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Abstract. This paper focuses on discussing Newton’s method and its hybrid with ma-
chine learning for the steady state Navier-Stokes Darcy model discretized by mixed el-
ement methods. First, a Newton iterative method is introduced for solving the relative
discretized problem. It is proved technically that this method converges quadratically
with the convergence rate independent of the mixed element mesh size, under certain
standard conditions. Later on, a deep learning algorithm is proposed for solving this
nonlinear coupled problem. Following the ideas of an earlier work by Huang, Wang
and Yang (2020), an Int-Deep algorithm is constructed by combining the previous two
methods so as to further improve the computational efficiency and robustness. A se-
ries of numerical examples are reported to show the numerical performance of the
proposed methods.
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1 Introduction

The Navier-Stokes Darcy model is frequently encountered in various industrial engineer-
ing scenarios, for instance, in groundwater [10,14,27], flow in porous media [2,3], indus-
trial filtrations [18] and so on. Due to its importance, many numerical methods have
been developed and analyzed for the nonlinear coupled model, which can be roughly
divided into two categories. The first one focuses on numerically solving the coupled
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system directly. Historically, Girault and Riviére [17] propose and analyze a discontin-
uous Galerkin method for the Navier-Stokes Darcy model. Following [17], Chidyagwai
and Riviére [12] develop a hybrid coupled method, where the continuous finite elements
are employed in the free flow region and the discontinuous Galerkin finite elements in
the porous medium region, respectively. Wu and Mei [32] discretize the model with a
non-conforming finite volume element method. Cesmelioglu and Rhebergen present and
analyze in [11] a strongly conservative hybridizable discontinuous Galerkin scheme. The
other strategy is to decouple the model first and then numerically solve two subprob-
lems separately. In [9], Cai, Mu and Xu propose a decoupled and linearized two-grid
algorithm. The two-grid decoupled method is further studied in [25,36]. In addition,
Cai, Huang and Mu also develop a multi-grid algorithm in [8]. He et al. [20] design
a domain decomposition method for the Navier-Stokes Darcy model with the BJ inter-
face condition. In order to further improve computational efficiency, Du et al. develop
in [16,31] a series of parallel algorithms based on decoupled model. We mention that all
the previous methods are used to solve steady-state Navier-Stokes Darcy models. In fact,
there are deep and through works on numerical solution for unsteady state models, and
we skip the details due to the limit of space.

Both the direct and decoupling methods require solving nonlinear system of equa-
tions globally or locally through iterative methods, e.g. Newton iterative method. How-
ever, there are few works on investigating the global convergence analysis of these it-
erative methods. As far as we know, only Badea, Discacciati, and Quarteroni [4] study
Newton iterative method for the Navier-Stokes Darcy model in the case of infinite di-
mensions. The analysis is rather involved; the key techniques are first reformulating the
coupled nonlinear problem as an interface equation and then developing the underlying
convergence analysis of Newton iterative method by means of the Kantorovich theo-
rem. However, when applying the previous arguments to the nonlinear system arising
from discretization of the Navier-Stokes Darcy model by mixed element methods, it is
very hard to show the convergence rate is uniformly bounded with respect to the finite
element mesh size h. This study is important for real applications. In fact, if the con-
vergence rate goes to 1 when / goes to zero, then we even cannot observe convergence
of the underlying iterative method due to the rounding-off error. The other point to be
emphasized is that Newton’s method is locally convergent, so it is very challenging to
develop a strategy on the choice of initial guesses to ensure convergence. For our prob-
lem under discussion, a common way is to set the initial guess as the numerical solution
of the corresponding linear Stokes Darcy problem. However, such a choice is not robust
with respect to the model coefficients; we refer to numerical results in Subsection m
for details. Therefore, it’s necessary to develop an effective approach to choosing initial
guesses in order to improve the computational performance and robustness of Newton
iterative method.

With the above discussion in mind, our study in this paper is twofold. First of all,
we analyze in detail the convergence of Newton iterative method for the Navier-Stokes
Darcy model discretized by mixed finite element methods. Different from the approach
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in [4], we derive the required result (cf. Theorem in another way. Our analysis
relies on a key observation which indicates that a critical interface term in the Navier-
Stokes equations, which is connected with Darcy equations, can be decomposed into a
positive term plus an easily estimated term. Combining this finding with the analysis of
Newton’s iteration for Navier-Stokes model in [22], we prove that the iterative method
(cf. (B.I)-(3.3)) is convergent quadratically under certain standard conditions, with the
convergence rate independent of the finite element mesh size h.

On the other hand, it is observed that a deep learning initialized iterative (Int-Deep)
method is introduced in [23] for nonlinear variational problems. It is a hybrid iterative
method, consisting of two phases. In the first phase, an expectation minimization prob-
lem formulated for a given nonlinear partial differential equations (PDE) is solved by
deep learning (DL) methods. In the second phase, the numerical solution from the first
phase is interpolated as the initial guess, and some Newton-type iterative methods are
used to solve the finite-dimensional problem discretized by mixed finite element meth-
ods, which converges rapidly to the mixed element solution. This method has been used
successfully to solve semi-linear elliptic problems, linear and nonlinear eigenvalue prob-
lems (cf. [23]). The success of the method may rely partly on the so-called frequency
principle mentioned in [33}34], which asserts that a deep neural network (DNN) tends
to fit training data by a low-frequency function. This result implies that the DL solution
with few iteration steps may capture the low frequency components of the exact solu-
tion, so it is reasonable to act as an initial guess of an iterative method for a variational
problem.

Thus, the second goal of this paper is to use the ideas of the above Int-Deep method
to solve the Navier-Stokes Darcy model combined with Newton iterative method just
mentioned. To this end, we first design a physics informed neural networks (PINN)-
type [28/29,35] DL algorithm for the Navier-Stokes Darcy model, through expressing the
unknowns with ResNet functions [21] and constructing a log-loss function (see (£.5)) to
improve computational efficiency. Furthermore, following the ideas in [23], we intro-
duce the Int-Deep algorithm for the discrete Navier-Stokes Darcy model (cf. (2.6)-(2.7)).
In other words, we solve the discrete problem by means of Newton iterative method,
with the interpolant of the DNN solution as an initial guess. Finally, we perform a se-
ries of numerical examples to confirm that this Int-Deep algorithm is able to reach the
accuracy of the mixed element method with few iteration steps. In particular, our nu-
merical experiments in this paper indicate that the algorithm is robust with respect to the
underlying physical parameters, e.g., the viscosity coefficient of fluid and the hydraulic
conductivity tensor of the porous medium.

The rest of the paper is organized as follows. In Section [2|, we introduce the model
problem and recall some existing results of the mixed element method for the nonlinear
coupled system. In Section 3, we discuss the stability and convergence of Newton itera-
tive method under some conditions. In Section 4, a DL algorithm for the Navier-Stokes
Darcy model is designed, and then the Int-Deep algorithm is developed for the Navier-
Stokes Darcy model. In Section |5, we present some numerical examples to demonstrate
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the accuracy and efficiency of the Int-Deep algorithm. Finally, Section [6|offers some con-
cluding remarks.

2 The Navier-Stokes Darcy problem and its discretization

In this section, we aim to introduce the Navier-Stokes Darcy model and its mixed element
discretization. We also recall some important existing results which will be frequently
used later on.

2.1 Navier-Stokes Darcy model

Let Q C R? (d =2, 3) be a bounded polytopal domain, which is subdivided into a free
fluid region ()¢ and a porous media region (), by an interface T, as shown in Fig.
Let Ty =0Qf\T and T', =00, \T be the outer boundaries of the domains Q¢ and Q,,
respectively. Denote by n¢ and n, the unit outward normal vectors on dQ); and 9(y,
respectively. The unit tangential vector on I is denoted by .

