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Abstract
Heat transfer involving phase change is computationally intensive due to moving phase bound-
aries, nonlinear computations, and time step restrictions. This paper presents a quantum lattice
Boltzmann method (QLBM) for simulating heat transfer with phase change. The approach lever-
ages the statistical nature of the lattice Boltzmann method (LBM) while addressing the challenges
of discontinuous phase transitions in quantum computing. The method implements an interface-
tracking strategy that partitions the problem into separate solid and liquid domains, enabling the
algorithm to handle the discontinuity in the enthalpy–temperature relationship. We store phase
change information in the quantum circuit to reduce information exchange between classical and
quantum hardware, a bottleneck in many quantum applications. Results from the implementa-
tion agree with both classical LBM and analytical solutions, demonstrating QLBM as an effec-
tive approach for analyzing thermal systems with phase transitions. Simulations using 17 lattice
nodes with 53 qubits demonstrate temperature root-mean-square errors of order 0.01 when com-
pared against classical solutions. The method accurately tracks interface movement during phase
transition.

1. Introduction

Modeling phase transitions in materials presents computational challenges, particularly when tracking
the evolving interfaces between solid and liquid states. The computational demands make such simula-
tions promising candidates for quantum computing approaches, which could offer substantial speedups
over classical methods. Classical computational approaches to phase change problems employ interface-
handling strategies with different trade-offs. Fixed-enthalpy methods [1] reformulate the energy equation
using enthalpy rather than temperature, avoiding explicit interface tracking but often introducing numer-
ical diffusion. Direct interface-tracking approaches, including front-tracking methods [2] and fixed-
grid transformations [3], maintain interface sharpness but require complex algorithms for topological
changes. Alternative formulations such as level-set methods [4] and phase-field methods [5] offer differ-
ent balances between accuracy and computational efficiency. Despite these advances, classical methods
face scaling limitations. This paper develops a quantum lattice Boltzmann method (QLBM) for simulat-
ing heat transfer with phase change, focusing on implementing nonlinear phase transitions in a quantum
computing context.

The lattice Boltzmann method (LBM), a mesoscale modeling approach based on solutions to the
Boltzmann equation, offers advantages for quantum implementation [6]. LBM’s inherent locality and
statistical nature make it well-suited for quantum computing architectures. Multiphase LBM methods
have evolved through several approaches to interface modeling. Gunstensen et al [7] developed a multi-
component flow method with surface tension derived from a secondary collision step. Shan and Chen
[8] used a pseudopotential term to model surface tension between phases with an equation of state in
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the equilibrium distribution. Free energy methods by Swift et al [9] later provided more consistent ther-
modynamic formulations. For phase change specifically, the implicit enthalpy method incorporates a
phase change term in the collision operator to capture melting effects [10]. This approach avoids costly
iterations but still faces computational limits on classical hardware.

In this context, quantum computing has emerged as an alternative to classical approaches for sim-
ulating complex physical systems. Recent advances in quantum hardware from IBM, Microsoft, and
Google have improved qubit coherence times and gate fidelity, enabling more complex quantum algo-
rithms [11–15]. Some algorithms offer potential exponential speedup over classical methods [16, 17].
The Harrow–Hassidim–Lloyd algorithm for solving linear systems exemplifies this potential [18]. More
advanced quantum linear system algorithms [19] have been adopted to solve various linear PDEs.
Combined with linearization techniques [20], these algorithms can also solve some nonlinear PDEs [6,
21, 22]. However, practical implementation on near-term quantum hardware faces limitations from
quantum circuit depth. These solvers also require high-fidelity operations enabled by quantum error
correction [23]. These challenges increase when extending the algorithm to nonlinear systems using lin-
earization techniques, which expands the system size and circuit complexity.

Variational quantum algorithms represent another research direction for implementing quantum lin-
ear system solvers on near-term hardware [24, 25]. These algorithms use shallow, parameterized circuits
and classical optimization to approximately solve linear systems. Their shallow depth and robustness
against coherent noise make them suitable for noisy intermediate-scale quantum devices. Liu et al [26]
solved the Laplace equation in one and two dimensions using this method, while Song et al [27] solved
the incompressible Navier–Stokes equation and tested it on IBM’s quantum computer.

