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1.0 INTRODUCTIOR

The TRIGA reactor at Kansas State University filrst became critical in
March 1962. Since that time many operations have been established as
standard operating procedures. The impetus for this paper was derived from
the need for improvement of two standard operating procedures.

The first improvement involves the procedure for power calibration of
the reactor. Calibration of the ion chamber readouts in terms of thermal
power output of the reactor has always been accomplished by a calorimetric
technique. This technique involves the measurement of pool water temperature
as a function of time. ' The procedure used to accomplish this measurement
is awkward and slow and the results achieved have been of dubious precision.
Unfortunatley, here at Kansas State University, no work has been done to
establish the worth of this procedure in accomplishing its intended function,
namely, indicating the operating power of the reactor. A new technique,
utilizing solid state temperature sensing devices, has been established.

The new operation is more easily accomplished and gives results with much
higher precision than the old technique. With the aid of an analytic model
the results from the calorimetric technique are shown to be indicative of the
actual thermal power output of the reactor.

The second area of study involves source effects, Part of the standard
start-up procedure for the Kansas State University TRIGA Mark II (KSUTMII)
reactor has been to find zero power criticality at the beginning of each
operating day. This has been done cognizant of some source effects on
eriticality but without the knowledge of how these effects manifest them-
selves. An experimental and theoretical study of the dynamic effects of the

source in the KSUTMII reacter has been accomplished. As a result of this work



a technique for the determination of zero power criticality in the presence

of the source is suggested.



2.0 DESCRIPTION OF THE TRIGA MARK II REACTOR
KANSAS STA;% UNIVERSITY

The nuclear reactor at Kansas State University 1s a TRIGA Mark II
reactor manufactured by the General Atomics Corporation, now Gulf General
Atomics Corporation. The TRIGA is a low power, experimental, swimming pool
type reactor, designed primarily for training, research, and neutron irradi-
ation. The complete reactor system is described in reference [12]. The
components pertinent to the research described in‘this paper are described
in detail here.

The reactor pool is a right circular cylinder approximately 6.5 feet
in diameter by 20,5 feet deep. The pool walls are constructed of conérete
shielding ranging from 3 to 8 feet thick., The inside surfaces of the pool
are lined with a 0.25 inch aluminum liner. The water level of the pool
is maintained at 20 feet with distilled water which acts as both coolant
and moderator. In addition to this water, the core, refiector, ion chambers,
and several irradiation facilities occupy portions of the volume of the pool.
The total pool volume is 664 cubic feet. However the core (about 307 of
the volume of the core is water), reflector, and other reactor components
displace 47 cubic feet, leaving 617 cubic feet or 4620 gallons of water in
the pool.

The primary water is cooled in a closed loop. The water leaves the pool
through a 2.5 inch aluminum pipe with the intake 3 feet below the surface of
the water in the pool. It then is pumped through a six-pass heat exchanger.
The cooled water is returned to the pool through a 2.5 inch aluminum line
with a diffusor on the open end such that the inlet water is distributed

across the top of the core. The normal flow rate of the primary water is



120 gallons/minute. Of this primary flow 10 gallons/minute by-pass the heat
exchanger and flow through a clean-up loop consisting of a particulate filter
and an ion exchange column. Also in this clean-up loop is a water monitor
box which contains instrumentation to monitor the temperature, conductivity,
and activity of the primary water. The secondary water is softened city water.
This secondary water passes once through the heat exchanger and is cooled in
a small cooling tower.

A complete description of the position of the reactor components in the
pool can be determined from Figures 2.1 and 2.2. The reactor core is a
cylinder approximately 18 inches in diameter by 24 inches high. A concentric
12 inch thick graphite ring is used as a radial reflector. Top and bottom
graphite reflectors are manufactured as an integral part of the fuel elements.
The core is composed of individual fuel and graphite elements in a closely
packed array. The elements are seated in the bottom grid plate which has 90
counter-sunk holes into which the bottom fixture of the elements sit. The
elements are positioned at the top of the top grid plate which has 90
corresponding 1.505 inch holes through which elements can be loaded into,
and unloaded from, the core. Both grid plates are supported by the reflector.
The reflector in turn is bolted to a four legged aluminum table which positions
the bottom of the core about 2 feet from the ﬁottom of the pool.

