[1)/1C
RETURN

ENC
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APPENDIX D
SPECTRUM, A Code to Calculate the Flux Spectrum in the TRIGA Core

D.1 Introduction

This program was written to perform the iteration procedure
described in Eqns. (28)7through (34) to calculéte the energy
dependent flux spectrum in the core. The typical running time
on the IBM 360/50 is about one minute and on the average 12
iterations are needed for the program to converge on the spectrum;
The variables are defined in the FORTRAN listing and in the

input data gliven below.

D.2 Input Data

card 11 FORMAT(T6,2F10.4)
NG - number of groups
T - temperature in %K

Cards 2-7 FORMAT( 5E15.8)
E(I) = energy of group I (eV)

Cards 8-12:  FORMAT(5E15.8) |

| XA(I,J) - number density of elgment I in region
" J where I indlicates that elements as follows:

1=-H(ZrH), 2=0, 3=A1, 4=Zr,‘5=U235, 6=U238, &
?;H(Hzo) end J indicates as follows: l=fuel,
2=clzad, & Fmoderator

Cards 13-14:  FORMAT(5E15.8)

- AA(I) - mass number of eléement I (as above)



Card 15

Cards

Cards

Cards

Cards

58-2071

208-2131

214-2191

220-2251

90

FORNAT( 5E15.8) _

VOL(I) - volume fraction of region I (same as
J abové) |

FORMAT( 6E13.6)

P(I,J) - macroscopic scattering kernel output

"from GROUPS

FOBMAT(QElﬁ.S)

SIGA(I) - homogenized absorption cross section
for group I which is output from GBOU?S
FORMAT( 5E15.8 ) |

~ 81GS(I) - homogenized scattering cross section

for group I which is output from GROUPS
FORMAT( 5E15.8)
SIGF(I) - homogenized fission cross section for

group I which is output from GROUPS

The spectra ot temperatures of 293°%K and 773°K are shown

11’1 Figa Dlli
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D,3 FORTRAN Listlng of SPEETHUM

CCNPCN/hkaLPFIi?!;VQTbRyJ
CIVENSICN

1SCBUST o ANLOBC) o XN2UBT ) ANISCZY 4EV (ST ) FLUXISZ) 4 XALT,
320 2B VOLL2) 4 FISCY,SIGF(5C) -

2TABLE(2
12 FORMAT(IE,2F1C.4)
1C3 FCRMATI(1H

- 92

VIBC s VM5 T 4P(50,50), SICSi“D).SIGﬁ(Sﬂ),SIGT{55)1

3

pOXy BFCROUP: 14Xy THOENSTITY, 18X 4HFLUX 48X,

L1EFSCAT CRCSS SECTICR,7X,17HAES CRCSS SECTICMI

1C4 FCRMATILH
1C5 FORMATH{///1H
118FAVERAGE VELLCITY =:F12.4
107 FCRMATIULH 420FAVG NEUTRCH
117EAVG MEUTRON FLUX=4,E27.8)
166 FCRMATI{1H B 12KNC OF ITFR

13Xy T44BX,E

2000 FCRMATI{GEL3,6)
2001 FCRMAT{5F15.8)

' EXTERNAL FCT :
C REAC IN INPUT LCATR

1

G
C

1000

230
214
205

REAC{1512) NG,T
IF(NG.EC.T) CALL EXIT

READ(L+20CC01M(E(T),1=1,AG)

2L s By SXE20. By SXeE2T .8,
v EFSIGAF= 3 E20 48, 10X 6FSICSF=4,E2C8//5X,
ySXy 1BHMEAN TEMPERATLRE
CENSITY=yE20,.

