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A typical inertial confinement fusion target comprises a central deuterium-tritium (D-T) gas surrounded by a
solid D-T layer inside an outer ablator shell. However, because of the isotope effect, fractionation of the hydrogen
isotopologues can occur during the solidification process. This inhomogeneity in the solid D-T layer may lead to a
deterioration in the fusion reaction. Thus, effective methods are required to characterize isotopologue distri-
bution and homogeneity in solid D-T layers. The distribution of isotopologues in a solid hydrogen mixture can be
simulated numerically using computational fluid dynamics. In this study, thermofluid simulations of the mix-
ture’s solidification process were performed to investigate the mechanism behind component distribution and to
analyze the factors affecting the homogeneity. A numerical simulation was conducted to model inhomogeneity
formation during the solidification of hydrogen isotopologue mixtures in a 3D wedge-shaped cavity. The sim-
ulations revealed inhomogeneities in Hy-Dy D-To, and D,-DT-T, mixtures during solidification. For an Hy-Do
mixture, the simulation showed good agreement with experimental results, validating the computational model.

These simulation methods will be used for homogeneity analysis of the solid D-T layer in fuel pellets.

1. Introduction

Inertial confinement fusion (ICF) target designs are generally based
on a spherical ablator capsule containing a solid deuterium-tritium (D-T)
fuel layer surrounding a D-T vapor core at equilibrium vapor pressure
(Fig. 1) [1]. Lasers, or heavy ion beams, illuminate and heat the ablator,
causing its exterior to expand outward. The remaining interior implodes
and compresses the D-T fuel until it reaches a high density. Near the
peak compression [2], the D-T vapor forms a central "hot spot" where
nuclear fusion reactions are initiated. The energy released from the
fusion reaction heats the surrounding inner surface of the solid D-T fuel
to the ignition temperature, initiating self-sustaining fusion reactions
that propagate outward, continuing the burn [3]. The gas at the center
provides a space to enable inward acceleration of the fuel and formation
of the central hot spot [4]. Using a solid D-T layer as the main fuel en-
ables compression to a higher fuel density, resulting in increased yield
[5]. This target structure has been widely adopted since its proposal [6].

The target specifications for ICF are stringent. Nonuniformity
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implosion of the fuel target can lead to a significant reduction in ther-
monuclear yield [7]. Generally, implosion nonuniformity is introduced
by illuminating nonuniformity and imperfections in the target structure
[8]. Sources of imperfections in the target structure include deviations
from target sphericity, nonuniform layer thickness, and roughness at the
layer surface [9]. In this study, we focused on the effect of the homo-
geneity in the solid D-T layer. Forming a solid D-T layer involves filling
the evacuated capsule with D-T gas and condensing it uniformly on the
inner surface of the capsule. However, during phase transition, iso-
topologue fractionation induces a change in the ratio of heavy to light
isotopologues during the two phase changes [10]; namely, T, as a
heavier hydrogen isotope, tends to enrich more rapidly in the solid
phase during phase transitions, leading to a non-uniform distribution of
D and T in the solid layer. During the cryogenic layering process, tech-
niques such as decay heat and infrared radiation are used to repeatedly
induce phase transitions in the D-T fuel, thereby causing the thickness of
the solid D-T layer to gradually become uniform [11-15]. However,
repeated phase transitions can intensify isotopologue fractionation in
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D-T solid

Fig. 1. Schematic of multilayer structure of D-T fuel target.

D-T D-T
gas gas
D,-rich
D-T solid
Ty-rich
() (®)

Fig. 2. Compositional deviation prediction of the solid D-T layer due to iso-
topologue fractionation. (a) Liquid D-T prior to solidifying. (b) As the temper-
ature decreases, T solidifies first at the bottom. (c) Heating the target center
results in the solid D-T sublimating before the top is sublimated.

the D-T layer (Fig. 2).

Inhomogeneity of the solid D-T layer may impact fusion reactions
negatively: (1) The D-T vapor core is at the equilibrium vapor pressure;
hence, as the D5 content increases on the inner surface of the solid layer,
the D, content in the gas also increases. The ignition temperature of the
D-T reaction cannot reach the ignition conditions of the D-D reaction,
and excess Do hinders D-T fuel ignition. The solid D-T layer is the main
fuel in the fusion reactions, and distortion of the fuel ratio leads to the
degradation of D-T fusion. (2) Hydrodynamic instabilities that amplify
nonuniformities related to non-sphericity during implosions reduce the
thermonuclear yield. The non-uniform distribution of D, and T affects
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the spherical symmetry of the target density.