Another approach has been through mesoscale modeling techniques such as the LBM, which are
common in classical computing because of their speed and parallelizability. Yepez [28] developed the
first quantum formulation. This quantum lattice-gas model mapped each velocity channel to a qubit
and implemented streaming through SWAP gates and local BGK-like collisions through unitary transfor-
mations. Budinski [29] extended this work with the first complete circuit implementation. They used a
linear combination of unitaries approach to implement the non-unitary collision operator and solve the
advection–diffusion equation. Later, they applied the scheme to the stream-function–vorticity formula-
tion of the Navier–Stokes equations [30]. To address collision nonlinearity, Itani and Succi [31] intro-
duced Carleman linearization that embeds the BGK operator into a larger linear space. They recently
produced a quantum algorithm for lattice Boltzmann implementing both streaming and collision steps
as unitary operators [32]. Sanavio et al [33] explored the relative benefits of Carleman linearization using
gate-based and block-encoding techniques.

Recent efforts for QLBM have focused on resource optimization and scalability. Kocherla et al [34]
developed an algorithm that avoids repeated measurements and reinitialization between time steps. Lee
et al [35] created a two-circuit streamfunction–vorticity algorithm that calculates quantum circuits con-
currently and reduces CNOT gate count by 35% while maintaining O(logN) scaling in qubit count.
Wang et al [36] introduced a meso-ensemble method with smaller dimensionality than the full cellular
automata model while achieving linear collisions. Other resource-reduction strategies include Kumar
and Frankel [37]’s method to solve a timestep with a single unitary transformation and Wawrzyniak
et al [38]’s sparse-matrix encoding, scaled to a 128× 128 lattice on a statevector simulator. These prior
QLBM studies address single-phase flows or multiphase coexistence, but none have tackled phase transi-
tions involving latent heat absorption and moving boundaries. A key challenge in such problems is the
frequent quantum–classical communication typically required by QLBM algorithms, which undermines
potential quantum advantage.

The presented work focuses on whether quantum LBMs (QLBMs) can simulate heat transfer prob-
lems with phase change while minimizing measurement and reinitialization overhead. The approach
introduces a quantum interface-tracking scheme inspired by classical enthalpy approaches to encode the
liquid fraction and phase-boundary position as qubit registers. This scheme allows one to handle the dis-
continuous enthalpy–temperature mapping at melting. To our knowledge, this is the first approach to
studying phase change problems through QLBM.

This manuscript continues as follows. Section 2 defines the Stefan problem. Section 3 describes the
LBM and its adaptation for phase change. Section 4 describes the QLBM. Section 5 presents model addi-
tions to incorporate phase change. Section 6 presents the results, verifying the model against analytical
and classical LBM solutions. Section 7 provides concluding remarks on the results and their significance.
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2. Problem description

The analysis considers transient one-dimensional heat transfer with phase change in a finite solid wire
at initial temperature Tsolid, known as the Stefan problem [39]. At time t= 0, a constant tempera-
ture Tbound is imposed at x= 0 as illustrated in figure 1. The bar melts at temperature Tmelt where
Tsolid < Tmelt < Tbound and creates a moving phase interface at position xI(t). The problem uses an
enthalpy H formulation

1

cp

∂H

∂t
= α∇2T, (1)

where ∇2 is the spatial Laplacian, α is the thermal diffusivity, and cp is the specific heat capacity at con-
stant pressure [1]. The enthalpy H relates to temperature T as

H=

{
cpT, T< Tmelt,

cpT+Lmelt, T> Tmelt,
(2)

where Lmelt is the latent heat of melting. At T= Tmelt, the function becomes discontinuous as
enthalpy decouples from temperature. This decoupling creates a discontinuity in the relation between
H and T. This discontinuity complicates quantum algorithms as T cannot be directly computed
from H without quantum measurements and classical computation, which collapses the quantum
state.

