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Chapter 4

TRIGA REACTOR

The reactor design bases are predicted on the maximum operational
capabil ity for the fuel elements and configuration described in this
rePort. The TRIGA reactor system has three major areas which are used
to def ine the reactor design bases:

a. Fuel tenperature,

b. Prompt negative temperature coefficient,

c.  Reactor power.

Of these three only one, fuel  temperature,  is  a real  l in i tat ion.
A sunmary is presented below of the conclusions obtained from the
reactor design bases descr ibed in th is sect ion.

4.L.  DESIGN BASES

The fuel temperature is a limit in both steady-state and pulse
mode operat ion. This l in i t  stems from the out-gassing of hydrogen from
U-ZrH (H/Zr ; x) fuel and the subsequent stress produced in the fuel
element clad material. The strength of the clad as a function of
temperacure can set the upper limit on the fuel temperauure. Fuel
temperature l imits of l -150'c (wirh clad !  500"c) and 970"c (wirh clad )
500'c) for u-zrH (H/zt ;  1.55) have been ser ro preclude the loss of
clad integrity. Sinnad t34l sunrnarizes the properties of U-ZrH* fuel
materials for TRIGA reactors, including the liniting design bases and
Parameters.

The basic Panmeter which provides the TRIGA system with a large
safety factor in steady-state operation and under transient conditions
is the Prompt negative temperature coefficient which is rather constant
with teurperature (-0.012 6k/kC), as descr ibed later.  This coeff ic ienr
is a function of the fuel cornposition and core geometry.

Fuel and clad temperature l imit  the operat ion of the reactor.
However, it is more convenient to set a potrer leve1 linit which is based
on temperature. The design bases analysis indicaces that operation at
up co 1900 kw (with an 85 element core and 120"F inlec warer
temperature) with natural  convect ive f low wi l l  not al low f i ln boi l ing,
and therefore high fuel and clad tenperatures which could cause loss of
clad integri ty could not occur.

4.1.1 Reactor Fuel  Temperature

The basic safety limit for the TRIGA reactor system is the fuel
temperature; this applies for both the steady-state and pulse node of
operat ion.
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Two l i rn i t ing temperatures are of  interest ,  depending on the type
of TRIGA fuel  used. The TRIGA fuel  which is considered low hydr ide,
that vt i th an H/Zt rat io of  less than 1.5,  has a lower temperature l imi t
than fuel  wi th a higher H/zr rat io.  Figure 4-1 indicates that rhe
higher hydr ide composi t ions are s ingle phase and are not subject  to the
Iarge volume changes associated with the phase transformat ions at
approximately 530'C in the lower hydr ides.  Also,  i t  has been noted t1]
that  the higher hydr ides lack any signi f icant thernnal  d i f fusion of
hydrogen. These t ldo facts preclude concomitant volume changes. The
important propert ies of  del ta phase U-ZrH are given in Table 4-1.

Table 4-1

PITSICAL PROPERTIES OF DELTA PHASE U-ZrH

Thermal conduct iv i ty (93'C -  650"C)

Elast ic modulus:  20'C

550'C

Ult imate tensi le strength ( to 650"C)

Compressive strength (20'C)

Compressive y ie ld (20"C)

Heat of  formarion (6H: 298"c)
I

13 BruAr-fr2- "F

9.1 x 106 psi

5.0 x 106 psi

24,000 psi

50,000 psi

35,000 psi

37.72 kcal lg-mole

Among the chemical  propert ies of  U-ZrH and ZrH, the react ion rate
of the hydr ide wi th water is of  part i .cular interest .  Since rhe
hydr id ing react ion is exothermic,  water wi l l  react  more readi ly wi th
zirconium than with zirconium hydride systems. Zitconium is frequently
used in contact  wi th water in reactors,  and the zi rconium-water react ion
is not a safety hazard.  Exper imenEs carr ied out at  GA Technologies show
that the z i rconium hydr ide systems have a relat ively low chemical
react iv i ty wi th respect to l tater and air .  These tests have involved the
quenching with water of  both powders and sol id specimens of  U-ZrH af ter
heat ing to as high as 850"C, and of  sol id U-Zr al loy af ter  heat ing to as
high as 1200"C. Tests have also been made to determine the extent to
which fission products are removed from the surfaces of the fuel
elements at  room temperature.  Resul ts prove that,  because of  the high
resistance to leaching, a large fract ion of  the f iss ion products is
retained in even completely unclad U-ZrH fuel.
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4.2. NUCLEAR DESIGN AND EVALUATION

