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ABSTRACT 

 
The use of Aqueous Homogenous Reactors (AHR) is one of the most promissory alternatives to produce medical 

isotopes, mainly 99Mo. Compare to multipurpose research reactors, an AHR dedicated for 99Mo production has 

advantages because of their low cost, small critical mass, inherent passive safety, and simplified fuel handling, 

processing, and purification characteristics. This article presents the current state of research in our working group 

on this topic. Are presented and discussed the group validation efforts with benchmarking exercises that include 

neutronic and thermal-hydraulic results of two solution reactors, the SUPO and ARGUS reactors. Neutronic and 

thermal-hydraulic results of 75 kWth AHR based on the ARGUS reactor LEU configuration are presented. The 

neutronic studies included the determination of parameters such as reflector thickness, critical height, medical 

isotopes production and others. Thermal-hydraulics studies were focused on demonstrating that sufficient cooling 

capacity exists to prevent fuel overheating. In addition, the effects of some calculation parameters on the 

computational modeling of temperature, velocity and gas volume fraction during steady-state operation of an 

AHR are discussed. The neutronic and thermal-hydraulics studies have been performed with the MCNPX version 

2.6e computational code and the version 14 of ANSYS CFX respectively. Our group studies and the results 

obtained contribute to demonstrate the feasibility of using AHR for the production of medical isotopes, however 

additional studies are still necessary to confirm these results and contribute to development and demonstration of 

their technical, safety, and economic viability.  

 

 

1. INTRODUCTION 

 

Medical diagnostic imaging techniques using technetium-99m (99mTc) account for 

approximately 80% of all nuclear medicine procedures, representing 30-40 million 

examinations worldwide every year. Currently, 99mTc (half-live of 6.01 hours) is almost 

exclusively produced from the beta-decay of its 65.9 hours parent molybdenum-99 (99Mo). 

Since 2007 the medical community has been plagued by 99Mo shortages due to unexpected 

shutdowns and extended refurbishment periods of aging reactors, such as the National Research 

Universal reactor in Canada and the High Flux Reactor in Petten, The Netherlands. These 
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shutdowns have at times created conditions for extended global supply shortages (e.g. 2009-

2010). Disruptions in the supply chain of these medical isotopes, which have short half-lives, 

and thus must be produced continuously, can lead to cancellations or delays in important 

medical testing services. At present, most of the world’s supply of 99Mo for medical isotope 

production involves the neutron fission of 235U in multipurpose research reactors. 99Mo mostly 

results from the fission reaction of 235U targets with a fission yield about 6.1%. After irradiation 

in the reactor, the target is digested in acid or alkaline solutions and 99Mo is recovered through 

a series of extraction (separation) and purification steps [1-5]. 

 

Nowadays, the use of Aqueous Homogeneous Reactors (AHR) for the production of medical 

isotopes, mainly 99Mo, is potentially advantageous because of their low cost, small critical 

mass, inherent passive safety, and simplified fuel handling, processing and purification 

characteristics. AHR offers a better method of 99Mo production than solid targets in 

heterogeneous reactors, because all of the 99Mo can be extracted from the fuel solution and 

processed at the production site eliminating the need for separate processing facilities and 

simplifying the production process. In addition, AHR also have the ability to process other 

isotopes more efficiently using gas extraction systems, such as 133Xe, 89Sr, 90Y and 131I. Others 

features that contribute to highlight this technology, are the possibility to use LEU (low-

enriched uranium) fuel and the large negative temperature reactivity feedback coefficient [6-

9].  

 

Mainly, three types of aqueous fuel solutions have been considered for 99Mo production using 

an AHR: (1) uranium nitrate [UO2(NO3)2], (2) uranium sulphate [UO2SO4] [5] and (3) uranium 

fluoride [UO2F2]. Over 30 AHRs reactors, with a thermal power ranging from 0.05W to 5MW 

has been built and operated around the world with 149 years of combined experience [10, 11]. 

