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ABSTRACT
The objective of this study was to examine the flow behavior of a methane hydrate/methane-liquid hydrogen dispersed two-phase fluid through a given design of a moderator chamber for the ESS target system. The calculations under simplified conditions, e.g.,
talcing no account of heat input from outside, have shown that the computer code used, CFX,
was able to simulate the behavior of the two-phase flow through the moderator chamber, producing reasonable results up to a certain level of the solid phase fraction, that allowed a continuous flow process through the chamber. Inlet flows with larger solid phase fractions than
40 vol% were found to be a "problem" for the computer code. From the computer runs based
on fractions between 20 and 40 vol%, it was observed that with increasing solid phase fraction at the inlet, the resulting flow pattern revealed a strong tendency for blockage within the
chamber, supported by the "heavy weight" of the pellets compared to the carrying liquid. Locations which are prone to the development of such uneven flow behavior are the areas
around the turning points in the semispheres and near the exit of the moderator. The considered moderator chamber with horizontal inlet and outlet flow for a solid-liquid two-phase
fluid does not seem to be an appropriate design.
I. INTRODUCTION
Both hydrogen and methane are currently being widely applied as cryogenic moderator
material in target systems of neutron sources. Supercritical hydrogen is the material of choice
for the reference design of the European Spallation Source (ESS) cryogenic moderator, as has
also been selected for the US spallation source SNS as well as for the respective Japanese
project SNS.
Solid methane as moderator material, which is also in use in different facilities, is
known to outperform liquid hydrogen in terms of neutronic characteristics. It is, however, not
appropriate for higher power neutron sources such as the F3SS because of its radiation-induced
decomposition, where exothermal recombination processes of the radicals represent a significant risk.
In order to combine the advantages of both materials and mitigate their drawbacks, a
mixed moderator concept of solid methane pellets plus liquid hydrogen (LHj) has been proposed first by Lukas in 1988 [I], which is expected to provide a high cold neutron intensity
and narrow pulses of thermal neutrons and to operate also at higher powers.
The aim of the study here is the computer simulation of the flow behavior of the above
mentioned solid-liquid two-phase system within the moderator chamber as presently designed
for the ESS facility. The calculational tool is a Computer Fluid Dynamics (CFD) code, which
is principally able to handle multi-phase flows in complex geometries. Multi-phase flow refers to a situation where more than one fluid, not necessarily different phases of the same species, may be present. Unlike multi-component systems, multi-phase flows consist of species
which are mixed at much larger than molecular scale. All phases will potentially have differ-
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ent velocities and temperature fields interacting empirically specified inter-phase transfer
terms. In the case presented here, a disperse two-phase flow, i.e. the flow of a disperse phase
(particles) in a continuous phase (gas, liquid) is treated.
2. THKORKTICAL STUDY OF A LIQUID-PARTICLH FLOW IN THH KSS CRYOGKNIC
MODERATOR
2.1. Calculational Tool
State-of-the-art modeling of the transient behavior of a tluid is given by computer fluid
dynamics (CFD) models which simulate complex flow processes by solving the NavierStoke.s equations in a three-dimensional calculation grid structure. This approach comprises
the conservation equations of mass, momentum, and energy. In the two-equation k-e turbulence model, special partial differential equations are solved to describe the transport of turbulence as well as its generation and dissipation. Of all the approaches, the k-e model offers
the highest relative independence of empirical relations.
The commercially available CFD code "CFX" by AHA Technology |2] has been applied for this study. By means of a specific command language, the user determines the numerical parameters and the case-dependent physical models. The code allows the construction
of a body-fitted calculation grid. The multi-block structure of the grid enables local refinement where desired or requested. Among various robust advanced methods of a numerical
solution procedure, the most appropriate for the case considered can be selected (by experience or by trial and error).
The physical models offered are valid for either steady state or transient conditions.
Apart from the models for heal transfer by convection, conduction, or radiation, the models
include multi-phase flow as well as phase changes and chemical reactions, covering also the
simulation of fire and explosion, which may be applied in follow-on studies.