Rubinstein [40] provides an analytical solution for the classical Stefan problem that tracks the mov-
ing phase boundary without a temperature–enthalpy inversion. The interface position is found as

xI (t) = 2λ
√
αt, (3)

and the interface movement speed λ follows from

λ
√
π =

Stliq
exp(λ2) erf(λ)

− Stsolid
exp(λ2) erfc(λ)

, (4)

with erf(·) and erfc(·) the error and complementary error functions. The Stefan numbers St for liquid
and solid phases are

Stliq =
cp (Tbound −Tmelt)

Lmelt
and Stsolid =

cp (Tmelt −Tsolid)

Lmelt
. (5)

The liquid temperature is

T(x, t) = Tbound − (Tbound −Tmelt)
erf

(
x/2

√
αt
)

erf(λ)
(6)

and the solid temperature is

T(x, t) = Tmelt
erfc

(
x/2

√
αt
)

erfc(λ)
. (7)

3. Computational model

Equation (1) can be solved using the LBM, a mesoscale modeling technique for transport equations [41].
Although the governing equations presented above are general for three-dimensional problems, we focus
on the one-dimensional case for this study. LBM models heat transport using fictitious particles moving
along a spatially fixed lattice. The particles are characterized by a probability density function fi(x, t).
The algorithm consists of collision and streaming steps. The collision procedure represents an instant
collision of particles arriving from different lattice directions to a lattice node where they collide and
relax toward a local equilibrium f eqi . The streaming procedure represents particles moving along lattice
links in their respective directions.

The discrete Boltzmann equation describes the evolution of the distribution function fi as

3
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Figure 1. Schematic of a 1D phase change problem with a moving interface boundary. The domain of length L contains liquid
(left) and solid (right) phases separated by a moving boundary at xI(t). This setup illustrates the Stefan problem for melting
processes.

fi (x+ ei∆t, t+∆t) = (1−ω∆t) fi (x, t)+ω∆tfeqi −wiΦ, (8)

where x is the lattice position vector, ∆t is the time step, f eqi is the equilibrium distribution function, ω
is the relaxation coefficient, and ei is the lattice velocity vector for direction i. The source term is related
to the latent heat of melting as

Φ =
dη

dt

Lmelt

cp
δ (T−Tmelt) . (9)

Here, η is the liquid fraction at the lattice node, and δ(·) is the Dirac delta function that accounts for
latent heat absorption during phase change [1]. The implementation uses a time step of ∆t= 1 and
lattice spacing of ∆x= 1, and all quantities are nondimensionalized using the reference state variables.
The model uses a one-dimensional, three-velocity (D1Q3) lattice, where the velocity vectors are e0 = 0,
e1 =−1, and e2 =+1, incorporating rest particles and motion in both directions, creating a balanced
lattice structure for stability and isotropy. The relaxation coefficient ω = 2/(6α+∆t) is a measure of
thermal diffusivity [10].

The macroscopic temperature T is calculated from the distribution function as

T(x, t) =
2∑

i=0

fi (x, t) . (10)

The equilibrium distribution function is feqi (x, t) = wiT(x, t), with weights w= [1/6, 2/3, 1/6]⊤. The
source term Φ is zero everywhere except at T= Tmelt. At T= Tmelt, we calculate Φ by computing fi(x, t+
∆t) without Φ, then setting

Φ =
2∑

i=0

fi (x, t+∆t)−Tmelt. (11)

This relationship enables the liquid fraction change to be evaluated using equation (9). We scale
fi(x, t+∆t) so that

∑2
i=0 fi(x, t+∆t) = Tmelt, preserving energy balance at the interface. We store the

liquid fraction with the temperature, so the enthalpy H is

H= cpT+Lmeltη, (12)

corresponding to the enthalpy relation in equation (2). We track interface position xI with sub-grid pre-
cision as

xI = x+(η− 0.5)∆x, (13)

within the melting node at position x.
The one-dimensional domain is x ∈ [0,L] with constant temperature boundary conditions T(x=

0, t) = Tbound and T(x= L, t) = Tsolid. For lattice directions entering from outside the domain, we com-
pute the unknown distribution function values by preserving the boundary temperature as

fj = T−
∑
i̸=j

fi, (14)

where fj is the distribution function for lattice direction j.

4
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Figure 2. Quantum circuit for a single time step of the QLBM algorithm between lattice sites k and k+ 1 under the D1Q3
scheme. The overall circuit operates on 3N qubits initially in the |0⟩ state, where N is the total number of lattice sites. Each time
step includes five stages: (1) encoding: initialization of qubit states to represent particle distribution functions using Ry gates, (2)
collision: unitary collision operators Uc modeling particle interactions inside each lattice node k, (3) streaming: particle prop-
agation using SWAP operations between adjacent lattice sites, (4) measurement: measure the quantum states to retrieve fi; and
(5) reinitialization: prepare the initial quantum state for the next time step based on distribution from previous time step and
enforcing boundary conditions.