 

At the present time, the only large-scale experiment on the use of an AHR in steady state 

operation is the high-enriched uranium (HEU) Russian ARGUS reactor (Figure 1), which 

operates since 1981 at a maximum power density of 1 kW/L of solution (20 kWth) at the 

Russian Research Centre “Kurchatov Institute” (RRC KI) [9]. Positive results of neutron-

physical and thermal-hydraulic feasibility calculations of the reactor conversion to LEU fuel 

during 2010-2012 allowed taking a decision about the reactor conversion [12], which was 

conducted in the period 2012-2014, reaching first criticality in July 2014 [13]. 

 

This article presents the current state of research in our working group on the neutronic and 

thermal-hydraulic studies of AHR for medical isotopes production. Are presented and 

discussed the group validation efforts with benchmarking exercises that include neutronic and 

thermal-hydraulic results of two solution reactors, the SUPO and ARGUS reactors. Neutronic 

and thermal-hydraulic results of a 75 kWth AHR based on the ARGUS reactor LEU 

configuration are presented. The neutronic studies included the determination of parameters 

such as reflector thickness, critical height, medical isotopes production and others. Thermal-

hydraulics studies were focused on demonstrating that sufficient cooling capacity exists to 

prevent fuel overheating. In addition, the effects of some calculation parameters on the 

computational modeling of temperature, velocity and gas volume fraction during steady-state 

operation of an AHR are discussed. The neutronic and thermal-hydraulics studies have been 

performed with the MCNPX version 2.6e computational code and the version 14 of ANSYS 

CFX respectively. 
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Figure 1:  Scheme of the Russian ARGUS reactor. 

 

 

 

2. MATERIALS AND METHODS 

 

2.1.  Computing Platform and Codes Description 

 

The calculations have been performed on two computational clusters. The InSTEC-IRL cluster 

(operating system: Microsoft Windows 64 bit, 48 cores, node configuration: 1 × Intel(R) 

Core(TM) i7-4790 (3.6 GHz, 8 cores), 2 × Intel(R) Core(TM) i7-4770 (3.4GHz, 8 cores), 6 × 

Intel(R) Core(TM) i3-4150 (3.5GHz, 4 cores), 96 GB Memory) and the UFPE-DEN-GER 

cluster (operating system: Microsoft Windows 64 bit, 64 cores, node configuration: 1 × Intel(R) 

Core(TM) i7-4790 (3.60GHz, 8 cores), 1 × Intel(R) Core(TM) i7-4770 (3.40GHz, 8 cores), 4 

× Intel(R) Core(TM) i7-3770 (3.40GHz, 8 cores), 2 × Intel(R) Core(TM) i7-2600 (3.40GHz, 8 

cores), 152 GB Memory). 
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The neutronic calculations have been performed with the MCNPX version 2.6e code with the 

available library in XSDIR, ENDF/B VI.2 [14]. MCNPX code is based on the Monte Carlo 

method and incorporates possibilities used in the present study, such as depletion/burnup 

capability based on CINDER90, which works with a 63-energy-group structure. CINDER90 

utilizes decay and energy integrated reaction-rate probabilities along with fission yield 

information to calculate the temporal nuclide buildup and depletion. The library of data in 

CINDER90, residing in the CINDER.dat library file, includes isotope decay and interaction 

probability data for 3400 isotopes, including ∼30 fission yield sets and yield data for 1325 

fission products [14]. The control parameters in the MCNPX calculations are the following: 

 

Source size per cycle: 10,000 

Initial guess for effective multiplication factor (Keff): 1.0 

Number of settle cycles: 100 

Total cycles to run: 3,100 

Total histories: 30,000,000 

 

The thermal-hydraulics calculations have been performed with the version 14 of ANSYS CFX 

[15]. ANSYS CFX is a general-purpose Computational Fluid Dynamics (CFD) software suite 

that combines an advanced solver with powerful pre-processing and post-processing 

capabilities. CFD is a computer-based tool for simulating the behavior of systems involving 

fluid flow, heat transfer, and other related physical processes. It works by solving the equations 

of fluid flow (in a special form) over a region of interest, with specified initial and boundary 

conditions of that region. Methods of CFD assume computation of liquid and gas flows by 

numerical solution of Navier-Stokes and continuity equations (for turbulent flows - Reynolds 

equations) which describe the most general case of movement of the fluid medium [15]. 

