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ABSTRACT

This study assesses the radiological risks associated with naturally occurring radionuclides #**U, 2**Th, and
40K present in the sands of Oniru Beach, situated in Lagos, Nigeria. These radionuclides, naturally present
in geological materials, can pose health hazards when found in elevated concentrations, especially in areas
with regular human activity such as recreational beaches. Gamma-ray spectrometry was employed to
measure the activity concentrations of “°K, *#U, and #**Th in sand samples collected from multiple points
along the beach. The mean activity concentrations recorded were 10.85 Bq-kg™ for 2%U, 9.25 Bq-kg™ for
232Th, and 265 Bq-kg™ for “°K. The potential radiological impacts of these concentrations were evaluated
to determine their hazard indices. These include the radium equivalent activity (Raeq), estimated at 44.5
Bq-kg, the external hazard index (Hex) 0f 0.120, and the internal hazard index (Hin) of 0.149. The absorbed
dose rate (D) of 21.66 nGy-h'!; the annual effective dose equivalent (AEDE) of 0.0266 mSv/y; and the
excess lifetime cancer risk (ELCR) estimated at 9.30x1072. When compared with internationally recognized
safety thresholds, such as those set by the United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR), all the calculated indices fall well below recommended limits. This suggests that
exposure to sand at Oniru Beach does not present any significant radiological hazard to public health.
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Introduction

Naturally occurring radionuclides (such as 2*8U, **Th, and “’K), are intrinsic components of the Earth’s
lithosphere and represent the principal contributors to natural background ionizing radiation. Because of their
extremely long half-lives and stable geochemical behavior, these radionuclides remain in environmental
media for geological timescales and are routinely detected in rocks, soils, sediments, and aquatic systems.
Through their radioactive decay series, they emit ionizing radiation that accounts for a significant proportion
of the radiation dose received by humans via both external exposure and internal uptake pathways [1].

Coastal beaches are highly dynamic depositional environments where physical reworking processes can lead
to spatial variability and, in some cases, enhancement of natural radionuclide concentrations. Continuous
interactions involving wave action, tidal currents, wind transport, erosion, and sediment deposition promote
the selective accumulation of heavy mineral fractions within beach sands. Minerals such as monazite, zircon,
rutile, and ilmenite are known to host elevated levels of uranium and thorium, and their concentration through

natural sorting mechanisms can result in localized zones of enhanced natural radioactivity along coastlines
[2,3].

Investigations conducted in different coastal regions worldwide, including several studies along the Nigerian
shoreline, have reported a wide range of activity concentrations for 2*3U, 2Th, and *°K in beach sediments.
These variations are primarily controlled by regional geology, sediment source materials, and the intensity
of coastal processes [4]. Human exposure may occur through direct irradiation from contaminated sands as
well as indirectly through inhalation or ingestion of re-suspended radioactive particles during recreational or
occupational activities. Although the associated dose levels are often within internationally recommended
limits, prolonged low-level exposure may contribute to an increased probability of stochastic health
outcomes, particularly cancer, especially for individuals with frequent or long-term beach contact [5, 6].

Oniru Beach, located along the Atlantic coast of Lagos State, Nigeria, is a major recreational site
characterized by intense and continuous human use. Despite its popularity and socio-economic significance,
systematic information on the radiological characteristics of its beach sands remains scarce. This lack of
baseline data limits effective radiological monitoring and risk evaluation. Consequently, assessing the natural
radioactivity levels of beach sediments in this area is essential for understanding potential exposure scenarios,
ensuring adherence to international radiation protection guidelines, and safeguarding public health.

In view of this, the present study applies gamma-ray spectrometric techniques to quantify the activity
concentrations of 28U, 232Th, and *°K in sand samples collected from Oniru Beach. The obtained activity
data are further used to estimate standard radiological hazard indices, including radium equivalent activity
(Raeq), external and internal hazard indices (Hex and Hin), absorbed dose rate (D), annual effective dose
equivalent (AEDE), and excess lifetime cancer risk (ELCR). The findings of this study provide baseline
radiological information for the study area and contribute to the broader understanding of natural radiation
exposure in coastal environments.



2. Materials and Methods
2.1 Study Area

Oniru Beach is situated along the Atlantic coastline of Lagos, Nigeria. It is geographically located between
latitude 6.42236 and 6.47843 and longitude 3.43792 and 3.74074 with an elevation range of 1 to 4 m (Fig.1).
The beach is characterized by sandy sediments, influenced by both marine and terrestrial sources. Human
activities, including tourism and nearby urban development, may influence the distribution and concentration

of natural radionuclides in the area.
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Fig.1 Spatial distribution of soil sample points in the study area

2.2. Sample Collection and Preparation

20 sand samples were randomly collected from multiple locations at a depth of 0-10 cm, and distance of 10
m from one point to the other for the purpose of obtaining a representative assessment. The collected samples
were packed inside a well-labelled polythene bag and transported to the laboratory.

At the laboratory, the samples were air-dried for 72 hours, oven-dried at a temperature of 110°C for 18 hours
to remove moisture completely, and sieved with 2 mm mesh size to homogenise the samples and obtain
uniform particle size (Fig. 2- Plate 1). A 300 g of the prepared samples were sealed in appropriately labelled
500 ml plastic container for 30 days so that equilibrium conditions can develop between ?*Ra and its

radioactive progeny.




Fig.2 Plate 1, sieving the soil samples
2.3. Gamma-Ray Spectrometry

Gamma-ray spectrometric measurements of the soil samples were carried out using a well-shielded 3" x 3"
Nal(T1) scintillation detector (Fig.3- Plate 2), coupled to a Quantum MCA2100R multichannel analyzer. Each
sample was counted for 36.000 s (10 h), and background spectra obtained from an empty container of identical
geometry and counting time were subtracted to correct for ambient radiation [7].

Fig.3. Plate 2, 3 inch x3 inch Nal(Tl) scintillation detector

Detector efficiency was calibrated with a multi-nuclide reference source traceable to the Analytical Quality
Control Service (AQCS, USA), positioned in the same geometry as the soil samples. Energy calibration was
achieved using the characteristic photopeaks of the reference standard, yielding a linear relationship between
channel number and gamma-ray energy [7].

The activity concentrations of naturally occurring radionuclides were evaluated using their characteristic
gamma emissions. The activity of *°K was determined from its 1460 keV photopeak, while the **U series,
assuming secular equilibrium, was quantified via the 1764.5 keV gamma line of ?"“Bi. The activity
concentration of the >*?Th series was obtained from the 2614 keV gamma emission of 2°T1. Where applicable,
the presence of anthropogenic *’Cs was assessed using its 661.6 keV gamma line [7].

The 3" x 3" Nal(T1) detector remains widely adopted for environmental gamma-ray spectrometry of primordial
radionuclides because it provides a favourable compromise between detection efficiency up to about 3 MeV
and an energy resolution of approximately 7-8% FWHM at 662 keV. Collectively, these measurement and
calibration procedures ensured robust and reliable determination of radionuclide activity concentrations in the
soil samples [7].