Isotopologue fractionation renders the preparation of a homoge-
neous solid D-T layer challenging. Therefore, an inspection method is
required to characterize the isotopologue distribution and homogeneity
of solid D-T through both numerical simulations and experiments. We
demonstrated a method for characterizing solid D-T homogeneity by
measuring the refractive-index distribution, as performed in Ref. [16].
In this study, computational fluid dynamics (CFD) was used to numer-
ically simulate the compositional distribution of solid hydrogen iso-
topologue mixtures. A better understanding of the mechanisms of
composition distribution during the solidification process, achieved
through thermofluid simulations of the mixture, could provide a theo-
retical basis for controlling isotopologue fractionation. Additionally, it
could predict the homogeneity of the solid D-T layer in the target using a
3D model.

2. Simulation settings

In the solid state, Hydrogen isotopologue mixtures are completely
soluble in all proportions. The phase diagrams of H-D and D-T have been
elucidated in Refs. [17] and [18]. Two main processes contribute to
isotopologue fractionation: equilibrium and kinetic fractionation. In the
experiment, the main cause of inhomogeneity in the solid hydrogen
isotopologue mixture was non-equilibrium solidification, which falls
under kinetic fractionation [19]. The macrosegregation phenomenon of
the mixture caused by non-equilibrium solidification also has the same
mechanism. Macrosegregation refers to compositional inhomogeneities
on a macroscopic scale [20]. Thus, in this simulation, a macro-
segregation model was used to describe the occurrence of in-
homogeneity. Numerical simulations were performed using ANSYS
Fluent CFD software (Ansys, Inc.).

2.1. Assumptions

Macrosegregation models consider fundamental mechanisms
involving heat transfer, species transport, fluid flow, solid movement,
and phase equilibrium [21]. The main features and assumptions used to
simplify the mathematical model are as follows.

(1) The liquid phase of the hydrogen isotopologue mixture was an
incompressible Newtonian fluid. The flow regime was assumed to
be laminar.

(2) The liquid and solid compositions could only be changed through
diffusion.

(3) Theliquid and solid fractions were calculated using the lever rule.
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Fig. 3. Phase diagrams of (a) Hy-Dy, (b) Do-DT, and (c) Dy-Ts.
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(4) The solid phase was considered stationary, and solidification
shrinkage was not considered.

(5) Except for density, the thermophysical properties of the liquid
and solid phases were assumed to be the same and unchanged.

(6) Negligible heat radiation exchange occurred with the
surroundings.

(7) The ortho—para conversion was negligible. The hydrogen was
normal hydrogen (ortho-para ratio of 3:1), and the deuterium
was normal deuterium (ortho-para ratio of 2:1) [16].

2.2. Phase equilibrium

Regarding the phase equilibrium, a linearized phase diagram was
used to describe the relationship between the solute concentration of the
phase and temperature during solidification. The Hy-Dy mixture was
completely soluble. At cryogenic temperatures, although isotopic ex-
change will cause the Hy and Dy mixture to reach chemical equilibrium
between Hj, Dy, and hydrogen deuteride (HD), the time required for the
Hy+D2=2HD exchange reaction to reach equilibrium is considerably
longer than the duration of the experiment [16]; therefore, a catalyst
must be added. The HD content at equilibrium is low [22]. Thus, the HD
content was negligible in the simulation, and Hy was used as the solvent
in the simulation. The solidus and liquidus curves were fitted based on
experimental data from the literature [17].

Tiiquidus = 13.803 + 5.798 x Yp, — 0.849 x Yp,? )
Tyiaus = 13.803 + 2.896 x Yp, +2.021 x Yp,2, @

where Tjiguiqus denotes the temperature of the liquidus, Ty,jiqus denotes the
temperature of the solidus, Y is the mole fraction. The standard de-
viations of the estimated Tiguigus and Tsopiqus values were 0.0304 and
0.0242, respectively. The phase diagram of Hy-D5 is shown in Fig. 3(a).
In contrast, for the D2 and T2 mixture, Do+T2=2DT exchange re-
action can occur in hours or days. Meanwhile, the molecular vibrational
zero-point of DT is higher than Dy and T, [22]. Isotopologue molecules
retain higher zero-point energy, leading to weaker intramolecular
bonding. As the temperature approaches 0 K, DT molecules will
increasingly convert into Dz and T. Therefore, for an initial 1:1 mixture
of pure Dz and T2, when the temperature drops to the freezing point, and
equilibrium is reached, the ratio of D2, DT, and Tz at equilibrium ap-
proaches 3:4:3[22]. Therefore, a ternary D,-DT-T; system was consid-
ered in the simulation. In FLUENT, only one component can be
designated as a solute. In the ternary Dy-DT-Ty system, Do was desig-
nated as the solute, and the phase diagrams for D,-DT and D,-T were
plotted accordingly. Souers et al. [18] proposed a thermodynamic
method to derive the solidus and liquidus curves of Dy-DT-T5 from the
vapor pressure and vapor compositions. The solidus and liquidus curves
were predicted using this method and the vapor pressure [22,23].
D,-DT:

Tiiquiaus = 18.723 + 1.067 x Ypr, 3)

Tiotidus = 18.723 +0.978 X Ypr + 0.087 x Ypr2. (©))
Dz-Tzi

Tiiquiaus = 18.723 + 1.897 x Yr,, (5)

Tooia = 18.723 +1.649 x Yy, +0.024 x Ypr2. (6)

Figs. 3(b) and 3(c) show the phase diagrams of Dy-DT and D»-Ty,
respectively.

ANSYS Fluent was used to compute the solidus and liquidus tem-
peratures in a species mixture, as follows [24]:

Tliquidm = Tmerr +M;Y5, )
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Table 1
Slope of the liquidus and corresponding equilibrium partition coefficients.

Slope of the Liquidus m; Partition Coefficient K;

Hy-Do 4.920 10.928 — 1.055 x T+ 0.028 x T?
Do-DT .0671 —1.304+ 0315 x T-0.010 x T?
Dy-Ty 1.897 —1.754+ 0.349 x T—0.010 x T?
m;Y;
Tiotidus = Tmetr +—— €))
Kil

where T, denotes the pure solvent melting temperature, Y; is the mole
fraction of the solute i, m; (a constant) is the slope of the liquidus with
respect to Y;, and K; is the partition coefficient of solute i. The slope of
the liquidus and corresponding equilibrium partition coefficients for
each isotopologue composition are listed in Table 1.

2.3. Investigation of physical parameters

Behaviors, such as heat transfer and species transport, are affected by
the physical properties of the components in the mixture. In Fluent, the
physical properties of a mixed material and its constituent species must
be defined. The thermodynamic properties of the species in the mixture
are functions of temperature and can be defined using appropriate user-
defined functions [24]. The temperature functions were defined using
second-order polynomial regression equations. Based on the experi-
mental values, we fitted the empirical regression equations using
quadratic functions. Empirical formulas for density p; (kg/m>) as a
function of temperature T (K) of hydrogen isotopes are as follows:

H2:

Liquid : py, = 84.461 —0.210 x T—0.022 x T?, 9

Solid : py,,) = 88.509+0.114 x T—0.019 x T (10)
Dg:

Liquid : pp, ) = 207.560 —1.468 x T—0.018 x T?, an

Solid : py, ) =204.100 — 0.221 x T —0.038 x T?. 12)
Tz:

Liquid : pr, = 304.050 + 0.347 x T—0.089 x T?, 13)

Solid : py, ) =283.810+5.236 x T—0.191 x T2 a4
DT:

Liquid : pprq = 248.894 —0.067 x T?, (15)

Solid : pyr) =231.230+4.120 x T—0.154 x T2 (16)

The experimental values of py, 1), pp, 1), and pr, ;) were obtained from
Refs. [25-27]. The coefficients of determination (R?) for each regression
equation were R7 , ~1.0000; R} ;, =~ 0.9996; R% ; ~0.9989. No
experimental value for py, ), Pp, ) Pr,(5)> Pory> and pprs) was found, and
the empirical equations were obtained from the Refs. [28-30].

The empirical formulas of specific heat Cp; (J/kg-K) as a function of
temperature T (K) of hydrogen isotopes are as follows:

Cpy, = 411.850 + 375.810 x T+3.769 x T a7)
Cpp, = 463.410 4 308.560 x T —2.303 x T?, 18)
Cpr, = 3549.500 — 17.060 x T+ 0.663 x T2, 19)

Cppr = 2006.455 + 145.750 x T —0.820 x T (20)
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The experimental values of Cpy,and Cpp, were obtained from Refs.
[31] and [32]. The coefficients of determination for each regression
equation were REPHZ ~ 0.9998; Rgpuz ~ 0.9944. The empirical equations

for Cpr, were obtained from Ref. [33]. The Cppr was averaged from Cpp,
and Cpr,. However, in an actual operational process, if Cp is set as a
function, a floating-point exception occurs in the simulation. Therefore,
Cp was set as a constant and calculated based on the initial temperature
using Egs. (17-20).