4. Quantum algorithm

Yepez [28] introduced the first QLBM. A measurement-based algorithm encodes each particle at each
lattice node as a qubit. The approach is shown in figure 2, where each quantum gate represents a spe-
cific operation in the QLBM algorithm. The circuit involves Ry gates, which perform Y-rotations for

encoding particle distribution functions into quantum states using angle θk,i = 2cos−1(
√
1− fi(xk, t)).

The unitary collision operator Uc models particle interactions during the collision step. SWAP gates
implement the streaming operation for particle propagation between neighboring lattice sites.

The algorithm begins with encoding. We encode initial temperature distribution values into registers,
with the interface node encoded in a separate register. Each qubit encodes the distribution value fi as

|qi (xk, t)⟩=
√
1− fi (xk, t) |0⟩+

√
fi (xk, t) |1⟩ , k= 0,1,2, . . . ,N− 1, i = 0,1,2, (15)

where N is the total number of lattice sites, k is the lattice site index, and i is the velocity direction
index. We implement this using an Ry(θk,i) gate with angle θk,i = 2cos−1(

√
1− fi(xk, t)) for the ket vec-

tor |qi(xk, t)⟩. The state at lattice site k is

|ψ (xk, t)⟩= |q0 (xk, t)⟩⊗ |q1 (xk, t)⟩⊗ |q2 (xk, t)⟩ . (16)

Hence, the overall quantum state is a product state of each lattice site state as

|ψ (x0,x1, · · · ,xN−1, t)⟩=
N−1⊗
k=0

|ψ (xk, t)⟩ . (17)

The QLBM collision operation Uc applies a unitary transformation to each lattice node |ψ(xk, t)⟩, relax-
ing the distribution toward equilibrium analogous to the BGK operator in classical LBM. The operator
for D1Q3 is an expansion of the collision operator described in Yepez [42] for the D1Q2 scheme. To
conserve energy within the node during the collision, this operator disjointly entangles the states with
equal Hamming weights: S1 = {|001⟩ , |010⟩, |100⟩} and S2 = {|011⟩ , |101⟩, |110⟩}, each having respec-
tively one or two qubits in |1⟩. Mixing only within these subspaces redistributes the distribution func-
tions while preserving their sum: the quantum analog of conserving energy in the classical LBM collision
step. Thus, the 8× 8 matrix Uc is described via two SU(3) unitary group block matrices, which represent

5
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the disjoint mixing processes, along with unitary values for |000⟩ and |111⟩. Particle-hole symmetry is
enforced with a global NOT operation on the second set of states S2 using a permutation matrix

P=

0 0 1
0 1 0
1 0 0

 . (18)

Then, we can write the collision operator Uc as the direct sum of each component

Uc = 1⊕V⊕ PVP† ⊕ 1. (19)

Imposing isotropy on the link directions limits V to linear combinations of the identity matrix I3×3 and
the all-ones matrix J3×3 (normalized to satisfy unit trace Tr[J] = 1) as

V= αJ+β (I− J) . (20)

We require |α|= |β|= 1 to preserve unitarity, resulting in a free parameter α= 1,β = exp(iθ). We
choose θ = 2π/3 to maximize the mixing between the three quantum states in each subspace, corre-
sponding to ω = 6/5 in standard LBM heat transfer models. After reframing the result in the canonical
basis, we obtain

Uc =
1√
3



√
3 0 0 0 0 0 0 0
0 i exp exp 0 0 0 0

(−iπ/6) (−iπ/6)
0 exp i exp 0 0 0 0

(−iπ/6) (−iπ/6)
0 0 0 0 exp exp i 0

(−iπ/6) (−iπ/6)
0 exp exp i 0 0 0 0
0 (−iπ/6) (−iπ/6)
0 0 0 0 exp i exp 0

(−iπ/6) (−iπ/6)
0 0 0 0 i exp exp 0

(−iπ/6) (−iπ/6) 0
0 0 0 0 0 0 0

√
3



. (21)

The streaming operation uses the established quantum walk algorithm, permuting qubits via SWAP
gates [29]. Last, we reset the qubit phases to restore the post-initialization state. The results of section 6
show that one can advance multiple time steps without reinitialization. By reducing reinitialization, one
also reduces repeated state preparation and readout of solution states, which can introduce noise that
accumulates with each measurement–reinitialization cycle.