 

2.2.  MCNPX Model 

 

The proposed conceptual design (based on the ARGUS reactor LEU configuration [12, 13]) 

(Figure 2 and 3) consists on an aqueous uranyl sulphate solution located in a steel cylindrical 

vessel with a hemispherical bottom. The core vessel wall thicknesses used was 0.5 cm. Placed 

inside the vessel there are a coiled-tube heat exchanger and one central channel and 2 

symmetric peripheral channels. The reactor vessel is surrounded with side and bottom graphite 

reflectors. The main reactor core parameters are shown in Table 1. 
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Figure 2. Longitudinal section of the geometrical model of the reactor on the Visual 

Editor of the MCNPX. 

 

 

Figure 3: Cross section of the geometrical model of the reactor on the Visual Editor of 

the MCNPX. 
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Table 1:  The reactor core parameters 

 

Parameter Value 

Fuel solution Uranyl sulphate solution 

Uranium concentration (g/L) ∼390 

Inner core diameter (cm)  30.5  

Reactor height (cm)  65.6  

Reactor vessel Stainless steel  

Vessel thickness (cm) 0.5  

Reflector (radial) Graphite  

Solution Density (g/cm3) 1.4382 

Thermal Power (kW) 75 

Core volume (L) 25.5 

Power density (kW/L of solution) 2.94 

 

2.3.  ANSYS CFX Model 

 

A geometrical model consisting of the vessel, the core channels, the coiled cooling pipe, the 

fuel solution and the upper air zone of the reactor core was modeled using the ANSYS Design 

Modeler application (Figure 4). ANSYS Meshing was used to create the mesh. The mesh used 

(Figure 5) contains 4,907,097 nodes and 24,161,468 elements. 

 

 
 

Figure 4: AHR core geometry used in the CFD thermal–hydraulics studies. 
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Figure 5: AHR CFD mesh used in the thermal–hydraulics studies. 

 

The mesh characteristics were chosen to obtain a good balance between convergence and the 

computing effort. Mesh quality was checked to ensure that values of critical parameters, such 

as Skewness and Orthogonal Quality, are within recommended limits. Mesh Skewness and 

Mesh Orthogonal Quality values were 0.25 and 0.85 respectively, which are an “Excellent” 

result according to the Skewness mesh metrics spectrum and a “Very Good” result according 

to the Orthogonal Quality mesh metrics spectrum [15]. 

 

The simulation was calculated as steady-state flow of coolant in ANSYS CFD-14 code. The 

temperature of the distilled water at the cooling coil entrance (inlet) was setup equal to 20 ˚C. 

Total flow rate through the cooling coil was setup equal to 0.2 kg/s. Turbulence intensity at 

inlet was assumed to be 5 %. The room surrounding temperature was fixed in 20 ˚C. A no slip 

boundary condition was applied to the rigid walls of the core. The simulations were done using 

two different uniform volumetric heat generation rates of 20 and 75 kW. Material properties of 

the coolant (distilled water) and the structural elements (stainless steel) were set according to 

material model in material library of ANSYS CFX-14. Material properties of the fuel solution 

(uranyl sulphate) were introduced during the simulation [16, 17]. Unfortunately, there is 

insufficient data about the radiolytically produced gas bubbles to evaluate and validate the 

reactivity feedback introduced in the fuel solution for this variable. To reach this goal and 

considering the scope of this paper the introduction of the radiolytically produced gas was 

studied using approaches proposed in [18]. According to these approaches, the introduction of 

the radiolytically produced gas was modeled as a flow of bubbles from the bottom of the 

structure with a flow rate equivalent to a volume fraction of 1% and a bubble size of 1 mm. 