Regarding the two-phase flow, as is applied in this study, both phases are assumed to be
present in each control volume and assigned a respective volume fraction ("inter-penetrating
continuum"). Restrictions to the model are:
(a) The multi-phase flow is assumed incompressible or weakly compressible.
(b) No radiation heat transfer is allowed.
(c) All phases must use the same turbulence model.
(d) All phases show the same pressure (no surface tension, no solid compression).
In the multi-fluid model, there is one solution field separately for each phase. The
phases have different velocity and temperature distributions, but have the tendency to equali/.c
through either empirical interface drag forces and heat transfer terms. Furthermore inter-phase
non-drag forces are considered (virtual mass force, lift force, wall lubrication force, turbulent
dispersion force, solids pressure force). The solids pressure force describes the interaction of
particles as they approach their packing limit; when the volume fraction comes within 0.001
of the maximum packing fraction (set at 0.62), an extra friction velocity is added to the shear
velocity.
The interface drag forces are empirical correlations. Two mechanisms are considered
exerting a drag on an immersed particle by a moving fluid: (i) skin friction due to the viscous
surface shear stress, and (ii) form drag due to the pressure distribution around the particle. The
total drag force is expressed in terms of a dimensionless drag coefficient which is, for
particles of a given shape moving in an incompressible Newtonian fluid, a function of the
Reynolds number only. Standard solid particle drag curve for spherical shape (if surface tension can be neglected) is applied. For compressible fluids, the correlations for incompressible
flows are valid up to Ma = 0.3. For higher Mach numbers, the drag coefficient will be a function of Re and Ma.
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Heal transfer processes across phase boundaries are not an issue in this study, since the
heat production in the moderator was not considered.
The turbulent multi-phase model is a simple generalization of the single-phase turbulence modeling. The individual phases are allowed to be declared turbulent or laminar. The
additional production and dissipation of turbulence at the presence of more than one phase,
which is not covered by single-phase source terms could be taken into account by implementing own respective models (which was not done for this study). Large particles, for instance, create turbulence due to the turbulent wake behind the particles; on the other hand,
small particles tend to suppress turbulence.
2.2. Moderator Chamber Design
The design for the moderator chamber selected for this study was based on the latest
concept for the ESS cryogenic moderator chamber (for LHi) as has been suggested by
Soukhanov [3], which is characterized by a horizontally arranged inlet/outlet fluid How. It
was modified such that the fluid entering the chamber through the central inlet flow tube will
hit onto semi-spherically shaped walls to allow for a smooth return flow and avoid as much as
possible a deposition of particles in dead zones. A splitting edge between the semi-spheres is
to subdivide the flow into two parts with the fluid flowing through the upper and lower half of
the chamber on its return and exiting the chamber in an annular flow around the inlet luhe.

Figure 1. Calculation grids for first part (top) and second part (bottom) of the study
A two-dimensional, body-fitted calculation grid for the moderator chamber has been
established as is shown in Fig. I. The dimensions are 310 mm as maximum length and 160
mm in height. The extension in the third dimension, which is formally present, is one mesh
row with the arbitrary thickness of 20 mm. The whole calculation grid as used in the beginning of the study (see Fig. 1, top) consists of a total of 7244 mesh volume elements.
The inlet flow is centrally from the right side, the outlet is above and below the inlet to
the right side. Inlet and outlet flows are separated by 2 mm thin walls (no-flow regions),
which are extended to the central points of the semi-spheres on the left side. The two semispheres are connected by the above mentioned splitting edge with a thickness of 2 mm in-
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truding horizontally approximately 20 mm into the chamber. The outer walls have a thickness
of 3 mm and are considered "'conducting walls" meaning that heat transport by conduction is
being taken into account.
The wall material is the aluminum alloy AIMg3, i.e., the respective correlation for the
temperature dependent thermal conductivity was assumed [4|.