The empirical formulas of thermal conductivity K; (W/m-K) as a
function of temperature T (K) of hydrogen isotopes are as follows:

Ky, = 0.0422 + 0.00457 x T—3.810 x 107° x T2, (21)
Kp, = 0.0496 +0.00524 x T—7.143 x 107 x T?, (22)
Ky, = —0.0495 + 0.0134 x T—2.436 x 107* x T2, (23)
Kpr = 0.0222 + 0.0082 x T —1.458 x 107* x T2 24

The experimental values for Ky,, Kp,, were obtained from Ref. [34].
The coefficients of determination for each regression equation were
R12<H2 ~ 0.9999; R12<D2 ~ 0.9860. The empirical equations for Kpr and Kr,

were obtained from Refs. [30] and [34], respectively.
The empirical formulas of viscosity »; (kg/m-s) as a function of
temperature T (K) of hydrogen isotopes are as follows:

Ny, =7.731 x107°—5.023 x10°xT+9.256 x10°® x T>  (25)
fp, =3.283 x 107" —2.475 x107° x T+5.098 x 1077 x T, (26)
Ny, =3.717 x107%—2231 x107° x T+3.608 x107 xT*  (27)

fpr =2.751 x107* —1.708 x 107° x T+43.045 x 1077 x T2, (28)

The experimental values of 5, and 77,, were obtained from Refs. [35]
and [29], respectively. The coefficients of determination for each
regression equation were R?H ~ 1.0000; Rﬁn ~ 0.9958. The empirical

2 2

equations for nr, and 75, were obtained from Refs. [36] and [37],
respectively.

Regarding the physical properties of the mixture material, the den-
sity, specific heat, thermal conductivity, and viscosity were set as
mixing-law options, such that Fluent could be used to automatically
calculate the value of the mixture based on that of each species. The
mass-diffusion coefficient ®p, (m?/s) of Dy in liquid Hy-Dy was calcu-
lated using the following empirical formula [38]:

Dp,a) = 30.5¢7%/T x 1072, (29)

For the mass diffusion coefficients of liquid D,-T5 and D2-DT, no
valid data or empirical formulas were found, and the Stokes-Einstein-
Sutherland equation was used for the calculation.

kB'T

L L,
‘ 67[‘7’]j'ri

(30)

where kg is the Boltzmann constant (1.38 x 10-23 J/K), n; is the dy-
namic viscosity of the medium, and r; is the radius of the spherical
particle. In the condensed state, the electron orbitals of hydrogen mol-
ecules have shapes that are closer to being spherical than dumbbell-
shaped [39]. Hydrogen isotopes have the same molecular diameters
[40] and shapes [41]. The diameter of the hydrogen molecule was 0.289
nm [42], rg, = rpr =rr, = 1.445 x 1071 m. ANSYS Fluent was used
to set the mass diffusion coefficient to a constant value. Based on the
initial temperature, the viscosities are as in Eq. (26), after which the
mass diffusion coefficient is calculated.

The interdiffusion coefficient ®; in the solid phase was estimated
using Darkan’s equation [43].
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Fig. 4. Geometry and mesh to simulate solidification process the mixtures were
solidified unidirectionally from the bottom.

Dy = (DY + D), (31)

where @{ is the intrinsic diffusion coefficient and Y; is the mole fraction.
The D] can be expressed theoretically using the following equation:

E LI (32)
where @? denotes the self-diffusion coefficient. The empirical equations
for ®° are obtained from Ref. [44] and is expressed by the following

L
equations:
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mole fraction. (c¢) Vertical distribution of H, mole fraction.

Dj, =28 x 107 x e/, (33)
D, =10 x107° x %7, 34
Dip =34 x107° x YT (35)
D =1.8 x 107 x T, (36)

Ty —

2.4. Numerical solution procedure

When simulations were implemented, we selected the pressure-
based solver to perform a transient calculation and simulate fluid
flow, heat transfer, and species transport in the solidification process,
enabling gravity and setting gravitational acceleration to -9.81 m/s? in
the vertical direction. Considering the heat transfer, the conservation of
energy equation was used to obtain the fluid temperature: the geometry
and mesh were loaded, and all the necessary physical models, thermo-
physical parameters, boundary conditions, and initial conditions were
defined.