The bottom grid plate is a 0.75 inch diameter aluminum plate. The plate
is bolted to six L-shaped flanges welded to the bottom of the reflector.
Besides the 90 seating holes, the bottom grid plate has one 1.51 inch hole
in the center for positioning the central thimble and 36, 5/8 inch holes
concentric with the seating holes to allow cool water to enter the core.
However most of the water probably emnters the core through the 2 inch gap

between the bottom of the reflector and the top of the bottom grid plate.
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The top grid plate is a 0.75 inch thick, 19.44 inch diameter, aluminum
plate. The plate is bolted firmly to the top of the reflector with no gaps
as in the case of the bottom grid plate. The heated water leaves the top
grid plate through the gaps between the 1.505 inch holes and the triangular
spacers on the tops of the elements. The nominal clearance between the tips
of the triangular gpacer and the hole in the grid plate is 0.029 to 0.040
inches., Also a 1.515 inch hole for positioning the central thimble is pro-
vided in the center of the top grid plate.

The 91 locations in the core are loaded with either fuel elements,
graphite dummy elements, control rods, the source, the central thimble, or
the rabbit. All these components are movable and a record is kept of the
position of each component. To facilitate bookkeeping each configuration is
assigned a number. The configuration used in this work is designated as
fuel loading #11. The location of all the components in fuel loading #11
appears in Figure 2.3.

The fuel elements are 28.37 inches tip to tip. The element is a 30 mil
thick aluminum can 1.48 inches in diameter and about 22 inches long with
fixtures at both ends. The fixture on the bottom is designed for seating
the element while the top fixture is used to handle the element. Inside
the can is a section composed of uranium, 20% enriched in U-235, intimately
mixed with zirconium~hydride. This fuel-moderator section is in the form
of a cylinder 1.42 inches in diameter and 14 inches long. Two 4 inch long
sections of graphite sandwich the fuel-moderator section. The graphite
element is identical to the fuel element except the entlire can is filled
with graphite. A more complete description of the internal core geometry

appears in Figure 2.4,
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There are three control rods: the reg, the shim, and the pulse or
safety rod. Each rod is located in a different ring of the core and each
is a different diameter. Accordingly the three rods do not have the same
reactivity worth. For the core configuration corresponding to fuel loading
#11 the reg rod is worth $1.55, the pulse rod is worth $2.06, and the shim
rod is worth $4.10. All these worths have been determined by the reactor
staff using the differential positive period technique.

The rabbit is the pnuematic irradiation facility. The core terminus
has an end fixture similar to that on an element therefore the rabbit can
be seated in any core location but is usually positioned in the location
shown in Figure 2.3. The rabbit is always filled with air and thus appears
as an air void in the core.

The central thimble is an aluminum tube 1.5 inches in diameter and
about 20 feet long. The tube is plugged at one end which terminates about
7-1/2 inches below the bottom grid plate. Because of vent holes in the tube
near the top of the actlve lattice the central thimble is always filled
with water. |

The source holder is an aluminum rod 1.5 inches in diameter and about
25 inches long. The rod is supported in the core by a small shoulder on the
upper end which rests on the upper grid plate. The lower end of the rod
clears the bottom grid plate by 0.5 inch. On the top end of the source
holder is a fixture similar to that on the fuel elements. In addition a
wire has been placed through a hole in the top fixture and along with about -
20 feet of nylon string, with one end attached to the wire and the other
end fastened to the bridge, this facillitates handling of the source holder.

The holder is made of two sections that are screwed together. The lower
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section has a cylindrical cavity reportedly milled to nominally 1.12 inches
in diameter and 3 inches deep in which the source sits. The cavity is
positioned such that the source is located approximateiy in the vertical
center of the core.

The source itself is an americium-beryllium neutron source. It
contains 0.24 grams of americium and 5.0 grams of beryllium. The original
source strength was 2.26 x 106 neutrons/second. The americium and beryllium
are contained in a stainless steel can reported to be 0.66 inches I.D. and
0.812 inches long. This can is encapsulated in a beta shield which is 1.12
inches 0.D. and 1.0 inches long. The source and source holder are depicted
in Figure 2.4,

There are two salient characteristics of the KSUTMII reactor that will
be discussed in this work. First the source is not inherent, but rather is
a fairly bulky removable object. As such its presence, absence, removal,
and insertion all affect the reactor operation., These effects are discussed
in Section 5 of this work.

