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Abstract: For fuelling magnetic confinement nuclear fusion devices, the current leading approach
is the injection of solid hydrogen (deuterium and tritium) pellets. The material for these pellets is
produced via extrusion: this is possible since solid hydrogen isotopes at cryogenic temperatures
behave as non-Newtonian thermo-viscoplastic fluids, with highly temperature-dependent material
parameters. Here, we study the extrusion of solid deuterium.
The challenges of achieving an adequately high flow rate during the extrusion are mainly thermal,
as the internal heat generation inside the material must be kept to such a level that the temperature
of the material cannot reach its triple point temperature anywhere. Accurate prediction of the
thermal behaviour of the material during extrusion necessitates the use of an accurate CFD model.
In this work, we describe our approach for modelling the thermo-viscoplastic flow of solid deu-
terium inside an extruder. The model developed is used for exploring alternative geometries for
the extrusion nozzle, with the goal of minimizing the maximum temperature developing inside the
material.
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1. Introduction

For magnetic confinement nuclear fusion devices, a continuous fuelling system is necessary for supplying
hydrogen isotopes (deuterium and tritium) into the core of the plasma. The current leading, proven
approach for this is the injection of solid hydrogen pellets: these are extruded and cut at cryogenic
temperatures, before being launched into the plasma at high speeds [1, 2, 3].

Extrusion of solid hydrogen is possible above its yield stress, where it behaves as a non-Newtonian
viscous fluid with strongly temperature-dependent material parameters [4]. Reliable numerical modelling
of this plastic flow behaviour requires a coupled thermo-viscoplastic simulation with an appropriate
material model. In some cases, constant material parameters are considered for easing the computational
demand, but for more accurate results, the temperature-dependence of the thermal and mechanical
material parameters cannot be neglected [5, 6, 7, 8].

A key goal of the numerical model is the accurate prediction of the heat generated due to viscous
dissipation, since the temperature of the extruded material must remain below its triple point during
extrusion to prevent melting: this usually limits the maximum achievable flow rate for a specific design.
Furthermore, the dissipated heating power gives a lower bound on the cryogenic cooling power required
for continuous operation, which can incur significant costs. Since the flow behaviour is highly nonlinear
due to the non-Newtonian and temperature-dependent nature of the material, a CFD model is necessary
for predicting its behaviour during extrusion.
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This paper focuses on the effects of the nozzle geometry (i.e., the initial, contracting part of the die) on
the resulting temperature distribution inside a cryogenic solid deuterium extruder. First, a FEM-based
CFD model for the non-Newtonian flow of solid hydrogen inside the extruder is presented. Then, the
effects of changing the nozzle geometry are considered. Including the reference geometry as a baseline,
three different conical geometries, and two parabolic geometries are investigated.

2. Problem Statement

2.1 Reference setup

A prototype cryogenic hydrogen extruder of batch type (Fig. 1a) has been designed and built at the Fusion
Plasma Physics Department of the HUN-REN Centre for Energy Research (EK-CER) [9]. It is capable of
supplying a continuous solid deuterium rod of nominal diameter �𝑑2 = 3.2 mm (Fig. 1b) at a temperature
of approximately 15 K, which is subsequently cut into separate pellets. The geometry and operation of
this reference device is considered as the baseline for the calculations given in the following. Fig. 2
illustrates the geometry of the inside of the extruder, i.e., the axisymmetric flow domain for the deuterium
ice.

(a) (b)

Figure 1: Left: cross-sectional view of the extruder. Right: extruded solid deuterium rod. During
extrusion, deuterium ice formed in the main copper cylinder (purple) is pushed by a piston moving inside
the extruder (not shown), through a converging nozzle (orange) ending in a narrower tube of nominal
diameter (red), which supplies the ice to the next device.

Figure 2: Sketch of the flow domain geometry inside the extruder. For the reference extruder, the lengths
are ℎ1 = 100 mm, ℎ2 = 24 mm, ℎ3 = 27.6 mm, and the diameters are 𝑑1 = 8 mm, 𝑑2 = 3.2 mm
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2.2 Basic material parameters

The thermal and mechanical material parameters of solid hydrogen isotopes exhibit considerable temperature-
dependence. Experimental data is available in the relevant literature for basic material parameters such
as density, specific heat and thermal conductivity, among others [10, 11].