3. Results and discussion
3.1. Factors affecting the homogeneity

Mass transport during solidification is responsible for macro-
segregation. Mass transport through the diffusion of species results in
diffusion-controlled macrosegregation [45]. Solidification rates signifi-
cantly affect the distribution of solutes; the solidification process can be
categorized into equilibrium and non-equilibrium solidification
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processes. In equilibrium solidification, under infinitely slow solidifi-
cation conditions, the solute completely diffuses in both the solid and
liquid phases, ultimately forming a completely homogenized solid.
Non-equilibrium solidification occurs when the solidification rate is so
fast that diffusion is insufficient to homogenize the composition over
time. There are two distinct conditions based on the diffusion of liquids:
(1) no diffusion in solids and limited diffusion in liquids, and (2) no
diffusion in solids and complete diffusion in liquids [46]. Both condi-
tions result in the formation of inhomogeneous solids.

To clarify the mechanism of the compositional distribution change of
hydrogen isotopologue mixtures during solidification and the effect of
the solidification rate on homogeneity, the compositional distribution
was simulated during the directional solidification of hydrogen iso-
topologue mixtures at different rates in a planar rectangle. The molar
fraction ratio of Hy to Do was 1:1. Initially, Hy, and D, were evenly
dispersed in liquid. For simplification, a two-dimensional (2D) rectan-
gular model of length 1 mm and width 0.1 mm was built. The mesh size
was 0.01 mm, the mesh comprised 1000 elements, as shown in Fig. 4.
The mixtures were solidified unidirectionally from the bottom along a
long rectangular bar. The solidification rate was controlled by adjusting
the bottom edge temperature. The heat was confined to the flow along
the bar axis. Two limiting cases for the non-equilibrium solidification of
H,-D, were simulated.

(1) No diffusion in solid; limited diffusion in liquid.

The initial temperature of liquid Hy-D» was 16.5 K. The initial tem-
perature of the bottom edge was set as 15.65 K. The total solidification
time was 0.011 h. Liquid H-D3 solidified at a fast rate, with an average
solidification rate of 90 mm/h; the average cooling rate was 175.5 K/h.
Regarding the solidification process (I) in the initial stage of solidifica-
tion (Fig. 5), the spatial distribution of the Hy mole fraction is shown in
Fig. 5(b). The average Hy mole fraction in the horizontal direction of the
sample was calculated to obtain the vertical gradient of the Hy mole
fraction (Fig. 5(c)). The D, triple point was higher and easier to solidify.
D, rapidly accumulated in the formed solid; accordingly, Hy remained in
the liquid phase and rapidly accumulated ahead of the solid-liquid
interface. This phenomenon is known as the initial transient phenome-
non. The concentration distribution in the liquid should result in Hj
diffusing away from the interface along the concentration gradient.
However, the Hy in the liquid phase diffused insufficiently over time,
and the H; content of the subsequently formed solid increased.

(II) When the diffusion rate was balanced by the rejection rate, the
solidification reached a steady state (Fig. 6(a)). (III) As the solid/liquid
interface approached the bar boundary, there was insufficient liquid
ahead of the interface for Hj to diffuse forward. The liquid phase was
compressed to a very small volume, and the H; content at the interface
increased rapidly, leading to a final transient, as shown in Fig. 6(b). (IV)

oo™ ¥ I. Initial
¥ transient

Solid

8

6 II. Steady
4 state
2

0

Vertical Position (mm)

¥ II1. Final
- transient

0.7 0.3 0.5 0.7
H, Mole Fraction

Solidification time: 40.0 s
(©)

Fig. 6. (a) Vertical distribution of H, mole fraction at 21.9 s. (b) Vertical distribution of H, mole fraction at 36.2 s. (c) Vertical distribution of H, mole fraction at

40.0 s.
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Fig. 8. Comparison of H, molar fractions of Hy-D, solidified at different rates.

After 40 s, the liquid Hy-Dy mixture completely solidified. As the rate of
diffusion in the solid was negligible, the molar fraction gradient formed
at each stage was maintained, leading to an obvious macrosegregation
phenomenon in the Hp-D2 solid (Fig. 6(c)). In this study, the segregation
differences were used to evaluate the degree of segregation. The segre-
gation difference is described as follows [47]:

Cmux — Cm

AA = % 100%, 37)
Co

where Cy is the initial Hy content and Cpax and Cpyip are the highest and
lowest Hy contents of the sample, respectively. The segregation differ-
ence of solid Hy-Dy was 44.771 %.

(2) No diffusion in solids; complete diffusion in liquids.