 

 

3. BENCHMARK  

 

 

In this section are presented and discussed the group validation efforts with benchmarking 

exercises that include neutronic and thermal-hydraulic studies of two solution reactors, the 

SUPO and ARGUS reactors. The first benchmarking exercise was performed using available 

results of four critical experiments performed at the Russian Research Center “Kurchatov 

Institute” [19] in order to validate that the developed models of AHR with MCNPX and 

ANSYS CFX, are adequate for studies of aqueous fuel solutions. The purpose of these critical 
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experiments was to investigate nuclear safety issues for a special purpose compact reactor with 

an aqueous solution of uranyl sulphate (∼20.9% at. 235U) and graphite reflector. Four 

configurations of critical assemblies with different concentrations of uranium in the solution 

were described in sufficient detail and can be used as benchmark critical experiments [19]. 

 

For these four experimental configurations, the critical state (Keff = 1.0000) was determined 

with a reasonably high accuracy. The estimated uncertainty in experimental data for the Keff 

is ±0.0050 (0.5%) for all configurations. The results of the calculations with the MCNPX code 

and the results obtained and reported in [19] for this critical experiment using MCU code [20, 

21] for the four configurations are presented in Table 2. 

 

Table 2:  Results of calculations with the MCNPX and MCU code 

 

No. 
MCNPX (This paper) MCU [19] 

Keff ± standard deviation Keff ± standard deviation 

1 0.99840 ±0.00014 0.9855 ±0.0013 

2 0.98330 ±0.00014 0.9807 ±0.0013 

3 0.97488 ±0.00014 0.9777 ±0.0013 

4 1.00285 ±0.00014 0.9735 ±0.0014 

 

As it can be seen the results obtained from MCNPX version 2.6e code are in good agreement 

with the experimental results. The Keff values obtained in configurations 1 and 4 are in the 

estimated uncertainty for the experimental data. In configuration 2 and 3 calculated Keff values 

range from about 1.7% to 2.5% around the benchmark Keff values. This benchmark contributes 

to the validation of the developed models in MCNPX code version 2.6e and the available 

library in XSDIR, ENDF/B VI.2 for studies of aqueous fuel solutions. A more detailed 

description of the modeling and simulation process of these four critical experiments can be 

found in [22]. 

 

To the best of the authors’ knowledge, no results of analysis of the thermal-hydraulics of the 

ARGUS reactor are available in the literature for be used in validations tasks. However, in [23] 

was reported that the ARGUS reactor temperatures range from 303.15 K to 338.15 K. In order 

to evaluate the prediction capability of the developed models, calculations were made for the 

four critical experiments proposed in [19] at the ARGUS reactor maximum power density of 1 

kWth/l. Table 3 shows the simulation results of the four critical AHR configurations studied 

regarding to minimum, maximum and average temperatures of the fuel solution. Figure 6 (a-

d) shows the volumetric temperature distribution in the AHR core for a power density of 1 

kWth/l. 

 

Table 3: Temperatures of the fuel solution 

 

No. 

Minimum 

Temperature 

(K) 

Maximum 

Temperature 

(K) 

Average 

Temperature 

(K) 

1 312.80 328.88 321.56 

2 314.28 328.50 322.46 

3 313.13 328.34 322.83 

4 314.72 327.74 322.86 
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                                     (a)                                                    (b) 

 
                                   (c)                                                      (d) 

 

Figure 6: Volumetric temperature distribution in the AHR core. 

 

As the calculated temperatures distributions are in the reported range for the ARGUS reactor 

for the four critical configurations, it can be concluded that the developed models are able to 

acceptably predict the thermal-hydraulics behavior of an AHR. A more detailed description of 

the modeling and simulation process of these four critical experiments can be found in [24]. 