The free flow in Q)¢ is governed by the steady Navier-Stokes equations:

diva=0 in O, '

where u and p indicate the velocity field and the pressure field of the flow, respectively;
v >0 stands for the viscosity coefficient, T(u,p) =2vD(u)—plI is the stress tensor, and
D(u)=1(Vu+VTu) is the deformation rate tensor; p denotes the density of the flow and
[ is the external force.

1—‘f
Qf
T
/w
Q, Ng
I

Figure 1: Domain schematic for Naiver-Stokes Darcy coupled flow.
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The flow motion in the porous media region (), is described by Darcy’s law:
—div(KVe)=f, inQ, (2.2)

where ¢ is the hydraulic head, f, is a source term and K represents the hydraulic conduc-
tivity tensor. In this paper, we assume that K is symmetric K;;=Kj;, and positive definite,
ie.

a1 (x,x) < (Kx,x) <az(x,x) Vxe Qp,

for two positive constants a1 and a5.

The physical quantities are coupled on the interface I' through three interface condi-
tions:

u- nf:—KV(p ny,
[=T(u,p)ns]-ns=pge, (2.3)
[ T(u ] T = \/erTu T, j=1,-,d-1,

where g is the gravitational acceleration, {; }7;11 are linearly independent unit tangential
vectors on I', and a is an experimentally determined positive parameter.
For simplicity, we consider homogeneous Dirichlet boundary conditions on the outer

boundaries:
u=0 onTl fr (2.4)
=0 onl).

In order to describe the variational formulation of this model, we have to introduce some
function spaces in advance. Denote the admissible spaces for velocity, pressure and hy-
draulic head, respectively by

Xf:{veﬂl(af):[Hl(Qf)]d\v:o on rf}, Q=12(0),
X,={peH (Q))[p=0onT,}.

Then, the variational formulation of the coupled Navier-Stokes Darcy model ({2.1)) — ([2.4])
is given as follows.
Find u € X¢,¢ € X, and q € Q such that

ar(u,0)+ap(@,¥)+ar(u,g;0,9)+c(uu,0)+b(v,p)
=(fr,v)+p8(fp ) VveEX) PEX), (2.5)
b(”/‘?)zo quQ/
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where

ag(u,v)= 21/D u-7;) (v-1j),

+Z 1/'r] vK'r]/
ap((P,w):pg/Q KVoe-Vy, ar(ufw;v,qo)=pg/r(¢v—¢u)-nf,

c(uv,w)=p (u V)v-w, b(v,p)=-— A pdivo,
f
(fro) / froo (fp) / fo-

Here and hereafter, we omit the infinitesimal element over an integration symbol when
there is no confusion caused.

The existence and uniqueness of solution of (2.5 can be found in [17].

2.2 Finite element approximation

In this subsection, we shall give the mixed element discretization of the Navier-Stokes
Darcy model and review some existing results for subsequent analysis.

Let Ty, (resp. T,,) be a nondegenerate quasi-uniform triangulation of Q¢ (resp. ().
The partition 7, matches with the partition 7, at the interface I'. Let 7, = T;,UT,
be the partition of the whole domain (). For each element T € 7}, we denote by hr the
diameter of T; the mesh size of 7}, is defined by h =maxrc7, ht. Let k be a non-negative
integer, and denote by IPx(T) the set of polynomials with the degree no more than k on
element T € 7;,. Moreover, we use C (with or without subscripts) to denote a generic
positive constant independent of the mesh size h, which may take different values at
different occurrences.

There are various combinations of the stable Stokes finite element pairs [6}24] (such
as MINI element, Taylor-Hood element, conforming Crouzeix-Raviart element) with con-
tinuous finite elements for Darcy equations. For convenience, we focus on the traditional
Taylor-Hood element as an typical example in this paper. It is not difficult to extend the
corresponding theory to other elements.

Define some finite element spaces by

Xf,h:{vh GXf, vh\TE [IPQ(T)]d \v TE'Tf,h},
Qn={q,€QNC°(Q), qu|r €P1(T) ¥V TE T},
Xpn={Pn € Xp, Y| €P2AT)VTET, 11}

With these discrete function spaces, we give the mixed element method for the coupled



36 J. Huang, H. Peng and H. Wu / Commun. Comput. Phys., 37 (2025), pp. 30-60

Navier-Stokes Darcy model —: Find uy, € Xy ,, py € Qp, and @, € X, j, such that

ag(up,on) +ap(Pnpn) +ar (wn, Y00, @n) +c(up;up,0) +b (v, py)
= (fr.on)+p8(fo:¥n) YV on€Xpn, Yn€Xppn, (2.6)
b(uh,qh):O thEQh. (2.7)

To proceed with the forthcoming discussion about the well-posedness and convergence
of the mixed element method, we first recall some basic inequalities in Sobolev spaces as
follows [1]. There exist constants C,, C;, Cx and Cs only depending on the domain () s
and C, and C; only depending on the domain (), such that for all v € X rand pE Xy,

(the Poincaré inequality) H'Z)H(),Qf < Cp\v|1,Qf, [¥llo.q, < Cp Wi,
(the trace inequality) lo]lor <C |v|1,Qf, ]l <C |1/’|1,Qp;
(Korn's inequality) |U|1,Qf <C[[D(v) HO,Qf?

(the Sobolev inequality ) 9]l Lsap) < Csl Vol

Using the Holder inequality, the Sobolev inequality and Korn’s inequality, we immedi-
ately have (cf. [30])

c(u;v,w) <Ngl|D(u)llo, 1D(@) oo lID(w)lloq, (2.8)

with N; depending only on Cs, Cy and 4.
In order to describe some important results, we define

_ o) _ ()
= D)o, 1=y,

The theoretical results given below indicate the well-posedness and convergence of the
mixed element method (2.6)-(2.7). We refer the interesting readers to [9] for details along
this line.

Theorem 2.1. Assume that fr € [L*(Qf)]%, f, € L*(Qp) and the viscosity coefficient v satisfies
v2>V2NR, (2.9)

with

1

2

(Y2 P82
R= I+ s12) 210

Then the finite element scheme (2.6))-(2.7)) has a unique solution satisfying the following estimate

20||D () [[§. 00, + P IKV @1l[5 0, <R (2.11)
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Remark 2.1. Under the assumption (2.9), it follows from (2.10) that

v
D <— 212
DG losy < 557 212)
Lemma 2.1. There is a constant B> 0 independent of h such that
inf sup A1) > B, (2.13)

91€Quv,ex,, 1P (@) lloa, 9nlloa,

Theorem 2.2. Let (u,p, ) be the solution of problem (2.1))-(2.4) and (uy, py, 1) be the solution

of finite element scheme (2.6)-(2.7). Assume that u e H>(Qys), p € H*(Q) and ¢ € H3(Q),).
Then the following estimates hold:

d—1
1
20| D(u—up) [§ 0, + 3 | (w—m)- 5§ r+pgIK2V (90— 1) [§ 0,
=1

<Cr([ulBa, +pl3a, + lolBa,). @14)
Ip—pul3e, <CH(lul30, +lIpI30, + I2130,)- 2.15)

3 Newton’s method for the Navier-Stokes Darcy model

In this section, we give Newton iterative method for solving the Navier-Stokes Darcy
model under the mixed element discretization and provide stability and convergence
analysis of the iterative method.

According to Newton iterative method for Navier-Stokes Darcy problem in infinite
dimension (cf. [4]), its finite element analogue can be described as follows.

Given ul € X, forn>1, find ull e Xt pheQyand ¢l € Xp,n such that

ap(ult, o) +b(vp, ph) +0g(@hon-ng)r+c(ulbul_ o) +c(ulh_y;ul,oy)

= (fr,on)+c(uh_y;u) o), (3.1)
b(u),q4) =0, (3.2)
ap (@, pn) =g (Yn, 1l -1p)r+08(fo 1), (3.3)

for any vy, € X¢ 1, 41 € Qn, Y1 € Xy -

To analyze Newton iterative method, we next introduce two auxiliary problems given
below.

