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Annotation
The following work is a comparative analysis of two target designs for Molybdenum-
99 production. Important parameters for their usage are their thermal-hydraulic
properties. The considered target designs can be used in a research reactor of basin
type. The research channel, where the target is being installed, does not possess
high static pressure; therefore, the target should not cause the coolant boiling during
operation. The more fissile material in the target, the higher the expected isotope
producing and at the same time the energy release. The main task of construction
modernization of the target is to increase the production of the necessary radioisotope
in the normal removal of heat from thewalls of the target sleeve. Comparative analysis
is carried out for targets of the cylindrical type.
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1. Introduction

Today development of nuclear medicine is mostly associated with radionuclide diag-
nostics and treatment of oncological diseases. That is why increasing the production
of radionuclide for medical purposes 99Mo is an important goal. Molybdenum-99 is
the element, by which about 70% of diagnostic procedures are carried out in the field
of oncology, 50% - in cardiology and about 90% - in radionuclide diagnostics. Due
to its difficulty and high cost of its production, it is widely available only in a few
developed countries. Actually, Molybdenum-99 is not a final product that is used in
nuclear medicine. There is another radioactive metal for such purpose – Technetium-
99.

Implementation of Molybdenum-99 production mainly depends on the design of
the targets located in the technological channels of the reactor core. The efficiency
of the production depends on a large extent of features of the target itself and the
ways of its placement in the experimental channels. Therefore, an important part of
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the work is investigation of the various conditions that can be created for the target,
what will possibly increase the production of Molybdenum-99 [1].

2. Materials and methods

The calculations were performed with using of finite element method by program
complex ANSYS CFX.

Finite volume method (FVM) is a special case of the finite element method and it is
designed for solving the problems described by partial differential equations with the
given boundary conditions. FVM is fully justified theoretically and applies for solving a
wide range of problems, such as:

• stationary problems of heat transfer, diffusion, electric field distribution and
other problems of field theory;

• problems of hydrodynamics, fluid flow in a porous medium in particular;

• problems of mechanics and strength, including the design of aircraft, missiles,
various spatial shields, etc. [2].

The basis of themethod is the breakdown of the continuous domain of the definition
of solving problem that has complex geometry. The initial area of the task definition
is divided into sub-areas (or elements). These areas are interconnected at nodes.
A solution, approximated by function of form element is sought on each element.
An approximate solution is based on boundary conditions and a given mathematical
formulation (system of equations).

The main advantages of the finite volume method are:

• the dimensions of the elements can be variable, what allows to enlarge or grind
the mesh field and the elements, if necessary;

• the imposition of boundary conditions of various kinds and their combinations
with the help of FVM, including local boundary conditions and/or mixed bound-
ary conditions is not difficult [2].

The designed models consist of two targets, which are located in the channel. The
vertical section of the targets is shown in Figure 1. On the left there is the image of
the target that has already been in use, while on the right there is a new, modernized
target of cylindrical type. The materials of both targets, including the filling of fissile
material, are the same.

Materials, used for calculations and their main thermo-physical properties:
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Figure 1: Vertical section of the target model.
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Figure 2: Dependence of the thermal conductivity of uranium dioxide on temperature.

T˔˕˟˘ 1: Comparison of the temperature characteristics of targets.

The operating target The modernized target

Total energy release, kW 50,2 46,1

Average outlet temperature of the
coolant, ∘C

71,8 70,7

Maximum temperature of the
coolant, ∘C

96,3 91,8

DOI 10.18502/keg.v3i3.1616 Page 166



 

AtomFuture-2017

 

6

6.2

6.4

6.6

6.8

7

7.2

7.4

7.6

7.8

8

300 350 400 450 500 540 590 640 750 800

λ, W/(m·K)

T, K

Figure 3: Dependence of the thermal conductivity of zinc oxide on temperature.

Figure 4: Layered mesh structure.

• Aluminum alloy:

– thermal conductivity 140 W/(m⋅K);

– density 2680 kg/m3.
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Figure 5: Temperature distribution of the lower target in the channel.

Figure 6: Temperature distribution of the coolant.

• Fissile material powder:
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Figure 7: Temperature distribution by targets and coolant.

Figure 8: Temperature distribution by the coolant.
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– thermal conductivity 10,2 W/(m⋅K);
– density 4000 kg/m3;

• Fluid (water):

– mass flow rate 0,82 kg/s;

– inlet temperature 57 ∘C;

– static pressure 171325 Pa [3].

The fissile material powder is a homogenous friable mixture of uranium dioxide and
zinc oxide. Dependences of thermal conductivity of the fuel matrix components on
temperature are taken in account when specifying the materials of the calculation
model and are presented in Figures 2-3.