The characteristics and operating panmeters of this reactor have
been calculaced and extrapolated using experience and data obtained from
existing TRIGA reactors as bench marks in ewaluating the calculated
data. There are several TRIGA systems with essentially the same core
and ref lector relat ionship as th is TRIGA so the values presented here
are fe l t  to be accurate to wi th in 5X but,  of  course, are inf luenced by
speci f ic  core conf igurat ion detai ls as wel l  as operat ional  detai ls.

An operational core of 85 fuel elenents, 3 fuel followed control
rods, and one air followed control rod is to be arranged in 5 rings with
a central ,  water f i l led hole.  Dimension of  the act ive fueled core,  a
cyl inder,  i -s l -5 inches in height wi th an average radius of  8.5 inches.
The cylinder radius is calculated as the awerage radius of a hexagonal
fuel array with 91 unit cells (6 fi l led rings including the center hole)
and a uni t  cel l  area of  2.55 square inches.

Table 4-3 surunarizes the typical Mark II TRIGA reactor parameters
for a core containing high-hydr ide,  stainless steel  c lad fuel  e lements.

Table 4-3

TYPICAL TRIGA CORE NUCLEAR PAM},IETERS

Fuel elements

Cold clean cr i t ical  loading

Operational loading

2, Prornpt neutron lifetine

B, Effect ive delayed neutron fract ion

SS-clad U-ZrH1.6

-64 elements

-2.5 kg U-235

-90 elements

-3.4 kg u-23s

4I psec

0.0070

e.,  Prompt negat ive temperature coeff ic ient
-1.0 x 1o-4 6k/k" c

T6 Average fuel temperature (1.1 l{tl) 265"C

T, Average water temperature (1.11{t{)  65'C

Water coolant volume to cel l  volune rat io -L/3

4.2. t . React iv i ty Effects

The react iv i ty associated wiuh the control  rod is of interest both
in the shutdown margin and in calculations of possible abnormal
condit ions related to react iv i ty accidents. Table 4-4 gives approximate
react iv i ty values associated with a total  control  rod travel of  15 in.
(38.1 cn),  the fu l l  t ravel  in the core.
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Table 4-4

ESTIMATED CONTROL ROD NET WORTH

Control Rod diarneter
in.  (cn)

6k/k
z

c
c
D
D

ring -
ring -
r ing -
ring -

transient
regulating
shim 1
shim 2

r .2s (3.18)
1.3s (3.43)
1.3s (3.43)
r . .3s (3.43)

2.L
2.6
2.0
2.O

The maximum reactivity insertion rate is that associated with the
transient rod which can be fully removed frorn the core in 0.1- sec
producing an average reactivity insertion rate of 2LI 6k/k-sec.

The total  react iv i ty worch of  the control  system is about 8.7%.
With a core excess reactivity of 4.97", the shutdown nargin with all rods
down is about 3.82 and with the most reactive rod stuck out is about 1%.

The reactivity worth of the fuel elements is dependent on their
posi t ion wi th in the core.  Table 4-5 indicates the values that are
expected in th is instal lat ion.

Tab1e 4-5

ESTIMATED F'T'EL ELEMENT REACTIVITY WORTH COI{PARED WITH
WATER AS A trT]NCTION OF POSITION IN CORE

Core Posi t ion
Worth (7, 6k/k)

SS Clad U-ZrH1.6
Nunber of

Fuel Posit ions

B ring
C ring
D ring
E ring
F ring
G ring

L.07
.85

0. s4
0. 35
o.25
0.19

6
L2
18
24
30
35

Because of the pronpt negative temperature coefficient a
significant amount of reactivity is needed to overcome temperature and
al low the reactor to operate at  the higher power levels in steady-state
operaEion. Figure 4-23 shows the relat ionship of  reactor power level
and associated reactivity Ioss to achieve a given power level. Figure
4-24 relates fuel  temperature to a given steady-state reactor power
level .
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The react iv i ty ef fects associated with the insert ion and removal
of  exper iments in or around the core are di f f icul t  to predict ;  however,
Table 4-6 is suppl ied to provide a guide to the magnitude of  the
react iv i ty ef fects associ .ated wiuh the introduct ion of  exper iments in
the reactor core.