For a second part of this study, two major changes of the calculation grid were made
(see Fig. I, bottom). Due to the experience of long duration for the computer runs, a somewhat more coarse grid was created reducing the number of elements by more than half down
to 3020. Furthermore the splitting edge was prolongated until back to the entrance of the
chamber. The purpose of this separating wall was to force half of the entering - at this point
still homogeneously distributed - two-phase fluid to take the route through the upper part of
the chamber. By this means, the flows through both parts of the chamber were physically decoupled and the moderator split into two independent flow systems.
2.3. Initial and Boundary Conditions
The two-phase fluid to be investigated here consists of liquid hydrogen as the continuous phase and solid methane hydrate pellets (and in one case methane pellets) as the disperse
phase. All pellets are assumed to be of the same size and a spherical shape with 0.5 mm diameter throughout the domain. The reason for the assumption of such a small diameter is to
increase the chance for the particles to be borne by the continuous phase. The difference in the
densities of methane hydrate and LH: result in a very high density ratio, which is close to that
for (he system of LHT plus water ice of 14:1. The densities assumed were 70.8 kg/m 3 for LHi
and 920 kg/m 3 for methane hydrate. The fraction of the disperse phase in the inlet flow was
initially set at 20 vol% and later consecutively increased to 30 va\% and 40 vol%. respectively. These volume fractions correspond to mass fractions of 76 %, 85 %, and 90 %, respectively.
The inlet temperature of the two-phase How was sel at 25 K. Since for this study, no
heat sources were taken into account and also adiabatic boundary conditions were assumed,
the outlet temperature is also 25 K.
The assumption for the velocity of both phases at the inlet was set at 4 m/s, which
translates into a mass flow of 0.763 kg/s for the selected calculation grid. It is based on the
fact that in previous studies on this moderator design employing pure LH2 as fluid and assuming a heat source as anticipated for the HSS cryogenic moderator (7.5 kW in the real-si/c
moderator chamber), the increase of the fluid temperature between inlet and outlet (average)
was limited to about 3 K.
2.4. Numerical Behavior
The computer simulation for a case to be considered was conducted as a transient calculation in consecutive steps. The first run was started with a 20 vol'# fraction of the solid
phase in the inlet flow. After reaching approximately an equilibrium state, the solid phase
fraction was raised and the calculation continued until again a more or less equilibrium stale
was obtained. The calculation for a specific solid phase fraction was interrupted once in a
while to check things like convergence behavior, and eventually restarted, often with modified numerical parameters and/or time step width, if an improvement was expected. Time
steps were typically varied in the range of 10"2 to 10"4 s, where the fluid proceeds in the order
of mm. The results for cases with a lower particle volume fraction are the starting point for
the cases with a higher particle volume fraction. The calculation was usually slopped after the
fluid has traveled a distance corresponding to several times the distance of once through the
moderator chamber. CPU times became significantly smaller for the calculations based on the
second, simplified grid.
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3. TWO-PHASE FLOW PATTERN IN THE MODERATOR CHAMBER
3.1. Results with the first calculation grid
20 % volume fraction of methane hydrate pellets in the inlet flow
For the first part of the study, the moderator design as shown in Fig. 1, top, was
considered. Starting with a two-phase flow consisting of 20 vol% of methane hydrate particles, the calculational results for the distribution of the volume fraction of the LH2 and the
methane hydrate particles, respectively, in the moderator chamber are shown in Fig. 2. The
figures indicate the complementary character of the two distributions with the volume fraction
for the methane hydrate volume fraction ranging between 0 and about 64 % (Fig. 2, top) and
the LH2 ranging between approximately 36 % and 100 % (Fig. 2, bottom).
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Figure 2. Methane hydrate pellets (top) and LH2 (bottom) concentration distribution for 20 vol% of
pellets in the inlet flow for the first calculation grid
The particle phase of the inlet flow shows soon the tendency to sink and preferably pass
through the lower half of the moderator, whereas only a smaller part of the particles contributes to the outflow through the upper half of the moderator. The red colored areas represent-
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ing high volume fractions indicate zones of enhanced concentration of particles (Fig. 2, bottom) or zones of almost pure LH2 (Fig. 2, top), respectively. The transition from high to low
concentration areas is relatively sharp.
