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Results

Motivation

Tensor—train (TT) methods have been success-
fully applied to fluid dynamics, including chal-
lenging turbulence simulations |[1|. However,
these approaches have been predominantly re-
stricted to Cartesian meshes.  While tech-
niques exist to handle crossflows around com-
plex objects on Cartesian grids (e.g., immersed-
boundary methods), accurate modeling of the
boundary layer often requires the use of body-
fitted curvilinear meshes. These meshes, how-
ever, raise computational cost due to
o (Geometric complexity: generating and
handling the curvilinear mesh itself, and
o Boundary-layer resolution: very fine cells
required at walls.
Here, we present the first TT formulation
natively on body-fitted curvilinear coordi-
nates, thereby removing the previous restric-
tion to Cartesian meshes.
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Fig. 3: (a) FD steady flow at Re = 20; (b) TT steady flow at x = 20; (c) steady-state u/v errors vs. x at Re = 20; (d)
a 0 . TT vs. FD in the vortex-shedding regime at Re = 150; (e) TT—FD error field; (f) lift coefficient C,(t); (g) Strouhal

number St convergence.

Accuracy on body-fitted grids.

o Visual match (Fig. 3a,b): TT matches FD on the curvilinear mesh.
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Fig. 1 o Compactness (Fig. 3b,c): ~5.8% of FD parameters (at xy = 20) suffices to recover the wake

o o TT . o _2
Incompressible Navier—Stokes isoline u~ * = 0 with an overall ez, <107~.

V-u=0, du+(u-Viu=—Vp+rAu. (1) Unsteady vortex shedding.

The operators are discretized as curvilinear o Vortex Formation (Fig. 3d,e): TT (x = 40) reproduces Karméan street (phase/wavelength).
finite-difference (FD) operators, for instance, Largest errors near the cylinder wall and near vortices; diminish as y increases.

the Laplacian
AP = J_lagk (Jgklagl gb) k.l el,?2. (2)

Here, J is the Jacobian Determinant of the Discussion
coordinate transformation, and ¢*' are the met-

o System response (Fig. 3f,g): C';(f) and St align with and converge toward FD.

ric tensor components. Solver cost and efficiency.
TT encoding the curvilinear system o Poisson: scales as O(n x°). With precondition-
On an Ng X Ng, grid, we encode the fields ing, we observe steady per-step effort. Al, —o— 0, —— 9u
: R — - |
(ur)ij, pij and the geometric fields J;;, (9"); o Nonlinear term: scales as O(n x*); recent work | gzzel::;ar & b
as TT-vectors (illustrated in Fig. 2). reports O(n x°) elementwise multiplication [2]. -~ 10_2;
o Operators in TT: build V., V, A as TT . . | . %%
operators via the metric-based transtorm, for Qperator complex1.ty . Il operator bond dimen- e— o o o 8
instance, Eq. (2) for A. sions also govern scaling. Ll 1
o Controlled compression: Round TT op- ° Curvilinear vs. Cartesian: for the cylinder, o 151 o 15 1
curvilinear T'T' operators are only slightly larger n n

erators to a target tolerance to remove re-

dundant degrees of freedom. and grow mildly with grid size (see Fig. 4).

Fig. 4: Comparison of required T'T bond

dimensions.
i1-n, 1 Ine L T T Summary.
o) — TT encodes fields and curvilinear operators efficiently and recovers C; and St with a small parameter
f(§ZJa 7723) —
footprint. Cost is dominated by Poisson and the nonlinear term; recent advances bring the latter toward
! . O(nx?).
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Future directions.
-€ > -€ >
it b Fig. 2 o Shape & mesh — Complexity: quantify how geometry (e.g., NACA airfoils) and mesh quality
(e.g. non-orthogonality) drive required T'T bond dimensions for fields/operators and thus runtime.
o Solvers / networks: benchmark TT linear solvers and explore alternative tensor-network struc-
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