Table 4-6

EXPECTED REACTIVITY EFFECTS ASSOCIATED WITH EXPERIMENTAL
FACILITIES

Worth (7" 6k/k\

Central  th imble,  fuel  vs H20
Central  th inble,  void vs H20
Pneumatic transfer tube,

(G r ing) void vs H20
Rotary specimen rack,  void vs H20

+0. 90
-0.15

-0.10
-0.20

4.2.2 Evaluat ion of  Nuclear Design

The TRIGA reactor system is wel l -known for i ts conservat ive
design. The stabi l i ty  of  th is reactor type has been proven both through
calculat ions as wel l  as through tests performed with Ehe many TRIGA
reactors in operat ion throughout the wor ld.  The stabi l i ty  of  the TRIGA
tyPe reactor stems from the pronpt negat ive temperature coeff ic ient
associated with the U-ZrH* fuel  in conjunct ion wi th a sui table neutron
therrnal iz ing mater ia l .  This TRIGA wi l l  have the stabi l i ty  that  has been
demonstrated on other TRIGA systems over the years.

A review of  the t""" t i ' r r i .ay worths associated with the reactor core
indicates that no s ingle i tem l isted can produce a step react iv i ty
insert ion greater than that of fered by rout ine pulse operat ion.  In the
pulsed mode of  operat ion the resul ts of  a step insert ion of  $3.00 are
fat  below those at t r ibuted to test  pulses on the advanced TRIGA
Prototype reactor in which 3.52 6k/k was inserted in a sEep as is shown
in Table 4-7.

A totar react iv i ty l imi t  for  exper iments is set  at  $3.00. This
I imit  constrains the worst case transient accident to less than the
design pulse insert ion.

The possibi l i ty  of  a react iv i ty accident which could produce
reactor povrers and fuel  temperatures at t r ibuted to a $4.00 step
insert ion has been considered and evaluated in the accident analysis
sect ion of  th is reporE. I t  is  concluded from this analysis that  the
peak and average fuel  temperatures resul t ing f rom this accident are wel I
below the temPeratures indicated as safety l imi ts descr ibed in the
reactor design bases of  th is document.  I t  is  fur ther concluded that the
integr i ty of  the fuel  containment,  wi l l  not  be jeopardized and no adverse
effects to the reactor system or personnel  wi l l  ar ise f rorn the advent of
such an accident.
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Table 4-7

COMPARISON OF REACTIVIIY INSERTION EFFECTS

Pulse Resulting from
Insertion of Maxinum
Excess Reactivity in
This TRIGA

l ' lax Pulse Tested
on SS-CIad, High
Hydride Fueled
TRIGA types

React iv i ty insert ion,

$
Steady-State power

before pulse,  kW

Peak power, MW

Tocal energy release,

MW- sec

Period, rnsec

Maximum fuel temperature,

"c
Pu1se width, msec

3.00

<1

-1400

-l_8

-3.1

-540

-11

s.00

<1

-8400

-54
-L.4

-1050

-5.5

4.3 THERMAL AI{D HYDRAULIC DESIGN

This TRIGA reactor wil l be operated with natural convective
cool ing by reactor pool  water.  This method of  heat dissipat ion is more
than adeguate for  the power level  of  the reactor;  i .e.  1100 kW(t) .  The
thermal and hydraulic design of the reactor is well within the safety
l in i ts required to assure fuel  integr i ty.