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Figure 3. Methane hydrate pellets (top) and LH2 (bottom) velocity distribution for 20 vol% of pellets
in the inlet flow for the first calculation grid
The methane hydrate pellets are mainly concentrated at the turning points of the flow in
both chamber halfs and, to a particularly large extend, at the bottom of the lower half of the
chamber. In these zones, the pellet concentration has almost reached its maximum. From the
calculated velocity distribution, it can be concluded that the low values for the particles in
those zones indicate a strong tendency towards a slow-down of the flow or even deposition
with velocities having dropped from 4 m/s at the entrance to around 1 m/s and less. But also
the velocity of the LH2 is here significantly smaller and in the same order of magnitude as for
the particles.
The area immediately below the separation wall in the upper moderator half is a location with prevailing continuous phase at low velocities. High-velocity regions are found at the
turning points where, due to the large particle concentration adjacent to the spherically shaped
walls, only a narrow gap at the end of the separating walls remains open for the faster flowing
LH2 or particles.
Immediately after passing the turning points on its way back to the exit, the two-phase
flow has developed recirculation zones, a larger one in the upper half of the chamber with the
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continuous phase dominating, and a smaller one in the lower half, where a large part is occupied by a high concentration of particles.
The velocity distribution of the two phases is shown in Fig. 3 indicated both by color
and by length of the arrows. It is found to be slightly different for the upper and lower part of
the moderator due to the different quantities of particles passing through this part. Starting
with a value of 4 m/s at the inlet as initial condition, zones of enhanced velocities are found
close to the turning points and at the outlet, reaching in the upper part values of around 6 m/s
(particles) and 8 m/s (LH2), and in the lower part 4 m/s (particles) and 5 m/s (LH2), respectively. Slow-flow regions are principally found where particles have accumulated.
30 % volume fraction of methane hydrate pellets in the inlet flow
The comparison with the follow-on calculation after raising the fraction of the particle
phase at the inlet from 20 to 30 vol% (= 85 mass%) shows that the regions with high particle
concentration have slightly further expanded, now more and more affecting the space in the
inlet tube, particularly in the lower part.
The velocity distribution has qualitatively hardly changed. The maximum figures at
both the turning point and the exit are approximately the same for both the particles and the
liquid.
The wavy shape of the surface of the particle bed in the bottom half of the chamber appears to be a sign of ongoing re-distribution by deposition and remobilization processes.

Figure 4. Methane hydrate pellets concentration and velocity distribution for 30 vol% of pellets in the
inlet flow for the first calculation grid
40 % volume fraction of methane hydrate pellets in the inlet flow
The attempt to calculate the case with a further increased particle fraction at the inlet to
40 vol% was unsuccessful. It was presumably due to a plugging of the flow paths inside the
moderator chamber, which the computer model was obviously not able to handle. Rather than
trying to overcome the difficulties by playing with the numerical parameters, a restart of the
calculation was made on the basis of a modified calculation grid.
3.2. Results with the Second Calculation Grid
For the second part of the study, two major changes of the calculation domain were
made:
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1. The number of volume elements was cut to less than half in order to significantly reduce the computation time for a run.
2. The short piece of wall connecting the two semi-spherical walls at the end of the
moderator chamber was extended through the whole inlet tube, in order to force exactly half
of the particles and the liquid hydrogen to go through the upper and lower part of the moderator chamber.
The consequence of the second item was a complete disconnection of the two halfs of
the moderator leading to two independent calculations. The modified calculation grid is
shown in the bottom part of Fig. 1.
20 % volume fraction of methane hydrate pellets in the inlet flow
The calculation was started again with a 20 vol% fraction of particles at the inlet. Since
the inlet velocity remained fixed at 4 m/s, the absolute mass flow was slightly reduced (LH2:
0.181 -^ 0.172 kg/s; methane hydrate pellets: 0.582 -> 0.553 kg/s) due to the fact that the
inlet cross section became somewhat smaller by the wall, which separates the chamber into
halfs.

