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Abstract. We study continuous data assimilation (CDA) applied to projection
and penalty methods for the Navier-Stokes (NS) equations. Penalty and pro-
jection methods are more efficient than consistent NS discretizations, however
are less accurate due to modeling error (penalty) and splitting error (projec-
tion). We show analytically and numerically that with measurement data and
properly chosen parameters, CDA can effectively remove these splitting and
modeling errors and provide long time optimally accurate solutions.
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1 Introduction

Data assimilation has become a critical tool to improve simulations of many phys-
ical phenomena, from climate science to weather prediction to environmental
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forecasting and beyond [17,38,40]. While there are many types of data assim-
ilation, one with perhaps the strongest mathematical foundation for use with
PDE:s that predict physical behavior is called continuous data assimilation (CDA).
CDA was developed by Azouani, Olson, and Titi in 2014 [1], and has since been
successfully used on a wide variety of problems including Navier-Stokes equa-
tions [1], Benard convection [20], planetary geostrophic models [22], turbulence
[9,13,23,42], Cahn-Hilliard [18] and many others. Many improvements to CDA
itself have also been made, through techniques for parameter recovery [10], pa-
rameter estimation [11,21, 44,45, 48] sensitivity analysis with CDA [14], numeri-
cal analysis [18,28,30,36,37,39,51], and efficient nudging methods [51], to name
just a few. You can also find various extensions of CDA of Azouani, Olson, Titi
in [3-7,12,26].

CDA is typically applied in the following manner. Suppose the following PDE
is the correct model for a particular physical phenomenon with solution u(x,t):

up+F(u)=f,
u(x,t)|aQ =0,
u(x,0)=up(x).

Suppose further that part of the true solution is known from measurements or ob-
servables, so that I};(u) is known at all times, with Iy representing an appropriate
interpolant with max point spacing H. Then the CDA model takes the form

v+ F(o)+plg(v—u)=f,
v(x,t)[aa =0,
v(x,0)=vp(x),

where u >0 is a user selected nudging parameter. For many such systems, given
enough measurement values it can be proven that the solution v is long time
accurate regardless of the accuracy of the initial condition vy (often CDA anal-
yses assume vy =0 # up). In numerical analyses, accuracy results of CDA en-
hanced discretizations can often avoid error growth in time since application of
the Gronwall inequality can be avoided, leading to long time optimal accuracy
results [27,28,51].

The purpose of this paper is to study CDA together with two commonly used
discretizations of the Navier-Stokes equations (NSE), the projection method and
the penalty method. The projection method is a classical splitting method for the
NSE developed independently by Chorin and Temam [15, 60], and is based on
a Hodge decomposition. The penalty method removes the divergence constraint
but replaces it with a divergence penalty in the momentum equation. Both of
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these methods are more efficient than consistent discretizations, however they
are not as accurate: projection methods have splitting error that reduces accuracy
below optimal, and penalty methods have a consistency error on the order of the
penalty coefficient. We will show through analysis and numerical tests that CDA
removes the splitting error in projection method and consistency error in penalty
method.

To begin our introductory explanation, we start with the NSE system, which
is given by

wi+w-Vw+Vqg—vAw=f, (1.1)
V-w=0, (1.2)
w(0) =wy, (1.4)

where f represents external forcing, v the kinematic viscosity, and with w and g
representing the unknown velocity and pressure. A consistent linearized back-
ward Euler temporal discretization takes the form

un+1 —

N +un,vun+1 +vpn+1 —yAy"tl :fn+1,
V-u"tl=, (1.5)
un+1’aQ =0.

For simplicity, we consider the linearized backward Euler time stepping for our
analysis, but we note that the same ideas can be applied to the analogous BDF2-
type methods as well (e.g. those from [33]), although with additional technical
details. Our numerical tests use both time backward Euler and BDE2.

The linear systems associated with coupled discretizations such as those aris-
ing from (1.5), which are often called nonsymmetric saddle point systems, can
be very difficult to solve. While significant progress has been made in recent
years [2,16,19,24], solving these systems when v is small can be slow and some-
times not completely robust. Projection and penalty methods both avoid the need
to solve such linear systems, as we see below, and thus with these methods it is
typically much easier to get numbers.

The linearized backward Euler projection method is formulated as the follow-
ing two step solve process:

Proj Step 1: Find u"*1:
un+1 —qn

+i" Vu"T —y Ay =
At ’
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Wi |aQ —0.

Proj Step 2: Project u™*! into the divergence-free space
ﬁn—&—l . un+1

At
V-a"t =0,

ﬁn+1 -i’l’aQ =0.