EXsE2C.8)

=4F1C.4)

ByldX,

=,16)

REAC(L2C0 1) CUIXEUT 3 J)sd=192),1=1,7)

REACLL,2201Y (2201 4 1=1,71)
REAG(L,2CO 1Y (VCL{T),T=1,3)

READ(1.2C01)YLITARLELT K} sK=1, NC!:I 1,7)
REAC (142703 0UPILyJ)sI=14NC)d=14NGC)

READ(L2C2L)(STCALT)1=21,0NG)
REAC(142CCLM(SICSIT,1=1,AG)
REAC(142001){STICFIT)I=1,NG)

VDY IS THE VELCCITY ANC OV}
CC 3 I=14NG
VII)=SCRT(E(I}/C.72
Cvii)i=2.7%Vv{]1)
Cviz)= {J(2)—£V(1})
CC 9 1“31’\1"‘

531

IS THE VELCCITY INKTERVAL ARGUND VI

TOVITI=2. % V(T )=tV I 13+J.5*CVII 10
CALCLLATICN CF THE SCURCE SCR{T)}

CC 1€CC I=1,7

VSTAR=G,

CC 205 I=1,NG
Suv=C,%

CC 204 Jd=1,7
VLOWER=ALPHA{JI TV
CuV=0,0
TF(VIT)LT.VLCWER])
CC 237 K=1,3
ELvCUM=

STAR

GC TC

234

KAUI.KIPTARLE(S, T hovCL K )*2

ALPHEALTY=((2A(TI)-1e )/ (EALTI41,) }5%2

AVIINIS (1 7{VSTARFX2])~

TALPRATGSY/ IV LTI A2V 3/ (12 -ALPFALT))

‘et T.Tal) GO TC 237
XL=SCRT{ALFHALJIIIFVSETAR
XL=V(T}+CV{T1)/z,

CALL CGLILALWXLsFCT Y}

TF(CUNTUW

ELFOUMSYSXALD K)STARLE(S, 1) HVCL K %2,

CUM=CUM+LUNCLN
SUM=SLMITUW
SCRUI}=5UpM

C INITIAL .GLESS

STCT=:n



2C¢

2C1

53

265

2CE

TCTAB=C,
LC 206 I=14NG |
XALLT )=V (T )%V (I RPXP (=V( T4V (11%2934/T)

TCTAR=XNLCID*SICA(TISV(I)*CV (I} + TCTAB

STCT=SCRIII*V{I)*0V(I) + STCT
CC 2C7 T=1,NG
XNLUT)=ANL (I} *STOT/TICTAB
START ITERATICN

NIT=0

TF{NITGT-120) GC TG 3€0C
B=C.

NET=NIT +1

CC 2CR J=1,4NG

A = Lo

CC 205 I=1,NG

IF{TI.EC.J) GC TC 209

A=p +P{T,J)%XNLI(T)

CCATINLF

SIGTUJI=SIGA(J) + SICS(J)

XN20Jd)Y = (A+SCEBUINI/Z(SIGTUII=-P(J,d)) .
B=8+ SIGA(JIEXAZ2 (D) 2VIIIECVIJ)
CCNTINLE

C RENCRNALIZATICN

21(C

3400

C AVERAGE CR0OSS SECTITNS, VELCCITY, TEMPERATURE,
L

ITEST = 2

CC 212 J=1,NG
XMN2{J¥=XN2(J)*STCT/8
XXX=RARSUXN20J)=-XNLUJII/XNZ{J)
TF{XXX «GT. LCCCC1) ITEST =1
ANICJ) =XN2(J)

IFC ITEST .EQe 1) GC TC 572
WRITE(2,179) NIT
TF(NITLCT-1C0) CALL EXIT

FLUX CALCULATICNS

212

TERMZ2=L,
SUMIX=C W7
SLM1A =
SUMZ =
SLNIS

v
»

Y M oe ™
a8

il

L]

W
il aall v
= T
-
™ M
i
wmm It

SLF&B-

CLC 212 K = 1,4 NC

TERMZ2=TERNZ +V [K)EDV(K)
SUMIX=SUMIX + XNL{K)=CV(K) .
TERM] ANLOKD) # VIK) # DVI{K)
SLMLA Strla + SIGA(K) #= TERM]
SUM2 = SUM2 + TERML
SUMIF=SUMLF+STCF (X )*TERM]

mou

SLM1S = SUNM1S + SIGSH(K) * TERMI]
STIGAF = SLPMIA/SLMD
SICSF = SUMLIS/ELM2

- SIGFF=SUMIF/SULN?

ACEN=TERNT/TERN?
VELA=SUR2/5UMLX
TEM=2G3, % (VELA/1.,128)%%2
AFL=C.