2.4. Radiological Hazard Indices Evaluation

The following indices were calculated using the respective relations.
Radium Equivalent Activity (Raeq):

Raeq =AcU + (1.43xAcTh) + (0.077xAcK) in Ref.[8]
External Hazard Index (Hex):

Hex = (AcU/370) + (AcTh/259) + (AcK/4810) in Ref.[8]
Internal Hazard Index (Hin):

Hin = (AcU/185) + (AcTh /259) + (AcK/4810) in Ref.[9]-
Absorbed Dose Rate (D);

D(nGy/h)=0.462xAcU+0.604xAcTh+0.0417xAcK in Ref.[10]
Annual Effective Dose Equivalent (AEDE);

AEDE (mSv/y) = Dx8760x0.2x0.7x10 in Ref[11]
Excess Lifetime Cancer Risk (ELCR);

ELCR = AEDE x Duration of life (70 years) x Risk factor (0.05 Sv'') in Ref[12]

Where AcU, AcTh, and AcK are the activity concentrations (Bq-kg™) of 228U, *2Th, and *°K, respectively,

are given in [13].

2.4.1 Uncertainty Analysis of Radiological Hazard Indices

The errors associated with radiological hazard indices were determined using the conventional law of
propagation of uncertainty. This method assumes that the measured activity concentrations of “°K, 2**U, and
232Th are statistically independent and that their associated uncertainties obey a normal (Gaussian) distribution.

For y =1 (x1, X2, X3,...)

6y=\[(Dy/Ox1- 5X1)*+(By/Ox2 6X2)+(Oy/Ox3 0X3)*+..]
Where; oy is the uncertainty
Radium Equivalent Activity (Raeq);

6Raeq = V[oU? + (1.43 6Th) + (0.077 6K)?]
External Hazard Index (Hex);

oHex = 0Raeq / 370
Internal Hazard Index (Hin);

oHin = V[(cU/185) + (6Th/259) + (cK/4810)?]

(1)
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3)
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)
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Absorbed Gamma Dose Rate (DR);

6DR=V[(0.4626U)>+(0.6045Th)+(0.04176K)?] (12)
Annual Effective Dose Equivalent (AEDE);

6AEDE = 0.001226 x cDR (13)
Excess Lifetime Cancer Risk (ELCR);

6ELCR = GAEDEXDL*RF (14)
where DL = 70 years and RF = 0.05 Sv*

3. Results and Discussion

The results (Fig.4), showed that “°K has the highest activity concentration across all soil samples, markedly
exceeding those of 28U and 2*?Th. The measured *°K values lie roughly between 210 and 300 Bq-kg™',
reflecting the natural abundance of potassium-containing minerals in the soils.
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Fig.4 Radioactive isotope concentration by sample point

By comparison, 23U shows lower activity levels, generally within 8-15 Bq-kg™', while ***Th presents the
lowest concentrations, ranging from about 5 to 10 Bq-kg™ (Table 1). The limited variation observed among
the samples suggests a relatively homogeneous geological composition. In general, the average activity
concentrations decrease in the order *°K > 233U > 232Th, and all values are consistent with natural background
radiation levels, indicating the absence of significant radiological enrichment in the area.

3.1 Radiological Hazard Indices with Propagated Uncertainties

The estimated errors associated with radiological hazard indices Table 3; radium equivalent activity (Raeg),
external hazard index (Hex), internal hazard index (Hin), absorbed gamma dose rate (DR), annual effective dose
equivalent (AEDE), and excess lifetime cancer risk (ELCR) were determined from measured activity
concentrations of “°K, 2*¥U, and #**Th, using first-order Gaussian error propagation, (Equations 6-13). The
results of propagated errors revealed that the dominant contributors to the overall uncertainty budget are the
activity concentrations of 2**U and #*?Th, resulting from their relatively large dose conversion coefficients.



However, despite these uncertainties, all values of Raeq remain significantly below the recommended safety
limit of 370 Bq-kg™', while Hex and Hi, are well below unity for all samples, as given in Table 2. The AEDE
values are substantially lower than the global average outdoor exposure of 0.48 mSv-y™', and the corresponding
ELCR values fall within internationally acceptable limits, indicating no significant radiological health risk to
the public.

Table 1. Radioactivity concentration of natural radionuclides of Oniru Beach Sands

Sample ID YK (Bq-kg™) 38U (Bq-kg™) 22Th (Bq-kg™)
SC1 223.16 £0.01 9+0.11 9+0.01
SC2 240.09 £0.16 10+ 0.20 10+ 1.03
SC3 283.10+1.03 12+2.01 8+ 1.10
SC4 269.32 £ 1.10 9+1.01 8+0.10
SC5 255.20+£2.03 8+1.03 8+ 1.10
SC6 270.32 £ 1.41 10+£1.05 8+1.02
SC7 302.40+£1.20 11+2.10 10+ 1.02
SC8 290.31+£2.15 10+ 2.30 10+ 1.03
SC9 281.14£2.86 10+4.20 9+2.10
SC10 279.48 +£3.20 12+2.20 8+2.34
SC11 282.13£2.01 12+ 1.01 9+1.12
SC12 274.12+1.10 11+2.20 10+1.13
SC13 208.23 £4.17 13+2.25 9+2.16
SC14 225.10£3.10 10+£1.21 8+3.20
SC15 255.12+£2.03 11+1.51 9+1.18
SC16 285.02 £2.21 12+2.03 11+1.22
SC17 263.10 £2.03 12+2.03 10+ 1.08
SC18 263.03 £2.01 12+2.03 10+ 1.01
SC19 265.20+£1.03 11+£2.03 11+1.03
SC20 287.12+£1.02 12+2.03 10+1.02
Mean 265.13 £ 1.80 10.85 +1.73 9.25 +1.25

Table 2. Radiological Hazard Indices Assessment of Oniru Beach Sands

Sample ID Ragq Hex Hin DR (nGy/h) AEDE(mSv/y) ELCR x10°
SC1 39.05 0.11 0.13 18.97 0.02 8.17
SC2 42.79 0.12 0.14 20.74 0.03 8.93
SC3 45.24 0.12 0.15 22.27 0.03 9.59
SC4 41.18 0.11 0.14 20.30 0.02 8.74
SC5 39.09 0.11 0.13 19.25 0.02 8.29
SC6 42.25 0.11 0.14 20.81 0.03 8.96
SC7 48.58 0.13 0.16 23.82 0.03 10.26
SC8 46.65 0.13 0.15 22.85 0.03 9.84
SC9 44 .52 0.12 0.15 21.86 0.03 941
SC10 4496 0.12 0.15 22.11 0.03 9.52
SCl11 46.59 0.13 0.16 22.83 0.03 9.83
SC12 46.41 0.13 0.16 22.64 0.03 9.74
SC13 41.90 0.11 0.15 20.19 0.02 8.69
SC14 38.77 0.10 0.13 18.91 0.02 8.14
SC15 4351 0.12 0.15 21.23 0.03 9.14
SC16 49.68 0.13 0.17 24.16 0.03 10.40
SC17 46.56 0.13 0.16 22.63 0.03 9.74
SC18 46.55 0.13 0.16 22.63 0.03 9.75
SC19 47.15 0.13 0.16 22.86 0.03 9.84
SC20 48.41 0.13 0.16 23.64 0.03 10.18




3.2 Statistical Analysis of Radiological Hazard Indices of Oniru Beach Sand

All indices calculated at Oniru Beach are well below the international safety limits, indicating no significant
radiological hazard to public health from beach sands exposure; this is attributable to the geological setting of
Oniru Beach which lies within the coastal sedimentary terrain of Southwestern Nigeria [4].