+Vp'tl=o,

The projection method is much more efficient and robust than solving the saddle
point system above. Proj Step 1 is a convection-diffusion solve, and while not
simple when v is small it is still well studied. Proj Step 2 is the same at each time
step and symmetric, but also can be formulated as a pressure Poisson problem.
Hence, solving the linear systems is a much simpler process with the projection
method. However, there are downsides to projection methods. Since their de-
velopment in the late 1960s there have been many improvements to projection
methods [8,31-33,43,49], but still there is a trade-off of accuracy vs. efficiency.
This lack of accuracy is evidenced in numerous ways. First, as mentioned in [56],
while the coupled backward Euler method (1.5) has O(At) velocity accuracy in
the L2 (0,T;H 1) natural energy norm, the projection method above cannot attain
tirst order accuracy in this norm. While it can achieve first order temporal ac-
curacy in other norms, additional restrictions on the domain (e.g. ) has the H?
elliptic regularity property) are required that are not required for first order accu-
racy of the coupled scheme. Analogous issues occur in second order analogues
of the projection method above. In addition to suboptimal accuracy, other im-
portant drawbacks are the O(h~2) computational complexity in Proj Step 2, and
solutions that are not completely physical (either not divergence-free, or do not
satisfy the boundary conditions) [31,33].

In addition to projection methods, we also consider penalty methods in this
paper. The linearized backward Euler penalty method takes the following form:

un+1 — 5
N +B(unlun+1) _UAun+1+vpn+1:fn+1,

V- un+1 _|_€pn+1 :0,
un—H’aQ:O,
where ,
B(u,v):(u-V)v—kE(V-u)v

is the modified bilinear form introduced by Temam [59] to guarantee the stability
of such systems.
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By solving for p"*! in the conservation of mass equation and inserting it into
the momentum equation, we get a system in terms of velocity only

un+1 —_y" B
T +B (un,un—H) —vAu”H —8_1V(V . un—H) :fn—H,
un+1|aQ:0‘

Hence, this system is also more efficient than the consistent discretization of (1.5),
but carries a O(e) consistency error [57]. Since the matrix arising from the grad-
div term —e~ !V (V-u"*1) is singular, numerical issues arise if ¢ is taken too small
and often this consistency/modeling error can be a dominant error source [46].
For ¢ not too small, however, linear system solves are quite efficient, even with
direct solvers [46].

The purpose of this paper is to improve both projection and penalty methods
by incorporating CDA into their respective schemes. The CDA enhanced Proj
scheme uses nudging in Proj Step 1, and is given by

CDA Proj Step 1: Find "+l

un—i—l —qn
4. vun+1 _ VAurH—l i ]/tIH (un+1 _ wn+1) — fn+1
At ’
un+1 |aQ —0.

CDA Proj Step 2: Project u"*! into the divergence-free space

ﬁl’l+1 _ ul’l+1

At
V-a"tl=0,

ﬁn—H 'n|aQ =0.

+Vp"tl=0,

Nudging could also be applied to velocity projection in Proj Step 2, it does not
make any significant change in analysis or numerical results.
The CDA enhanced penalty method, in velocity-only form, can be written as

un+1 —_yn 5
T +B (un,un—H) —vAu”H —8_1V(V .un—H)

—I—yIH (un+1_wn+1) :fn+1/ (1-6)

u?l—|—1 |aQ —0.
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We prove that under assumption that NSE solution is globally well-posed,
and under certain parameter choices found in our analysis, with CDA both pro-
jection and penalty methods recover optimal accuracy in the L?(0,T; H!) energy
norm and yield long time accuracy in L2(Q)). Our numerical tests illustrate these
results for both the first order schemes we analyze, and for their BDF2 analogues
with similar improvement from CDA. Interestingly, our numerical tests show that
CDA penalty appears to give better numerical results than CDA projection, and
moreover CDA penalty can be very accurate even with e=1.

This paper is organized as follows. In Section 2, we introduce the necessary
notation and preliminary results required in the following sections. In Section 3,
we establish stability and convergence analysis of the CDA projection method
globally in time in L? and prove the rate of convergence of our scheme is O (At) in
L%(0,T;H'). In Section 4, we study the convergence of the CDA penalty scheme.
Lastly, Section 5 contains two numerical tests that illustrate the optimal conver-
gence rates and efficiency of the CDA projection and CDA penalty methods, re-
spectively, on the benchmark problem of the channel flow past a cylinder.

2 Notation and preliminaries

We consider QO C R, d=2,3, to be open bounded Lipschitz domain. The L2(Q)
norm and inner product will be denoted by ||-|| and (-,-) respectively, while all
other norms will be labeled with subscripts. Additionally, (-,-) is used to denote
the duality pairing between H~* and Hj(Q2) for all s > 0.