For any ¢ € L*(T) or € L*(Q)), find ¢, € X, such that

ap(Pn,Pn) =p8(C ) VP € Xpp, (3.4)

or

ap(Pnpn) =081, Yn)  Vipp € Xp - (3.5)
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It is easy to prove by the Lax-Milgram lemma that problem (3.4) or problem has a
unique solution, which induces a linear operator ¢, = T,({) or ¢, = T, (17). Furthermore,
we have the following estimate which is easy to derive but important in our forthcoming
analysis

ITh (1), <Crlinlls, (36)

with C, a positive constant independent of /.
The discussion on stability and convergence will be based on the following assump-
tions about the initial function ul! € X 7 in Newton iterative method (3.1)-(3.3):

2v[[D(u)llo,0, < Call Flls+ 11 foll ), (3.7)

C
HD(uh—ug)Ho,Qf_71(||ff||*+||fp||*), (3.8)

where
Ci=1 +PgCrC~tCtCk.

Lemma 3.1. Assume the initial conditions (3.7)-(3.8) and the following stability condition hold:

1/2
Hff”*"’”fp”*gm (3.9)

Then ul", defined by Newton iterative method (B.1)-(3.3) satisfies

3Cy

D) ooy, <5 (Il +1fpll+) (3.10)

forall m>0.

Proof. We prove (3.10) by mathematical induction. The initial condition (3.7) implies that
(.10) holds for m = O Assuming that ( - holds for m= ] and we aim to prove the
estimate holds for m+1. Taking { =u,,-ns in B.4) gives ¢7,, =Ty (u] ,-ns). Taking

1= fp in B.5) gives ¢, which satisfies [|¢'[1,0, § C | fpll+ from (B.6). According to the
superposition principle, cp’I1 = 4)? 1 +¢' solves 1) , which implies that

P8P 11 1 1p)T = P8P 1 )y np)r+0g (@) Uy np)r

(Ty(ujyq-my), 4’]+1)+P8<4’ "]+1'"f>r
(4’]+1/4’]+1)+P8<‘P ”]+1 ne)r
pg(¢* ,qu-nf)r. (3.11)

ap

ap

\Y%
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Taking (vy,,q,) = (u)',p}T) € X% Qp in (3.1) with n=]+1 and using Korn's inequality,
the estimates (2.8), (3.11) and the induction assumption, we have

ZVHD(”I;H)H%,Qf

<(fru) 1) =8 (@] 1) 1)

o W hoh b
+e(upup,uyp ) —c(uy uf,uy ) —c(upug, gy )

<N Fell D@} ) oo, —p8 (¢ 4] 11 -mp)r
+NGl|D () 1[5,0, 11D (] 1) o, +2Nal|D (] llo.0, 1D (] 41) G o,

IN,
<Cillfll+ ol ID (a1 ) Ho,oﬁrﬂzdcf(Hffl\*ﬂL ol 1D} 1) ooy

3N,
+7dC1(Hff||*+ 1) ID ) I -

This, in conjunction with (3.9)), gives rise to

(=)D ) oo, < G+ 15l),
which implies (3.10). O
Lemma 3.2. The function uy, defined by the mixed element method (2.6))-(2.7)) satisfies
vIID (un)[lo,0, < Calll fr I+ foll+)- (3.12)
Proof. Taking v, =uy, ¥, =01in and noting that
b(uy,py) =0,

we get

20| D (un) 15,00, = (froan) — (s, un) — 08 { Prsay -1 )7 (3.13)

In view of the estimates ([2.8) and ([2.12)), the trilinear from in the above equation can be
bounded as

v
c(wnsten, ) <Nal|D () [[5.00, <5 1D () [, (3.14)
In order to handle the interface term pg (@, uy,-ny)r, taking v, =0 in (2.6]), we get

ap(@nYn) =pg(fr, Pn) +08(un-ng,Pp)r. (3.15)
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Applying a similar argument used for proving Lemma we decompose ¢, as ¢, =
¢?+¢i, where ¢! is the solution of 1D with { =uy,-ny, and ¢;, is the solution of |)
with 77 = f,. Then, for the interface term, we have

08 {Pnun-ng)r =08 (Ph,tn 1 )T +08 (D) t0n -1 )T
=ap (), 1) +08 (Pl 1)1
> 08 (Pjy4n-1y)r- (3.16)
The combination of (3.14)-(3.16) implies the estimate (3.12)). =

Finally, we derive error estimates of Newton iterative method. Let (uy, ¢y, py) be
the solution of the scheme (2.6)-(2.7) and (u]:,p!:,¢") be the solution of Newton iterative
method (3.1)-(3.3). Set et =u;,—ul., e =p, —p and e} = ), — ¢!

Theorem 3.1. Under the assumptions of Lemma the following error estimates hold true.

C; [ 3C1N, 21
HD(eZ>!|o,of§1< ZLQd(HffH*JerpH*)) (Ifr N+ fpll), (3.17)

1%
CiCiCrCy (3TN 2=l
e Gt /12 ) (T R TA BT
C1,10 C2CCP
S Gty )
g3 v

2"—1
2014050 ) sl sl 319)

|Ves

||€Z||0,Qf§

foralln>1.

Proof. Subtracting (3.1)-(3.3) from the mixed element scheme (2.6)-(2.7), we find the error
equations for Newton iterative method are determined by

ag(ey,on)+ap(ef, vn)+b(oy,eh) +ar (e, p;onel)+cleym_,op)
tc(ul el op)+c(e ;e ,0,)=0 VYo, €Xsp Yn€Xppn, (3.20)
b(en,qn)=0 V qn€ Q. (3.21)

Taking v, =e!, 1, =0 in (3.20)) and noting that b(e¥,e};) =0, we achieve

20[D(e) 30,

=—pglen en-ns)r—cley_yien y,en) —clepuy yel) —clu el e)

h
<NGlID (e 1)l[5.0, 1D () llo.0, +2NalID (1) llo0, 1D () [5 0,
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and with (3.10]) and (3.9)), we further have

3N,

1Dl oo, < 21Dl [, (322)

forn>1.

Now, we prove by mathematical induction. It follows from the initial condition
that holds for n=0. Assuming that holds for n=], we are going to prove
that the estimate still holds for n=]+1. Applying the estimate and the induction
assumption gives

3N,
D} ) loy < 22 D(ef) 3,
3N, C2 /3CN 22
<SS G) A2
3G\, 2
—V( A >) (T aTARY

which is (3.17) with n=]-+1. So we prove (8.17)) holds.
Let us con51der the boundedness of |ef |1. Taking v, =0, ¥, =ey, in (3.21]) and applying

gives

| Vehlia, <llenllorllellor
<G| Vef]1,0,CiCellD(e) oo,
CCC C 3C1 N,
tetek 1|V (P|1Q < 1/Vd

2n—1
el 11l )) L Fells+ 1 foll)-

Finally, we estimate ¢,. By using the discrete inf-sup condition (2.13), and the estimates

(10, (B9), GI7) and @-18), we obtain
Blle, ||oof<zv||D< o, +08CiCiCilel hq,
+2NG D (1) o, ID (e o, +NallD(eh—1) [0,
~ 3
<(20+3) ID(e}) o, +p3CiCiCilef 110, + S NallD(el 1) [ 0,

2"—1
S U B) (T A AN

C2C2C2Cy (3CN, 2
L TP) B (T RRIAR

Lan%

2" -1
+c1<3C1Nd(||ffu - >) Ufrlet 1ol)

) 2 2 2'-1
e+ by (B 1) (sl 1)
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The proof is complete. O

Corollary 3.1. The initial function ufi € X .1 defined by the following mixed element method for
Stokes Darcy problem:

ag(ug,on)+b(on,py) +08 (90 vn-n)r=fr,on) Von€Xpp, (3.23)
b(ug,qn) =0 Vg, €Qy, (3.24)
ap (90, 9n) =g (Wi -np)r+08(FpPn) Y 1€ X, (3.25)

satisfies the initial conditions (3.7)-(3.8).