 

In the second benchmarking exercise, the geometrical and material configuration of the SUPO 

reactor (Figure 7) was modeled in ANSYS CFX and the results of the calculation compare with 

those available in the scientific literature [25, 26]. The SUPO design was developed in 1951 

and operated with a uranyl nitrate fuel that was enriched to 88% and was surrounded by an all 

graphite reflector. The reactor was safely operated for 23 years before being decommissioned, 

and was regularly run at a power of 25 kWth or more for durations that lasted several hours at 
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a time [25, 26]. Figure 8 shows the volumetric temperature distribution in the SUPO core for a 

nominal maximum power ok 25 kWth. The average fuel temperature is 333.85 K, value slightly 

lower that the experimental value reported in [25], 333.95 K. Water temperatures at the outlets 

are between 304.95 K and 307.30 K, which are slightly higher that the experimental value 

reported in [25], 303.95 K. So, it can be confirmed again that the developed models are able to 

acceptably predict the thermal-hydraulics behavior of an AHR. A more detailed description of 

the modeling and simulation process of the SUPO reactor will be addressed in an article in 

preparation. 

 

  
 

Figure 7: Scheme of the SUPO reactor. 

 

 
 

Figure 8: Volumetric temperature distribution in the SUPO core. 
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4. RESULTS AND DISCUSSION  

 

4.1.  MCNPX Results 

 

As the first step, the Keff dependence on different reflector thickness values was studied in 

order to obtain the optimal reflector thickness for four burn-up states (0, 7, 14 and 21 

GWday/tonU). Calculations were done without control rods and without taking into 

consideration the reactivity feedback introduced in the solution by the volumetric expansion of 

the fuel solution. At first sight Figure 9 indicates that the maximum reflector saving is obtained 

with a reflector thickness of 80 cm in all cases. 

 

 0 GWday/tonU

 7 GWday/tonU

 14 GWday/tonU

 21 GWday/tonU

0 20 40 60 80 100
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Figure 9: Keff vs. reflector thickness. 

 

As the Keff in AHRs is a function of the fuel solution height, the next step was to obtain the 

critical height of the uranyl sulfate solution. The calculation was done without control rods and 

with a fresh fuel load. The results of the simulations are shown in Table 4. Finally, in order to 

obtain the critical height, by interpolation was obtained that Keff = 1.0000 for a height of 32.4 

cm. Later, to obtain a fuel solution capable of works without recharge for 10 years a uranyl 

sulfate solution height of 44.0 cm was used, for which the reactivity reserve in the core is at 

about 5800 pcm. The solution height of 44.0 cm was selected after a set of preliminary burnup 

calculations. Since the inner diameter of the core is 30.5 cm (Table 1) and taking into 

consideration the methodology presented in [19], the volume of the fuel solution is 25.5 L and 

the power density is 2.94 kW/L of solution. Figure 10 shows the evolution of the Keff during 

the fuel burn-up and can be seen that the discharge burn-up after 10 years reach 24.79 

GWday/tonU. 
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Table 4: Keff vs. fuel solution height 

 

Solution Height (cm) Keff ± standard deviation 

15.6 0.72559 ±0.00082 

20.6 0.84975 ±0.00082 

25.6 0.92988 ±0.00083 

30.6 0.98423 ±0.00082 

31.0 0.98807 ±0.00082 

32.0 0.99512 ±0.00080 

33.0 1.00324 ±0.00081 

34.0 1.00967 ±0.00082 

35.6 1.02102 ±0.00083 

40.6 1.05027 ±0.00082 

45.6 1.07249 ±0.00082 

50.6 1.09008 ±0.00082 
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Figure 10: Keff vs. fuel burn-up. 