We denote the natural function spaces for velocity and pressure, respectively,

by
X:=H}(Q),
Q:=L5(Q),

which satisfy the inf-sup stability condition given by

: (q,V-v)
inf sup ———% >8>0,
P ol =P

where f is a constant bounded away from zero [29,41]. While this paper deals
with infinite dimensional spaces X and Q, we note that the inf-sup condition is
also necessary when discretizing. Finite element subspaces X C X, and Q C Q;,
must be compatible spaces satisfying an inf-sup condition as well [33].
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The dual norm of X will be denoted by ||-||—1. In addition to the spaces X and

Q, we define
2 d
Y:{ue (L2(Q))*:V-u=0, u-n[aQ:0},

V={ueX:V-u=0},
and Py is the orthogonal projector in (L2(Q)))? onto Y. The tilde notation will be

used to denote this operator, e.g.

117’1+1 — PYuT’H-l .

The Stokes operator is defined by
Au=—PyAu, YueD(A)=Vn(HXQ))",
which is an unbounded positive self-adjoint closed operator in Y with domain

D(A), and its inverse A~! is compactin Y.
Given u€Y, by definition of A, v=A"1u is the solution of the following Stokes

equations:
—Av+Vp=u,
V-v=0, (2.1)
0]30=0.

In [55], the regularity results for (2.1) give
A || gs = ||v]| s < cp||ul| gs—2  for s=1,2,

and
(A™"w,u) = (v,u) = —(Av,0) +(Vp,0) = Vo* <cf|[ul2;.
Additionally, since u = Av, by the inf-sup condition we obtain

10) _ oup d42) iy,
Vol yex Vol

[ull -1 <csup
weX

which implies that (A~'u,1)!/? can be used as an equivalent norm of H~" for all

uey.
We now to introduce some operators which will be used in our analysis. For

u,o,weX,
B(u,v)= (u-V)v—k% (V-u)o,

b(u,0,w) = (B(u,0),w).
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Equivalently, this last term can be written as

b(u,v,w)=

(- V)o,w)—((u-V)w,v)), YuosweX,

N

which is the skew symmetric form of the nonlinear term. Hence,
b(u,0,0)=0, Vu,veX. (2.2)

The following lemma is proven in [39] and used to obtain the long time accu-
racy result.

Lemma 2.1. For constant «>1 and B>0 if a sequence of real numbers {x, }3_, satisfies
axy1<x,+B,

then

1 B

_|_

Ykl SX0 g T

2.1 Discretization preliminaries

A function space for measurement data interpolation is also needed. Hence, we
require a regular conforming mesh 7y and define Xy = Pr(TH)2 for some poly-
nomial degree r. We require that the linear coarse mesh interpolation operator
Iy : X — Xp used for data assimilation satisfies the following bounds: for any
peX,

11H(¢) — ¢l <CIH[|V ||, (2.3)
e (@) <Crll¢]l- (24)

3 CDA projection method error analysis

We now consider the error resulting from the CDA projection method, which we
write as the following semi-discrete algorithm. While this is only semi-discrete,
no additional difficulties would arise from a finite element spatial discretization
(other than accuracy being limited by the spatial approximation accuracy) and
thus we suppress the spatial discretization. Our analysis assumes that NSE solu-
tion is globally well-posed in 2D and 3D.
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Algorithm 1 Semi-Discrete CDA Projection Algorithm
Let w be the solution of (1.1)-(1.2) for a given divergence-free w” € X and forcing
feL®(0,00;H 1(Q))). The for i =w’ and given nudging parameter y >0, find
{u", 7"} for n=1,2,3,...via the time stepping algorithm

CDA Proj Step 1: Find u"*! € X satisfying

é (" —a",0) + (" - Va1, o) +v (V" Vo)

—i—y(IH(u”H—w”H),v) =(f""o), YoeX. (3.1)

CDA Proj Step 2: Find "1 €Y and p"*! € Q satisfying

i (ﬁ”“ — u”“,v) — (p”H,V 0)=0, VoveY, (3.2)
(V-a",9) =0, vg€Q. (3.3)

Remark 3.1. Although the CDA projection method algorithm applies nudging to
Step 1 only, it could also be applied to Step 2. However, the resulting analysis
requires more effort but without any improvement in the result, and moreover
numerical tests (omitted herein) showed no significant improvement over nudg-
ing with Step 1 only.

We first prove that Algorithm 1 is long time stable, without any restriction on
the time step size At.

Lemma 3.1. Let f € L®(0,00;L?) and w € L*(0,00;L?). Then, for any At >0 and any
integer n >0, the velocity solution to Algorithm 1 satisfies

||un||2§ ||MO||2 - + V_1_2||f||2°°(000-H1)
(14+AH(p+AC%))"  u+ACp /%0;
2
o Yo U IR 64
with uH* <v/(2C3).