Proof. Taking { =ult-n 7 in auxiliary problem and 17 = f, in 1} the correspond-
ing solutions are denoted by ¢} and ¢/, respectively. Then, we have ¢4 = Ty, (ult-n £) and

19 l,a, <Crllfpll«- According to the superposition principle, we know that ¢f = ¢f+¢'
solves ([3.25)), which implies that

8 (96,00 17yt =pg (s, v} - ns)r+0g(P ,vf - np)r
=a, (T, (04 -17),08) +pg(P' v ns)r. (3.26)

Taking v, =ul} in (3.23), and using (3.26) and (3.6), we have

2v||D (u) |15 o, < (fr,u5) —pg {915 -mp)r
(fru8) —ap(@0,90) —pg (¢, ug-np)r
( P8¢

<

<(fr,up)—pg(¢',ug-ns)r

< £l |\D(uo)||00f+PgC CiCiCill fpll+ 1D () o0,
<Ci(lIf¢lls+ £ NP w5) o0y (3.27)

which yields (3.7).
Next, we verif the 1n1t1a1 condition (B.8)). Let uy, ph, ¢j, be the solutlon of the f1n1te
element scheme (2.6 . For convenience, set ef =u;, —u), el = p,—p?, e = o1, — 9.

Subtracting - - 3.25) from (2.6)-(2.7) gives the error equations:

ag (et on)+ap(ed, u) +ar(eg, ;o ed) +b(vy,eq) +clmu,v) =0, (3.28)
b(egz%) :0, (329)

for any v, € Xy p,, ¢, € X, and g, € Q.
Taking v, =el, ¢, =0 in (3.28) and noting that b(e{, e} ) =0, we have

vIID(eg) 15,00, =—pg(ed € 1 )r —c(upsun,ep). (3.30)
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Now, it suffices to estimate the terms on the right side of (3.30). Taking v, =0, ¥, =¢ in
(3.28)) yields that

pgeq- nf,e())r—ap(eo,eo) >0. (3.31)
Using the estimates (2.8)) and (3.12)) and the assumption (3.9), we have

le(upsun,e5)| <Na|D(un) 5o, 1D (ed) llo.0,

2
<2 R ARN T

< ‘A~ A * * 5
<ot s U151 1D ooy

1
<2 C sl + 1o ll) D (es) oy (3.32)
By the estimates (3.3T) and (3.32),

G
1DCet) o0, < 2 (7l +1fpl1)
which implies the initial condition ((3.8)). O

4 The Int-Deep method

In this section, we first design a PINN-type (cf. [28,29]) deep learning method for the
Navier-Stokes Darcy model and then propose the Int-Deep algorithm, where the solution
obtained from the DL method serves as an initial function for Newton iterative method.

4.1 Deep learning method

In a DL method, the solution of a PDE is approximated by deep neural networks func-
tions. In this work, we employ the classical residual neural network (ResNet) [21] to
approximate the solutions of the Navier-Stokes Darcy model. For this purpose, we first
recall its structure. Given an input x € R, consider the following residual network archi-
tecture with skip connection in each layer.

ho=Vx, 4.1)
gi=0(Wihj_1+b;), 1=1,-,L, (4.2)
hi=h_1+g, 1=1,--,L, (4.3)
P(x;0)=a"hy, (4.4)

where 8= {W,, b;, a}, VS R"*4,

V(i )= Loi=j j=d, W, eR"™ ", b eR"
’ 0 otherwise, ’ ’
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a € R™*", L is the number of layers, n is the number of neurons of output layer, m is the
width of the residual blocks and ¢ is an activation function.

Next, we present the DL method in detail. Following the approach in [5], for the given
essential boundary conditions u =g, (x), x€T'¢, ¢(x) =g, (x), x €I',, we construct three
neural network functions ¢, (x; 0.), ¢ (x; 0,) and ¢, (x; 6,) as follows.

Pu(x; 0u) = Bu (%) Nu(x; 0u) +8u(x),
‘Pp(xr 0,) =Np(x; 6,),
Po(x; 09) =By (x)Ny(x; 05) +8o(x),
where B, (x) and B,(x) are two smooth scalar functions which satisfy the conditions
Bu(x)|r,=0and By (x)|r,=0; Nu(x; 04), Np(x; 0,) and Ny(x; 0,) are three distinct resid-
ual neural network functions; g, is the extension of g, to () iz and g, is the extension
of g, to 2,. Obviously, all the above neural network functions automatically satisfy the

prescribed boundary conditions.
Setting 6:={6,, 6, 0, }, we respectively approximate #, p and ¢ by

u(x)~pu(x; 04), p(x)=dp(x;0,), @(x)=py(x; 0p),

with the network parameters determined by minimizing the log square loss

xl u

6" =argminlog,(1(0,, 6,, 6,)+1), (4.5)
0

where
1(6,, 0y, 0y)
=71 (107 Bz (|| ~divT (pu (& 04), $p(E 6,)) +0(@u(E 04)- V) Pu(E 04) — £(D)]
+1divpu (& 047+ By (| (1) +div (KV gy (15 0,)[*) )
72 (T1E (|9u(Z; 0) -1, +KV gy (T3 05)-my |
K2 | (089 (8 09)+ (T(@u(T; 04), $p(L; 0,))n)-np))

+2(| ($u(83 00, 99(8:0))m) i+ =L ou>-rj\2))-

Here 1, 72 are two positive parameters, | -|| is the Euclidean norm of a vector, ||-||2 is
the 2-norm of a matrix, and ¢, #,  are random variables that are uniformly distributed
on Oy, (), and T, respectively. Furthermore, we use the Monte-Carlo method to approx-
imate the related expectation to derive the discretization of (£.5), which is solved by the
stochastic gradient descent (SGD) method or its variants (e.g. Adam [26]).

With these preparations, the DL algorithm for Navier-Stokes Darcy model (2.1)-(2.4)
is described as Algorithm
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Algorithm 1 Deep learning method for Navier-Stokes Darcy problem.

Input: the maximum number of training Epoch, the learning rate #, sample size Nj, Np and Nj.
Output:

h h h
PL— g, (x; 0,7°"), pPL=p(x; 0,7°"), pPL =y (x; 0,™).

Initialization: Let /=0, 7° =7, the default initialization method in PyTorch is used to initialize
the parameters of neural networks 69, 60 60
while [ < Epoch do
Generate uniformly distributed points {& ,} 2, inQy, {111} 2, inQy, and {( i}, on v, respec-
tively.
Computing loss:

L=log, (I (6}, 8, 65,)+1), (4.6)
where
1,(85,, 6, 6,)
0
=N (Nf| divT (pu(Eis 01), 9p(is 0),)) +p (9u(Zis 04)-V ) pulEis 0) — (&) ’

+ |divepu (2i; 01)

)t 'T (lfp i) +div(KV gy (1; 6 >]2)>

N3
+72 ( 32 |¢u Ci; el) nf+Kv¢§0(gu nf‘

i=1

11K (0899 (T35 04)+ (T(u(Tis 6), 9oL 0)))mp) ) |

+Z(| (¢ gl,6’>¢p(zi;6;>>nf>~rj+ﬁ¢u(a,6’) !2)>-

Updating parameters 0, =6}, — 'V, L, 6,71 =6}, —1'Vg L, 0,1 =6, — 'V, L.