4.3.1. Design Bases

The thermal and hydraulic design for this TRIGA is based on
assuring that fuel integrity is maintained during steady-state and
pulsed mode operation as weII as during those abnormal conditions which
might be postulated for reactor operat ion.  Dur ing steady-state
operation fuel integrity is maintained by l imiting reactor powers to
values which assure that the fuel cladding can transfer heat from the
fuel to the reactor coolant without reaching fuel-clad temperatures that
could resul t  in c lad rupture.  I f  these temperature condi t ions were
exceeded, the maximum local heat f lux ln the core would be greater than
the heat f lux at which there is a departure from the nucleate boil ing
regime and consequently f i ln blanketing of the fuel. This heat f lux
safety l inic is a funetion of the inlet coolant temperature.
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Figure 4-22 surmarizes the results of the thernal and hydraulic

analysis for steady-state oPeration of the TRIGA. In the figure

cr i t ical  heac f lux for  departure f ron nucleate boi l ing is plot ted as a

function of the coolant inlet temperature. The maximum power density in
a TRIGA core is found by nultiplying the average Power density by a
radial  peak-co-average power generat ion rat io of  1.5 and an axial  value
of L.25 .

The correlation used to determine the heat f lu< at which there is
a departure from nucleate boil lng is from Bernath t331. This
correlation encompasses a wider range of experimental data than the

usual  correlat ions,  e.8. ,  the correlat ion due to McAdarns, and, general ly

gives a lower value for the DNB ratio than the other correlations.

Table 4-8

1000 kw(r) TRIGA HEAT TRAI{SFER Al{D HYDRAULIC PARAI,IETERS

Number of fuel elements
Diameter
Length (heated)

Flow area

I.Ietted perimeter

Hydraulic diameter

Heat transfer surface

Inlet coolant temperature

Exit coolant temperature (average)

Coolant mass f low

Average flow velocity

Average fuel temperature

l,laximurn waII temperature

Maxinun fuel ternperature

Average heat flux

Maximum heat flux

Mininum DNB ratio

90
1.475 in.
l -5.0 in.

o.522 fr2

34.75 fx

0.0501 fr

t+3.44 ft2

120'F (48.9 'C)

L74"F (78.9 'C)

63,70O Lb/hr

0.55 f t /sec

500'F (260"C)

280"F (138"C)

842"F (450"C)

78,500 Btu/nr-ft2

157,100 Btuy:rrr-fx2

4- 53
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Tab1e 4-8 l ists the pert inent heat transfer and hydraul ic
parameters for the TRIGA operating at a nominal power level of 1000 klJ.
These data were taken from the results of calculat ions described in
Sect ion 4.  1.

During pulsing operation the liniting therrnal-hydraulic condition
is the fuel temperature and the corresponding H2 excess pressure beyond
which clad rupture may occur.  As indicated in Sect ion 4.L, coolant
temperature is not a liniting condition in pulsing since heating
conditions are essentially adiabacic and significant transfer of heat
energy to the coolant does not occur until after peak fuel-clad
Cemperatures occur.

The safety linit on fuel temperature occurring in the pulse urode
of operat ion is 1150'C. This temperature wi l l  g ive an internal
equi l ibr iurn hydrogen pressure (U-ZrH fuel H/Zr;  1.5) less than that
which would produce a stress equivalent to the ultinate strength of the
clad at a temperacure of 680"C. Thls clad temperature is higher than
would actually occur and therefore conservative even in the case of a
pulse producing a peak adiabat ic fuel  tenperature of 1150'C.

4.3.2. Thermal and Hvdraulic Desien Evaluation

The validity and safety of the TRIGA thernal-hydraulic design is
establ ished in Sect ion 4.1.  In that  sect ion i t  is  shown that deslgn-
basis conditions evaluated for TRIGA reactors using stainless steel clad
U-ZrH (H/Zr; 1.5) fuel elements provide a generous safety margin for
this TRIGA. These general evaluations are supported by extensj-ve
experience in operation of TRIGA cores at equivalent fuel temperatures
and reactor power levels. No adverse results are reported from other
similar TRICA reactors with conparable fuel temperatures and power
levels.