It should be highlighted that even for pure deuterium isotope material, the ratio of the ortho- and para-
deuterium spin isomers in a sample can influence the material parameters significantly: e.g., the peak
thermal conductivity of pure ortho-deuterium is around one order of magnitude higher than that of normal
deuterium. In the present case, we assume a normal (2:1 ortho-para) composition, as the deuterium gas
being frozen is initially at room temperature and thus in approximately a normal state, and the freezing is
considered fast enough such that the relaxation of the spin states to the cryogenic-temperature equilibrium
can be neglected.

2.3 Constitutive model

While, for protium, two different constitutive models are commonly used for describing its viscous
flow [12, 4], for deuterium, the most widely used correlation is the empirical model due to Leachman
[4]. This model assumes that solid deuterium behaves as a non-Newtonian Herschel–Bulkley fluid with
temperature-dependent parameters, i.e., the constitutive relationship for the viscosity is{

¤𝛾 = 0, if 𝜏 ≤ 𝜏0,

𝜏 = 𝜏0(𝑇) + 𝜇(𝑇) ¤𝛾𝑛, if 𝜏 > 𝜏0,
(1)

where 𝜏 is the shear stress, ¤𝛾 is the shear rate,

𝜏0(𝑇) = 𝑎1

(
𝜈0 + 𝑎5 𝑇

𝑎6
m

𝜈0 + 𝑎5 𝑇𝑎6

)𝑎2

(2)

is the temperature-dependent yield stress,

𝜇(𝑇) = 𝑎3

(
𝜈0 + 𝑎5 𝑇

𝑎6
m

𝜈0 + 𝑎5 𝑇𝑎6

)𝑎4

(3)

is the temperature-dependent consistency index, and 𝑛 = 1/2 is the flow index. The parameters
𝑇m, 𝜈0, 𝑎1, 𝑎2, 𝑎3, 𝑎4, 𝑎5 and 𝑎6 of the expressions (2)–(3) are given1 in [4]. Fig. 3 illustrates the constitu-
tive relationship for various temperatures.

A consequence of the Herschel–Bulkley-type non-Newtonian fluid flow described above is the charac-
teristic flow velocity profile with plug flow in the center [13, 14]: this is taken into account during the
meshing.

2.4 Thermal considerations

The main difficulty of extruding solid hydrogen isotopes is managing the temperature distribution and
channelling away excess heat. Crucially, the temperature of the material being extruded must not exceed
the triple point temperature (for deuterium, this is approximately 18.7 K): a fundamental limitation here is
given by the thermal conductivity of the material itself. Additionally, the heat generated during extrusion
due to viscosity must be removed by the cryocooler maintaining the cryogenic temperatures. At these
temperatures, even a relatively slow extrusion that generates heating power on the order of a few watts is
comparable to the cooling power available from a cryocooler.

1In its original form, Leachman’s model is dimensionally inconsistent, as also noted by Fan et al. in [8]. In accordance with
their choice for resolving this inconsistency, we also use a characteristic length of 𝑑 = 1 mm here.
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Figure 3: Temperature-dependence of the Herschel–Bulkley parameters in the Leachman model for solid
deuterium, from 13 K to 18 K.

Therefore, predicting the thermal behaviour of solid deuterium during extrusion under various conditions
is a crucial goal of a CFD model of solid deuterium under extrusion.

2.5 Investigated parameter space

The main goal of the present investigation is to evaluate the potential performance of different geometries
for the converging region of the extruder. Currently, the reference device has a conical nozzle of length
ℎ2 = 24 mm, and for an extruder filled with the maximum amount of ice, piston velocities of around
0.1 mm/s have been achieved so far. The question raised is whether alternative designs would fare better
with higher volume flow rates, with respect to the maximum temperature and the viscous heating power,
while the extrusion pressure remains at an acceptable level.

Besides the reference conical geometry with ℎ2 = 24 mm, two different conical designs were evaluated,
with ℎ2 = 16 mm and 32 mm, respectively. Additionally, based on observations at low extrusion rates,
detailed below, two parabolic designs have also been evaluated, which were aimed at decreasing the
maximum deuterium ice temperature inside the extruder. Fig. 4 shows the five different geometries
overlaid.

Figure 4: Contours of the different nozzle geometries overlaid.
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3. Methods

3.1 Model, boundary conditions, mesh

For modelling the thermo-viscoplastic flow inside the extruder, a FEM-based CFD model is used,
implemented in Ansys Polyflow. The flow domain is axisymmetric, therefore an axisymmetric 2D domain
is modelled, as shown in Fig. 5 for the reference geometry. We neglect inertial effects, and assume a steady-
state process. At the inlet, a uniform axial velocity and constant temperature is prescribed, corresponding
to the movement of the piston inside the extruder. The outlet has an outflow-type boundary condition
both mechanically and thermally.