LetI=1+1,5'=¢'"1x (0.011001W),
end while

4.2 The Int-Deep method for solving the Navier-Stokes Darcy model

Since Newton iterative method is only locally convergent, it is very challenging to choose
reasonably an initial guess. One natural choice is taking the initial guess as the solutions
to the Stokes Darcy model (cf. (3.23)-(3.25)). However, the convergence is very sensitive
to the physical parameters in the model. Motivated by the ideas in [23], we are tempted
to choose I,uPl as an initial guess, where uPL denotes the deep learning solution ob-
tained from Algorithm with few iteration steps, and Ij is the usual nodal interpolation
operator (cf. [7,[13]). Similar to [23]], this method is referred to as the Int-Deep method
for the Navier-Stokes Darcy problem (2.1)-(2.4), and is described as Algorithm 2| It is
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worthy to emphasize that the later choice may rely on the so-called frequency principle
mentioned in [33,[34], as also emphasized in the introduction part. In particular, in the
appendix we present an one-dimensional numerical experiment to demonstrate that the
numerical solution of the PINN-type method is tempted to capture the low-frequency
components of the exact solution in the first few training steps, which can be used as a
good initial guess of the Newton’s method, so that the later method can further capture
high-frequency components of the exact solution and converges rapidly. Furthermore,
our numerical results in this paper also show the superiority of such a choice for solving
the Navier-Stokes Darcy model.

Algorithm 2 Int-Deep method for Navier-Stokes Darcy problem.

Input: the target accuracy €, the maximum number of iterations Npax, the approximate
solution in a form of a DNN uPL,
Output: ufp=u}}, pip=p), ¢ip=¢h-
Initialization: Let u’é =L,uPt, n=1,and ey =1.
while ¢,,_1 > ¢ and 1 < Npax do
find ul € Xt ns pleQy, and ¢ € X} such that

ag(uhy,04) +b(vp, i) + 08 (Pr,on-1p) e +c (w1, op) +c(uy_;u,04)
= (ff.,on) +o(uly_j;ul_q,op),

b(uy,q1) =0,

ap (@) =08 (nwy-1s)r +08 (o, n)-

([ =1 o, oy lloh—e_1llo, Qp Pt —=pr_1llo, 0f

s illo, o " lgnalloa, " lpaillo of

en:max< ),n:n+l.

end while

5 Numerical experiments

In this section, we shall present some numerical experiments to illustrate the performance
of Algorithm[ljand Algorithm 2| for Navier-Stokes Darcy problem.

The specific details about the implementation of algorithms are provided in advance.
The activation function in all neural networks is taken as ¢ = max{x3, 0}. During the
training process, we train the neural networks using the Adam optimizer [26] with a
learning rate of # =5e—03. In Algorithm I} we use ResNets of width 50, depth 5 for the
Navier-Stokes problem and width 50, depth 6 for the Darcy problem. The batch size is
taken as: N; = N, =1024, N3 =256 for all 2D examples; N; = N, =3000, N3 =512 for the
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3D example. In Algorithm 2} we set Nyax =20, € =1e—07 for all examples.

Some notations in the following part are summarized here. In numerical experiments,
different strategies are employed to generate initial guesses for Newton iterative method,
and corresponding results will be compared with the Int-Deep algorithm. We will refer
to ul® as the initial guess I,uP" where uP" is provided by Algorithm with 200 epochs
in the Adam, u3P as the initial guess obtained by solving the discretized Stokes Darcy
problem (3.23)-(3.25), and C means a finite element function whose vector components
under the nodal basis functions are taken as a constant C. The number of epochs in the
Adam for DL method is denoted by #Epoch and the number of iterations in Newton iter-
ative method is denoted by #K. The accuracy of the solution of Algorithm [I}is measured
by the discrete maximum norm: for any v € C(Q}),

12]o, co, n =max|v(x)],
xeldy,

where (), is the set of all vertices in 7;,. We measure the accuracy of solution of Algorithm
P|by the relative L?-error and H'-error:

e P loe, g Woloa, g ool o,

ull0 HMHO,Qf ’ pll0 HPHO,Qf ’ n 1o H%”HO,QP ,
|”7”}IID ’1, a "Pi‘P}}D’

||eﬁH1:W, Heg”lzﬁ

5.1 A 2D-example with a closed-form solution

In this example, we will verify the convergence and robustness of our algorithms. This
example is adapted from an example in Subsection 9.2 of [15] so that the required inter-
face conditions are fulfilled. Moreover, the external force f; and the source term f, are
independent of the parameters v and K. The details are given as follows.

We consider the coupled problem (2.1)-(2.4) in Q € R* with Oy = (0, 1) x (1, 2), Q, =
(0, 1)x (0, 1) and the interface ' = (0, 1) x {1}. The exact solution is given by

u=1y>—-2y+1+(y—1)(1-2x) in O,
v=x%—x+(y—1)2 in O,
p=2v(x+2(y—1))+3, in ),

3 .
p=Lx1-0(y-D+ 5P+ +2 0,

where the components of u are denoted by (u, v) for convenience. For simplicity, all the
parameters except v and « (K=«I) in the coupled model are set to be 1. In (4.6), we set
71 =100, 72=1; B,(x) =x(x—1)(y—2) and By(x) =xy(x—1). To evaluate the test error
of DL method, we adopt a mesh size h = 155; to generate the uniform triangulation 7;, as
the test locations.
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5.1.1 The performance of Algorithm ]|

In this part, we focus on the performance of Algorithm [I|and the results are presented
in Tables We denote the components of uPL obtained by Algorithm [1|as (1%, oPL).
Here are some observations.

1. As the viscosity coefficient v decreases, the absolute discrete maximum errors of
all unknowns can reach O(1073) after 10000 epochs but it is difficult to further
improve the accuracy with the increase of the iterations. When both the viscosity
coefficient v and hydraulic conductivity x are set to be extremely small, the errors
of pressure p and hydraulic head ¢ can only reach O(10~!) or O(1072), and the
error of velocity u can still reach O(10~2) after 10000 epochs.

2. For different values of viscosity coefficient v and hydraulic conductivity «, the ab-
solute discrete maximum errors of velocity # can reach O(107!) or O(1072) after
200 epochs. Therefore, the approximate velocity uP* generate by Algorithm with
O(100) iterations can serve as a good initial guess for Algorithm 2|

Table 1: The absolute discrete maximum errors of Algorithm [[] with v=1, k=1.

#Bpoch _[[u—uP (g, 110—0P g, 1% (P—PP I, 0, 15 (9—@P D)o, o,
200 2.5287e-01 2.6556e-01 6.2147e-01 4.4382e-01
500 9.1186e-02 1.1459e-01 5.3835e-01 8.2253e-02
1000 7.1441e-02 8.6823e-02 5.9128e-01 1.8872e-02
1500 3.5708e-02 4.9980e-02 6.2699¢-01 5.3279e-03
2000 3.5881e-02 4.4790e-02 6.2020e-01 6.7503e-03
2500 2.1491e-02 3.2071e-02 5.9471e-01 1.0134e-02
3000 1.2654e-02 2.3105e-02 5.2633e-01 4.2378e-03
3500 5.4843e-03 1.4041e-02 2.6764e-01 5.1807e-03
5000 1.0809e-03 3.3421e-03 6.4445e-02 2.1010e-03
7500 1.2335e-03 1.0001e-03 3.8443e-02 7.7657e-04
10000 1.0256e-03 6.9977e-04 3.2053e-02 6.1445e-04
15000 9.9100e-04 4.9650e-04 2.8792e-02 5.7223e-04
20000 1.0007e-03 4.5690e-04 2.8224e-02 5.7376e-04
25000 1.0103e-03 4.5177e-04 2.8161e-02 5.7422e-04
30000 1.0018e-03 4.5314e-04 2.8140e-02 5.7152e-04

5.1.2 The performance of Algorithm 2]

In this part, we pay attention to the stability and effectiveness of Algorithm To this end,
we first compare the iteration steps #K of Newton iterative method employing different
initial guesses. Tables show that for various values of v and x, the iterative steps of
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Table 2: The absolute discrete maximum errors of Algorithm [[] with v=1e—03, «=1.