The initial temperature of liquid Hy-D5 was 16.5 K. The initial tem-
perature of the bottom edge was set as 15.65 K. The total solidification
time was 0.467 h. Hy-D, solidified at a relatively low rate, with an
average solidification rate of 2.143 mm/h and average cooling rate of
1.607 K/h. After H, was excluded from the solid phase and remained in
the liquid, sufficient diffusion occurred, resulting in an approximately
homogeneous liquid phase, and the H; content in the final solid
increased gradually (Fig. 7(a)). In the final stage of solidification, the Hy

Color D, DT T,
scale

0.41
0.36
0.32
0.28

0.24
(2) (b) (©)

Fig. 9. (a) Spatial distribution of D, mole fraction. (b) Spatial distribution of
DT mole fraction. (c¢) Spatial distribution of T, mole fraction.

content in the remaining liquid was higher and the inhomogeneity of the
final solid increased (Fig. 7(b)). The segregation difference of solid Ha-
D, was 70.928 % according to Eq. (37).

Fig. 8 compares the Hy mole fractions of Hy-D5 solidified at different
rates, indicating that when solid diffusion is negligible, the separation
degree of the final solid is related to diffusion in the liquid phase. As the
solidification rate was slow enough to allow sufficient time for diffusion
in the liquid, the segregation difference approached its maximum value.

The macrosegregation of Do-Ty and Dy-DT-Ty was also simulated.
The fusion reaction requires Dy, DT, and T, molecules to reach the
plasma state; the homogeneity of the fuel target is indicated by the
distribution of D atoms. In the D,-T; mixture, only two molecules, Dy
and T are present, and the mole fraction of D, molecules were equal to
that of D atoms. The initial molar fraction of Ty was 0.5, the initial
temperature of liquid D,-T5 was 19.7 K, and the initial temperature of
the bottom edge was set to 19.56 K. The total solidification time, average
solidification rate, and average cooling rate were 0.318 h, 3.144 mm/h,
and 1.258 K/h, respectively.

Regarding the D,-DT-To mixture, the initial molar fraction of DT and
T, were 0.4 and 0.3, respectively; initial temperature of the liquid D5-Ty
was 19.72 K; and initial temperature of the bottom edge was set to 19.62
K. The total solidification time, average solidification rate, and average
cooling rate were 0.304 h, 3.285 mm/h, and 0.821 K/h, respectively.
The mole fraction profile of each molecule in the solid phase is shown in
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Fig. 9. The molar fractions of D atoms (Yd) are calculated as follows:
Yp=1 xYp, +05 xYpr +0 X Yy,. (38)

Fig. 10 shows the vertical distribution of D atoms in solid D,-T5 and
Dy-DT-T5 formed when there was no solid diffusion and the liquid was
fully diffused. From Eq. (37), the maximum segregation difference of Dy-
T, and D,-DT-T, are approximately 24.980 % and 16.351 %, respec-
tively. Ideally, D atoms should be distributed in the solid D-T fuel layer
with a molar fraction as close as possible to 0.5. The maximum segre-
gation difference close to 0 indicates that the degree of homogeneity is
higher. The comparison shows that the amplitude of the D molar fraction
in Dy-DT-T, is smaller and more homogeneous. D-DT-Ty can form
higher quality solid D-T fuel layer. Constructing a simulation method to
quantify the effect of the degree of homogeneity on fusion reactions will
be a future work.

Therefore, according to the mechanism of component distribution
change during solidification and the factors affecting homogeneity, the
following methods were considered for homogenizing the solid D-T fuel
layer:

(1) Solidification should be performed as quickly as possible. How-
ever, in the actual experiments, the solidification rate was
excessively high, leading to the formation of dendrites. Gaps are
easily formed between the dendrites, resulting in a loose solid
structure. Therefore, based on avoiding dendritic crystallization,
rapid solidification can improve the homogeneity of the solid D-T
fuel layer.

(2) Solidification should be maintained at an extremely slow rate. In
addition to the liquid phase, the solid-phase components must
diffuse as efficiently as possible throughout the solidification
process. When the solidification process is infinitely close to
equilibrium solidification, the solid D-T fuel layer is infinitely
close to being homogeneous. Therefore, it is practically impos-
sible to remedy or remove macrosegregation by heat treatment,
because species can only move over distances on a microscopic
scale [48].

(3) Owing to the presence of the DT molecules, D2-DT-T; formed a
more homogeneous solid D-T fuel layer. The high temperature
strips the electrons from the atoms to form plasma [49]; the solid
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Fig. 11. (a) 3-dimensional structure of the cell. (b) Cross-section of the middle
of the cell in the x direction. (c¢) Cross-section of the middle of the cell in the
y direction.

D-T fuel layer only requires a uniform distribution of D and T
atoms. Therefore, D5 and T4 can be mixed and left to stand for an
extended period, such that the isotope exchange reaches an
equilibrium state, thereby obtaining the maximum DT content.
Subsequently, Dy-DT-Ty can be used to create a solid D-T fuel
layer.