Second the reactor is a swimming pool type reactor with the core
cooled by natural convection. Much of the heat is never extracted from the
pool. Therefore the only continuous monitor on the power level is the
calibrated ion chambers. The simplest and quickest techmique for calibration
of the ion chambers is using the calorimetric technique. This technique is

discussed in Section 4 of this work.



3.0 TEMPERATURE DISTRIBUTIONS IN THE KANSAS STATE TRIGA REACTOR

AS A FUNCTION OF SPACE AND TIME

Before attempting to determine the total heat output of the operating
reactor, which must be accomplished for a power calibration, it is necessary
to determine where in the reactor system this heat is deposited. A simple
mathematical model has been designed to describe the heat transfer in the
reactor pool. This model considers the reactor pool as a closed system.
Because of the complicated geometry involved, it is not possible to use
previously determined heat transfer correlations; therefore the model in

this work is based on experimental measurements, experience, and logic.

3.1 TEMPERATURE DISTRIBUTION IN THE CORE

As a first step in the development of an analytic ﬁodel of the heat
transfer throughout the pool, a semi-empirical model of the heat transfer
within the core is developed. The primary objective of this model is to
predict the temperature distribution and heat content of the water leaving
the top grid plate of the reactor core. In addition the model determines
the temperature distribution in the fuel, cladding, and coolant as a
function of both space and time.

The temperature distributions in the fuel and cladding are determined
numerically. The temperature and velocity profiles in the coolant are
determined analytically. In order to determine these distributions the
following approximations are included in the model

1) Axial heat flow in the fuel and cladding is considered negligible.

2) The properties of the coolant are evaluated at the initial average

pool temperature and are assumed to remain constant as the coolant

is heated.

12
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3) The whole system is considered to initially exist at the initial
average pool temperature.

4) The time to reach operating power is considered negligible.

5) The axial power density distribution is sinusoidal.

6) All of the heat is deposited at the point of generation.

7) The power density is constant radially within each fuel element.

The model is empirical because both the contact resistance between the
fuel and cladding and the radial power distribution across the core are
determined by fitting the model to experimentally measured data. The
calculations involved in this model use three basic operations: 1) deriva-
tion of the power density distribution in the fuel, 2) setting up the numerical
analysis for determination of the fuel and cladding temperature distribution

and 3) determination of the temperature and velocity profiles in the coclant.

3.1.1 DISTRIBUTION OF POWER DENSITY IN THE FUEL
Since the power density distribution is assumed to be sinusoidal in the
vertical direction in the fuel element [3], the power density can be expressed

as
Q(x) = Q__ RQR(1)(0.6 + 0.4 sin(wx/H));* T (3.1)

here, Qmax is the power density at the half height of a B-ring element, H
is the length of the fuel in each element, RQR(1) is the relative power
density in ring i, and the constants account for the flux extrapolation

distance. The total heat generated in one element is

H
Qi = j Qmax RQR(i)(O.G + 0.4 sin(mx/H)) dxnri
0

*Many equations throughout this work are writtem in standard
FORTRAN style, order of arithmetric operation should be in standard
FORTRAN precedence [18].
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or  Q =Q  RQR(1)H(0.6 + 0.8/m)nr> (wates) (3.2)
where T is the radius of the fuel. The total power generated in the core
becomes
9 F
Qp = Q. H(0.6r + 0.8) rg iEB RQR(1) NER(i) (watts) (3.3)

where NER(i) is the number of elements in ring i. The total power generated

in the core is equal to the operating power; therefore
Q
T
Q = (watts/cm>) (3.4)

max 2 F
H (0.6m + 0.8) rp }  RQR(1i) NER(1)
i=B

The RQR's are determined by fitting the temperature distribution predicted
by the model to experimental values of the fuel center-line, half-height,
steady-state temperature in each ring. A discussion of the trial and error

procedure involved appears in Section 3.1.4.2.