49

#Bpoch_[[u— P8 i 10— lo,n_ x*(p—PPD) 0, 0 I (9~ 9P I, o0
200 1.5228e-01 7.8899%e-02 1.0821e-01 1.3050e-01
500 3.2690e-02 6.7493e-02 6.9836e-02 3.3034e-02
1000 4.8649e-02 3.3678e-02 1.6692e-02 1.7064e-02
1500 1.5276e-02 1.5477e-02 4.3203e-03 4.0101e-03
2000 1.1154e-02 1.1725e-02 2.5474e-03 1.5258e-03
2500 8.1252e-03 1.0360e-02 1.5529e-03 1.9448e-03
3000 7.5076e-03 9.1052e-03 1.7594e-03 1.0383e-03
3500 6.5818e-03 8.9840e-03 1.8445e-03 8.2254e-04
5000 6.4812e-03 8.1881e-03 1.4697e-03 1.2283e-03
7500 5.9790e-03 7.7442e-03 1.4521e-03 1.1481e-03

10000 5.7681e-03 7.2189%e-03 1.3932e-03 1.1389e-03
15000 5.5520e-03 6.7599e-03 1.3696e-03 1.0710e-03
20000 5.4419e-03 6.6387e-03 1.3253e-03 1.0894e-03
25000 5.4207e-03 6.6333e-03 1.2974e-03 1.0759e-03
30000 5.4197e-03 6.6308e-03 1.3030e-03 1.0741e-03
Table 3: The absolute discrete maximum errors of Algorithm [I] with v=1e—05, x=1.
#Epoch [[u—uP"lo, o, i [v=0"Mo, con |[Kx(P=P"")lo, c0,n K% (9= 9]0, 00,1
200 1.2267e-01 2.6950e-01 5.2884e-01 2.7065e-01
500 7.2845e-02 3.1214e-02 1.0978e-01 4.3782e-02
1000 8.4428e-02 6.1127e-02 1.0669e-02 2.3048e-02
1500 4.5015e-02 4.0511e-02 1.2635e-02 5.0194e-03
2000 2.6260e-02 2.7103e-02 6.4048e-03 4.2232e-03
2500 2.0447e-02 2.2834e-02 4.5544e-03 3.4207e-03
3000 1.8230e-02 2.1036e-02 4.3835e-03 3.2771e-03
3500 1.7129e-02 1.9659¢e-02 4.3157e-03 3.4534e-03
5000 1.4332e-02 1.7132e-02 3.4013e-03 2.5777e-03
7500 1.1559e-02 1.4041e-02 2.7369e-03 2.1010e-03
10000 1.0130e-02 1.2115e-02 2.3879e-03 1.7258e-03
15000 8.8846e-03 1.0759e-02 2.1902e-03 1.4898e-03
20000 8.6222e-03 1.0508e-02 2.1309e-03 1.4656e-03
25000 8.6160e-03 1.0461e-02 2.1178e-03 1.4720e-03
30000 8.6120e-03 1.0458e-02 2.1204e-03 1.4664e-03
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Table 4: The absolute discrete maximum errors of Algorithm [I] with v=1e—05, k =1e—08.

#Epoch _[[u—uPlo, 1 10— lo, 0 1% (p—PP)lo e [ (@97 D)ll0, o
200 4.3039e-02 3.2012e-02 3.3333e-01 1.0108e-08
500 1.4437e-02 1.2377e-02 3.3333e-01 9.6933e-09
1000 3.0128e-03 3.5399¢e-03 3.3333e-01 9.7415e-09
1500 4.0819¢e-03 4.4276e-03 3.3333e-01 3.4149e-07
2000 1.9469¢-03 1.9256e-03 3.3333e-01 2.0512e-04
2500 2.0033e-03 1.5658e-03 3.3333e-01 1.3423e-04
3000 1.7536e-03 3.2420e-03 3.3333e-01 3.8973e-02
3500 2.1632e-03 3.0824e-03 3.3333e-01 3.9326e-02
5000 1.2825e-03 2.8897e-03 3.3333e-01 3.9214e-02
7500 1.2791e-03 3.1104e-03 3.3333e-01 3.8878e-02
10000 1.4466e-03 3.1671e-03 3.3333e-01 3.8691e-02
15000 1.5980e-03 3.3951e-03 3.3333e-01 3.8457e-02
20000 1.6034e-03 3.3725e-03 3.3333e-01 3.8464e-02
25000 1.6084e-03 3.4061e-03 3.3333e-01 3.8458e-02
30000 1.6141e-03 3.4001e-03 3.3333e-01 3.8457e-02

Table 5: The number of iterations #K under different initial guesses with v=1, x=1.

Initial value

Mesh size

SD
Uy

0

1

DL
Ug

Table 6: The number of iterations #K under different initial guesses with v=1e—03, x=1.

Initial value

Mesh size

1
h= 7

1
h=1g5

h:

1
9

Ol

SD

Uy
0
1

DL
Ug

AN 3 X X

AN 3 X X

AN N X X
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Table 7: The number of iterations #K under different initial guesses with v=1e—05, x=1.

Mesh size h=1 p=1 -1 -1
Initial value 70 80 90 100
uy? X X X X
0 X X ~ «
1 X X % %
i 7 7 7 7

Table 8: The number of iterations #K under different initial guesses with v=1e—05, x =1e—08.

Mesh size hel el pl g1
Initial value 70 80 90 100
u[S)D X X X X
0 X % < %
1 X % > <
ug" 6 6 6 5

Algorithm [2] are less than or equal to that of Newton iterative method with other initial
guesses, and the Newton iterative method with other initial guesses even fails in conver-
gence. Furthermore, when the parameter v or « is extremely small, only Algorithm [2|is
convergent.

Remark 5.1. ”x” indicates that the iterative method does not converge within Npyax =20
steps.

Next, we investigate the accuracy of Algorithm [2| for different values of viscosity co-
efficient v and hydraulic conductivity . The relative errors for u, p and ¢ in L? and H!
norms are displayed in Tables [9}{12] Here are our observations.

1. Regarding the Navier-Stokes part, with different values of v and «, the relative error
in L2 norm of the velocity u is of the order O(h3) or higher, and in H! norm, the
velocity u has an order of O(h?) or higher. Besides, The relative error in L> norm of
the pressure p is of the order O(h?) or higher for different values of v and .

2. For the Darcy part, we observe that the relative errors for ¢ in L?> norm are of order
O(h®) and the relative errors of ¢ in H! norm are of order O(h?), which is in line
with our expectations. These results hold for different values of v and «.