4.4. MECHANICAL DESICN AND EVALUATION

4.4 .L. General  Descript ion

The TRIGA Mark II reactor core assembly is located near the bottom
of an elongated cylindrlcal alurninum tank surrounded by a reinforced
concrete sCructure. A typical  instal lat ion is shown in Figure 4-25.
The standard reactor tank is a welded aluninum vessel lrith 1/4 in. thick
(0.54 cm.) wal ls,  a diameter of  approximately 5.5 feet  (2 meters),  and a
depth of  at  least  25 feet (7.6 n.) .  The tank is al l -welded for water
t ightness. The integri ty of the weld joints is ver i f ied by radiographic
testing, dye penetrant checking, and helium leak testing. The outside
of the tank is coated for corrosion protect ion.

An aluminum angle used for mounting the ion chambers, fuel storage
racks, underwater lights, and other equipnent, is located around the top
of the tank. Demineralized water in the tank is provided such that at
least 2l  feet (5.4 n.)  of  shielding water is above the core. The core
is shielded radial ly by a minimum of 7.97 feet (2.43 n) of concrete with
a densi ty of  2.88 g/cc,  1.5 feet  ( -45 cn.)  of  water,  and 10.2 inches
(25.9 crn.  )  of  graphi te ref lector (see Figure 4-26) .
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4.4.2. Ref leccor Assembly

The reflector is a ring-shaped block of graphice that surrounds
the core radial ly.  The graphi te is L0.2 inches (25.9L cn.)  th ick
radial ly,  wi th an inside diameter of  2L-5/8 inches (54.93 cn.)  and a
height of  2L-L3/L6 inches (54.40 cm.) The graphi te is protected from
water penetration by a leak-tight welded aluminum can.

A "wel1" in the top of the graphite reflector is provided for the
rotary specimen rack. This well is also aluminum-lined, the l ining
being an integral part of the aluminum reflector can. The rotary
specimen rack is a self-contained unit and does not penetrate the sealed
ref lector at  any point .

The graphite, and outer surface of the aluminurn can are pierced by
an aluminr.rm tube which forms the inner section of beam ports that
penetrate the reflector. The reflector penetrating beam tubes are
connected by alurninun couplings to the corresponding beam tube section
fabricated as part of the reactor tank structure.

The reflector assenbly rests on an aluminum pJ-atform at the bottom
of the tank, and provides support for the two grid plates and the safety
pIate. Three lugs are provided for l i ft ing the assembly.

4.4.3. Grid Plates

The top gr id plate is an alumlnum plate 5/8 inches (1.59 cn.)
chick (3/8 inches,0.95 cm.,  th ick in the central  region) that  provides
accurate lateral  posi t ioning for the core components. The plaue is
supported by a ring welded to the top inside surface of the reflector
container and is anodized to resist  wear and corrosion.

One hundred twenty one (L21) holes,  1.505 inches (3.823 cn.)
diameter, are drilled into the top grid plate in a nodified hexagonal
pattern ( the vertexes of the hex are onit ted) around a cenural  hole.
The holes are to locate the fuel-moderator and graphite dtrnny elements,
the control rods and guide tubes, and the pneurnatic transfer tube. (See
Figure 4-27. ) An equivalent dianeter center hole accomrnodates the
central thirnble. Small holes at various positions in the top grid plate
permit  insert ion of wires or foi ls into the core to obtain f lux data.

A hexagonal section can be removed fron the center of the upper
gr id plate for the insert ion of specimens up to 4.4 inches (11.18 cur.)
in diameter into the region of highest f lux; this requires pr ior
relocation of the six fuel elements from the B ring to the outer portion
of the core and removal of the central thirnble. This removable section
wi l l  not be used ini t ia l ly;  a l icense amendment wi l l  be obtained pr ior
to i ts use.

Two generally triangular-shaped sections are cut out of the upper
gr id plate. Each cut out encompasses two E and one D r ing holes. Fuel
elements placed in these locations, require lateral support by a special
fixture. l,Ihen the fuel elements and support are removed, there is room
for insert ing specimens up to 2.4 inches (5.1 cm.) in diameter.
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The bottom gr id plate is an aluminum plate 3/4 inch (1.91 cm-)

thick which supports the entire weight of the core and provides accurate
spacing between the fuel-moderator elernents.  Six pads around a
hexagonal ring which is welded to the reflector container support the
botton gr id plate.