CC 220 1T = 1,.AC

FLEXIT) =v(I) *xNI(1}
AFL=AFLATLUX(TIAVOTI)IACVIT)

DENSITY,

AND



9

22C CCONTINUE
AFLUX=AFL/TERMZ
WRITE(3,123)
CC 212 I=14NG
213 WRITE(3,1C4) ToxMN1I{LYFLUX{I),SIGSET)SIGALT)
 WRITE{(3,125)SICAFSIGSFyVELA,TER
WRITE(3,127)8CENAFLUX
C CALCULATION CF TFE ETA-F PRCCLLCTY FRCVM THE AVERAGE DATA
XNL=2,.43 ‘
ETAFFF=XNUXSICFF/SIGAF
WRITE(2,215)SICFF,SIGAF,ETAFFF
215 FCRMAT L ® ETA-F CALCULATICNT /4 FISSICN X=-SECT A
IRPTICN X-SECT ETAXFV/,3(54yE14.7))
GC TC 1 :
6% CCNTINLE
STCP
ENC
SUBRCLTINE GGICUXL s XUgFCT,Y) :
THIS SUBRCOUTINE FREFCRAIMS AN INTECGRATION OF THE EXPRESSION FCOR TH
THE SOURCE WHEN THE ARGUMENT EVALUATECD AT TYFE MICPOINT IS LESS TH
JERC, T+IS SUBRCLTINE LSES 17 PCINT GAULSSIAN CUACRATLRE TC EVAL-
LATE THE INTEGRAL. THE INTEGRANC IS SUPPLIELC BY THE FLNCTICN FCT
A= S {XU+AL)
B=XLU-XL
C=4065%233%Y
Y=o0233356 75 {FCT{A+CI+FCT(A-C) )
C=,6225317%0
Y=Y+ .CTa4T7256 T (FCT(A+CI+FCT(A-C))
C=,3397748%p
Y=¥+,1095432% (FCT(A+C)I+FCT (A-C))
C=e 21 6£9T775%Y
Y=Y4,1246334%(FCTLA+CI+FCT(A-C))
C=e2TaG43ITLTAD
Y=B*{Y+. 14776212 {FCT(A+CI+FCT(A-C)))
RETURN
EANC
FUNCTICY FCTIX)
C THEIS RCUTINF SUFPLIFS THE ARGUNMENT COF TEE INTECRANC AT THE VARICL
C CALSS PCIANTS,.
COMMONA Wi /BALPRI(TY  VSTAR, J
FCT=X%2 (Lo /{VSTARES2 )Y =ALPHA{I)/ (X%%2))
RETLRN
ENE

s EaNaNel
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 ABSTRACT

The TRIGA reactor has a negative temperature coefficient of
reactivity which makes it very stable wlth respeét to temperature
changes in fhe core. The large magnitude of the negative temp-
erature coefficient is the feature of TRIGA reactors which allous
them to be pulsed to high pOWeTS.- The purpose of this investiga-
tion was to determine expérimentally and analytically the reac-
tivity temperature coefficient of the Kansaé State University
TRIGA Mark II nuclear reactor.

The analyticalllnvéstigation involved determining the
temperature coefficient_of the parasmeters which make up the
effective multiplication constant. The code RABBLE was used to
determine the temperature coefficilent of the resonance escape
probability. The temperature dependence of the‘ﬁf product was
analyzed with codes developed by the author which are presented
in this thesis. Thé témperature coefficlent of the fast fission
factor was assumed to be negligible. .The temperature coefficlent
of the nonleakage probability was found by differentiating the
analytical expression for the nonleakage and numerically
evaluating the resulting terms.- |

The experimental work involved insulating a fuel element
and using nuclear heat to cause reactivity pertubatlions due to
" the elevation in tempersture of this element. The. reactivity
perturbations were recorded during both steady state and
transient 6peration of the reactor. The data colledted wWith the

insulated elémenﬁ in the core were then compared with similar



data recorded when the reactor was operaﬁed,with the element
in the core and the insulation removed. The experimental
temperature coefficient of reactivity was_ﬁhen determined

from these two sets of data.