Proof. Choose v= "1

term, and gives

and g = p’”rl in (3.2)-(3.3), which vanishes the pressure

||ﬁ”+1 ||2 — (un+1lﬁn+1) )
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Then by the Cauchy-Schwarz inequality, we obtain
" < . (3.5)

Next, choose v = "1 in (3.1) which vanishes the nonlinear term, and provides
us with

1
(I = P+ [ = 2) v T

—H/‘ (IH(urH—l _wn+1),un+1> — (fn+1,un+1)'

Next, we add and subtract 4" ! in the first component of the nudging term and
multiply both sides by 2At, which yields

[ 122800 [ V2 288w 2
— Hﬁn ||2+2At(fn+1,un+1) —I—ZAty (IH(wn—i-l)lun—i-l)

—ZAt‘u (IH(urH—l) _un+1’un+1> ,

after dropping the positive term ||u*1 —7"||2 on the left-hand side.
The second term on the right-hand side is bounded using the dual norm of X
and Young’s inequality, which yields

(fn+1,un+1)
[Vurt|
<2AL| [Vt

<A 2 At Ve,

2At(fn+1,un+1) —2A¢} Hvun+1”

Then, for the interpolation terms, we use Cauchy-Schwarz and Young’s inequal-
ities to obtain

ZAty (IH(wn+1),un+1) SZAt}len—H ||2_|_Atg ||1/ln+1||2,
thanks to the interpolation property (2.3), and
’—ZAty (IH(un—i-l) _un+1,un+1> ’ < 2AtyC%H2||Vu”+1 ||2+Atg ||un+1 ||2,

thanks to the interpolation property (2.4).
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Combining the above estimates produces the bound
2+ A (v—2uCFH? ) | Va2 At |2
<[P+ At 280w

Assuming A =v—2uC?H? > 0 and applying the Poincaré inequality on the left-
hand side gives

(1484 (utACH?) ) [P < a2+ Arv £ 2+ 28t 0,

thanks to the (3.5). Next, we apply Lemma 2.1 which reveals (3.4) with regularity
assumptions on f and true solution w. O

Lemma 3.2. Under the same assumptions as the previous lemma, Algorithm 1 is well-
posed.

Proof. At each time step, Algorithm 1 is a type of linear Oseen problem with an
additional nudging term. With the regularity assumptions and with the long time
L? stability of u" established, analysis from the proof for the nudging term can be
combined with standard theory for Oseen equations to achieve well-posedness
of each time step and thus also the entire algorithm. O

We now prove that CDA can remove the splitting error of the projection me-
thod. More specifically, with properly chosen parameters, the solution to Algo-
rithm 1 is long-time first order accurate in the velocity, and finite time first order
accurate in the LZ(O, T:H 1) norm. We found no improvement in accuracy for the
CDA Proj pressure, since the CDA term will change the Hodge decomposition in
a way that p will still represent a Lagrange multiplier corresponding to the di-
vergence constraint in the projection step, but can no longer be interpreted as the
pressure. Instead, the pressure can be recovered by post-processing, [33,55].

Theorem 3.1. Suppose (w,q) is the solution to the NSE with sufficient regularity so that
all manipulations in the theorem are justified: w € L®(0,00; H>), wy,wy € L®(0,00;H'),
g€ L*(0,00;H'), and denote

Co= ||wtt||%oo(o,oo;H—1) + ||wt||zoo(o,oo;L2) ||ZU||200(0’OO,,H3) + ||Vw||L°°(0,oo;L°°)r
2
Cy= ||‘7||L°°(0,oo;H1)'

Let {u",i"}, n=1,2,3,... denote the solution to Algorithm 1, with At<1, u>vAt2,
> Cyp, and uH? <v/(2C%). Then the following bounds hold for any positive n:

" — || < [lu" —w"|| <CA,

where C depends on problem data and the NSE solution but is independent of At and .
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Remark 3.2. Based on the assumed regularity, for consistency f € W% (0,00;L?).
Analytical results exist, at least in the periodic setting, that shows the quantities
assumed finite in Theorem 3.1 are indeed finite, such as if f is analytic in the
spatial variables and independent of time [25].

Remark 3.3. Following usual CDA theory and analysis (see e.g. [39]), if the initial
condition to Algorithm 1 were inaccurate, Theorem 3.1 would still hold for  large
enough.