Holes in the bottom grid plate are aligned with fuel elernent holes
in the top grid plate. Th"y are countersunk to align the adaptor end of
the fuel-moderator elements and the adaptor end of other in core
experinent systems, such as the pneumatic transfer tube.

The differential area between the fitt ing at the top of the fuel
elements and the round holes in the top grid plate permits passage of
cooling water through the p1ate.

4.4.4. Safet..r Plate

The safety plate is provided to preclude the possibility of
control  rods fal l ing out of the core. I t  is a L/2 inch (1.27 cm. )  thick
plate of aluminum set on the core support structure below the reflector.
The plate is placed about 16 inches (40.5 cn.)  below the botLom grid
plate.

A central  hole of  1.505 inches (3.823 cn.)  in diarneter in the
lower grid serves as a clearance hole for the central thirnble. Eight
addi t ional  1.505- inch (3.823 cm.) diameter holes are al igned with upper
gr id plate holes to provide passage of fuel- fol lower control  rods.
Those holes in the bottom grid plate not occupied by control rod
followers are plugged with removable fuel elenent adaptors thac rest on
the safety plate. These fuel element adaptors are solid aluminum
cyl inders l - .5 inches (3.81 cn.)  in diameter by L7 inches (43.18 cn.)
long. At the lower end is a fitting that is accommodated by a hole in
the safety p1ate. The upper end of the cylinder is flush with che upper
surface of the bottom grid plate when the adaptor is in place. This end
of che adaptor has a hole similar to that in the bottorn grid plate for
accept ing the fuel  element lower end f i t t ing. Lt i th the adaptor in
place, a posit ion formerly occupied by a control  rod with a fuel
follower will now accept a standard fuel element. The adaptor can be
removed with a special  handl ing tool .

4.4.5. Fuel -Moderator Elements

The active part of each fuel-moderator element, shown in Figure
4-28, is approxinately 1.43 in.  (3.63 crn.)  in diameter and 15 in.  long
(38.1- cn.) .  The fuel is a sol id,  homogeneous mixture of uranium-
zirconium hydride al loy containing about 8.52 by weight of uranium
enriched to 20L V-235. The hydrogen-to-zirconiun atom ratio is about
1.6. To faci l i tate hydriding, a smal l  hole is dr i l led through rhe
center of the act ive fuel  sect ion and a zirconium rod is inserted in
this hole after hydriding is complete. The hydriding hole and zirconi.um
rod are not shown in Figure 4-28. Several  t )rpes of end f i t t ings exist ,
therefore, those shown are typical .
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Each element is c lad wi th a 0.020 in.  th ick ( .508 mrn.)  stainless
steel  can, and al l  c losures are made by hel iarc welding. Two sect ions
of graphite are inserted in the can, one above and one below the fuel,
uo serve as top and bottom ref lectors for  the core.  Stainless steel  end
fixtures are attached to both ends of the can, making the overall length
of the fuel-moderator element 28.8 in.  (73.2 cn.  ) .

The lower end fixture supports the fuel-moderator element on the
bottom gr id plate.  The upper end f ixture consists of  a knob for
attachment of the fuel-handling tool and a triangular spacer, which
permits cooling water to flow through the upper grid plate. The total
weight of  a fu l ly- loaded fuel  e lemenr is abour 3.18 kg. (7 lb.) .

4.4.5.L Instrument Fuel  Elements

An instrumented fuel-moderator element will have three
thermocouples embedded in the fuel. As shown in Figure 4-29, the
sensing t ips of the fuel  element thermocouples are located about 0.3 in.
(O.76 cn.)  f rorn the vert ical  center l ine. Thermocouple specif icat ions
are l is ted in Table 4-9.

The thernocouple lead wires pass through a seal in the upper end
fixture. A lead tube provides a watertight conduit carrying the lead
wires above the water surface in the reactor pool. Thermocouple
specif icat ions are l isted in Table 4-9. rn other respects the
instrumented fuel-moderator elemenc is identical to the standard
element.