 

Figure 11 shows the accumulation of 99Mo for 528 hours of reactor operation (3870 Ci), as can 

be seen the 99Mo inventory (Curie) exponentially grows until reach a saturation activity. The 

calculated production of 99Mo using MCNPX is 370 six-day curies in 5 days operation cycles 

(Figure 12). Figure 13 shows the calculated accumulation of others medical isotopes using 

MCNPX. 
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Figure 11: Accumulation of 99Mo for 528 hours of reactor operation. 
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Figure 12: 99Mo production schedule. 
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Figure 13: Accumulation of 89Sr, 133Xe, 131I, 132I and 133I for 528 hours of reactor 

operation. 
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Others aspects taken into consideration were the 235U consumption and the accumulation of 
239Pu. Results shows that fissile isotope 235U presents minor relative variation with burnup, 

only the 15.4% of the 235U initially charged was consumed. A consumption rate of 0.46 g of 
235U / 5 day-batch was obtained. Results obtained for the plutonium presents a linear growth 

proportionally to the time of burnup, reaching only 0.03 Kg of 239Pu at the end of a burnup 

cycle of 10 years, a value relatively small compared to the significant quantities defined by 

IAEA regulation for plutonium (8 kg) [27]. This result, from the point of view of the 

proliferation resistance, highlight the use of AHR as one of the most promissory alternatives to 

produce medical isotopes. 

 

The evaluation of the reactivity feedback introduced in the solution by the volumetric 

expansion of the fuel solution due to thermal expansion of the fuel solution and the void volume 

generated by radiolytic gas bubbles was studied modifying the fuel solution height. The void 

bubbles were represented as a repetitive structure of microspheres of 1 mm of diameter with a 

packing fraction of 0.049. The repetitive structure packing fraction is defined as the quotient 

of the total volume of void bubbles and the total volume occupied by the fuel in the core. Under 

the assumption that the void bubbles are uniformly distributed in the reactor, a new input file 

for the MCNPX code with a repetitive structure of microspheres of 1 mm of diameter for 

representing the void bubbles were implemented. A more detailed description of the modeling 

and simulation process of the reactivity feedback introduced in the solution by the volumetric 

expansion of the fuel solution due to thermal expansion of the fuel solution and the void volume 

generated by radiolytic gas bubbles can be found in [28]. 

 

The reactivity feedbacks introduced in the solution by the volumetric expansion of the fuel 

solution due to thermal expansion of the fuel solution and the void volume generated by 

radiolytic gas bubbles for the fresh fuel are shown in Table 5. Figure 14 shows the Keff 

evolution for the reactor without bubbles or thermal expansion, with thermal expansion only 

and with bubbles of 1 mm of diameter and thermal expansion. 

 

Table 5: Reactivity feedbacks introduced by the volumetric expansion due to thermal 

expansion of the fuel solution and the void volume generated by radiolytic gas bubbles 

 

Parameter Reactivity feedback (pcm) 

Thermal expansion -843 ± 55 

1 mm radiolytic gas bubbles -1808 ± 55 

Thermal expansion + radiolytic gas bubbles -2660 ± 55 
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Figure 14: Keff evolution for the reactor without bubbles and with bubbles of 1 mm of 

diameter. 

 

Results summarized in Tables 3 shows that the reactivity feedbacks introduced in the solution 

by the volumetric expansion of the fuel solution due to thermal expansion of the fuel solution 

and the void volume generated by radiolytic gas bubbles for the fresh fuel is at about -2660 

pcm. This value represents the 46% of the planned initial reactivity reserve in the core 5800 

pcm. It implies that the fuel is no longer capable of working without recharge for 10 years as 

was initially planned. This phenomenon can be seen in Figure 14. It shows how the reactivity 

feedback introduced in the solution provokes a reduction in the burn-up achievable in the 

reactor form the initial 24.79 GWday/tonU to 12.61 GWday/tonU. 