Along the wall, a constant temperature of 15 K is imposed: this is realistic due to the very high thermal
conductivity of copper at cryogenic temperatures and the active control of the extrusion device maintaining
a set temperature of the extruder body, with 15 K being a typical extrusion temperature.

Based on our related experiments, for flow at the wall, a Navier-type slip condition is assumed, with a
coefficient in the range 107 Pa s m−1 – 109 Pa s m−1 [15]. These related experiments also validated our
model for the existing geometry, and for extrusion velocities and pressures up to about 0.5 mm/s and
7 MPa.

Clearly, laminar flow can be assumed, as the (apparent) Reynolds number of the flow is on the order of
10−10 or lower.

The mesh is a quadrilateral-dominant mesh – with an inflation layer capturing the velocity and temperature
gradients outside the plug flow region – having a characteristic cell size of 0.12 mm and approx. 45000
elements. A mesh independence study has been performed for the reference geometry.

Figure 5: Illustration of the axisymmetric flow domain and the different boundary regions.

3.2 Numerical considerations

Since the temperature and flow fields are fully coupled in the simulation, achieving convergence is
challenging due to the multiple strong nonlinearities present in the material models. To aid convergence,
an evolution scheme is applied for both the viscosity and the thermal effects: i.e. the contributions of
these effects are gradually increased from zero to their actual value by subsequent iterations.

Additionally, for numerical stability, the infinite effective viscosity resulting from the Herschel–Bulkley
model is limited below a critical shear rate of ¤𝛾c = 0.1 1/s [16].

4. Results

The five geometries were evaluated for a range of flow rates, up to the point where the maximum
temperature of the ice during extrusion exceeds the triple point temperature (detailed in Section 4.3). In
these results, we have observed that there is a qualitative difference between the temperature distribution
inside the nozzle for lower and for higher flow rates. Therefore, we first evaluate the results along this
distinction.

To quantify the increased temperature inside the material, let us introduce the notationΔ𝑇max := 𝑇max−𝑇wall
for the maximum temperature difference with respect to the prescribed boundary temperature.
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4.1 Low flow rate

Fig. 6 illustrates the temperature distribution inside the three conical nozzle geometries. The prescribed
inlet velocity in this case is 1 mm/s, corresponding to a volumetric flow rate of approx. 50 mm3/s.

ℎ2 = 24 mm ℎ2 = 16 mm

ℎ2 = 32 mm

Figure 6: Temperature distribution inside the three conical nozzle geometries, for 1 mm/s inlet velocity.

In all three cases, a clear region of higher temperature develops at the bottom of the converging nozzle.
The maximum temperature here decreases with increasing ℎ2, in accordance with the lower shear rates
corresponding to a less sudden contraction.

Similar preliminary results inspired the development of a non-conical, parabolic nozzle geometry that, so
to speak, smears the concentrated high shear rate and the resulting concentrated viscous heat generation
along the flow by introducing a non-linear contraction of the diameter. Two versions were designed,
denoted here as parabolic A and parabolic B, respectively: refer to Fig. 4 for a comparison.

ℎ2 = 24 mm parabolic A

parabolic B

Figure 7: Temperature distribution inside the baseline (left) and the two parabolic (right) nozzle geome-
tries, for 1 mm/s inlet velocity.
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Fig. 7 illustrates the temperature distribution inside the two parabolic nozzles compared to the baseline
ℎ2 = 24 mm conical nozzle. These designs indeed achieve a lower maximum temperature: compared to
the baseline case, Δ𝑇max decreases by 27% and 23% for the designs A and B, respectively. However, this
comes at the cost of the viscous heating power increasing by 20% and 13%, respectively.

4.2 High flow rate

While it may be tempting to assume that the above phenomenon extends to higher flow rates, such an
assumption would be incorrect. To illustrate this, let us first consider a higher flow rate case, with an
inlet velocity of 2 mm/s corresponding to a volumetric flow rate of approx. 100 mm3/s. Analogously to
Fig. 6, we can observe the temperature distribution for the three conical geometries in Fig. 8. Clearly,
the concentrated region of increased temperature in the converging region disappeared, and the region of
highest temperature is now in the final, narrower part of the extruder.