The region is free from significant tectonic deformation and radioactive mineralization typical of igneous
terrains such as granitic or metamorphic rocks. Thus, the sands deposited along the coast originate primarily
from marine, fluvial, and deltaic processes, with very limited contributions from high-radioactivity source
rocks [14]. Therefore, geologic composition limits the natural enrichment of radionuclides in the beach sands,
resulting in relatively low activity concentrations of 10.85 Bq-kg™! for?**U, 9.25 Bq-kg™! for 2*2Th, and (265.1
Bq-kg! for “°K, on the average.

Additionally, the dominant material at Oniru Beach is fine to medium-grained sand, characterized by low clay,
and organic contents, high permeability and porosity with weak radionuclide retention potential. These
properties play a significant role in determining radiological behaviour with sandy soils lacking in the binding
quality needed for heavy radionuclides like uranium and thorium, reducing accumulation [15]. The low
sorption and retention capacity due to limited clay minerals and humic substances results in radionuclides
being easily leached or dispersed [16,17]. Dynamic coastal processes such as tides, wave action, and erosion
are contributory factors to continuous sediment mixing, which dilutes radionuclide concentrations and
prevents long-term accumulation [18].

The radiological assessment of beach sand samples from Oniru Beach, Lagos, conducted to evaluate potential
health risks associated with natural radionuclides; *°K, 2**U and #*2Th yielded safe threshold status: The
Radium Equivalent Activity (Raeq) which combines the effects of all three radionuclides, averaged 44.5 Bq-kg
!, far below the recommended maximum of 370 Bq-kg'!, the Annual Effective Dose Equivalent (AEDE) is
0.0266 mSv/y, which is well under the UNSCEAR public exposure limit of 0.07 mSv/y for outdoor
environments and the Excess Life time Cancer Risk (ELCR) remaining within safe limits, averaging 0.093%,
compared to the global reference risk level of 0.29%. All these are essentially attributable to the geological
background and soil characteristics of the Oniru Beach site as enumerated above. All radiological hazard
indices fall well below international limits set by UNSCEAR and ICRP. These findings confirm that Oniru
Beach sands present no significant radiological hazard to public health, which by implication is safe for
recreational and residential use and support sustainable tourism and development with minimal health risks.
Given the favorable geological and soil conditions, the results can serve as a baseline for future environmental
monitoring and policy planning in coastal zones.

The comparison shows that the radiological parameters recorded at Oniru Beach are significantly lower than
those from other regional beaches such as Bar Beach, Lekki, and Suntan Beach, as well as the global averages
recommended by [1]. In all cases, the measured radium equivalent activity (Raeq), hazard indices (Hex, Hin),
absorbed dose rate, and effective dose remain well below international limits. While beaches like Suntan and
Bar. Beach show moderately higher activity levels likely due to localised geological factors, denser human
activities, or sediment transport, Oniru Beach's low radionuclide content is reflective of its relatively cleaner
sediment source and younger sedimentary geology (Benin Formation) [4]. The low ELCR value also suggests
negligible lifetime cancer risk from exposure to natural background radiation in the area.



Table 3. Radiological hazard indices with propagated uncertainties

Sample Racq Hex Hin DR (nGy h) AEDE ELCR x105
(Bgkg™) (mSv y™)
SC1 39.05+£0.11  0.106 + 0.0003 0.130+0.0006  18.90+0.05  0.0232 +0.0001 8.12+0.02
SC2  4279+149  0.116+0.0040  0.143+0.0041  20.67+0.63  0.0253 = 0.0008 8.86 +0.28
SC3 4524+2.55  0.122+0.0069 0.155+£0.0117 22.18=1.14  0.0272+0.0014 9.51 +0.50
SC4  41.18+1.02  0.111+0.0028 0.136+£0.0055 20.22+0.47  0.0248 = 0.0006 8.68+0.21
SC5 39.09+1.89  0.106+0.0051 0.127£0.0070  19.17+0.82  0.0235 = 0.0010 8.24 4 0.36
SC6  4225+1.80  0.114+0.0049 0.141 £0.0069  20.72+0.79  0.0254 = 0.0010 8.89 +0.35
SC7  48.58+2.56  0.131+0.0069  0.161+0.0120 23.73+1.15  0.0291 +0.0014 10.02 + 0.50
SC8  46.65+2.74  0.126+0.0074  0.153+0.0131 22.77+123  0.0279+0.0015 9.77 £ 0.53
SC9 44524517  0.120+0.0140  0.147+0.0241  21.78+232  0.0267 + 0.0028 9.34+0.99
SCI0  44.96+4.01  0.122+0.0108 0.154+0.0149  22.03+1.75  0.0270 +0.0021 9.47+0.73
SCI1 46594190  0.126+0.0051 0.154+0.0070  22.52+0.79  0.0276 = 0.0010 9.66 £ 0.35
SCI2  4641+273  0.125+0.0074  0.153+0.0130 22.33+1.23  0.0274+0.0015 9.59 +0.53
SCI3  41.90+3.83  0.113+£0.0104  0.144+0.0190 19.97+1.68  0.0245+0.0021 8.57+0.73
SCI14  38.77+474  0.105+0.0128 0.130+0.0204 1852+ 1.99  0.0227 + 0.0024 7.95+0.85
SCI5 43514227  0.118+0.0061 0.148£0.0100 21.58=1.02  0.0265 % 0.0013 9.28 + 0.45
SCI6  48.16+2.46  0.130 +0.0067 0.162+0.0116 23.87+1.10  0.0293 +0.0013 10.03 +0.50
SCI17  4627+233  0.125+0.0063 0.154+0.0109 2233+1.07  0.0274+0.0013 9.59 + 0.45
SCI8  4626+2.30  0.125+0.0062 0.154+0.0107 22.32+1.04  0.0274+0.0013 9.59 +0.45
SCI9  4726+221  0.128+0.0060  0.159+0.0104 23.12+1.00  0.0283 +0.0012 9.90 + 0.43
SC20  47.09+2.60  0.127+0.0070  0.159+0.0122 23.36+1.15  0.0287 +0.0014 10.00 + 0.50




Table 4. Summary of results of the six key radiological hazard indices computed from the activity
concentrations of natural radionuclides (*°K, 2*8U, #*2Th) from Oniru Beach sands

Hazard Index Mean Min Max Std Dev Safety Limit
K-40 (Bq kg™) 265.13 208.23  302.40  24.64 —

U-238 (Bq kg™ 10.85 8.00 13.00 1.31 —

Th-232 (Bq kg™) 9.25 8.00 11.00 1.02 —

Radium Equivalent (Raeg) 44.49 38.77 49.68 3.29 <370 Bq kg!
External Hazard Index (Hex) 0.120 0.105 0.134 0.0089 <1

Internal Hazard Index (Hin) 0.149 0.127 0.167 0.0115 <1

Absorbed Dose Rate (nGy/h) 21.66 1884 2407  1.60 gjé)nGy/h (global

Annual Effective Dose (AEDE,

mSv/y) 0.0266 0.0231 0.0295  0.0020 <0.07 mSv/y

X

Excess Lifetime Cancer Risk (ELCR) 9.30 x 102 097 193 6.86 x 10 < 0.29 (ICRP limit)

4. Conclusion

The low levels of natural radionuclide concentrations and radiological hazard indices observed at Oniru Beach
can be directly linked to the site's young sedimentary geology and sandy, low-retention soil type. The dynamic
nature of coastal processes and the lack of radioactive mineral inputs further minimize radiological risks.