 

4.2.  ANSYS CFX Results 

 

4.2.1. Effects of some calculation parameters on the accuracy of a CFD 

 

The last decade has seen an increasing use of three-dimensional CFD codes to predict steady-

state and transient flows in nuclear reactor safety analyses as a tool to model safety relevant 

phenomena. Although CFD is being used extensively both inside and outside the nuclear 

community, still the credibility of many CFD simulations is being discussed. Actually, many 

factors could lead to more or less inaccurate results; some of them are related with the 

numerical discretization (for example, mesh refinement, time step size, and numerical scheme), 

and others with the physical difficulties of modeling the effect of, for instance, turbulence. In 

the latest years many papers have been focused on evaluated the effects of some of these 

parameters in the accuracy and convergence of CFD codes and models [29-33]. Furthermore, 

some journals (e.g. Journal of Fluids Engineering, Journal of Heat Transfer, etc.) has 

established strict editorial policies regarding the evaluation of the numerical uncertainty of any 

paper submitted for publishing [34, 35]. 
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Based on the ideas discussed above, one of the objective of the research of our working group 

on the thermal-hydraulic studies of AHR for medical isotopes production was to determine the 

effects of mesh refinement, time step size, numerical schemes and turbulence models on the 

accuracy of a CFD solution. For this purpose, the steady-state operation of the AHR model 

described in the Section 2.3, consisting of the vessel, the core channels, the coiled cooling pipe, 

the fuel solution and the upper air zone was investigated. The computational results obtained 

with various mesh refinement, time step sizes, numerical schemes, transient schemes and 

turbulence models were compared and discussed comprehensively. A more detailed description 

of the modeling and simulation process and the results can be found in [36]. 

 

In the studies carried out for this purpose, six mesh, five time step size, three different models 

for solving flow problems (the laminar, k-epsilon, and SST), three numerical advection 

schemes (Upwind, High Resolution and Specified Blend Factor) and the available transient 

schemes (first and second order backward Euler) were evaluated in the simulations, in order to 

assess the effects of the calculation parameters: mesh refinement, time step size, turbulence 

models, transient schemes and numerical advection scheme on the computational modeling of 

key parameters of an AHR steady-state operation.  

 

The mesh convergence study carried out allow us to obtain a mesh that guarantees that the 

solution is mesh independent. The time step size evaluation show that a time step size of 0.1 

seconds is adequate to obtain a time independent solution, shorter time step sizes did not lead 

to any improvement. Considerable differences (>3%) were obtained in the comparison between 

the available transient schemes (first and second order backward Euler). For that reason, even 

with the first order the calculation time is less, the second order backward Euler was selected. 

As the Reynolds number obtained in the simulations are Re>4000, the flow might be assumed 

to be in the turbulent region, so subsequent calculations were made considering only turbulence 

models k-epsilon and SST. The behavior and values of the results obtained for those turbulence 

models are relatively similar in all cases. As it is expected the use of first order numerical 

advection scheme allow us to obtain lower time-consuming calculations, better converge and 

residuals three orders of magnitude lower than the residuals with the second order numerical 

advection scheme. Even those, final calculations were made considering the second order 

numerical advection scheme High Resolution. The final full core simulation using the 

calculation parameters selected in the previous studies allow us made comparisons with results 

already published, verifying the accuracy of those. 

 

4.2.2. Thermal-hydraulic results of a 75 kWth AHR 

 

Figure 15 shows the regions in which the reactor has been divide. Region 1 is located in the 

lower part of the reactor and contains the fuel solution. Region 2 (located above the region 1) 

contains the upper air zone. Region 3 (located inside regions 1 and 2) contains the stainless 

steel coiled cooling pipe. 
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Figure 15: AHR regions used in the CFD thermal–hydraulics studies. 