ℎ2 = 24 mm ℎ2 = 16 mm

ℎ2 = 32 mm

Figure 8: Temperature distribution inside the three conical nozzle geometries, for 2 mm/s inlet velocity.

This phenomenon seems to somewhat diminish the advantages of the parabolic designs: Fig. 9 illustrates
this.

Fig. 10 qualitatively illustrates this phenomenon for the baseline geometry. As the flow rate increases,
the region of higher temperature gradually extends and shifts further downstream, with the hot spot in
the converging part eventually disappearing. This could be explained by the softening nature of the
deuterium material model with increasing temperature: higher flow rates generate more heat, decreasing
the effective viscosity, therefore decreasing the relative importance of the converging region, compared
to the high shear rate that develops in the narrow tube.

4.3 Evaluation over various flow rates

To quantitatively evaluate the performance of the various geometries, we have performed a systematic
parameter sweep over the applicable velocity ranges, with an identical wall and inlet temperature of 15 K.
The flow rate has been increased for the subsequent simulations, until the maximum temperature inside
the extruder reached the triple point temperature: at this point, the model is no longer valid, since no
phase change is implemented.

Fig. 11 illustrates the development of the maximum temperature during extrusion for the five different
geometries. It can be observed that for the low flow rates, the parabolic design is advantageous for
decreasing the maximum temperature, but for higher flow rates, this advantage diminishes, and in fact
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ℎ2 = 24 mm parabolic A

parabolic B

Figure 9: Temperature distribution inside the baseline (left) and the two parabolic (right) nozzle geome-
tries, for 2 mm/s inlet velocity.

¤𝑉 = 50 mm3/s ¤𝑉 = 75 mm3/s

¤𝑉 = 100 mm3/s ¤𝑉 = 125 mm3/s

Figure 10: Temperature distribution inside the baseline conical nozzle, for various flow rates.
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Figure 11: Maximum temperature inside the extruder for various flow rates and geometries. Left: 𝑇max.
Right: Δ𝑇max (logarithmic scale). Cases where the maximum temperature exceeded the triple point
temperature are marked by ×.

reverses for the highest flow rates: for an inlet velocity of 2.5 mm/s, 𝑇max is higher for the parabolic
geometries than for the conical ones.

For the total heating power shown in Fig. 12, no reversal of the initial trend is observed: the viscous
heating power for the parabolic geometries is consistently higher than for the conical geometries. The
results suggest that a lower ℎ2 yields a lower viscous heating power, but a higher maximum temperature.
Accordingly, the extrusion pressure, as also shown in Fig. 13, decreases for lower ℎ2 values.

Figure 12: Viscous heating power for various flow rates and geometries. Cases where the maximum
temperature exceeded the triple point temperature are marked by ×.
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Figure 13: Extrusion pressure and equivalent force for various flow rates and geometries. Cases where
the maximum temperature exceeded the triple point temperature are marked by ×.

5. Conclusion and Future Work

The performance of five different nozzle geometries has been evaluated for extruding solid deuterium
at cryogenic temperatures. For this, a FEM-based CFD model has been developed that can resolve the
nonlinear thermo-viscoplastic flow of deuterium ice.

The results indicate that a qualitatively different temperature field develops inside the extruder at low
and at high flow rates. While, at lower flow rates, the high-temperature region is concentrated at the
end of the contracting nozzle, at higher flow rates, the high-temperature region spreads and shifts further
downstream, with the highest temperature observed in the narrow final tube of the extruder.

Based on the numerical results, it can be concluded that for lower flow rates, applying a parabolic nozzle
geometry instead of a conical one decreases the maximum temperature, while resulting in higher extrusion
pressures and higher viscous heating power. This advantage diminishes at higher flow rates, with the
parabolic geometries creating a higher maximum temperature than conical nozzles at the highest flow
rates.

Focusing on the conical nozzles, the presented simulations suggest that a shorter nozzle results in lower
extrusion pressure and lower viscous heating power, but an increased maximum temperature inside the
material. Therefore, when choosing the value of ℎ2 during design, a trade-off must be made based on the
allowable maximum temperature and the available cooling power.

The current investigation has been limited to a wall temperature of 15 K. In future work, we plan to
extend the evaluation to a range of other temperatures. Additionally, besides deuterium, the performance
of different nozzles when used for the extrusion of protium should also be characterized. Based on the
presented lessons, an optimized nozzle geometry that takes into account the different flow characteristics
at increasing flow rates may also be developed, which would require a thorough evaluation across its
entire operating range.
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