Furthermore, the findings from Oniru Beach are consistent with broader trends in southwestern Nigeria, where
beach sands typically exhibit low to moderate natural radioactivity, primarily due to the sedimentary origin of
the coastal plain. However, Oniru Beach stands out as one of the safest, radiologically, among the studied
beaches, making it suitable for recreational and environmental use; consequently, Oniru Beach is considered,
radiologically, safe for both environmental and human activities with no immediate or long-term health risks
to humans patronizing the facility.
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ABSTRACT

A thermal-hydraulic analysis of the TRIGA Mark II Research Reactor operating at 500 kW under natural
convection conditions was conducted using the NCTRIGA code utilizing SRAC2006 neutronics data, and
the results were benchmarked against MCNP4C calculations. The study focused on evaluating key thermal-
hydraulic parameters along the axial length of the hottest fuel rod (C4) to ensure reactor safety. The
Reynolds number increased consistently with axial height. Conversely, heat flux, heat transfer coefficient,
and fuel centerline temperature demonstrated a similar trend: increasing from the top of the core, peaking
near the midpoint, and subsequently decreasing. Notably, fuel centerline temperatures remained
significantly below established safety limits. Fuel surface temperatures remained relatively constant, while
coolant temperature demonstrated a slow, incremental increase along the axial length from the top. While
minor discrepancies were observed between the SRAC2006 and MCNP4C datasets, the peak values and
their locations remained consistent across both.
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Introduction

The 3MW TRIGA MARK II research reactor, located in Savar near Dhaka, Bangladesh, was commissioned
in late 1986. The reactor is designed for multi-purpose uses, such as training, education, radioisotope
production, and various R&D activities in neutron activation analysis, neutron scattering and neutron
radiography [1]. This study aims to analyze the essential steady-state thermal-hydraulic parameters of the
reactor when it operates with natural convection coolant flow.

The TRIGA reactor core, characterized by its hexagonal array of 100 Er-UZrH fuel elements within a shroud,
is engineered for both continuous 3000 kW (thermal) and pulsed operation. The solid, homogeneous fuel
composition, comprising 20% uranium (enriched to 19.7% 235U) and 0.47% erbium, facilitates a stable and
controllable nuclear reaction. Designed for continuous thermal operation at 3000 kW, the reactor also
accommodates routine pulsing up to the reactivity of 1.4% dok/k ($2.00). While natural cooling suffices for
operation up to 500 kW, higher power levels necessitate a forced downward flow of light water to ensure
effective heat transfer, complemented by graphite reflection to optimize neutron economy. Fig. 1 represents
the TRIGA MARK II reactor core configuration.
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Fig.1 Present core configuration of TRIGA Core

In the natural convection-operating mode, the reactor itself supplies the hydraulic driving force as it transfers
heat to the coolant, creating a buoyant head. Counteracting this force are contraction and expansion losses at
the entrance and exit to the channel, plus the acceleration and potential energy losses, and friction losses in
the coolant channel itself. Since each flow channel provides its driving force, it is possible to consider flow
channels independently. Since the hot channel is the most important one for thermal-hydraulic analysis, the
hottest fuel rod and its associated flow channel are considered in the analysis of thermal-hydraulic safety
studies. Edge and corner channels are characterized by lower power densities, larger flow areas, and hence,
lower heat fluxes and coolant temperatures.



The operational power of natural convection cooling systems is constrained to a maximum of 500 kW. This
limitation is predicated on two primary factors: radiation exposure and thermal management. Exceeding this
threshold precipitates elevated dose rates at the pool's surface, primarily attributed to the rapid transport of
Nitrogen-16 (16N) via natural convection currents. The swift circulation of coolant facilitates the migration
of 1N to the surface, resulting in increased radiation levels that pose a risk to operational safety. Furthermore,
at a power dissipation of 500 kW, the pool water temperature increases at a rate of 20°C per hour (for a 6000-
gallon pool). This rapid thermal increase presents significant challenges in maintaining stable operating
conditions.

Previous studies on the thermal-hydraulic behaviour of the TRIGA Mark II reactor under natural convection
cooling using the NCTRIGA code [2] have been reported in the literature [3, 4].

In addition, neutronic analysis using the SRAC code system has also been investigated in earlier work [5].In
this simulation, neutronic parameters, specifically axial power distribution and power peaking factors, taken
from the MCNP modeling report of the TRIGA Mark II reactor [6] and the Monte Carlo code MCNP4C [7],
were incorporated into the NCTRIGA model to represent the reactor's core characteristics and determine the
hot spot locations, thereby enhancing the accuracy of the thermal-hydraulic analysis. However, no further
study has validated these results. Hence, this essay highlights the necessity for further research using the
deterministic code SRAC2006 [8] to validate the earlier neutronics data and thermal hydraulics work done
by MCNP4C and NCTRIGA, thereby ensuring the continued safety and operational integrity of these cooling
systems.

2.Materials and Method
2.1 Brief Description of NCTRIGA Code

NCTRIGA is a one-dimensional thermal-hydraulic code designed for the analysis of fuel rod channels. It
computes temperatures at the fuel centerline, fuel surface, and within the coolant at discrete nodes along a
single fuel rod. Notably, it also predicts the coolant flow rate induced by natural convection. The code
leverages power distribution data derived from neutronic analyses, in conjunction with geometric and
material composition data of the channel under consideration, to perform temperature calculations and flow
rate predictions. NCTRIGA is based on the NATCON code developed at Argonne National Laboratory, with
modifications implemented to specifically model reactors utilizing TRIGA-type fuel [9]. Validation of
NCTRIGA was conducted at Argonne National Laboratory using empirical data obtained from General
Atomic of the USA. The data presented in Table 1 demonstrates the code's capacity to generate plausible
temperature and flow rate estimations when applied to TRIGA cores.

Table 1. Comparison of NCTRIGA results to experimental data

Power No. of Source Flow rate Error Outlet Error
(MW) Elements (kg/s) (%) Temp. (°C) (%)
1.0 91 GA 8457 -7.0 70.2 -10.0
NCTRIGA 7890 67.2
1.5 91 GA 9555 3.2 76.6 -2.6
NCTRIGA 9259 -0.3 75.6
2.0 101 GA 11080 86.1 -14.0

NCTRIGA 11051 80.1




Several modifications enhance NCTRIGA's flexibility. User-defined overrides for thermal conductivity and
axial power distribution broaden its applicability. The code's validity extends beyond the incipient boiling
point, provided the coolant remains subcooled, crucial for plate-type fuel reactors. For TRIGA reactors,
which exhibit self-regulation, the code resets the wall temperature to the incipient boiling temperature upon
exceedance, recalculates the heat transfer coefficient and indicates this adjustment with an asterisk. These
features collectively improve the code's predictive accuracy and efficiency.

