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INTRODUCTION 

The uranium zirconium hydride (U-ZrHJ fuel is the fundamental feature of the TRIGA 

family of reactors that accounts for its widely recognized safety, good performance, economy 

of operation, and its acceptance worldwide. Of the 65 TRIGA reactors or TRIGA fueled 

reactors, several are located in hospitals or hospital-, complexes and in buildings that house 

university classrooms. These examples are a tribute to the high degree of safety of the operating 

TRIGA reactor. In the early days, the majority of the TRIGA reactors had power levels in the 

range from 10 to 250 kW, many with pulsing capability. An additional number had power 

levels up to 1 MW. By the late 1970's, seven TRIGA reactors with power levels up to 2-MW 

had been installed. A reduction in the rate of worldwide construction of new research reactors 

set in during the mid 1970's but construction of occasional research reactors has continued until 

the present. 
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Starting in the early 1980s and even before, an interest developed in the larger power 
TRIGA reactors. The 14-MW Romanian research and test reactor was commissioned during the 
interval October 1979 to March 1980. In 1986 and 1988 3.0 MW TRIGA reactors were 
installed in Dhaka, Bangladesh and Quezon City, Philippines. Under construction at present are 
two new TRIGA reactors at the University of Texas and in Rabat, Morocco as well as an 
upgrade from 1.0 to 3.0 MW at Taipei, Taiwan. 

Table 1 illustrates the recent TRIGA reactors with power levels above 1 MW including 
those presently (1991) under construction or conversion. 

TABLE 1 
RECENT HIGHER POWER TRIGA REACTORS 

Date Power fMWl Site 

under construction 1.5 Rabat, Morocco 
under construction 1.1* University of Texas 
under conversion 3.0 Taipei, Taiwan 

1986 3.0* Dhaka, Bangladesh 
1988 3.0* Quezon City .Philippines 
1979 . 14.0 Pitesti, Romania 

•with pulsing capability 

. 14.0 Pitesti, Romania 

PERFORMANCE OF HIGHER POWER TRIGA REACTORS 

The excellent performance of the half-inch diameter TRIGA fuel during the ten-year 

operational history of the Romanian reactor and the high burnup tests of TRIGA LEU fuel at 

Oak Ridge under the RERTR program provide the basis for higher power and higher power 
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density operation of TRIGA reactors. A 5 MW reactor with these LEU TRIGA fuel elements 
arranged in a hexagonal pitch can provide high thermal fluxes ( -10" n/cm2.s) for beam ports 
and in-core irradiation. The same core can also provide fast neutron (>0.1 MeV) and thermal 
neutron fluxes of > 1014 n/cm2.s for sample irradiations. 

The performance of the higher power TRIGA reactors with their consequent need for 
longer core life has been facilitated by the early development of TRIGA LEU fuel. The 
development of higher uranium loaded TRIGA fuel with low enriched uranium (TRIGA-LEU 
fuel) started in 1978 (1). It is characterized as higher loaded fuel because the standard, basic 
TRIGA U-ZrH, fuel has always utilized low enriched uranium and contains 8.5 wt-% U with 
an enrichment of 19.7 - 19.9%. The higher loaded TRIGA LEU fuels contain either 20, 30, 
or 45 wt-% U each with the above enrichment. An important aspect of the TRIGA-LEU fuel 
is the fact that the presently manufactured highest loaded fuel with 45 wt-% U has a uranium 
volume fraction of only about 20%. This compares with about 50 vol-% uranium in the present 
LEU silicide fuels which is near the manufacturing limit. 

General Atomics was a participant in the RERTR program since its inception (1). It 

tested the above mentioned range of fuel loadings (20, 30 and 45 wt-% U) in the ORR to bumup 

values reaching about 65% averaged over the entire fuel rod. A number of tests on LEU fuel 

were also conducted in the TRIGA Mark F reactor in San Diego. Sales of TRIGA-LEU fuel 

began in 1979 and the first deliveries were made in 1980. Table 2 presents a summary of 

TRIGA-LEU fuel usage to date. 