3.1.2 FUEL AND CLADDING TEMPERATURE DISTRIBUTION

The time and space dependent solution of the temperature distribution
in the fuel and cladding is complicated to solve exactly. Since the model
is to be simple and fine detail of the temperature distribution is not
required, a numerical solution using a fairly coarse grid network is used.
The general procedure, as described in Arpaci [3], is presented in
Appendix C.

The fuel is divided into cylindrical control volumes Ax high and Arf
thick. The cladding is divided into cylindrical control volumes Ax high

and r, thick. Figure C.1 in Appendix C depicts a typical Ax section of

fuel and cladding.
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Using the factors defined and the nodal equations‘derived in Appendix C,
the time dependent radial temperature distribution in a Ax section of fuel
and cladding can be expressed in matrix form as

e = FEITI® + [C] (deg. C) - (3.5)

for an explicit solution; or as

FI1[TI™ = (717 + [c) (deg. ©) (3.6)

for an implicit solution. In the explicit case, [FE] is

(1 - K(1)/P(1) K(1) /P(1) .. i
K(1-1) /P (1) 1'K(11),(1')K(i'1) K(1)/P(1) )
K(NV)} p{NL) 1 - B—G—P%ﬁ%@y—)— HG/P(NL)
HG + HW
L.... § ¥ % W HG/P(NN) 1-__-P_(ﬁf~1-)-__
(3.7)
[C] equals:
[ay/e ]
(1) /B (1)
E (deg. ©) (3.8)
Q(NL) /P (NL)
B TO/P(NN)_ .

Here NL is the number of internal fuel nodes, NV is the node on the fuel
cladding interface, and NN is the cladding node.

For the implicit case [FI] is
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1+ k) /p(D) ~K(1) /B (1) 7]
K (1-1) /P (1) 1+ ﬂi)P‘EiI)((i"l’ (1) /P(1)
.. -K(NV) /P (NL) 1+ 5(—1;1(%—152—59 _HG/P (NL)
HG + HW
a W m % —HG/P(NN) 1+ W
(3.9)

Starting with all the temperatures at the ambient temperature, To’ the
temperatures at all nodes can be solved gimultaneously at later times in
At increments.

Again from the factors and nodal balances developed in Appendix C, the
steady-state temperature distribution in the Ax section can be determined.
The steady-state cladding temperature is

T ™ HW/QF + T, - (deg. C) (3.10)

The fuel temperatures can be expressed in matrix form as:

[FSS][T] = [CSS]; (watts/cm) (3.11)
where [FSS] is
[ k() K(D) ]
~K(i~1) K(4) +:K(i—1) -K(1) . (watts/cm deg. C)
—K(ﬁv) ~ HG + R(NV)
- (3.12)
and [CSS] equals
i QD) ]
Q(1) . (watts/em) (3.1%)
LQ(NL) + HG io + HG HW/QF
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When the fuel~cladding contact resistance, the heat transfer coefficient
at the cladding-coolant interface, and the power generation distribution
are known, the fuel and cladding temperatures can be determined. Equations
3.10 and 3.11 determine the steady-state temperatures., Equation 3.5 or 3.6

determines the time dependent solution.

3.1.3 THE COOLANT TEMPERATURE DISTRIBUTION

The heat is transferred out of the fuel element and into the coolant
by natural convection. A derivation of the natural convection from a
vertical cylinder is developed in Appendix D.

In the natural convection process all the heat is transferred from
the fuel into a film of coolant concentric around the fuel element. The
thickness of this fi1lm is dependent on the physical characteristics of
the coolant and the outside wall temperature of the fuel element. The
coolant inside the film has a temperature and velocity distribution both
of which vary vertically and radially. The expressions for the temperature

and velocity distributions derived in Appendix D are respectively

Tryx) =T r -+ 8 (x) 2 |
= " (3.14)
Tw(x) - To §(x)

where To = ambient coolant and cladding temperature,
Tw(x) = fuel element wall temperature at height x,
r, = fuel element outsgide radius,
and §(x) = film thickness at height x;
and

2 :
] r-r |r -« + 8§(x)
T I e [ e ’ korlst