Figure 5. Methane hydrate pellets concentration and velocity distribution for 20 vol% of pellets in the
inlet flow for the second calculation grid

Fig. 5 shows the pellet concentration distribution together with the respective velocity
distribution. Now that half of the pellets (and of the LH2) were forced to pass through either
chamber half, the regions of high particle concentration have drastically changed their pattern.
Compared to the corresponding calculation with the previous grid (see Fig. 2, top), the area
with maximum particle concentration in the lower half is still found at the bottom on their
way out of the chamber, but its size is much smaller because of the lower quantity of particles
passing through this part. Also on top of the wall separating inlet and outlet flow, a narrow
strip of high particle concentration can be identified, which is larger than in the previous case.
For the upper half of the moderator, now experiencing a much higher particle flow,
highest particle densities are observed near the outer wall surfaces, in particular in the semisphere around the turning point, where it appears to be difficult for the LH2 to carry the heavier particles away against the gravitation force and rather accumulate inside the semispherical
shell.
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Also the velocity pattern has changed compared to the respective case with the first calculation grid. Due to the fact of a larger number of particles passing through the upper moderator half, the velocity of the pellets has somewhat decreased in the open gap near the turning
point (to approx. 4 m/s). The velocity profile at the chamber exit has become more or less
symmetrical, whereas in case of the first grid, there are higher velocities for both phases at the
upper exit due to the lower particle density.
30 % volume fraction of methane hydrate pellets in the inlet flow
The plugging effect in the upper chamber half is further intensified when the particle
fraction is raised to 30 vol%. As can be seen from Fig. 6, a thicker layer with maximum particle density (of around 63 %) is found just below the outer wall, where all outflowing particles
seem to be concentrated. In the inlet tube, an increasing region of high particle density at the
bottom can be recognized. The large mass of particles in the semi-sphere reacts as a barrier
for the continuously incoming particles, shifting the boundary between high and low particle
concentration further towards the inlet.

Figure 6. Methane hydrate concentration and velocity distribution for 30 vol% of pellets in the inlet
flow for the second calculation grid
In the lower moderator half, there is also a significant growth of the high particle density layer both upon the wall separating inlet and outlet flow, and at the bottom in the outlet
flow region. The liquid phase dominating in the upper part of the inlet flow does not allow a
too strong accumulation in the semi-sphere region and rather carries the particles into the
bottom part where the accumulating particles gradually start plugging the exit flow.
Velocities have somewhat increased in the regions with low particle density near the
turning points and the exit reaching around 6 m/s (pellets) and 8 m/s (LH2), respectively.
40 % volume fraction of methane hydrate pellets in the inlet flow
The further raising of the methane hydrate pellets volume fraction to 40 % leads to an
intensive concentration of the pellets in the lower part of the upper moderator half, filling it up
until fairly close to the inlet. Near the turning point, the maximum pellet concentration has
reached already the wall separating inlet and outlet flow. The outlet flow region in the upper
part of the upper chamber half remains almost unchanged with a pellet layer near the outer
wall and a sharp transition to the almost pellet-free area below. A slight thickening of the
pellet layer can be identified near the exit where the tube becomes more narrow.
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Also in the lower half of the moderator, the areas with high pellet densities have further
increased both above and below the separating wall leaving only a small space for the faster
traveling LH2 and pellet flows in the low particle density region and, thus, leading to a strong
velocity gradient at the exit.
A comparison of the two halfs of the moderator chamber shows the difference in the
flow pattern. The larger resistance of the pellets of being transported upwards at the turning
point, as is the case in the upper half, results in a significant accumulation of particles in the
inlet region. In the lower chamber half, where particles are being transported downwards at
the turning point, it is the exit region that accumulates particles in most of its area to the
maximum density.