5. QLBMwith phase change

To incorporate phase change, we separate the system into two registers at the melting node, each con-
taining a copy of the temperature field as shown in figure 3. The system wavefunction for the liquid
region is

∣∣Ψ(
x0,x1, . . . ,xNliq−1, t

)〉
=

Nliq−1⊗
k=0

|ψ (xk, t)⟩ (22)

and for the solid region is

∣∣Ψ(
xNliq−1,xNliq , . . . ,xN−1, t

)〉
=

N−1⊗
k=Nliq−1

|ψ (xk, t)⟩ (23)

for a period with Nliq liquid sites and N−Nliq solid sites. This partitioning strategy addresses the discon-
tinuity in the enthalpy-temperature relationship. Within each register, the relationship H= cpT remains
continuous and single-valued. The discontinuous jump of Lmelt at the melting point is isolated to the

6
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Figure 3. The discretization scheme for the phase change problem shows grids for two phases (brown, liquid; green, solid). The
phase boundary is indicated in the dashed box. The boundary conditions are Tbound and Tsolid for the left and right boundaries.
The grayed-out nodes are for illustrative purposes, as each phase only exists in one of the two grids or the phase change node,
and so are not used in the calculations.

Figure 4.MCRY circuit evaluates possible measurement combinations at each lattice node, shown for the distributions fi, by
rotating the ancilla qubit. Rotation angles are determined by the sum S of control values.

interface node, where we track the liquid fraction η classically rather than requiring the quantum circuit
to invert the relationship between H and T across the discontinuity. This approach allows the quantum
algorithm to solve continuous heat diffusion in each phase while the phase-change nonlinearity is han-
dled by classically tracking the accumulated latent heat.

We implement a multi-controlled rotation (MCRY) gate sequence at the liquid–solid interface to
measure post-streaming temperature within the circuit. This circuit, shown in figure 4, systemati-
cally evaluates all possible measurement combinations at each node, applying specific rotation angles
to encode temperature information in an ancilla qubit’s probability amplitude. The rotation angle
θ = 2sin−1(

√
S/3) ensures the ancilla qubit yields 1 with probability S/3, where S represents the sum

of control bit values. This procedure produces a single rotation each timestep with an amplitude corre-
sponding to the measured value. The mapping creates a linear correspondence between measured proba-
bility and temperature T.

The circuit rotation angles correspond to possible combinations of the three input qubits represent-
ing discrete temperature distributions. The corresponding numerical values (1.23, 1.91, and so on) are
computed from the inverse sine function applied to the square root of the normalized sum of control
values, scaled to match the expected temperature range at the phase interface. We scale the probabil-
ity amplitude by Lmelt((S/3)−Tmelt)/cp to compute the liquid fraction change, which is applied after
measurement.

The MCRY circuit stores information without disrupting the superposition of other qubits, as shown
in figure 5. This QLBM approach is an improvement over traditional QLBM methods, isolating the dis-
continuous phase change contribution without collapsing the quantum state. The ancilla qubits are only
required at the interface nodes, resulting in 2 qubits for the 1D case and a total qubit count of 3N+ 2
for N lattice sites. This hybrid quantum–classical approach enables efficient phase-change simulation
while preserving the quantum coherence of the primary computation. The measured phase change infor-
mation propagates through later time steps via classical tracking of the liquid fraction: the interface posi-
tion is evaluated using equation (13) and the liquid fraction from the enthalpy balance in equation (12).

The implementation requires a different approach to the boundary conditions. Each time step pro-
duces one unknown lattice direction at fixed boundaries, traditionally calculated using known bound-
ary values. This calculation cannot rely on direct boundary-value observations without intermediate
measurements.

In regions undergoing phase change, we heuristically assume that the melting node exhibits quasi-
static behavior, enabling previous boundary condition values to be used. This assumption is supported

7
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Figure 5. QLBM circuit, using the MCRY gate to store phase change data from the boundary lattice site. Circuit symbols: Ry are

Y-rotation gates; Uc is the unitary collision operator; C denotes control qubits; and MCRy(θ⃗) is the multi-controlled rotation
gate for phase change detection.