Operating Performance. The 3 MW TRIGA reactor in Bangladesh with its LEU fuel 
(20 wt-% - 20% enriched, erbium burnable poison) is an example of a higher power TRIGA 
Mark II reactor (2, 3). Measurements of neutron flux in the central water-filled thimble have 
given values of 1.07 x 1014 n/cmJ.s (thermal) and 2.51 x 10" n/cm2.s (epithermal). As another 
example, the Philippines research reactor was converted to TRIGA LEU fuel and upgraded to 
3 MW using four-rod fuel clusters of 20-20 LEU TRIGA fuel. Both of these 3 MW reactors 
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TABLE 2 
OPERATIONS WITH TRIGA LEU FUEL 

Location Reactor fLEU start datê  Wt-% Enrichment 

San Diego Mark F (1978) testing 1/2-inch 45-20 
1-1/2-inch 20-20 

45-20 
Mark F (1989) reload 30-20 

Oak Ridge 

Taiwan 

ORR (1979) testing 20-20 
30-20 
45-20 

MTR Conversion (began stepwise 1977) 
Full TRIGA Core 1987 20-20 

Thailand MTR Conversion (1980) Reload 20-20 

Yugoslavia TRIGA Mark n (1983) Reload 20-20 

Malaysia TRIGA Mark n (1982) Reload 20-20 

Philippines MTR Conversion (1986) Full Core 20-20 

Bangladesh TRIGA Mark H (1986) Full Core 20-20 

Romania 14 MW Reload Fuel Available to 
replace HEU fuel stepwise 

45-20 

have pulsing capability. An example of a still higher power research and test reactor is the 14 

MW TRIGA reactor (licensed for 16.5 MW) installed in Pitesti, Romania: The multipurpose 

nature of this installation is indicated by the following: 

• six in-core test locations [3 large (17.5 x 17.5 cm2) and 3 small 

(8.75 x 8.75 cm2)] 

two horizontal beamports (tangential, radial) 

large beam room 

Numerous irradiation facilities in beryllium reflector blocks 
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• 14 MW power level 
• Annular Core Pulsing Reactor with its large central pulsed fuel test 

facility and two horizontal beamports located in same reactor tank 

The 14 MW Romanian reactor was specifically designed to test in-core fuel assemblies 
nd loops. The core was designed to produce specified fluxes in the several in-core locations 
vith experiments in place. The core configuration is therefore not optimum for the production 
>f maximum in-core and leakage fluxes. Nevertheless, it may be of interest to report the fluxes 
iredicted for the core configuration but without experiments. The fast flux (E>9 keV) in an 
dr-filled central experimental region is calculated to be 1.63 x 10" n/cm2.s. The corresponding 
hernial flux (E < 0.4 eV) in the water-filled, central experimental region is calculated to be 2.75 
; 10'* n/cm2.s. The measured thermal flux was 2.65 x 10" n/cm2.s. The thermal fluxes in the 
;xperimental locations in the beryllium reflector vary from 0.5 to 1.1 x 10" n/cm2.s. The 
eakage thermal flux at the source end of the radial and tangential beamports is about 10u 

i/cma.s. 

The 3 MW and 14 MW TRIGA reactor cores discussed above enjoy long core life as a 

esult of the erbium burnable poison. For the Bangladesh 3 MW core, the reactor can operate 

or 1000 to 1600 MWD before the first fuel shuffle. At this point the average fuel bumup is 

ibout 13%. For the equilibrium core the average fuel bpmup is about 25%. With the initial 

IEU fuel, the Romanian reactor was expected to operate about 8400 MWD before the first fuel 

nove. After somewhat more than ten years of successful operation, the Romanian core has 

iperated about 13000 MWD with the addition of two fuel bundles to the original 29 bundle core 

oading. 