(4) Vibration or stirring during solidification facilitates homogeni-
zation. Fluid flow can refine the grain size and homogenize the
distribution of molecules in the solid D-T fuel layer. For example,
it has been reported that ultrasonic vibration can refine the grain
size and homogenize the distribution of nanoparticles in the melt
[50].

3.2. Homogeneity of 3D hydrogen isotopologue mixture samples during
the solidification process

3.2.1. Geometry and boundary conditions

In the refractive-index distribution measurement experiment, a
wedge cavity composed of brass and quartz glass was used to fill the
hydrogen isotopologue mixture. Details of the cell structure are
described in our previous study [51]. Initially, the bottom temperature
was set slightly below the solidification temperature of hydrogen iso-
topologue mixtures, and the top temperature was set slightly above the
solidification temperature. Reducing the temperature controlled the
crystals to grow slowly from the bottom of the cell, avoiding gaps formed
due to solidification shrinkage. The cell geometry was modeled
three-dimensionally using Fluent (Fig. 11). The main focus of our study
was the solidification behavior of the liquid in the cell; therefore, the
inlet and outlet were not considered, and the simulation began when the
liquid entirely filled the cell. The cell area was directly set as the
hydrogen isotope mixture.

Performing simulations with ANSYS Fluent requires meshing a
continuous geometric space to discretize and analyze the simulation.
The computation was performed using a structured mesh comprising
449,883 elements, which were refined from the cell. The mesh size was
0.1 mm.
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In this experiment, the cells were placed in a vacuum cryostat. To
control the cell temperature, heaters and temperature sensors were
attached at the top and bottom of the cell. The boundary conditions
considered applicable to the cell are as follows: (1) Uniform tempera-
tures were applied to the top and bottom surfaces of the brass cell. (2)
The wall surface was set as adiabatic. (3) Only heat conduction between
the surfaces of objects in contact with each other was considered.

3.2.2. Homogeneity of H2-D2 3D sample during solidification process

In 2021, a wedge-shaped sample of the Hp-D2 mixture was solidified
in a well-controlled experiment (with the temperature difference be-
tween the two ends maintained about 0.4 K) [16]. In this study, the
simulation model was expanded from a 2D plane to a three-dimensional
(3D) solid model. The initial conditions for the simulation of Hy-Doy
mixtures were set according to the experimental conditions. Dy, with a
molar fraction of 0.5, was evenly dispersed in the liquid. The initial
temperature of liquid Hz-Dy was 16.200 K, and the initial temperatures
of the top and bottom surfaces of brass were set to 16.138 K and 15.651
K, respectively. The temperatures were reduced in stages at the same

Liquid Centlerline
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(@) (b
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time intervals as those used in the experiment. The total solidification
time was 1.583 h, average solidification rate was 3.158 mm/h, and
average cooling rates at the top and bottom were 0.531 and 0.397 K/h,
respectively. Fig. 12 shows the solidification process for Hy-Do.

In the refractive-index measurement experiment, a vertical line laser
was incident perpendicular to the center of the Hy-Dy cell, and the
vertical distribution of the Hy mole fraction was calculated using the
refractive-index distribution. Fig. 13(a) shows the cell observation
window. The simulation also analyzed the Hy mole fraction distribution
in the cross-section at the center of the cell (Fig. 13(b)). Fig. 13(c) shows
the distribution of the liquid and solid phases in the cross-section, and
Fig. 13(d) shows the distribution of the corresponding Hy mole fractions.
Fig. 13(e) shows the vertical distribution of the average H, mole fraction
in the horizontal direction of the cell compared with the experimental
values. A reasonable agreement was obtained between the calculated
results and the experimentally measured Hy mole fractions.

The experimental data were discontinuous around the solid-liquid
interface. The previously analyzed reason was that because the inter-
face was not horizontal, the path of the incident laser was altered by
refraction or scattering as it passed through the interface, leading to
partial data loss. This was well demonstrated by the simulation results;
as the temperature decreased, liquid crystallized easily on the glass
window surface due to the thermal conductivity of the glass, resulting in
anon-horizontal interface (Fig. 14(b)). In addition, Fig. 11(b) shows that
the heater was on the right side of the cell; therefore, the right side of Ha-
D, solidified more rapidly.