Remark 3.4. The assumption y > vAt~2 may require y to be quite large. Our
tests indicate this is not an issue for moderately large u, but for very large yu it
is possible that numerical roundoff issues may occur. This assumption seems to
require H small enough in general (although this seems pessimistic and not an
issue in our tests), if Iy is the projection method onto Xp, or we do nudging
as in [51], the analysis can be improved so that there is no upper bound on y,
see [27].
Proof. Subtracting the NSE at t =" after testing with v € X from (3.1) and de-
noting " =w" —u" and &" =w" — " yields
x (et —é",0) + (a"- Vit —wh. Vw”“,v)
At
—(Vq" L 0) +v(Ve" 1, Vo) +u(Iy(e"™),0)
= At (’wtt (t*) —i—wt(t**) . an+1,0),

for some t*, t** € (t”,t”“), thanks to Taylor series approximations in the NSE.
Writing the nonlinear terms as

- Vﬁn+1 —w"- vwn—H — 5N, vwn—H . ven—i—l
and taking v=¢""! vanishes the second nonlinear term and produces

1
o7 (e 2=l =2 2) v Ve T2 p "

- _ (Vq,€n+1) _ (e~n . vwn+1len+1) LAt (wtt(t*) -|—wt(t**) . an-l—llen—i-l)
+ﬂ(€n+1—1H(€n+1),€n+1), (36)
after adding and subtracting e" ! to the first argument in the inner product of the

nudging term. We bound the pressure term using Cauchy-Schwarz and Young’s
inequalities via

C
_(Vq,en—H) < qu““en—HH S%Hen+1”2+7q.
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For the right-hand side nonlinear term, we use Holder’s inequality and regularity
of the NSE solution to get

— (@ Ve ) < e[V le T < G2l fle™ -

For the second right-hand side term in (3.6), we again use Cauchy-Schwarz and
Young's inequalities as well as regularity of the NSE solution to find that
At (wy () + w0y (£) - Vo 1" )
< At{|wg (£) oy (t7) - Vo T g [ Ve |
< 2|V P+ Cuv AR

To bound the last term in (3.6), we first apply the Cauchy-Schwarz inequality,
then the interpolation estimate (2.3), and finally Young’s inequality to obtain

y(en—i-l _IH(en—i-l),en—H)
<plle =Ly e
< pCiH]| Ve e
< Bl 24 uchH?| ver s 2

Collecting the bounds above together with (3.6) provides the estimate

1 3 3
o (e P =2 [P e =2 ?)

+ (v—pCHH) Ve |24 e
<HICy+CY2 ]+ Cuv ! AR, (37)

Using the assumption on the parameter v >2uC?H? and dropping a positive left-
hand side term reduces the bound to

1 ~ 1%
oxz (IR = 12 + 5 Iver 2+ e

<p'CuHC 2 [l |+ Cov T AR (3.8)

Next, we subtract (w"*1,0) /At from both sides of the projection equation to get
forveY that

1, 1
A @)= (P Vo) = (e ),

which implies L2-projection onto the space Y, resulting [|&" 1| < |[le"!]|.
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Using this in (3.8) provides the bound

1 1%
sz (2= e [2) +5 11 Vet 2+ £ e

< ICgHCle eI+ Cov AR
C C
< (Cat CoAPu™ =2 |2+ =7 |12,

thanks to the assumption > vAt =2,
Reducing now gives us

14+vC; 2At+ uAt—CyAt/2 Cp+C, v1
p Au w H€n+1||2§‘|en||2+( w Q) At3, (39)
1+CyAt/2 1+CypAt/2
and hence we obtain the bound
Cp+Co vt
e 1P < e+ Cot Vs (3.10)

1+CyAt/2 ’

where )
_ Gy At+(u/2)At
' 14+CypAt/2

since y > Cy. Now applying Lemma 2.1, and using eV =0 and that At <1, after
with some simplification we obtain the bound

1 (Cw+cq)v—1At3
a—1 14+CyAt/2
1+CyAt/2  (Co+Cyv?
T AHvC, 2+ p/2) 14+Cult/2

C C,)v1 C C
<MN2< wt AP <CAP.

le"]|* <

t3

- VC;Z—l—y/Z - VZC;Z
Taking square roots finishes the proof for e". For é", this result together with
le" || <||e"|| gives the result. O

Now that L? long time first order accuracy of u and # from Algorithm 1 has
been established, we can analyze error in other norms as well as the pressure.
The remaining results are for a finite end time T, and due to the complicated
expressions of constants, C will represent any constant that is independent of At

and p.
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Theorem 3.2. Under the assumptions of Theorem 3.1 but with finite end time T and
number of time steps M =T / (At), we have the error bound

M 1/2
<At Y. ||Ve"+1||2> < CAt. (3.11)

n=1
Proof. We begin this proof from (3.7) in the previous theorem’s proof

1 ~ <
(e P =2 [P+ [l —e"|?)