Safety. The superior safety of TRIGA fuel comes from three characteristics: (1) the 

arge, prompt, negative temperature coefficient of reactivity noted above; (2) the high operating 

emperature limit of the fuel; and (3) the high fission product retention. The ability of TRIGA 

uel to safely withstand extremely high operating temperatures (safety limit for the fuel is 

150°C) allows it to survive undamaged from several design basis reactivity accidents that would 
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destroy other types of fuel. The large fission product retention which is characteristic of all 
TRIGA fuel is not available with other types of reactor fuel. Whereas the aluminum-clad MTR 
plate-type fuels melt at 650°C releasing about 100% of the volatile fission products, the TRIGA 
fuel retains about 99.9% of these fission products at the same temperature even with the cladding 
removed. Because of these unequaled safety features, TRIGA reactors do not require expensive 
pressure-containment buildings. 

The combination of the above three features of TRIGA fuel provides large margins of 

safety under all abnormal operating conditions. During startup testing, the 3 MW Philippine 

TRIGA reactor (1) and the 14 MW Romanian TRIGA reactor (4) both safely survived without 

damage several planned loss of coolant flow tests without auxiliary cooling. Steady state 

operation with natural convection has been demonstrated for the same 14 MW reactor at power 

levels up to 3 MW. A variety of accidental reactivity insertions have been analyzed for this and 

other higher power (P & 3 MW) TRIGA reactors and have been shown to cause no harm to the 

reactor core. These include the accidental insertion of about 1.0 percent Ak/k at high steady 

state power. No fuel temperature exceeds 800°C and only nucleate boiling is produced. 

Similarly, a ramp removal of all control rods with the reactor starting at low power would 

produce a rapid rise in power which would be terminated by the power scram of the control 

rods. The power would rise well above the 110% scram point but the energy production would 

be limited to a very small value by the large prompt negative temperature coefficient of 

reactivity. Again, all fuel temperatures are limited to values well below 900°C with no departure 

from nucleate boiling. In considering the larger reactors (5-10 MW, and higher), it may be 

interesting to note that a 14 MW TRIGA reactor has been accidentally pulsed during fuel 

maneuvers without anv damage to the reactor fuel (5). The reactor fuel successfully withstood 

a reactivity insertion of a little less than 1 % Ak/k. Subsequently, the same fuel was used 

without any problem until full equilibrium core bumup was achieved. In another reactivity 

excursion that occurred during a routine startup, the 14 MW reactor power was ramped 

accidentally (5) to a power well above the operational power limit. No damage was done to the 

reactor fuel but the in-core loop for the test fuel failed releasing fission products into the reactor 

hall and containment loop. It may be useful to note that no fission product release from the 775 
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individual TRIGA fuel pins was detected during the more than ten years of heavy usage (13,000 
MWD). 

HIGHER POWER DENSITY REACTOR CORES 

The design to reach the higher power densities, especially for neutron beam experiments 
with research reactors, is straightforward: use a compact core with limited or no in-core voids 
or experiments and a fuel array that provides for optimal cooling. Designs for such higher 
power density TRIGA cores have been based on the 0.543-inch (13.8 mm) and 0.359-inch (9.14 
mm) diameter TRIGA LEU fuel rods. Starting with the design using the 0.543-inch diameter 
TRIGA-LEU fuel rods in a 16-rod square array, we have improved the design by use of a 
triangular pitch for the fuel rods. While a hexagonal array of 7 or 19 fuel rods is possible, the 
latter is probably to be preferred because of the reduced number of fuel clusters to be handled. 

In designing for the higher power densities (hence higher neutron fluxes), the power level 
is relatively unspecified. For example, a 5 MW reactor with a large core will have a lower 
power density whereas a much smaller core operating at the same 5 MW will have a 
substantially increased power density. For the designs using TRIGA-LEU fuels, the limit in 
increased power densities will be set by the maximum allowable operating fuel temperatures and 
not primarily by the reactor power. 

Several concepts for higher power densities have been evaluated based on the above 
ideas. In one case for a 2 MW research reactor which had typically 20 plate-type fuel clusters, 
the proposed core would be nine 16-rod TRIGA LEU fuel clusters (45 wt-%, 20% enriched, 
erbium) with the remainder of the core positions filled with beryllium reflector elements. The 
core lifetime would be greater than 1110 MWD. At 2 MW, the peak thermal neutron flux 
between the beryllium and the location of the beamports would be 2.9 x 10"n/cm2.s. 

