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Abstract

We derive a hierarchy of PDE:s for the leading-order evolution of wall-based quantities, such as the skin-friction and the wall-pressure gradient,
in two-dimensional fluid flows. The resulting Reduced Navier—Stokes (RNS) equations are defined on the boundary of the flow, and hence have
reduced spatial dimensionality compared to the Navier—Stokes equations. This spatial reduction speeds up numerical computations and makes the
equations attractive candidates for flow-control design. We prove that members of the RNS hierarchy are well-posed if appended with boundary-
conditions obtained from wall-based sensors. We also derive the lowest-order RNS equations for three-dimensional flows. For several benchmark
problems, our numerical simulations show close finite-time agreement between the solutions of RNS and those of the full Navier—Stokes equations.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Background and motivation

The approximation of Navier—Stokes flows near a no-slip boundary was apparently first discussed in detail by Perry and
Chong [11], who developed a procedure for finding the Taylor coefficients of a velocity field expanded at a boundary point. By this
procedure, one can construct velocity models that are polynomials in terms of the distance from the point of expansion. The models
are dynamically consistent up to any desired order, but depend on properties imposed a priori on the velocity derivatives at the wall.

Danielson and Ottino [3] used the above procedure to construct a system of ODEs for the Taylor coefficients of a velocity field
at a no-slip boundary point. The ODE system becomes finite-dimensional upon truncation of the Taylor expansion; Danielson and
Ottino showed that even low-order truncations may lead to ODEs with a strange attractor, a hallmark of Eulerian turbulence.

Recently, Bewley and Protas [12] proposed a less restrictive Taylor-expansion of the velocity in terms of the normal distance
from the boundary. For two-dimensional flows, this procedure yields a single-variable Taylor-expansion with coefficients depending
on the location along the boundary. Bewley and Protas showed that under appropriate conditions, the expansion converges in the
vicinity of the wall. In addition, for incompressible flows, all Taylor coefficients can be expressed in terms of time- and wall-
tangential derivatives of the wall shear (skin friction) and the wall pressure.

With the availability of accurate skin-friction and pressure sensor-arrays, the results in [12] enable local velocity reconstruction
from wall-based measurements. This offers a promising tool for practical flow control, where the impact of the controller must
be evaluated from wall sensors. Feedback control, however, requires more than just an observation of the output: a model for the
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Fig. 1. Domain of definition for the RNS equations.

evolution of the flow is also crucial. The Bewley—Protas results offer hope that, at least near the wall, such models are reducible to
depend only on the skin friction and wall pressure.

Further underlying the need for such reduced flow models, typical performance objectives in flow-control are often phrased
directly in terms of skin friction and wall pressure, not velocity. Examples include pressure-recovery enhancement in diffusers
and surface-drag reduction on submarines. The former aims to maximize the integral of the wall-pressure gradient; the latter to
minimize the integral of the skin friction. In both cases, a qualitative prediction for the evolution of the underlying quantity is more
beneficial than a highly accurate but complex numerical model.

1.2. Main results

Motivated by the above, here we study how the dynamics of wall-based quantities, such as the wall-shear T and the wall-pressure
gradient y, can be modelled and predicted in two-dimensional Navier—Stokes flows. Our main result is a hierarchy of models, the
Reduced Navier—Stokes (RNS) equations, that describe the evolution of the above quantities at different levels of accuracy. Since
the RNS equations are defined on the flow boundary, they only have one spatial dimension, the wall coordinate x. This dimensional
reduction results in computation times that are significantly shorter than those of direct Navier—Stokes simulations.

Solving the RNS equations requires updated boundary conditions for T and y at two x-locations, x1 and x; (see Fig. 1). Thus, x1
and x, must either be points with a priori known velocity derivatives (e.g., corner points), or must lie within distributed skin-friction
and wall-pressure sensor arrays. In either case, the RNS equations provide qualitative prediction for the time-evolution of t (x, )
and y (x, t) over the spatial interval [x1, x2]. The prediction necessarily deteriorates over time; solving the RNS equations over
longer times therefore requires periodic re-initialization by sampling t (x, ¢) and y (x, t) from sensors distributed over [x1, x2].

We derive three members of the RNS hierarchy explicitly; these evolution equations are obtained from cubic, quartic, and quintic
truncations of the Taylor expansion of the wall-tangential velocity component. We prove that these three RNS equations and all
higher-order RNS systems are well-posed, i.e., admit unique solutions that depend continuously on the initial data. We also derive
the lowest-order RNS equation for three-dimensional flows, and discuss the relevance of the two-dimensional RNS equations in
select flow-control problems.

We present evidence for the accuracy of the RNS equations by comparing their numerical solution to classic solutions of the
Navier—Stokes equations. These classic solutions include a viscous channel flow, the Blasius boundary layer solution, viscous flow
near a stagnation point, and an oscillating flow over an infinite plate. We finally compare the direct numerical simulation of a
lid-driven cavity flow to that of the RNS equations. In all cases, we observe close quantitative agreement on short to intermediate
timescales, and qualitative accuracy over longer timescales.