Table 4-9

THERMOCOUPLE SPECIFICATIONS

TyPe
Wire diameter
Resistance
Junct ion
Sheath mater ial
Sheath diameter
Insulat ion
Lead-out wire

Mater ial
Size
Color code

ResisLance

Chrourel - alumel
0.005 in.
24.08 ohrns/double foor ar 68'F
Grounded
Stainless steel
0.040 in.
Mgo

Chrornel - alurnel
20 AWG
Chromel -  yel low (posit ive)
Alunel - red (negarive)
0.59 ohns/double foor at 75'F
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4.4.5 .2. Evaluat ion of  Fuel  Elernent Desien.

General Atomic has acquired extensive experience in the
fabricat ion and operat ion of high hydride, stainless steel c lad fuel
elements. As shown in other sect ions of this report ,  the stresses
associated with the fuel and cladding temperacures in all modes of
operat ion, normal and abnormal,  are within the safety l in i ts descr ibed
in the Reactor Design Bases.

Dimensional stability of the overall fuel element has been
excellent in the TRIGA reactors in operation. Analysis of the heat
removal from elements that touch owing to transverse bending shows that
the contact will not result in hot spots that damage the fuel.

Tests have been conducted on TRIGA fuel elements to deterrnine the
strength of the fuel element clad when subjected to internal pressure.
At room temperature the clads ruptured at about 2050 psig. This
corresponds to a hoop stress at rupture of about 72,OOO psi which
compares favorably with the ninimrrn expected value for 304 stainless
steel .

I t  is concluded that the chemical stabi l i ty of  U-ZrH1.5 fuel-
moderator mater ial  does not impose a safety l imit  on reactor operat ion
(see Sect ion 4.1.1).  Table 4-10 gives a surmary of  the fuel  e lement
speci f icat ions.

Table 4-10

SI]MMARY OF F'I'EL ELEMENT SPECIFICATIONS

Fuel -Moderator Mater ial
H/Zr ratio
Uraniurn content
Enrichment (U-235)
Diameter
Length

Graphite End Reflectors
Porosi ty
Dierneter
Length

Cladding
Mater ial
Wall thickness
Length

End Fixtures and Spacer
Overall Element

Outside diameter
Length
Weight

Nominal Value

1.5
8.5 wt X
Le .7 110.2
1 .43 in.
15 in.

Upper Lower
202
L.43
3.44

207,
L.43
3.47

ln.
in.

In.
in.

Type 304 SS
0.020 in.
22.LO Ln.
Type 304 SS

1.47 in.  (3.73 crn)
28.37 in.  (72.06 cn)
7 Ib.  (3.18 kg)
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STA I  NLESS STEEL
LEAD-OUT TUBE
(3/4 tN. DtAM)

TR I  ANGULAR SPACER

END PLUG

GRAPHITE END REFLECTOR

Z I RCON I UM ROD

FUEL-HODERATOR
MATER I  AL

SECT ION A.A

THERMOCOUPLES (3 )

GRAPHITE END REFLECTOR

STAINLESS STEEL
CLAOD I  NG

INSTRWENTED IUEL ELEMENT

FLgure 4-29
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Most of the fuel  for the ini t ia l  core loading wi l l  consist  of
elements with burnups of a fract ion of a MW-day to several  MW-days. I t
is ant ic ipated that an inic ial  core loading of about 94 fuel  elernents,
including instrumented elenents, and fuel fol lowed control  rods, wi l l
produce a cold, c lean excess react iv i ty of -4.92 6k/k.  The operat ional
core configuration will contain two instrunented fuel elements with at
least one located in the inner most reactor r ing.