 

As the AHR conceptual design heat removal systems are based on the ARGUS reactor, as first 

step the CFD model and its heat removal systems were evaluated for the ARGUS designed 

thermal power (20 kWth). The volumetric temperature distribution in the AHR core for a 

uniform volumetric heat generation rate of 20 kW was obtained (Figure 16); the average fuel 

temperature was 75.16 ˚C and the maximum temperature in the core (81.91 ˚C) is located on 

the top of the fuel solution and is below the design limit of temperature of 90 ˚C for avoiding 

the solution boiling. 

 

 
 

Figure 16: Temperature volume profile in the AHR core for a uniform volumetric heat 

generation rate of 20 kW. 
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Then the uniform volumetric heat generation rate was increased to 75 kW, for this value, the 

average temperature in the core reach 120.52 ˚C. This value is above the design limit of 

temperature of 90 ˚C. To solve this problem, the number of coiled cooling pipe inside the core 

was increased from one to five, for this new configuration the maximum fuel temperature in 

the core reach 83.94 ˚C. Figure 17 shows the volumetric temperature distribution in the AHR 

core and Figures 18 and 19 shows the temperature distribution in the central YZ and XY planes. 

 

 
 

Figure 17: Temperature volume profile in the AHR core. 

  

 
 

Figure 18: Temperature profile in the central YZ plane of the AHR core. 
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Figure 19: Temperature profile in the central XY plane of the AHR core. 

 

 

4. CONCLUSIONS  

 

 

The primary objective of this paper is contributing to the neutronic and thermal-hydraulic 

analysis of one of the most promissory alternatives to produce medical isotopes: the use of 

AHR. This article presents the current state of research in our working group on the neutronic 

and thermal-hydraulic studies of AHR for medical isotopes production. Are presented and 

discussed the group validation efforts with benchmarking exercises that include neutronic and 

thermal-hydraulic results of two solution reactors, the SUPO and ARGUS reactors. Neutronic 

and thermal-hydraulic results of a 75 kWth AHR based on the ARGUS reactor LEU 

configuration are presented. 

 

The benchmarking exercises carried out allowed us to confirm that the developed models are 

able to acceptably predict the neutronic and thermal-hydraulics behavior of an AHR. 

 

The neutronic calculations demonstrated that the reactor is able to produce 370 six-day curies 

of 99Mo in 5 days operation cycles. The consumption rate of fissile material 235U is insignificant 

(0.46 g of 235U / 5 day-batch) and the plutonium buildup in 10 years operation is 0.03 Kg. The 

discharge burn-up after 10 years without taking into consideration the reactivity feedbacks 

introduced in the solution by the volumetric expansion of the fuel solution reach 24.79 

GWday/tonU. A total volumetric expansion of the fuel solution due to thermal expansion of 

the fuel solution and the void volume generated by radiolytic gas bubbles of 0.001832 m3 was 

obtained. The reactivity feedback introduced in the solution by the volumetric expansion of the 

fuel solution (-2660 pcm) for the fresh fuel, represents the 46% of the planned initial reactivity 

reserve in the core 5800 pcm, it provokes a reduction in the burn-up achievable in the reactor 

form 24.79 GWday/tonU to 12.61 GWday/tonU. 

 

Studies involving six mesh, five time step size, three different models for solving flow 

problems (the laminar, k-epsilon, and SST), three numerical advection schemes (Upwind, High 
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Resolution and Specified Blend Factor) and the available transient schemes (first and second 

order backward Euler) were carried out in order to evaluated their influence on the accuracy of 

a CFD solution. 

 

The CFD simulation demonstrated that the heat removal systems provide sufficient cooling 

capacity to prevent fuel overheating, the maximum temperature reached by the fuel (83.94 ˚C) 

was smaller to the allowable temperature limit (90 ˚C). The temperature of the hottest spot in 

the reactor core is about 8.5 ˚C above the average core temperature. 

 

The conducted studies contribute to demonstrate the feasibility of using AHR for the production 

of medical isotopes, however further studies are needed to confirm these results and contribute 

to development and demonstration of their technical, safety, and economic viability. 
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