Energy release in the targets was found by the results of neutron-physical calcula-
tion performed by using of calculation code realizing the Monte Carlo method. For both
cases, the energy release was given according to the volume of the fissile powder.
For the new, modernized target, the values of energy release for fuel units are given
below:

• for the lower target from the outer fuel layer - 8,35 · 108 W/m3;

• for the upper target from the outer fuel layer - 8,16 · 108 W/m3;

• for the lower target from the inner fuel layer - 1,68 · 109 W/m3;

• for the upper target from the inner fuel layer - 1,58 · 109 W/m3.

For the used target, the energy release is:

• for the lower target – 8,27 · 108W/m3;

• for the upper target - 8,75 · 108 W/m3[4, 5].

To calculate the temperature fields of the targets and the temperature of the coolant
in the channel, a “layered mesh” was used. This mesh is a layered structure on the
side of the target walls, and in the rest, it is a mesh, built in the automatic mode
of the WorkBench window of the ANSYS software package [6]. Figure 4 shows the
layered mesh structure of the calculated model of a new, modernized target for the
Molybdenum-99 production.

3. Results

In the Figures 5 and 6 there are the calculation results of temperature distribution on
fuel matrices of the targets in the channel, on the coolant andmetal sleeves. One of the
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main criteria that characterizes the parameters of the designed target is the maximum
temperature of the coolant and the average outlet temperature of the coolant from
the research channel. The results are given for the most energy-intensive location of
the calculation model (lower target).

Figures 7 and 8 show the temperature distributions in the vertical section along the
fuel matrices of the targets in the channel, the coolant and the metal sleeves.

According to the results of calculations of the modernized target, maximum of the
temperature is on the inner layer of the lower target fuel and is equal to 516 ∘C. The
maximum of water temperature is on a thin wall layer and is 91,8 ∘C, the maximum
temperature of the target sleeve is localized on its inner surface on the fuel side and
is equal to 409 ∘C.

Water heating that is carried out in the research channel can be estimated by using
the formula [7]:

𝑁 = 𝐺 ⋅ 𝐶𝑝 ⋅ Δ𝑇,

where N – power (kW), G – mass flow rate of the coolant 0,82 (kg/s), ΔT - heating
of the coolant (∘C), C𝑝 – heat capacity 4200 J/(kg ⋅ ∘C). Thermal power released in the
channel:

• the upper target – 22,7 kW;

• the lower target – 23,4 kW.

Δ𝑇 = 𝑁
𝐺 ⋅ 𝐶𝑝 = 13, 4 ∘C

Knowing the inlet temperature of the coolant (57 ∘C), the outlet temperature of the
water can be found:

Δ𝑇 = 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛

𝑇𝑜𝑢𝑡 = 70, 4∘C

The average outlet temperature of the coolant, calculated in the ANSYS software
complex is 70,7 ∘C.

For the case with the operating target, the water heating was evaluated by the
same method. The data are given in [6].

4. Discussion

As it is seen in the results of the work presented in Table 1, the total energy release
in the fuel matrix of the modernized target decreased by 4,1 kW. It has happened due
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to the refinement of the fuel layer in comparison with the operating target. At the
same time the maximum temperature of the coolant was decreased by 4,5 ∘C. Also, to
increase the heat transfer intensity, an annular heat exchange intensifier was installed
in the upper part of the target in a pair with a nozzle insert. The annular turbulator not
only serves as a mixing device, but also used for fixing the inner cilynder to the outer
part of the target. The nozzle insert allows to increase the velocity of the coolant flow
in the central cylinder.

The average temperature at the outlet of the channel almost did not change. Engi-
neering verification of the calculations by the formula for finding the coolant heating
showed similar results to thermal-hydraulic calculation performed by the finite ele-
ment method.

Considering the presence of static pressure in the channel, which is 171325 Pa, as
well as hydrostatic pressure of the liquid column above the target, it can be stated
that there is no boiling of the coolant with the significant reserve until it. This fact
allows to increase the thickness of the fuel layer in both the inner and outer cylinders
of the modernized target, which in turn will lead to an increase in the producing of
Molybdenum-99. The thickness of the fuel layer in the cylinder is determined by the
results of a neutron-physical calculation that allows for the self-shielding effect to be
taken and minimized.

The fuel temperature of the new, modernized target is higher than of the oper-
ating one, while the melting temperature of the fuel matrix is much higher than the
calculated values, that is, the fuel does not melt.

5. Conclusion

A comparative analysis of the calculation results of thermal-hydraulic characteristics
of two cylindrical-type targets shows the better parameters for the proposed target
design in comparison with the operating one. The calculations showed a decrease in
the maximum temperatures of the coolant, which makes it possible to increase the
production of Molybdenum-99, by increasing the fuel material loading.
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