5.2 A 2D-example without closed form solution

In this subsection, we test the Algorithm 2| by an example which is adapted from an
example in [19] so that it satisfies our boundary conditions. In addition, we also consider
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Table 9: The errors of Algorithm 2 with v=1, x=1.

leillo  order  |lehllo  order  [lefllo  order  |[lehfy  order  |[leffy  order

4.2609e-11 - 3.1352e-10 - 4.1530e-08 - 5.3915e-10 - 1.1848e-05 -

2.5209e-11 3.9306 1.8491e-10 3.9539 2.7827e-08 2.9986 3.3530e-10 3.5569 9.0728e-06 1.9989
1.5872e-11 3.9280 1.1583e-10 3.9715 1.9547e-08 2.9988 2.2062e-10 3.5539 7.1694e-06 1.9991
1.0458e-11 3.9599 7.6790e-11 3.9012 1.4251e-08 2.9989 1.5172e-10 3.5535 5.8077e-06 1.9992

=
1l

T
~g-g--

=2
i
i
=
Ol

Table 10: The errors of Algorithm [2 with v=1e—03, x=1.

|efi]lo  order He’;Ho order HEZ)HQ order [EATR order He’(},Hl order

=nd
Il

9.7483e-09 - 1.8392e-08 - 2.4446e-07 - 4.7831e-07 - 7.2070e-05 -

5.7736e-09 3.9227 1.0901e-08 3.9170 1.6379e-07 2.9989 3.0118e-07 3.4639 5.5187e-05 1.9989
3.6378e-09 3.9217 6.8692e-09 3.9208 1.1505e-07 2.9990 2.0013e-07 3.4701 4.3609e-05 1.9991
2.4060e-09 3.9237 4.5447e-09 3.9206 8.3879e-08 2.9991 1.3878e-07 3.4749 3.5326e-05 1.9992

i3
o e e

=
I
i
g
(=

Table 11: The errors of Algorithm with v=1e—-05, k=1.

lehlo  order HEgHO order HEZ,HO order  |lel|;  order Heg,Hl order

h= 8.7243e-08 - 7.2017e-08 - 2.4602e-07 - 1.1941e-05 - 7.2072e-05 -
5.3363e-08 3.6814 4.3147e-08 3.8365 1.6474e-07 3.0033 8.1309e-06 2.8779 5.5188e-05 1.9989
3.4379e-08 3.7328 2.7386e-08 3.8594 1.1566e-07 3.0027 5.7670e-06 2.9165 4.3610e-05 1.9991

2.3102e-08 3.7732 1.8225e-08 3.8650 8.4300e-08 3.0022 4.2260e-06 2.9509 3.5327e-05 1.9992

=nd
Il

i
~ g

=

I
g
=
S|

Table 12: The errors of Algorithm [2 with v=1e—05, x=1e—08.

leblo  order  |lefllo  order |ehlp  order |[lek|;  order [ehl;  order

h= 1.1704e-05 - 1.6194e-07 - 2.6092e-07 - 2.6384e-03 - 7.2153e-05 -
h= 7.9024e-06 2.9415 1.0636e-07 3.1485 1.7443e-07 3.0159 2.0308e-03 1.9603 5.5242e-05 2.0000
h= 5.5862e-06 2.9450 7.3426e-08 3.1458 1.2229e-07 3.0152 1.6111e-03 1.9653 4.3648e-05 2.0000

h=15; 4.1012e-06 2.9330 5.2725¢-08 3.1434 8.9011e-08 3.0145 1.3101e-03 1.9630 3.5355e-05 2.0000

g g Y

=

the situation where the parameter v takes small values.

In the free fluid region Q¢ = (0, 2) x (0, 1), the lid-driven problem is considered. The
fluid is mainly driven by a rightward velocity (u = [1, 0]T) on the top side (y=1), and
no-slip boundary condition (# =0) is imposed on the left- and right-sides. There is no
body force (fs=0). We take the parameter v=1, 0.1, 0.01.

In the porous media region (3, =(0, 2) x (—1, 0). A heterogeneous permeability K=xI
is taken. In three blocks: (0.2, 0.6) x (—0.8, —0.6), (0.8, 1.2) x (—0.7, —0.5) and (1.4, 1.8) x
(—0.6, —0.4), the permeability « is set to be 1e—06. For the remaining region, xk=1. There
is no source (f, =0). And ¢ =0 is imposed on the left-, right-, and bottom-sides of the
region.
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Figure 2: (Left) Numerical velocity and pressure under different viscosity coefficients v on a triangular mesh
with h :%; (Right) The streamlines of velocity.

For simplicity, all the parameters except v and « in the coupled model are set to 1.
Besides, in (4.6), we take 1 =200, 72=1, B, (x)=x(x—2)(y—1) and B, (x)=x(x—2)(y+1).

Since there is no exact solution for comparison, we focus on corresponding physical
phenomena. From Fig. 2} we can clearly observe that there is a smooth exchange of flow
between the free flow (Navier-Stokes) and porous-medium flow (Darcy) across the inter-
face (y =0). In Navier-Stokes region, singular pressure occurs at the two corners (0, 1)
and (2, 1) and in Darcy region, the flow path is diverted around three low-permeability
blocks. With the vary of v, the fluid exhibits distinct flow patterns. For v=1and v=0.1,
fluid travels from the Navier-Stokes region to the Darcy region when x > 1, and from
the Darcy region to the Navier-Stokes region when x < 1. For v=0.01, fluid travels the
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Navier-Stokes region to the Darcy region when x >1.3, and from the Darcy region to the
Navier-Stokes region when x <1.3.

5.3 A 3D-example with closed form solution

Finally, we test our algorithms for solving a three-dimensional problem with closed form
solution. Let O C R? with Oy = (0, 1) x (0, 1) x (0, 1), Q= (0, 1) x (0, 1) x (1, 2) and the
interface I'=(0, 1) x {1}. The exact solution (u, ¢, p) is given by

u=—(1-y)(1-z in Q,
v=—(1—-x)(1-2) in Q,
w=(1-x)(1—y) in Qy,
p=(1-z)(1-x—y—z+4xyz) inQy,
p=(1-x)(1-y)(1-2) in 0,

where the components of u is denoted by (1, v, w). All the parameters except v in the
coupled model are set to be 1. In (4.6), we set y1 =1, 12 =1, By(x) =xyz(x—1)(y—1)
and By (x) =xy(x—1)(y—1)(z—2). The uniform triangulation 7, with mesh size h= 4 is
adopted to be the test locations.

Similar to the 2D situation, we denote the components of #P% obtained by Algorithm
as (uPL, vPL, wPL) and test the computational performance of Algorithm [1jand Al-
gorithm 2| From Tables we observe that the absolute discrete maximum errors
of u, v, w, p and @ can reach O(1073) or O(10~%). However, decreasing the iteration

Table 13: The absolute discrete maximum errors of Algorithm [[]with v=1, x=1.

#Epoch |[u—uPM[o a0, 1 [[0=0" 0,0, [0 =00, 0,n [[P=P " [l0, 00,1 119 =00, oo, 1
200 1.1280e-01 1.1474e-01 1.2573e-01 9.8521e-01 1.9437e-01
500 5.8955e-03 6.0989¢e-03 4.6234e-03 1.8171e-01 7.3369e-03
1000 3.9364e-03 4.6433e-03 3.1881e-03 6.4626e-02 4.4960e-03
1500 8.2522e-03 8.5444e-03 8.1683e-03 2.9225e-02 2.2214e-03

2000 1.0683e-03 1.0316e-03 7.5461e-04 1.5038e-02 9.4810e-04
2500 2.4907e-03 2.4303e-03 2.6002e-03 1.2858e-02 8.1199e-04
2500 2.4907e-03 2.4303e-03 2.6002e-03 1.2858e-02 8.1199e-04
3000 7.7432e-04 1.1575e-03 1.1627e-03 8.1957e-03 1.2877e-03
3500 4.7258e-04 6.2618e-04 4.2063e-04 6.4445e-03 8.3823e-04
5000 3.6597e-04 6.0589¢e-04 3.5250e-04 7.9574e-03 6.8734e-04
7500 2.8277e-04 4.7100e-04 3.0724e-04 3.4871e-03 4.7562e-04
10000 1.3952e-04 3.0117e-04 2.9271e-04 3.3414e-03 3.3065e-04
15000 1.6717e-04 2.4263e-04 2.3134e-04 2.9260e-03 2.9287e-04
20000 1.3941e-04 2.2699%e-04 2.1378e-04 2.5956e-03 2.9260e-04
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Table 14: The absolute discrete maximum errors of Algorithm [[] with v=0.01, x=1.