Figure 6. Time evolution of LBM distribution function values at (a) the left boundary and (b) the phase interface. Distributions
fi along different lattice directions i are shown as labeled. We limit this to the initial phase (t ∈ [0,80]) to demonstrate the settling
effect and quasi-static behavior.

empirically by comparing quantum and classical solutions in figure 6, which shows close agreement. In
figures 6(a) and (b), the values of the distribution functions fi are shown at the left boundary and the
node undergoing melting, respectively; the time steps here denote the time after phase change moves
into the labeled node (grid cell). The distribution functions reach approximately steady values within
about 5 time steps, after which we no longer need to recompute boundary condition values. This quasi-
static region arises from the constant temperature at the interface, which reduces the effect of heat flux
into and out of the node on the distribution values. On the liquid side, the prolonged melting at each
node allows the surrounding temperature field to approach a quasi-steady profile, so the incoming dis-
tribution is nearly stationary. On the solid side, the incoming distribution propagates against the pri-
mary heat flux direction, and its magnitude is small relative to the other distributions, so its temporal
variation is also small. Information transfer between the solid and liquid registers also occurs classi-
cally between reinitializations, through the standard LBM streaming procedure. As the liquid fraction
approaches 1, the system reverts to the original algorithm until distribution function values reach an

8
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Figure 7. Comparison between the analytic solution, classical LBM, and quantum LBM (this work) methods. (a) Temperature
distribution after 300 time steps, equivalent to t= 300. The vertical dashed line indicates the interface location as predicted by
theory. (b) Interface position evolution. The interface position is determined by the current melting node along with the liquid
fraction at that node.

approximate steady state. Still, the phase interface moves through the domain as the simulation pro-
gresses (t ∈ [0,80], here). Thus, this test provides a faithful physical benchmark for algorithm perfor-
mance evaluation.

We use linear extrapolation of the liquid fraction to predict complete melting at a lattice node, which
behaves linearly because of constant boundary conditions. When the melting node changes, the system
reverts to per-time-step measurements until reaching an updated equilibrium state. The transition period
duration varies with thermal diffusivity α but remains short for typical metal values.

6. Results

Figure 7 compares the analytic solution, classical LBM solution, and QLBM solution for one-dimensional
heat transfer along a bar with Tmelt = 0.4Tbound and Lmelt/cp = 10. We chose parameters to examine
phase change behavior in a moderate temperature regime, with the melting point positioned away from
boundaries. The simulation uses 17 lattice nodes with 53 qubits, which provides a practical balance
between spatial resolution and the number of qubits. We perform QLBM simulations via the Qiskit Aer
MPS simulator [43] for 1000 time steps (t ∈ [0,1000]).

We find close agreement between the classical and quantum solutions in terms of temperature dis-
tribution shown in figure 7(a) and interface position evolution shown in figure 7(b), confirming that
QLBM can properly solve this problem and represent the interface dynamics. The results show good
agreement between all solutions for the temperature T(x). Additionally, the classical LBM model con-
verges to the theoretical solution with grid refinement, though this is not yet practical for the quantum
algorithm.

The interface evolution in figure 7(b) shows that the simulations using the quantum algorithm rep-
resent the phase change dynamics with small errors. The quantum solution tracks the classical result
throughout the phase transition period, representing the initiation and progression of the phase change.
This agreement demonstrates an effective approach to representing discontinuous phase change behavior
in a quantum computing context. Furthermore, the interface position predicted by the quantum solution
closely follows the analytical solution xI(t) given in equation (3).

Error analysis of the quantum solutions is shown in figure 8, highlighting key characteristics of the
implementation’s performance. We evaluate the error between the quantum circuit and classical LBM
solutions. The absolute root mean square (RMS) error for a quantity q is defined as

ERMS =

√√√√ 1

M

M∑
k=1

(
q(k)classical − q(k)quantum

)2
, (24)

where k is the lattice site index and M= 17 is the total number of lattice sites.
The error for temperature T remains below 0.01 throughout the simulation except for transient

spikes where the melting node transitions to the following mesh node. The interface location xI error
slowly increases in time as the simulation progresses and saturates at larger t. This error is due entirely
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Figure 8. Error results comparing quantum and classical LBM solutions and reinitialization schemes. The RMS error follows
equation (24) for (a) temperature T and (b) interface position xI. The temporary spikes around time steps 200 and 600 are due to
transient effects as the melting node changes.