4.4.6. Neutron Source and Holder

A 2 or 3 curie americium beryllir:n neutron source will be used for
startup. The neutron source holder is made of aluminum, is cylindrical
in shape, and has a cavity to hold the source. The source holder can be
installed in a vacant fuel or graphite element location. A shoulder at
the upper end of the holder supports the assembly on the upper grid
plaue, the rod itself, which contains the source, extending down into
the core region. The neutron source is contained in a cavity in the
lower portion of the rod assembly at the horizontal centerline of the
core.  This cyl indr ical  cavi ty is 0.981 in.  (2.492 cm.) in diameter and
approximately 3 in.  (7.62 cn.)  deep. The upper and lower port ions are
screwed together. A soft aluminun ring provides sealing against water
leakage into the cavity. Since the upper end fixture of the source
holder is simllar to that of the fuel element, the source holder can be
installed or rernoved with the fuel handling tool. In addition, the
upper end fixture has a small hole through which one end of a stainless
steel wire may be inserted to facilltate handling operation from the top
of the tank.

4.4.7. Graphite DummJr Elements

Graphite dummy elements may be used to fil l grid positions not
fil led by the fuel-moderator elements or other core compounds. They are
of the same general dimensions and construction as the fuel-moderator
elements, but are f i l led ent irely with graphite and are clad with
aluminum.

4.4.8.

The reactor

Control  Svstem Desisn

uses four control  rods:

a. Shin rod I

b.  Shirn rod 2

c. A transient rod

d. A regulatory rod

The regulating and shirn rods are sealed 304 stainless steel tubes
approximately 43 in.  (109 cn) long by 1.35 in.  (3.43 cn) in diarneter in
which the uppermost 6.5 in.  (15.5 cxn) sect ion is an air  void and the
next l -5 in.  (38.1- ern) is the neutron absorber (boron carbide in sol id
form). Immediately below the neutron absorber is a fuel  fol lower
sect ion consist ing of  15 in.  (38.1 cn) of  U-ZrH1.6 fuel .  The bottom
sect ion of  the rod is 5.5 in.  (16.5 cm) air  void.
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The reguraring and shim rods pass through and are guided by 1.5
in. (3.81 cn) diameter holes in rhe rop and borrom griE plares. A
t)rPical control rod with fuel follower is shown in the withdrawn and
inserted posi t ions in Figure 4-30.

The safety-rransienr rod is a sealed, 3G.75 in.  (93.35 cm) long by
L.25 in.  (3.18 cn) diameter tube containing sol id boron carbide as a
neutron absorber.  Below the absorber is 

"n " i r  
f i l led fol lower sect ion.

The absorber secr ion is 15 in.  (38.1 cn) long and rhe fol lower is 2o.gg
in. (53-02 cn) long. The transient rod passes through the core in a
perforated aluminurn guide tube. The tube receives its support fron the
safety plate and ics lateral  posi t ioning from both gr id '  plares. r t
extends approximately 10 in.  (25.4 cn) above rhe top gi ia pi . te.  water
passage through the tube is provided by a large n*b"r of hores
distributed evenly over its length. A locking devlce is built inro rhe
lower end of the assenbly.

The control rods are connected to their individual drive units by
screwing the uPPer end of the rod into a control rod drive assernbly
connect ing rod. Vert ical  t ravel of  each rod is approximately 15 in.
(38.1 cn).  React iv i ty worrhs and core posit ions for each rod are
surnrnarized in the section on nuclear design. A summary of other control
rod design parameters is given in Table 4-11.

Table 4-11

SI]MMARY OF CONTROL ROD DESIGN PARAI{ETERS

Transient
Shin and

Regulating

Claddins

Mater ial
OD
Length
Wall thickness

Absorber

l,taterial
OD

Length

FoIlower

l,taterial
OD
Length

A1
1.25 in.  (3.18 cn)
35.75 in.  (93.35 cn)
0.028 in.  (0.071 cn)

Type 304 SS
l- .35 in.  (3.43 cn)
43.13 in.  (109.5 cn)
0.020 in.  (0.051 cur)

Boron Carbide (sol id
1.19 in.  (3.02 cm)
15 in.  (38.1 cn)

form)
1.31 in.  (3.32 cn)
14.25 in.  (36.20 cm)

Air
1 .  25 in '  (3 .1 '8 cm)

20.88 in.  (53.02 cn)

U-ZrH1.5
1,.31. in.  (3 .34 cm)
15 in.  (38.1 cn)
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