#Bpoch |[u—uP o oo, i [[0=0P ]0, 00, n [0=wP |0, 00, n 11P—=PP"l0, 00,5 9 —@P[l0, oo,

200
500
1000
1500
2000
2500
2500
3000
3500
5000
7500
10000
15000
20000

4.9421e-02
2.6120e-02
1.7341e-02
1.3706e-02
1.2608e-02
9.4278e-03
9.4278e-03
8.6336e-03
7.9073e-03
5.8340e-03
3.9786e-03
3.3260e-03
2.7782e-03
2.6754e-03

3.9340e-02
1.6990e-02
1.1687e-02
7.0937e-03
5.5066e-03
5.1800e-03
5.1800e-03
3.9181e-03
3.6801e-03
3.3927e-03
3.3174e-03
2.7889e-03
2.3925e-03
2.3359¢e-03

1.1578e-01
3.8038e-02
2.1754e-02
1.6307e-02
1.3255e-02
1.1713e-02
1.1713e-02
9.9709e-03
9.5410e-03
7.2748e-03
5.5008e-03
4.4905e-03
3.9075e-03
3.8142e-03

3.6239e-02
8.8871e-03
8.6221e-03
2.8401e-03
2.1570e-03
2.0543e-03
2.0543e-03
2.0516e-03
2.6332e-03
7.1876e-04
3.2889%e-04
2.9798e-04
1.8952e-04
2.1757e-04

4.6330e-02
1.4511e-02
8.6668e-03
4.4740e-03
3.2142e-03
2.5913e-03
2.5913e-03
2.3925e-03
1.8229¢-03
1.3675e-03
1.0128e-03
8.3913e-04
6.8426e-04
7.0270e-04

Table 15: The number of iterations #K under different initial values with v=1, x=1.

Mesh size

Initial value

h h

Il
FNT

I
ool

3
I
&=

SD
Uy

0

1
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Uy

= 01 U1

NS IS IS

= U1 U1 W

Table 16: The number of iterations #K under different initial values with v=0.01, k=1.

Mesh size
Initial value

NN

h h

Qo=

a=

h

ugP
0
1

DL
Uy

g1 0 o0

U1 0 0 I

g1 o o

steps cannot further improve accuracy. In order to illustrate the accuracy of the Int-Deep
method, we compare the iteration steps #K of Newton iterative method employing dif-
ferent initial guesses with h = 217, k=2, 3, 4. The corresponding results are presented in
Tables As we can see, when the viscosity coefficient v decreases, only the Int-Deep
method can converge with few iteration steps.
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Table 17: The errors of Algorithm 2 with v=1, kx=1.

lenllo  order  |lehfo  order  |[lebflo  order  |lehfy  order  |leh|ly  order

=
Il

1.2611e-04 - 1.4169e-03 - 7.8653e-02 - 7.5859%¢-04 - 1.3749e-02 -
9.6019e-06 3.7152 1.9505e-02 2.0117 9.3657e-05 3.0179 2.2331e-04 2.6656 3.4647e-03 1.9886
7.2685e-07 3.7236 4.8542e-03 2.0065 1.1678e-05 3.0036 3.4100e-05 2.7112 8.6976e-04 1.9940

=
|

i
;‘H@\H»&\H

Table 18: The errors of Algorithm 2] with v=0.01, x=1.

lenllo  order  |lehfo  order  |[lefbflo  order  |lehfy  order  |leh|ly  order

=
Il

1.1766e-02 - 7.8758e-02 - 7.9584e-04 - 1.3575e-01 - 1.3819e-02 -
8.8893e-04 3.7264 1.9508e-02 2.0134 9.4602e-05 3.0725 2.1471e-02 2.6605 3.4671e-03 1.9948
6.6064e-05 3.7501 4.8543e-03 2.0067 1.1691e-05 3.0165 3.2525e-03 2.7227 8.6985e-04 1.9949

=
|

T
;‘H@\H»&h—l

Table|17|and Table [18/show that the orders of relative errors in L? norm for #,p and ¢
are O(h*7),0(h?) and O(h%), respectively, and the orders of relative errors in H' norm for
u and ¢ are O(h?7) and O(h?), respectively, which is consistent with theoretical results.

6 Conclusion

In this paper, we are concerned with Newton’s method and its hybrid with machine
learning for solving Navier-Stokes Darcy model. We give the convergence analysis of
Newton’s method for the coupled nonlinear problem with mixed element discretization.
Then, we develop a deep learning initialized iterative (Int-Deep) method for Navier-
Stokes Darcy model. In this method, we employ the neural network solution generated
by a few training steps as the initial guess for Newton iterative method with the FEM
discretized problem. This hybrid method can converge to the true solution with the ac-
curacy of FEM method rapidly. Our numerical experiments also indicate the method is
robust with respect to the underlying physical parameters. It is our forthcoming topic to
study this property theoretically.
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Appendix

In this appendix, we consider frequency analysis of the Int-Deep method for an one-
dimensional nonlinear elliptic problem, described as follows.

—u"+ul=f, 0<x<1,
u(0)=u(1)=0.

The exact solution is given by
u(x)=sin(mx)+sin(47tx) /4 —sin(8mx) /8+sin(167x) /16+sin(247x) /24,

which has low and high-frequency components. The deep learning method is shown in
Algorithm

Algorithm 3 Deep learning method.

Input: the maximum number of training Epoch, the learning rate 77, sample size M.
Output: uPl = ¢(x,05r0M).
Initialization: Let [ =0, 5° =1, the default initialization method in PyTorch is used to
initialize the parameters of neural networks 6.
while I <Epoch do
Generate independent random variables {&;}, that are uniformly distributed on
[0,1].
Computing loss:
L=log,(1(8")+1),

where

M

1(0) =7 ) (1—9"(Cis 6)+¢7(8i; )~ f(E)I).
i=1

Updating parameters 8'+1 =6’ —'.

Let [=I+1, ' =#'~1x (0.01 wom).

end while

In Algorithm[3] ¢(x; 8)=x(x—1)N(x,0), where N(x,0) are ResNets of width 50, depth
5. Besides, the activation function is taken as o= max{x3, 0} and the batch size M is 512.

The details of Newton method are shown as follows.

Divide the interval [0, 1] into N equal parts, with nodes x;, i=0, 1, ---, N:

O=xo<x1< - <xny=1.

Let )
h:hjzﬁl ej:[xj—lz xj]/ ]:1,,N
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Figure 3: Amplitude spectra of uPL (left), u (middle), and uNe®!" (right).

Table 19: L2 errors of ulNe®to" for different mesh sizes.

Err order
=g5 14559e-03 -
h=r}; 3.4788e-04 2.0161
h=41; 8.6002e-05 2.0652
h=g; 2.1440e-05 22716

Construct the finite element space
={veCl0, 1]: v|,, € Pi(e;), v(0) =0v(1) =0}.
The finite element solution u;, € V), satisfies
a(up, vy)+b(uy, op) =F(vy) Yo €V,

where a(u,0) fo v'dx,b(u,0) fo u?vdx and F(v fo fodx.
At each Newton step 1, we need to solve the followmg linear problem

a(uuy, 0")+D(uy, vp; uy_y) = F(vy) +b(uty_y, v1)  VoR €V,

where b(u, v,; ul_)= [ 2u"_ ulvy)dx.

Denote by uP! the approximate solution obtained from Algorithm with 200 epochs
in the Adam algorithm, and uN¢*"" the solution of Newton’s method with I;uP" as the
initial guess. On a uniform grid with h= 61—0 over the interval [0, 1], we perform a discrete
Fourier transform on uPL, uNew“to" and the exact solution u, and then display their ampli-
tude spectra of the first 31 frequencies in Fi . Additionally, we display the L? errors of
uNewton for different mesh sizes h in Table Iﬁ

Fig. 3 shows that uPL captures the low-frequency components of the exact solution
while uNe®#" captures not only the previous components but also the high-frequency
ones that uP" fails to catch. Table[19shows that uN®?"" converges to the exact solution .
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