2.2 NCTRIGA Modelling of TRIGA

NCTRIGA serves as a tool for determining steady-state thermal-hydraulic parameters essential for
establishing limiting safety system settings within a reactor. Characterized by its concise input requirements,
NCTRIGA models a single fuel rod, necessitating only the total core power and the number of fuel elements,
thereby obviating the need for comprehensive core-wide data. The code requires fundamental data pertaining
to the fuel geometry, material characteristics, axial power distribution, and power reactor, specifically
concerning the fuel rod under analysis. As illustrated in Fig. 2, the code incorporates a geometric
representation of the channel, facilitating accurate modeling of thermal-hydraulic behaviour.

NCTRIGA, a nuclear reactor analysis code, necessitates the input of power distribution at the ends of each
axial region, as shown in Fig. 3. The hot-rod factor, representing the ratio of the power of the hottest rod to
the average power of the core, was calculated to be 1.854980 for SRAC2006 [10], compared with1.8540 for
MCNP4C. Additionally, the code calculated axial power distributions and the axial peak-to—average-power
ratio of at the C4 rod was found to be 1.2204 [10], compared to 1.21 that obtained from MCNP4C [6]. Axial
power peaking factor calculated by SRAC2006 and MCNP4C is shown in Table 2 and Fig. 2. These neutronic
parameters are integrated within NCTRIGA to compute the reactor’s thermal-hydraulic parameters.

Table 2. Comparison of axial power peaking factor

Axial Position SRAC2006 MCNP4C

(cm)

0 0.6670 0.6674
2.53 0.7278 0.7282
5.07 0.8373 0.8377
7.60 0.9525 0.9530
10.13 1.0521 1.0527
12.67 1.1283 1.1289
15.20 1.1810 1.1816
17.73 1.2116 1.2122
20.27 1.2204 1.2210
22.80 1.2057 1.2063
25.33 1.1633 1.1639
27.87 1.0897 1.0903
30.40 0.9853 0.9858
32.93 0.8609 0.8614
35.47 0.7450 0.7454

38.00 0.6928 0.6932
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Fig. 2 Comparison of axial power peaking factor

The code uses a geometric representation of the channel to model thermal-hydraulic behavior accurately.
The radial configuration of the fuel channel, as modeled within NCTRIGA, exhibits a cylindrical fuel rod
having a radius of 0.01823 meters. This rod is surrounded by its conductance, which, within the model, lacks
a defined physical thickness. The pitch-to-diameter ratio of 1.21776 provides the required data in
determining the water channel dimensions. The axial and radial geometric arrangement is visually depicted
in Figs. 3-5, and the main reactor parameters used as input to the code are summarized in Table 3, which are
based on the standard TRIGA Mark II reactor data reported in previous NCTRIGA analyses [3,4]. This
simplified radial geometry is crucial for the efficient thermal-hydraulic analysis within the NCTRIGA
framework.
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Table 3. Some characteristics of the TRIGA Mark II Research Reactor for thermal-hydraulic analysis under
steady state conditions at natural convection mode of coolant flow

Fuel Element 20 w/o, U-ZrH, 19.7% enriched
Total Number of Fuel in the Core 100
Cladding Stainless Steel 304L
Reflector Graphite

Inlet Temperature (°C) 40.6

Active Fuel meter 0.381

Pitch (m) 0.04577

Fuel Radius (m) 0.01823

Clad Outer Radius (m) 0.01877
Coolant Channel Height (m) 0.7031

Pool Depth (m) 7.1031

Accurate prediction of fuel temperature and related physical properties is paramount importance in the
operation of the NCTRIGA reactor. The steady-state power rating of the reactor is inherently constrained by
the maximum allowable temperatures of both the fuel and cladding, in addition to the critical heat flux. A
study was conducted to compare the effectiveness of SRAC2006 data against previous findings obtained
using MCNP4C data. To ensure a direct comparison, the key physical and material properties, including
mass flow rate, coolant velocity, fuel thermal conductivity, and gap conductance, were maintained at constant
values, consistent with those utilized in the prior NCTRIGA study. This approach allows for a focused
evaluation of the impact of the different datasets on the accuracy of fuel temperature predictions.

3. Results and Discussion

The thermal-hydraulic design of the reactor core incorporates considerations for extreme operational
scenarios. An inlet temperature of 40.6°C, representing the highest anticipated ambient temperature, has a
negligible impact on the maximum fuel temperature due to the predicted onset of surface boiling in the hottest
fuel elements. Furthermore, the potential blockage of the grid plate openings by foreign objects is mitigated
by the open design below the grid plates, facilitating lateral cross-flow. This design ensures that blocked
elements experience minimal cooling loss, with the primary consequence being a slight increase in the core
pressure drop. These design features contribute to the robustness and safety of the reactor's cooling system.

The Reynolds number, a key dimensionless parameter, is vital for distinguishing fluid flow regimes in
thermal-hydraulic systems, particularly within nuclear reactors. Accurate determination of this number is
fundamental to ensuring reliable safety analyses and performance predictions. This research employed the
NCTRIGA code to calculate the Reynolds number using neutronics data from SRAC2006, and these results
were compared to those obtained with the MCNP4C codes. Calculated Reynolds Numbers are presented in
Fig. 6. Findings revealed a consistent axial increase in Reynolds number across both datasets, though
SRAC2006 data tended to slightly overestimate values relative to MCNP4C throughout the reactor core.
Although the Reynolds number exceeds the classical transition value (Re = 4000), the flow remains in the
natural convection regime. The elevated values reflect buoyancy-driven flow along the hottest fuel rod rather
than forced turbulence, with the SRAC2006-based calculations slightly higher due to marginally higher axial
power, which produces stronger local buoyancy. These differences are small (<2%) and do not affect the
overall thermal-hydraulic safety assessment, confirming that both datasets provide consistent and reliable
trends for reactor analysis.
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Further analysis of the heat transfer coefficient along a nuclear reactor rod showed comparable axial profiles
between the two codes. SRAC2006 results ranged from approximately 1850 to 2950 W/m?-K, with a peak
near 4026 W/m?-K, while MCNP4C data displayed a slightly broader range, spanning from 1740.4 to 3423.2
W/m?-K, with a peak value of 4009 W/m?-K. Both profiles peaked just below the rod's midpoint and exhibited
nearly identical curve shapes, indicating strong agreement in heat transfer predictions. Heat transfer
coefficient calculated by NCTRIGA for two data sets are represented in Fig. 7.
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Fig.7 Heat transfer coefficient along axial direction of the hottest rod

The axial heat-flux distribution of the hottest fuel rod (C4) followed a cosine pattern for both neutronics data
sets. SRAC2006 values varied narrowly around 1.44 x 10°to 1.49 x 10° W/m?, whereas MCNP4C covered a
wider range, spanning from 1.35 x 10° to 1.74 x 10> W/m2, yet both reached peak heat flux values around
2.52 x 10° W/m2, showing concordance in the thermal behavior. Fig. 8 shows the heat-flux distribution
simulated by SRAC2006 and MCNP4C data.