2. RNS equations for two-dimensional flows

Consider the two-dimensional Navier—Stokes equations

1
O + uxlt + uyv = —;px +v (u“ + uyy) ,

1
8,U+vxu+vyv=—;py+v(vxx+vyy), 1

where (u(x, y,t), v(x, y, 1)) is a velocity field satisfying the incompressibility condition

y + vy =0, )
and the no-slip boundary condition

u(x,0,1) =v(x,0,1) =0 3)

at the y = 0 boundary. In (1), p(x, y, ) denotes the pressure, and v and p are the kinematic viscosity and the density of the fluid.
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We seek to understand the evolution of the skin-friction field
T(x,1) = pvuy(x,0,1),
and the wall-pressure-gradient field
y(x, 1) = px(x,0,1) = pvuyy(x,0,1). €]
As auxiliary variables to be used later, we also introduce
o(x,1) = pviyyy(x,0,2), AX,1) = pViyyyy(x,0,1), 7n(x, 1) = pviyyyyy(x, 0,1).

With the above variables, the Taylor expansion of u(x, y, t) near the y = 0 boundary can be written as

! ! 2, 1 3, 1 4 ! 5 6
u(x,y,t)=ﬁ f(x,t)y+5y(x,t)y +go(x,t)y +ﬂk(x,t)y +mn(x,t)y +00G7) . )

Subtracting the x-derivative of the second equation in (1) from the y-derivative of the first equation, we obtain the vorticity-transport
equation

O (1 = ) + 0 sy = 0e2) 0 (s +1133) = ¥ Rty + 133y — ). ©
from which we shall derive approximate expressions for the evolution of the Taylor coefficients in (5).
2.1. The cubic RNS equations

Setting y = 0 in Eq. (6) yields

7t =V 2%y +0). @)
Differentiating (6) with respect to y and using the incompressibility condition (2) leads to

o (“M + ”yy) +uy (”Xy - UXX) +u (“xyy + ”JCM) Uk (”xx + ”yy) +v (“xxy + ”yyy)

=V (2xxyy + ttyyyy + thxer) - ®)

After setting y = 0 in (8), we obtain

Vi + %TIX =V (2yxx + voUyyyy) - 9)
Finally, differentiating (8) with respect to y, we find that
O (uxxy + ttyyy) + ttyy (ry = Vrx) + sty (txyy + trx) + ity (ayy + thoxe) + 1 (ryyy + txry) =ty (ex + tyy)
= 2 (ttyyy + thexy) + 0 (iyyyy + ttxryy) =V Qitxayyy + tyyyyy + trrsy) - (10)
Setting y = 0 in this last equation, we obtain
[0 (waxy + uyyy) + 2uyuyye] g = v Qutxyyy + tyyyyy + threeey) g - (1D

At the same time, the second x-derivative of (6) taken at y = 0 is

(8tuxxy)y:0 =V (zuxxxxy + uxxyyy)yzo . (12)
Combining (11) and (12) gives
2
o; + ;ryx =v (axx + Vol yyyyy — rxxxx) . (13)

We now assume that the velocity component u(x, y, t) is well approximated by its third-order Taylor expansion near the y = 0
boundary; in other words, we truncate the expansion (5) at cubic order. Under this approximation, Egs. (7), (9) and (13) yield the
cubic RNS equations

Ty = 2VTyy + VO, (14)

1
Vi =20Yxy — —TTy,
vp

Ot = VOxx — VTxxxx — U_'CV,\“
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To this nonlinear system of PDEs, we add the boundary and initial conditions

t(0.0) =To(t), t(L.t)=Ti(1), t(x, 10)=1"(x), 15)
y(0,0) = Go(t), y(L,1)=Gi(1), v, i)=y"x),
0(0,t) = So(t), o(L,t)=581(), o(x, 1) = O’O(x).

The initial and boundary conditions for T may be obtained from distributed skin-friction sensors; the same conditions for y can

be measured by distributed pressure sensors. Realistic sensors do not exist for measuring o directly, but distributed skin-friction
sensors can be used to find the values of ¢ from the relations

0(0,1) = To(t) —2vT4(0,1),0(L,t) = TL(t) — vt (L, 1), 0(x, ty) = T(x, ty) — 2vt$x(x).
The solvability of the cubic RNS equations (14) is guaranteed by the following result.
Theorem 2.1. The cubic RNS equations (14) with the boundary and initial conditions (15) are well-posed: they admit unique
solutions (t, y, o) with continuous dependence on initial data in the function space H3[0,L] x H?[0,L] x H! [0, L].
Proof. See Appendix A.1. O

The advantage of the cubic RNS equations (14) is that they are defined on the one-dimensional spatial domain [0, L], as
opposed to the Navier—Stokes equations (1) that are defined on a two-dimensional domain. System (14), however, cannot be solved
independently: its time-dependent boundary conditions are to be obtained from pressure- and skin-friction sensors at the boundary.
In addition, a distributed skin-friction and pressure measurement at # = 0 is necessary to identify the initial condition.