The densities of Hp-D5 are higher in the solid state than in the liquid
state; therefore, during the solidification process, the volume of Hy-Do
undergoes contraction, which results in the formation of defects, such as
shrinkage cavities, voids, shrink marks, and micropores (Fig. 15(a)).
Shrinkage cavities began to appear at a later stage because of the
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Fig. 13. (a) Observation window of cell. (b) Schematic of cross-section location. (¢) Liquid and solid-phase distribution in cross-section. (d) Spatial distribution of Hy
mole fraction in cross-section. (e) Comparison of calculated and experimental values.
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residual Hp-Ds, in the filling pipe, and the contraction of volume became
apparent once the solid Hy-Dy blocked the pipe. The simulation of
shrinkage cavity formations requires more complex numerical
modeling; the current simulation has some limitations in simulating this;
however, it will be addressed in future work. According to Eq. (37), the
segregation differences of solid Hy-D3 in the experimental and calculated
data are approximately 43.393 % and 54.814 %, respectively. The
segregation difference of the calculated data is larger than that in the
experimental data because the experimental data for the upper part of
the cell, where H content is higher are missing.

3.2.3. Homogeneity of Da-T2 and D2-DT-T2 3D samples during the
solidification process

At present, we have not yet obtained the results of measurement
experiments on the homogeneity of the Dy-To and D-DT-Tj cells;
however, simulations of the distribution of D atoms in the cross-section
of the cell have been performed. Regarding the initial conditions of the
D,-To mixture, the molar fraction of Ty was 0.5, initial temperature of
liquid D-T2 was 19.75 K, and initial temperatures of the top and bottom
were set to 19.75 K and 19.5 K, respectively. The total solidification time
was 0.45 h, the average solidification rate was 11.111 mm/h, and the
average cooling rates of the top and bottom were 0.556 and 0.444 K/h,
respectively. Fig. 16(a) shows the distribution of the Dy mole fraction of
solid Dz-Tg.

Regarding the initial conditions of the D2-DT-T3 mixture, the molar
fractions of DT and T, were 0.4 and 0.3, respectively; initial temperature
of liquid Dy-DT-T9 was 19.80 K; and initial temperatures of top and
bottom were set to 19.8 K and 19.55 K, respectively. The total solidifi-
cation time was 0.45 h, average solidification rate was 11.111 mm/h,
and average cooling rates of the top and bottom layers were 0.667 and
0.533 K/h, respectively. Figs. 16(b), (c), and (d) show the mole fraction
profiles of each molecule in the solid Do-DT-T5. The molar fractions of

the D atoms were calculated using Eq. (38). Fig. 16(e) shows the vertical
distribution of D atoms in solid D2-T5 and Do-DT-T5. The solid Do-DT-To
was more homogeneous. We will characterize the homogeneity of the
D,-Ty and Dy-DT-To mixtures by refractive index measurement experi-
ments in future work. These simulation results can be used to predict
future experimental results, which can in turn verify the simulation
results.

The effect of the decay heat of tritium on solidification was also
simulated; however, the results indicated that the decay heat effect was
not significant during solidification.

4. Conclusion

Inhomogeneity is a major defect in the solid D-T layer that affects the
final performance of the fuel target. This study demonstrated a method
for numerically simulating the homogeneity of solid hydrogen isotope
mixtures using a macrosegregation model. The fluid flow, heat, and
species transport during the solidification of hydrogen isotopologue
mixtures were simulated and analyzed. First, the non-equilibrium so-
lidification process of hydrogen isotopologue mixtures was simulated in
a 2D plane, and the mechanism of the composition distribution change
and effect of the solidification rate on homogeneity were elucidated.
Under non-equilibrium solidification conditions, when the contribution
of diffusion to changes in the composition of the solid was negligible, the
solidification rate was faster, leading to higher homogeneity in the final
solid. Furthermore, D,-DT-T, formed a more homogeneous solid than
Dy-To. Therefore, it is considered to improve the homogeneity of the
solid D-T fuel layer by controlling the solidification rate and increasing
the DT molecular content. Improved homogeneity is important for the
fabrication of high-quality D-T fuel pellets.

Meanwhile, in this study, the homogeneity of hydrogen isotope
mixtures was simulated using a 3D model. Reasonable agreement was
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achieved between the calculated and experimental results for Ho-Do; the
differences were satisfactorily explained, demonstrating the validity of
the simulation method. Subsequently, the homogeneities of D,-Ty and
Dy-DT-T2 were simulated using this method, which can be verified
through future experimental measurements. This study explored the
factors affecting the homogeneity of hydrogen isotopologue mixtures
during solidification and demonstrated a simulation method for pre-
dicting the homogeneity of solid D-T layer in the fuel pellets. Based on
the factors affecting the homogeneity, possible methods to improve the
homogeneity are given; these methods will be further demonstrated for
feasibility in future work. We expected this study will contribute to
improving the quality of D-T fuel pellets. stigation
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