2.60E+05

2.40E+05

~2.20E+05

= ——SRAC200

= 2.00E+05 p

7 1.80E+05

&= 1.60E+05

[

= 1.40E+05

1.20E+05

0.00 0.05 0.0 0.15 020 025 030 035

Axial Height (m)

0.40

Fig.8 Heat flux along the axial direction of the hottest rod

Finally, the temperature profiles of the hottest fuel rod (C4) were examined in Fig. 9. The fuel temperature
displayed a cosine distribution, peaking centrally with negligible differences between SRAC2006 (268.72
°C) and MCNP4C (269.15 °C). It is evident from the Fig. 9 that fuel centerline temperatures remained
significantly below the established safety limits [11]. Fuel surface temperatures remained stable axially, with
maximum values near 120.13 °C for both datasets. Coolant temperature rose steadily along the axial length,
starting around 40.6°C and reaching approximately 68°C for the SRAC2006 data and 68.16 °C for the
MCNP4C data. Axial temperature distribution is presented in Fig. 9.
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In summary, the comparative study underscores that despite minor variations, SRAC2006 and MCNP4C
neutronics data yield highly consistent results for Reynolds number, heat transfer coefficient, heat flux, and
temperature distributions, reinforcing confidence in their application for nuclear reactor thermal-hydraulic

assessments.



4. Conclusion

The present study demonstrates that the thermal-hydraulic parameters of the TRIGA Mark II research reactor
operating at 500 kW under natural convection conditions can be reliably predicted using the NCTRIGA code
with neutronics input from both SRAC2006 and MCNP4C. A quantitative comparison shows very close
agreement between the two datasets. The axial power peaking factor differed by less than 0.1%, while the
maximum fuel centerline temperature predicted by SRAC2006 (268.72 °C) and MCNP4C (269.15 °C)
differed by less than 0.2%. Similarly, peak heat transfer coefficients (4026 W/m?-K for SRAC2006 and 4009
W/m?-K for MCNP4C) and coolant outlet temperatures (~68 °C for both cases) indicate deviations within a
small margin, confirming the consistency of the two neutronics inputs.

These results demonstrate that SRAC2006-based neutronics data can reproduce the thermal-hydraulic
behavior of the hottest fuel channel with accuracy comparable to the widely used MCNP4C results reported
in earlier thermal-hydraulic studies of the TRIGA Mark II reactor [3.,4]. From a practical point of view, this
agreement supports the use of SRAC2006 together with NCTRIGA for routine reactor safety analysis,
operational evaluation, and future thermal-hydraulic studies of the TRIGA reactor under natural convection
mode. The confirmed consistency between deterministic and Monte Carlo neutronics inputs increases
confidence in safety margin predictions. It provides a reliable basis for future reactor analysis and possible
core modifications, consistent with previous neutronic and thermal-hydraulic investigations reported in the
literature [3, 4, 5].
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ABSTRACT

The Training Research Isotopes General Atomics (TRIGA) has probably been the most widely used
research-reactor platform for education, neutron activation analysis, isotope production, reactor-physics
experiments and operator training. There, its unparalleled and continual relevance is a function of uranium-
zirconium hydride (U-ZrH) fuel and its prompt negative temperature coefficient which offers a robust
inherent feedback mechanism to resist reactivity and thermal excursions. This review critically analyzes
the past developments, design principles, reactor-physics fundamentals, comparative advantages, global
distribution and use, modernization challenges and future directions of TRIGA reactors. The paper is
focused specifically on quantitative performance indicators including conventional neutron flux ranges,
steady-state power classes, pulse characteristics and safety-relevant fuel properties. To clarify this
uniqueness and the limitations on TRIGA reactors, the review compares it with a few other reactor types
including material testing reactors, heavy-water moderated research reactors and conventional pool-type
systems. TRIGA reactors are still attractive owing to their accessibility, pulsing capability, passive safety
behaviour and educational utility, but they depend on reliable LEU fuel supply, ageing-management
programmes, digital instrumentation upgrades and regulatory compliance as well as user level for
longevity.
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Introduction

Research reactors are a critical source of neutrons for nuclear education, activation analysis, radioisotope
production, materials testing, neutron imaging and reactor-physics benchmarks. Their primary purpose is not
electricity generation like for nuclear power reactors, but instead production and controlled use of radiation
neutron fields for scientific and technological needs [1-2]. The TRIGA reactor occupies a unique position
within this larger class, due to its relatively low power under steady-state conditions combined with very
strong passive feedback features and accessibility during operation.

In the late 1950's, General Atomics developed the Training, Research, Isotopes, General Atomics (TRIGA)
concept to a small and versatile reactor that could operate safely on university campuses, national laboratories
and research centres [3-5]. Its signature technology is uranium-zirconium hydride (U-ZrH) fuel, in which the
fuel and moderator are combined into a solid matrix. This fuel gives rise to a very rapid negative temperature
coefficient of reactivity, meaning that high temperatures lead the core to rapidly reduce reactivity [5—8].

The first one achieved criticality in 1958, and its design subsequently became widespread internationally for
educational purposes, neutron activation analysis, isotope production, radiography and training and reactor-
physics research [1,3—4,9]. This extensive deployment history is important because it creates operational
evidence in multiple regulatory, academic and national-research contexts rather than just claims of the
manufacturer.

A scope of the review was established as a narrative technical review of the TRIGA reactor system employing
internationally recognized reports, manufacturer specifications, reactor databases, licensing guides,
benchmark activities, and literature. More recently issued IAEA reports, General Atomics technical
information and NRC/NEA guides and recent journal and conference research focused on reactor parameters,
operating history, fuel behavior, convertor issues, aging, and validation computations [1, 3, 9-18] are
emphasized. Sources were chosen selectively; manufacturer specifications for system history and fuel data,
international agency reports for international standing and operating practices, and reviewed literature for
specific reactor performance/safety analyses and evidence of applicability. Figures of the TRIGA Mark I, II
and III systems are shown in Fig.1.

Fig.1 TRIGA Mark I, II and III reactor configurations



2. Historical Development of TRIGA Designs

TRIGA reactors developed from basic pool type educational Reactors until they became relatively advanced
research systems, with enhanced irradiation facilities; beam-port configuration; cooling system and
instrumentation. The principle was legated in the Mark I-1II designs: a small reactor needs to be accessible
for training and experiments, but fundamental to its safety response should be indeed intrinsic in the fuel
physics rather than bolted as if an engineered system [3—5]. Table 1 bellow shows the developments on
TRIGA reactors since 1958.

Table 1. Historical evolution of TRIGA reactor development from 1958 to the present [1, 3-4, 9-10]

Period Development Review significance
1958-1960s First TRIGA criticality and early Established the inherent-safety
university deployment concept and training role
1960s-1970s Mark II/III and tank-in-pool Expanded beam-port, irradiation and
configurations teaching capability
1970s-1980s Higher-power and specialized variants Extended TRIGA use toward applied
research and isotope services
1990s-2000s Computational modelling and HEU-to- Connected TRIGA operation to non-
LEU conversion programmes proliferation and reactor-code
validation
2010s-present Digital 1&C, ageing management and life- | Shifted focus from deployment to
extension projects sustainability and modernization
Future direction Remote training, benchmark data sharing | Strengthens long-term educational
and hybrid simulation support and scientific value

Again retaining the U-ZrH safety basis, additional features for research-grade operation were integrated into
the Mark II and Mark III models, including tank-in-pool geometry, improved thermal control, irradiation
positions and neutron beam facilities [3,8]. These changes did not interfere the fundamental nature of TRIGA;
they simply broadened the types of experiments that could be performed without making the platform
inaccessible to training or routine research. Various versions of TRIGA reactor cores are illustrated in Figs.
(2-4).
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The subsequent TRIGA models and uprated plants allowed the platform to extend into higher flux
applications. These systems were outfitted var- Depending on configuration with forced-flow cooling, extra
shielding, better control-rod mechanisms and more experiment channels. The relevance of this evolution
from a technical perspective is that TRIGA did not stay as one low-power teaching reactor, but grew into a
family of reactors optimized over education, applied research and specialized irradiation services [3—4].