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Figure 7. Methane hydrate pellets concentration and velocity distribution for 40 vol% of pellets in the
inlet flow for the second calculation grid

Solid methane pellets as disperse phase
Finally some calculations were conducted to investigate the behavior of the equally
sized, but lighter methane pellets compared to the methane hydrate pellets. The density ratio
of disperse over continuous phase is, thus, reduced (from 13) to about 6. Again the second
calculation grid was taken to examine in particlar whether the (now) lighter particles are easier carried away with the LH2 flow. Unlike the previous calculations, this case was started
with an inlet flow with a 30 vol% fraction of methane pellets. The results are shown in Fig. 8,
which is to be compared with the respective case for methane hydrate pellets given in Fig. 6.
For the upper chamber half, a difference can be identified in the inlet flow section,
where the deposition behavior particularly before reaching the turning point, is much less extended than is the case with the heavier methane hydrate pellets. Still, most part of the semisphere has reached maximum particle density. The flow pattern on the return path practically
remained unchanged with the high particle density region being attached in a narrow layer
below the outer wall surface.
There is even a larger difference in the flow pattern for the lower chamber half. The
lower weight of the pellets reduces their tendency to sink within the inlet section reducing the
number of particles, which accumulate on the separating wall. Inside the semisphere and all
along the way to the exit, there is only a small layer on the wall surface, which has maximum
particle density, indicating that most particles will leave the chamber without accumulating
inside.
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Figure 8. Methane pellets concentration and velocity distribution for 30 vol% of pellets in the inlet
flow for the second calculation grid
This picture, however, changes when the solid phase fraction at the inlet in increased to
40 vol% (see Fig. 9). The tendency to block the exit is seen again both in the inlet part of the
lower chamber half before reaching the exit.
Furthermore this calculation has revealed a relatively strong variation of the exit mass
flow for both LH2 and particles, meaning that hardly any equilibrium state has been reached
during the transient calculation and presumably will not be reached. It appears that occasionally, obviously when the plugging effect is dominant, all of a sudden a larger portion of particles is being carried out of the chamber, before the regions freed of particles start to be refilled again. First indications of such a behavior were already given with the observation of
the "wavy shape" of the high particle density regions interpreted as a relocation of the solid
phase.

Figure 9. Methane pellets concentration and velocity distribution for 40 vol% of pellets in the inlet
flow for the second calculation grid
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4. CONCLUSIONS
The objective of this study was to examine the flow behavior of a solid-liquid (methane
hydrate/methane-liquid hydrogen) fluid through a given design of a moderator chamber for
the ESS target system. The calculations under simplified conditions, e.g., taking no account of
heat input from outside, have shown first that the computer code used, CFX, was able to
simulate the behavior of a dispersed two-phase flow through the moderator chamber, producing reasonable results up to a certain level of the solid phase fraction, that allowed a continuous flow process through the chamber. Inlet flows with solid phase fractions beyond 40
vol% were found to be a "problem" for the computer code. This may be interpreted as either a
"numerical problem" or a "real flow problem" or a combination of both.
From the computer simulations based on solid phase fractions between 20 and 40 vol%
in the inlet flow, it was observed that with increasing solid phase fraction at the inlet, the resulting flow pattern reveals a strong tendency for blockage within the chamber, supported by
the "heavy weight" of the pellets compared to the carrying liquid. Locations which are prone
to the development of such uneven flow behavior are the areas around the turning points in
the semispheres and near the exits of both moderator halfs.
From the neutronic point of view, a high particle density in the moderator chamber is
desirable. It is, however, in question whether under such circumstances, the flow conditions of
the two-phase fluid system can be maintained such that no blockage of the flow occurs with
the risk of a too long residence time of the pellets in the moderator chamber. For the investigated solid phase fractions between 20 and 40 vol%, there appeared to exist also a transient behavior of the flow pattern with a continuous variation of the inlet/outlet balance of
both phases, indicating relocation processes of the pellets in high particle density regions.
The considered moderator chamber with horizontal inlet and outlet flow for a solid-liquid two-phase fluid does not seem to be an appropriate design. Modifications in the design
should focus on the avoidance of pellet movement against gravitation and rather concentrate
on a top-down vertical movement through the moderator.
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