to the quantum implementation, as both the classical and quantum algorithms use the same grid elimi-
nating the effect of discretization error. Examination of the maximum absolute error and the error dis-
tribution across the domain demonstrates that the majority of the error is concentrated near the inter-
face early on, with a more even distribution as the simulation progresses. The relative and absolute RMS
errors are similar in scale, so we do not show both here. Importantly, the 12-step model does not exhibit
meaningfully higher error in either regard, demonstrating the effectiveness of the approach. This inter-
val was determined empirically and can be further extended depending on the problem parameters. The
optimal reinitialization frequency depends on parameters such as the Stefan number and thermal diffu-
sivity, which govern interface velocity and the duration of quasi-static behavior at each node. Our result
demonstrates that extended reinitialization intervals are feasible for this nonlinear problem.

7. Conclusions

This paper presents a QLBM for heat transfer with phase change. The method demonstrates how quan-
tum algorithms can handle the discontinuity arising from phase change and reduce the computational
burden of repeated reinitialization. Further, using a variable source term via an enthalpy-based formula-
tion extends the method to represent phase change dynamics.

Results show that the presented QLBM technique accurately represents heat transfer with phase
change, as verified by comparisons to classical LBM simulations and analytical solutions. Using the
D1Q3 lattice, quantum simulations replicate temperature distribution and liquid fraction evolution dur-
ing phase transition. Because the phase-change and boundary-condition information is captured within
the circuit, the method can advance for several time steps without reinitialization. Reducing reinitializa-
tion count increases computational efficiency at a cost linear in the additional qubits. The differences
between quantum, classical, and analytical solutions remain small across all tests.

Although the QLBM algorithm was originally designed for fault-tolerant quantum computers that
can run millions of high-fidelity quantum operations [44], recent work shows that heavy optimization
on the algorithm and circuit design can realize simple QLBM runs on current quantum hardware [45].
Adopting those recent developments and the idea of minimizing frequent measurements would further
reduce the computational overhead of our QLBM algorithm, making the method more practical for
early fault-tolerant quantum computers. Quantum computing’s inherent parallelism opens possibilities
for solving complex PDE-based problems more efficiently than classical methods alone. In this case, we
show the technique is well-suited to heat transfer problems with phase transitions.

The method naturally extends to two- and three-dimensional problems by using higher-dimensional
lattice structures (for example, D2Q9 or D3Q19), although the effects of fluid convection may need
to be incorporated into the solution of higher-dimensional problems. Fluid convection could also be
incorporated in a future model using the double distribution function approach standard in classi-
cal LBM, where a second set of distributions handles the momentum field. Existing QLBM solvers for
fluid velocity can be coupled with the thermal algorithm following this same structure. Materials with
temperature-dependent properties could be incorporated using more frequent updates to the collision
operator, while multiple phase transitions generalize naturally through the inclusion of extra domain
registers and interface nodes with proportional qubit overhead.

10



Quantum Sci. Technol. 11 (2026) 035032 C L Jawetz et al

In higher dimensions, qubit requirements scale as qNd + 2Nd−1 where q is the number of velocities
in the lattice model, N is the number of lattice sites per side, and d is the dimension of the problem.
Gate count scales with Ndq for encoding, collision, and streaming, and Nd−12q for the phase transi-
tion and interface, meaning this method is particularly effective for large domains. Since collision and
streaming are local operations, the circuit depth and the per-node collision operator, which is a fixed-
size unitary (8× 8 for D1Q3), remains independent of system size. A 2D simulation on a 64× 64 grid
with D2Q9 would need roughly 642 × 9+ 2× 64= 36,992 qubits. The scaling benefits of reinitialization
depend on the specifics of the problem, and the question of the maximum potential benefit is an impor-
tant topic for future investigations.

This work demonstrates QLBM’s suitability for solving complex heat transfer problems with phase
change, which are relevant to diverse engineering applications, including thermal management, energy
storage, and additive manufacturing. Addressing the discontinuous enthalpy–temperature coupling and
reducing computational overhead advances the application of quantum computing to simulating phys-
ical systems, extending beyond previously explored systems. These results suggest QLBM extends to a
broader range of engineering applications, potentially offering speedups compared to classical methods.
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