TRIGA operates in a number of modes, but one of the most unique is pulsing. A transient rod results in
immediate reactivity, which pulls power up extremely fast; the fuel-temperature rise that occurs immediately
at all points produces enough negative feedback to quench the pulse after a few milliseconds [5,8,19].
Consequently, it provides TRIGA reactors with experimental capacity that is difficult to achieve safely in
many plate-fuel research reactors.

This review is based on technical performance parameters that are defined in the following sections. Typical
TRIGA steady-state thermal neutron fluxes are about 10*12-10"14 n/cm?/s (considering reactor power and
irradiation position), but pulsing can produce very high peak powers for milliseconds before fuel-temperature
feedback terminates the transient [3,6-8,16,19]. Thus, TRIGA applications reported in literature cannot be
considered identical for all facilities, but must to be interpreted on the basis of detail including power level
and irradiation position (e.g., moderator geometry), core loading [1, 9, 14—-18].

3. Design Principles and Reactor Physics

TRIGA is based essentially on U-ZrH fuel in which uranium is dispersed in a zirconium-hydride matrix.
Since the hydride part expends neutrons inside the fuel component, varying fuel temperature
straightforwardly impacts neutron moderation and reactivity [6-7]. The precipitation of hot liquid at very low
and medium pressures up to 950°C are usually: As the temperature goes up, hardening of neutron spectrum
occurs and the probability of sticking to previously bottled thermalized chain reaction becomes lower; this
gives you rapid negative reactivity feedback [5-8, 19].

This instinctive reaction is best interpreted as a safety feature of our physics, and should not take the place
of engineered safety. As for research reactors generally, TRIGA reactors still have a need for control rods,
scram systems with inhibitory measures and some provision for cooling, radiation monitoring (there are
limits on the licensing), and trained operators [10—11]. The key difference is that the fuel of a TRIGA
provides an internal stabilization mechanism to a reactor when any temperature excursion occurs too quickly
[5,8,19].

There are predominantly two configurations in which TRIGA reactors are deployed: the pool-type and tank-
in-pool. In a pool-type reactor, the core is located in an open water pool which serves as cooling, shielding
and visual access; In the second strategy, known as tank-in-pool systems, the core is placed in an inner tank
submerged in a larger pool that provides enhanced thermal control as well as additional beam ports and
complex irradiation facilities [3, 8].

In pulse condition, the transient rod injects reactivity quickly and starts a short power spurt. At this point,
fuel heating forms a powerful negative feedback due to spectrum hardening, thermal expansion and prompt
neutron kinetics, which leads to self-limiting behavior of the excursion [5,8,19]. The produced pulse is strong,
time-limited and reproducible (within licensed limits), making it useful for calibrating detectors or simulating
transients in training demonstrations.



4. Comparative Analysis with Other Research Reactors

TRIGA reactors are not designed to replace all research reactor types. Typically their neutron flux is orders
of magnitude less than that of high-power material testing reactors, which are better suited to fuel
qualification, high-fluence materials damage studies and other large-scale isotope-production activities [1-
2]. Rather, TRIGA's comparative advantage lies in its intrinsic feedback, small size, ability to pulse and
relative ease of use for educational and small or medium sized experimental programs [3-5].

With impressive neutron economy and high utilization potential, Heavy-water moderated research reactors
almost always incurs significantly higher capital investment costs as well as very complex infrastructural
requirements, more intense operating budgets with specialized maintenance setups. While conventional pool-
type training reactors are more straightforward, they often do not achieve the U-ZrH feedback and high-
quality pulsing capability characteristic of TRIGA [2-3,8]. It follows that TRIGA's worth derives from a
performance envelope, not from neutron flux or specific power per se. The TRIGA reactor inherent features
are presented in Fig. 5.
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Fig. 5 Schematic representation of the inherent negative temperature feedback mechanism in U-ZrH fuel
[5-8,19].

Besides its unique fuel physics, TRIGA possesses operational features that make it conducive for research:
compact cores, easily accessible irradiation positions, beam-port options and routine operator training value
as well as compatibility with computational benchmark experiments [1,3,9,14-17]. This combination helps
explain the continuing usefulness of TRIGA reactors in universities and national laboratories, even in
locations that are well served by higher-flux reactors for specialized materials testing or large-scale isotope
production. Table 2 summarises the main characteristics of TRIGA reactor.



Table 2. Operational characteristics of TRIGA reactors relative to other major research reactor categories

[1-3, 11-12].
Feature TRIGA MTR/high- Heavy-water Conventional pool
flux test research reactor | reactor
reactor
Fuel/moderation U-ZrH fuel- Usually plate- | Often natural Usually LEU plate
concept moderator with | type U-Al or uranium/LEU or pin fuel
strong prompt U-Si fuel with heavy-water
feedback moderation
Typical flux 10'2-10' 1013-10% 10'4-10% 10'1-10"
(n/cm?/s)
Pulse operation Excellent in Limited or not | Limited or not Minimal
licensed pulsing | typical typical
designs
Safety philosophy Inherent fuel Primarily Engineered Primarily
feedback plus engineered systems and engineered systems
engineered systems operational
systems controls
Primary strength Education, Fuel/material | Neutron economy | Basic training and

NAA, pulsing,
training and

testing and
high-fluence

and
isotope/neutron-

routine irradiation

research

facility

benchmark irradiation beam applications
experiments

Typical limitation Lower flux than | Higher cost Large Limited pulsing and
high-power test | and infrastructure and | lower experimental
reactors operational operating demand | flexibility

complexity

Best-fit role University/natio | Advanced Large Introductory
nal training and | irradiation multipurpose teaching and low-
medium-scale qualification neutron-source to-moderate

utilization

5. Global Deployment and Case Studies

TRIGA has been deployed at global scale as a practical compromise between performance and usability.
Many regions already have research reactors as evidenced by IAEA documentation [1,3] and the Research
Reactor Database [9], with TRIGA units helping to address educational needs, applied neutron science and
training. Internationally, the value of a research reactor is not assessed solely in terms of maximum power
[2]; planning of utilization and competence among staff as well as regulatory support, experimental
infrastructure and continued communities of users are all decisive factors for utilization in research reactors
according to reviews [11-12]. The contribution of the TRIGA research reactor worldwide is shown in Fig.6.

TRIGA facilities have enabled neutron activation analysis, radiation-biology experiments and benchmark
testing of detectors across Europe, along with radiography and reactor-code benchmarking. The experience
of the facilities in Slovenia, Austria and Italy shows how even a low power reactor can be operated effectively
for scientific production when it is further supported by well-characterized irradiation positions, benchmark-
quality measurements as well as active training programmes and international co-operation [9, 14-17].
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Fig.6 Approximate global distribution of TRIGA research reactors by region [1,3,9].