+ (v—pCHH?) Vet 124 B e
<p1Cy+CY2E" | e |+ Cov AR (3.12)
Using long time first order accuracy of #" and u" along with v > 2uC2H? and
g g y g HeT

1> C(At~2), we obtain

1 ~ 1%
oxz (IR = 12 + 5 Iver 2+ L e

<APCy+CY AP+ Cov A

Dropping positive left-hand side terms and noting At~!||é"]|? < CAt we get the
bound

%||Ve”+1||2 < CAt+CAPR <CAL. (3.13)

Finally, multiplying both sides by 2At and summing over time steps produces

M
vAt Y ||Ve' T2 < CAr, (3.14)

n=1

which finishes the proof. O

4 CDA penalty method error analysis

In this section, we show the long-time accuracy of the CDA penalty method. As
we do in the previous section, we consider the semi-discrete CDA penalty algo-
rithm, and assume that NSE solution is globally well-posed in 2D and 3D.
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Algorithm 2 Semi-Discrete CDA Penalty Algorithm

Let w be the solution of (1.1)-(1.2) and forcing f € L*(0,00;H~1(Q)). Then for
i =w° and given nudging parameter y >0, find u" for n=1,2,3,...via the time
stepping algorithm

é (u" T —u",v) +l~7(u”,u”+1,v) +v (Vu”“,VU)

_|_€—1 (V'u”+1,v-0) +.”(IH(MH+1 _wn—&-l)lv)
=(f"*0), VoeX. (4.1)

Theorem 4.1. Suppose (w,q) is the solution to the NSE with sufficient regularity so that
all manipulations in the theorem are justified: w € L®(0,00; H>), wy,wy € L™ (0,00;HY),
g€ L*(0,00;H'), and denote

Coo = 10 B0y + 10 2 0 52 1012 0 ) V0 15 0 )

Cy= ||q||%°°(0,oo;H1)‘

Let {u",i"}, n=1,2,3,... denote the solution to Algorithm 1, with At<1, u>vAt2,
H> Cv‘lCZZU—C;%/Z and pH* <v/(2C3%). Then the following bounds hold for any
positive n:

|u" —w" || < CAt,

where C depends on problem data and the NSE solution but is independent of At and p.

Remark 4.1. Based on the assumed regularity, for consistency f € W*(0,00;12).
Analytical results exist, at least in the periodic setting, that shows the quantities
assumed finite in Theorem 3.1 are indeed finite, such as if f is analytic in the
spatial variables and independent of time.

Remark 4.2. The assumption > vAt~—2 may require y to be quite large. Our
tests indicate this is not an issue for moderately large u, but for very large yu it
is possible that numerical roundoff issues may occur. This assumption seems to
require H small enough in general (although this seems pessimistic and not an
issue in our tests), if Iy is the projection method onto Xy, or we do nudging
as in [51], the analysis can be improved so that there is no upper bound on y,
see [27].
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Remark 4.3. From the theorem above, we observe that long time L? accuracy
holds for Algorithm 2 and thus so does long time L? stability. Thus, under the
assumptions of the theorem, these results immediately can be combined with the
Lax-Milgram theorem to establish well-posedness of Algorithm 2.

Proof. Subtracting the NSE at ¢t =#""1 from (4.1), testing with v € X and letting
e =w" —u" provides

Alt( n—l—l_e U)+b( n n+1 )+E(en’wn+1’v)

+v(Ve'™, Vo) 41 (V-e",V-0) +u(Ig(e" ), 0)
_ (vqn—HIU) LAt (wtt(t*)+wt(t**) . vwn—Fl,U)’

for some t*,t** € (#",#"*1), thanks to Taylor series approximations in the NSE.
Setting v=e""!, we derive
1

A (Hen+1||2_Hen||2+||en+1_en||2) +B(e", w1 et
+v|| Ve P e |V e P (T () o)
=—(Vq",e" ) + At (wp () + Atw (F) - V', 0),
thanks to the polarization identity. Then, by adding and subtracting ¢"*1 in the

first component of the nudging term and dropping positive terms |[e" ™! —e"||?
and e[| V-e"1]]2, we get that

1
Sl TP v| Ve e 2
1 ~
ZAt ||en ||2 _b(enlwn+1len+1) _ (vqn+1len+1)

—u (IH(en—H) _en+1len+1)
+At(we(£) + Atwe (F*) - V' 10).