For the higher power TRIGA-reactors (P S5 MW) and increased power densities, we 
have compared the performance parameters of the standard water reflected 10 MW TRIGA 
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reactor using a square array of 16-rod TRIGA LEU fuel (6) with those predicted for a hexagonal 
array of the same (13.8 mm rod diam.) fuel with a beryllium reflector. Table 3 presents these 
data. Two hexagonal configurations of fuel rods were considered, one that retained the same 
basic water volume fraction in the fuel cell and one that retained the same minimum spacing 
from the square array (e.g. 0.101 inches or 0.26 mm). At the same 10 MW power level, the 
major difference in core configuration is the reduced core size (30 x 16 rods versus 16 x 19 
rods). For the compact HEX cluster the increased peak fuel temperature (750°C) is still within 
the acceptable operating limit. As can be seen, the fast neutron flux (E >0.1 MeV) is 
substantially increased (2.1 x 1014 versus 1.4 x 10" n/cm2.s) as is the thermal neutron flux in 
the reflector (1.7 x 10'* versus 1.0 x 10" n/cm2.s). The thermal flux leaking into the beamports 
is correspondingly improved but was not calculated directly in this study although it should be 
similar to that in the reflector region. The in-core thermal flux in water filled locations depends 
on the core location and size. The values in Table 3 are for somewhat different condiitons but 
indicate that a compact HEX array core will provide a peak thermal flux of more than 3 x 10" 
n/cm2.s at a power level of 10 MW. Also included in Table 3 are data for the smaller diameter 
fuel rod (9.1 mm) as used in a 25 MW research reactor. Although calculations have not as yet 
been made to evaluate the improvements to be expected through the use of a 19-rod hexagonal 
fuel array with this smaller diameter fuel, it is expected that this approach for fueling a 10 MW 
TRIGA reactor can increase the power density still further than that in the 25 MW reactof 
because the smaller fuel diameter will result in better cooibg and reduced peak fuel temperature 
compared to the 13.8 mm diameter fuel rod diameter. 

Although the calculations and comparisons were mainly for a. 10 MW TRIGA eore. it 

may be noted that designs are possible to maintain similar power densities Chance fteutron fluxes) 

at lower power levels at, for example, 5 MW. The exact reactor power level wiii also depend 

on other requirements such as desired number and size of in-core irradiation locations. 

2-8 



TABLE 3 
Comparison of Higher Power Density TRIGA 

LEU Fuel Performances at 10 MW 
(smaller diameter fuel performance at 25 MW shown for comparison) 

Parameter 

16-rod 
square 
cluster 

19-rod 
HEX 

cluster 

19-rod 
HEX 
compact 
cluster 

36-rod 
square 
cluster 

Power (MW) 10 10 10 25 

Fuel Diam. (mm) 13.8 13.8 13.8 9.1 

(U ZrH/water) ratio 0.856 1.01 1.41 0.794 

Minimum rod spacing (in.) 0.101 0.149 0.101 0.080 

Cluster dimensions (mm) 
(flat to flat) 

75.7 x 
79.6 

80.37 74.97 72.14 x 
72.14 

Clusters 30 16 16 40 

Reflector H,0 Be Be Be 

f ^ C C ) 640 750 750 708 

$(>0.1MeV)(n/cm2.s) 1.4xl014 1.7x10" 2.1x10'* 2.0x10" 

$„, in Reflector 1 x 10" 1.5x10" 1.7x10" 1.2x10" 

$„ in central H20 trap 3 x 10" 2.9x10" -3.6x10" 4.3x10" 

CONCLUSION 

The extremely safe TRIGA fuel, including the more recent TRIGA LEU fuel, offers a 
wide range of possible reactor configurations. A long core life is assured through the use of a 
burnable poison in the TRIGA LEU fuel. In those instances where large neutron fluxes are 
desired but relatively low power levels are also desired, the 19-rod hexagonal array of small 
diameter fuel rods offers exciting possibilities. The small diameter fuel rods have provided 
extremely long and trouble-free operation in the Romanian 14 MW TRIGA reactor. 
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