Across Asia and the Middle East, TRIGA reactors have underpinned national nuclear programmes by
providing local capacity for training, isotope production, sample irradiation and regulatory competence-
building [1-3]. They often play a strategic role: helping to build human resources, safety culture and
analytical infrastructure in advance of or in parallel with larger nuclear programmes.

Even with fewer installations in Africa and Latin America, the same capacity-building function is represented
by TRIGA. It is in the areas with clear links to national needs, like environmental monitoring, geology,
agriculture, scientific support for health sector isotope loads and university level education on nuclear [1-2,
20] that they make their strongest fields of contributions.

6. Applications and Scientific Contributions

The primary scientific contribution of TRIGA is that it provides a real reactor operation with an excellent
safety margin. Within a formal academic context, students can study starting up procedures, control-rod
calibration, neutron flux mapping, radiation-protection practice and operational safety in an actual reactor
environment [2-3, 11]. While simulation can complement preparation and post-experiment analysis, this
learning value is not easily replicated with simulation alone.

One of the more common applications for research reactors is neutron activation analysis (NAA) and many
TRIGA facilities are ideally suited for this technique. Characteristic gamma-ray emissions from irradiated
samples including soil, water, food, minerals, biological material and cultural artefacts [2—18] can be
analysed. Since irradiation channels and neutron spectra will vary between facilities, high-quality NAA
requires facility-specific flux characterization [12], comparator [13] or standardization methods [14, 15] and
appropriate uncertainty control rather than nominal reactor-power information alone ([16—-18]).

TRIGA reactors can also facilitate local and limited radioisotope production. They have a small capacity
compared with big production reactors, but they can be utilized for certain diagnostic, therapeutic, industrial
and tracer applications (neutron activation and target irradiation) [2.21]. Therefore, this application is of
treasury when domestic production decreases our dependency over extensive supply chain for the short life
nuclides.



TRIGA beam and neutron radiography are useful in many material testing and irradiation applications. This
enables radiation effect studies on small samples, detector testing, or non-destructive imaging of engineering
components and cultural artefact [2]. But the lower flux of many TRIGA reactors is a better fit for high-
fluence qualification work, which will continue to be carried out at higher-power test reactors.

Computational validation is another major contribution one can offer. Some of the best-characterized TRIGA
cores can serve as benchmark cases for both Monte Carlo code (MCNP, Serpent and OpenMC [22— 24]).
Benchmark, fission-rate and gamma-field studies performed at the JSI TRIGA Mark II reactor over the last
several years demonstrate how experimental measurements may be utilized to validate core models, reaction-
rate distributions and detector responses -- ingredients that allow us to have more confidence in the reactor
simulations used for safety analysis and research planning [14-17].

7. Modernization and Upgrade Pathways

Modernization is thus an essential aspect of continuing safe operation of TRIGA reactors, most of which are
several decades old. Ageing impacts more physical systems (pool structures, liners, cooling circuits, control-
rod drives, cables and radiation-monitoring equipment) whereas digital modernization impacts
instrumentation & control-room interfaces, data acquisition, cyber security and configuration management
[10—12]. Thus modernization should be considered a consolidated safety, regulation and use initiative as
opposed to just an aging hardware replacement. In Figure 7-9, the evolution of TRIGA fuel.
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TRIGA modernization has also been shaped by non-proliferation policy. Historically, HEU or legacy fuel
inventories were used in many research reactors but current international programmes support minimization
of HEU and conversion to LEU fuel when technically feasible [13,25-26]. Because safety margins,
specifically excess reactivity and shutdown margin, as well as thermal-hydraulic performance, experimental
capability [11] and fuel-cycle practicality are to be preserved in conversion decisions, every individual
project involves facility-specific neutronic, thermal-hydraulic and licensing analysis [12-13,26].



Life-extension work is equally important. Organizations will typically do things like replace pool liners,
control-rod drives, ventilation systems, cranes and electrical systems as well as radiation monitoring
equipment and experimental infrastructure [10]. The most effective modernization programmes link ageing
management, utilization planning and human-resource development rather than treating refurbishments as
an isolated maintenance activity. Modern I & C Systems of TRIGA Reactor is shown in Fig.10 below.

»,

Fig.10 Modern control room with upgraded digital instrumentation and control (I&C) systems [10-12]

Now, both research and training are bolstered through simulation tools. For example, MCNP, Serpent,
OpenMC and thermal-hydraulic models could be used to design irradiation for seed positions [20]; Tracking
down changes in the core; Assessing safety margins [21] and Preparing students experiments before
powering up the reactor itself [22-24]. Their credibility relies on benchmarks against data that have been
measured, such as criticalities, control-rod worths, thermal-powers, neutron/gamma fields and fission-rate
distributions [14-17].

8. Challenges, Limitations and Future Outlook

The future of TRIGA rests on four interrelated constraints: 1. Fuel supply; 2. Ageing infrastructure; 3.
Regulatory burden and, finally, 4. Continuous user demand for research reactors [38]. Note that LEU U-ZrH
fuel continues to be a niche product, and qualified fuel supply disruptions can impact operating schedules as
well as conversion projects and license renewal plans [3, 13, 25-26]. In parallel, guidance developed for the
licensing of research-reactors increasingly requires clarity in early safety analysis, configuration control,
documentation and justification of ageing management and continued operation [10-12].

Another map in the field of constraints is ageing management. Over the 1960s-1980s, many TRIGA facilities
were built and operators need to solve problems related to corrosion, component wear, obsolete electronics,
documentation gaps & retirements of experienced staff [10]. Consequently, modernization is well more than
a technical issue; it is also an information-management and institutional-planning issue.

Public perception continues to be an issue, even for campus-based reactors. The mere use of the word 'reactor’
can cause domestic disruption among students, municipalities and local decision makers, even when the
technical risk is small. Thus, non technical aspects of public safety are equally necessary as technical safety
analysis by transparency and visibility of the organizations actual safety culture and norms [10-11].

A few facilities have old unresolved issues related to HEU fuel, spent-fuel management and long-term
licensing/decommissioning. Such issues are critical as they can lead to the continued operation of a reactor,
a shift to LEU fuel, an extended shutdown or decommissioning of a plant [3, 25-26].



The potential for the future is certainly good, but it needs to be set in the context of reality. TRIGA reactors
have numerous applications, including supporting remote-access education, international reactor-training
networks, benchmark experiments, neutron imaging [1], targeted isotope production and advanced detector
studies [2, 9, 14-17]. Connects the capabilities to funded research programmes, national development
priorities, medical or industrial users and internationally shared benchmark data defines their long-term
contribution.

9. Conclusion

The enduring feature of TRIGA reactors is that their design uniquely addresses a particular research-reactor
need: providing effective neutron fields, pulse capability and hands-on education in the (comfortably) low
thermal fast/neutron moderation region while maintaining strong inherent feedback to U-ZrH fuel. Though
lower in flux than higher-flux test reactors, TRIGA systems are often more affordable and provide a greater
safety advantage particularly for educational oriented training environments and are better suited towards
medium-sized research programs at universities. However, some aspects of the TRIGA future can only grow
with credible ageing management, LEU fuel security, digital modernisation, transparent safety governance
and stronger international sharing of benchmark data. Only with these three conditions will TRIGA reactors
continue to be useful tools for nuclear training, neutron-science use and applied research long after their
original design time.
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