Using Holder’s and Young’s inequality and regularity of the NSE solution, we
obtain

}_ n+1 n—&-l)’ %(((en.v)wn—i-llen—i-l)_((en'v)en—i-llwn—&-l))
<[l NIV slle™ s+ [le 1 7e™ oo™l o

<le" [l [ s [ V™I + fle™ [ Ve [l | o

v _
< Sl HE+CrIC eI,
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The rest of the left-hand side terms are bounded by following the same analysis
as in the proof of Theorem 3.1. Combining all those bound and multiply both
sides by 2At provides

IIe”“H2+At%HVe”“\IZMt(v—ZuC%Hz) Ve 1%+ Atple" |2
< (1+CAtICE) |le |2 +2Atu 1 Cp+2C,v AP,

Since v >2uC?H?, we drop the positive term At(v—2uC2H?)||Ve"*1||2. Then, by
using the Poincaré inequality on the left-hand side and assuming y > vAt=2, we
obtain

2V n+1j2
<1+Ath : —l—Aty) le" 1|
< (14+CAICE) [le |2 +2(Cq+Co)v AP,
Dividing both side by (1+CAtv~1C2)) provides

2(Cq+Cy)v! 3
1+CAtv—1CE 7

alle™ 2 < [le" ||+

where
1+AtC,%v /24 Aty

1
1+CAR-1CE,

since pu>Cv~1C5,—C,%v/2.
Finally, by Lemma 2.1, we obtain

e L 2ACHCav
“a—11+CAtv1CE,
2(Cy+Cy)v! AP

T AHC,2v/2+4pu—Cu1CR)

< CAP,

since At <1. Taking the square of both sides finishes the proof. O

5 Numerical results

In this section, we illustrate the above theory with two numerical tests, an ana-
lytical test with known true solution and channel flow past a block (a.k.a. square
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cylinder [54]). For these tests we compute with both projection and penalty meth-
ods. In all results, we observe that CDA improves solution accuracy, and with
enough measurement data it effectively removes the splitting error of the projec-
tion method and the consistency error of the penalty method. As long as y is not
significantly larger than 1/At, we can increase y without observing any adverse
effect of it on the condition number of the linear system.

For the spatial discretization, we use a regular, conforming triangulation of the
domain () which is denoted by 7j,. Let X;, C X and Q;, C Q be an inf-sup stable pair
of discrete velocity-pressure spaces. We take X, = XN P, (1,) and Q, = QNP (1)
Taylor-Hood or Scott-Vogelius elements in our tests, however our results in the
previous sections are extendable to most other inf-sup stable element choices.

For all our penalty method tests, we use e=1. While this is a very large penalty
and smaller penalty values would lead to less consistency error and thus better
accuracy, smaller penalty values also lead to linear systems that are very difficult
to solve for large scale problems since the matrix arising from the grad-div term
is singular. With e =1, however, solving these systems can still be reasonably
efficient [2,34,47].

5.1 Known analytical solution

For our first experiment, we illustrate the accuracy theory above for Algorithms 1
and 2 to a chosen analytical solution

u(x,y,t) = (e’ cos(y),e'sin(x)),
plxyt)=(x—y)(1+1),

on the unit square domain. We consider (P,,P;) Taylor-Hood elements for veloc-
ity and pressure. The initial velocity is taken as u#(0) =0 in the CDA tests. The
source term f is calculated from the chosen solution and the NSE.

We first test Algorithm 1 (CDA projection method) on [0,2] with At=0.05 on
an h=1/128 uniform triangular mesh, with H=1/32 grid for the measurement
data. Fig. 1 shows L?(Q) error versus time for varying y, and for comparison
also with the usual backward Euler (BE) FEM using the nodal interpolant of #(0)
as the initial condition. We observe that as y increases, the error approaches that
of BE (which is known to be first order in At), with it reaching the same level of
accuracy when 1 =10° despite having a very inaccurate initial condition.

We repeat this test for Algorithm 2 (CDA penalty method), and results are
shown in Fig. 2 as L? error versus time. Results are similar to that of CDA projec-
tion, with improvement in accuracy as u increases and finally achieving the same
accuracy as BE once p=10°.
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Figure 1: Shown above is the L2 difference to the true solution versus time, for finite element solution of
NSE with backward Euler time discretization and Algorithm 1 with varying u for zero initial velocities.

10° : : :
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10° ‘ ‘ ‘
0 0.5 1 15 2
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Figure 2: Shown above is the L2 difference to the true solution versus time, for finite element solution
of NSE with backward Euler time discretization and Algorithm 2 with e=1 and varying yu for zero initial
velocities.

5.2 Channel flow past a block

The second experiment tests the proposed data assimilation methods on the prob-
lem of channel flow past a block. Many experimental and numerical studies can
be found in the literature [52,58, 61]. The domain of the problem consists of
a 2.2 x0.41 rectangular channel, and a block having a side length of 0.1 centered
at (0.2,0.2) from the bottom left corner of the rectangle. See Fig. 3 for a diagram
of the domain.

No-slip velocity boundary and homogeneous normal boundary conditions
are enforced on the block and walls for Step 1 and Step 2 of the projection scheme
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ozgiA :
0.2
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Figure 3: The domain for the channel flow past a cylinder numerical experiment.

with CDA respectively. The inflow and outflow flow profiles are given by

6
u1(0,y,t) =uy(2.2,y,t) 0.412y(0.41—y),
uy(0,y,t) =uy(2.2,y,t)=0. (5.1)

The kinematic viscosity is taken to be v=10"% and external force f=0. Quantities
of interest for this flow are lift and drag coefficients. We use (Pz,PfiSC ) Scott-
Vogelius elements on a barycenter refined Delaunay mesh that provides 19.4k
velocity and 14.3k pressure degrees of freedom. We take T =10 as the end time
in our computations. The BDF2-FEM scheme with At=0.002 sufficiently resolves
the solution on this mesh, and we use this as the resolved solution from which to
draw measurements from and make comparisons to. Below, we give lift ¢;(t) and
drag c,(t) calculations from tests with and without CDA

Cd(t)_pLU%nax/S (pv 5y p(t)nx) ds,

c(t)= PLUI%aX/S<pV 5 p(t)ny) ds,

where Upmax is the maximum mean flow, L is the diameter of the cylinder, n =
(nx;ny)T is the normal vector on surface S and uys is the tangential velocity, [54].

In addition to testing the first order methods in Algorithms 1 and 2, we also
test their BDF2 analogues, which are given in PDE form below.

CDA Proj Step 1 with BDF2: Find u"*!

1
E (3un+1 — 4" -|—17lkn_1) . Vun—l—l —vAu”H
+VPH+VIH (un—i—l_wn—i—l) :fn+1,

un+1|aQ —0.
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CDA Proj Step 2 with BDF2: Project "1 into the divergence-free space

ﬁ (3ﬁn+1 _3u7’l+1) +V (pl’l+1 _ pl’l) =0,

\v4 ,ﬁn+1 =0,

ﬁn+1 'n|aQ =0.
CDA penalty with BDF2: Find u"+!

ﬁ (3un+1 _4un+uk—1) +B (unlun—H) —vAu”H

—8_1V(V'Mn+1)-|—‘u[H (un—H_wn—H) :fn—H,

un+1|aQ —0.

5.2.1 Projection method results

In this subsection, we test both BE and BDF2 projection methods. First, we test
with no CDA and varying time step sizes. Results are shown in Fig. 4, as drag and
lift coefficients versus time. For BE projection, results are bad for each choice of
At: although there is improvement as At decreases, even with At =10"*, results
are quite inaccurate. With BDF2 projection, results are significantly better, and
with At=10"* the results match that of the resolved solution.

Next we consider the CDA projection methods, with nudging parameter y =
1000 and time step size At =0.002 (far larger than what is needed to match the
resolved solution when no CDA is used), with varying number of data measure-
ment points N2. In Fig. 5, we observe that BE projection is nearly as accurate as
the resolved solution only when N =61. BDF2 projection, on the other hand, is
accurate even when N =21. In all cases, CDA provides significant improvement
in accuracy, and with BDF2 can provide results as good as the resolved solution
with a more reasonable number of measurement points than BE projection re-
quires.

5.2.2 Penalty method with data assimilation using Backward Euler time
stepping

We now repeat the tests done with CDA projection for CDA penalty, now using

u =10 (larger u did not improve results). Results for lift and drag are shown

in Fig. 6, and we observe similar results as for CDA projection: for BE penalty,

N =61 is required to achieve accuracy near that of the resolved solution and for
BDF2 penalty N =41 is needed.
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Figure 4: Shown above are the drag (left) and lift (right) coefficients versus time for backward Euler
projection method (top) and BDF2 projection method (bottom) with varying time step At and no CDA.

6 Conclusions and future directions

We studied herein continuous data assimilation (CDA) applied to the projection
and penalty methods for the Navier-Stokes equations. We proved that CDA en-
ables long time optimally accurate solutions by removing the splitting error aris-
ing in projection methods and the modeling error in penalty methods. Numerical
tests illustrated the theory well, and major improvements in accuracy from CDA
were observed. These tests also showed that CDA can allow for larger time step
sizes and larger penalty parameters without harming accuracy.
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Figure 5: Shown above are the drag (left) and lift (right) coefficients versus time for CDA projection
methods with varying N and p=1000.

For future work, one may consider CDA applied to other types of splitting or
approximation methods such as Yosida or ACT algebraic splitting methods for
NSE [35,50, 53, 62], to determine if their splitting errors can be reduced as well.
Another important topic for future consideration is how CDA affects the linear
solves and preconditioners at each time step. This is an important issue in CDA
implementation but to our knowledge has not been well studied. We plan to

consider this in a forthcoming paper.
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Backward Euler penalty CDA
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