Since the system (14) is obtained from a Taylor-series truncation of the original velocity field, it will only approximate true
Navier—Stokes solutions for finite times. As a result, (14) must be periodically re-initialized for its solutions to stay accurate. Our
main motivation is controller design, for which the simplicity and the short-term predictive power of (14) is more important than
its long-term accuracy.

2.2. The quartic RNS equations

For increased accuracy, we now derive a higher-order approximation for the evolution of velocity derivatives at the wall.
Differentiating (10) with respect to y, we obtain

O (txxyy + Uyyyy) = UyyyVxx + ttyy (2ryy + 2uxxx) + 3ty (Uxyyy + txxey) + 4 (Uxyyyy + xxryy) = tayylax
—3uxyltxxy — 2Uxyllyyy — 3ty (”yyyy + ”xxyy) +v (”yyyyy + ”xxyyy) =V (zuxxyyyy + Uyyyyyy + ”xxxxyy) . (16)
Setting y = 0 in this equation gives

[0 (cayy + ttyyyy) + 2uyyitayy + Buy (eyyy + thrrry) = Siteytiey = 2ryityyy ]

y=0
= v (2uxxyyyy + Uyyyyyy + Uxxxxyy) y=0" (17
Next, we differentiate (8) twice with respect to x and set y = 0 to obtain
[atuyyxx + 3uxyuxxy + uyuxxxy]y:() =V (zuxxxxyy + Uxxyyyy + uxxxxxx)y:() . (18)

Subtracting (18) from (17) then gives
[8rt4yyyy + 2uyyttxyy + tty (Buayyy + 2txxxy) = OUhayltxxy = 2ayltyyy] y=0 ="V (txxyyyy + tyyyyyy = Urxxryy) y=0"

or, equivalently,
2 1 6 2
A+ —yye + —TB0x + 2Txxx) — — TaTax — —Tx0 =V ()Lxx + voUyyyyyy — Vxxxx) .
vp vp Vo )

We now assume that the velocity component u(x, y, #) is well approximated by its fourth-order Taylor expansion near the
boundary, i.e., we truncate the expansion (5) at quartic order. Under this approximation, Egs. (7), (9) and (13) can be summarized
in the quartic RNS equations

T = 2VTyeyx + VO,

1
Ve = 2V¥xx + VA — —TTy,
vp

2

Ot = VOxx — VTxxxx — U_Tyx,
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2 1 6 2
At = VAxy — V¥xxxx — YVx — T(30x + 2Txxx) + TeTax + Tx0, (19)
vp vp Vo vp

with the initial and boundary conditions

7(0,1) = To(t), t(L,t)=Ti(@), t(x, 1) =1"%), (20)
y(0,1) = Go(r), y(L,1)=Gi(1), yx, 1) =y"x),

0(0,1) = So(r), o(L,1)=S1(t), o(x,10) =0"x),

A0,1) = Lo(t), o(L,t)=Li@#), x, 1) =Ar%).

The boundary and initial conditions for A can again be obtained from distributed skin-friction and pressure measurements:

20, 1) = [Go(t) — 2vyxx (0, 1) + To ()T (0, 1)/ (vp)] /v,
AL, 1) = [G1(t) = 2vpee (L, 1) + T1 ()T (L, 1)/ (vp)] /v,
A(x, 10) = P (x, 1) — 20y (x) + T(x) T (x) /(vp).

The solvability of the quartic RNS equations (14) is guaranteed by the following result.

Theorem 2.2. The quartic RNS equations (19) with the boundary and initial conditions (20) are well-posed on the function space
H*[0,L] x H*[0, L] x H?[0, L] x H'[0, L].

Proof. See Appendix A.2 O

Note that the evolution of the pressure gradient and the skin friction remain independent in Stokes flows even after the addition
of higher-order terms. The same conclusion will hold for any higher-order RNS equation. In those higher-order equations, the only
further change is the appearance of linear coupling terms to higher-order y-derivatives of u. This suggests that the first robust
enough model for both the skin friction and the pressure gradient is the quartic model.

2.3. Higher-order RNS equations

In order to derive an nth order approximation for the evolution of flow-derivatives at the wall, we subtract the second x-derivative
of the order n — 2 RNS equations from the (n — 3)-order y-derivative of Eq. (10). Setting y = 0 in the resulting equation and
neglecting y-derivatives of u higher in order than n, we obtain the nth-order RNS equations. For example, the quintic RNS equations
take the form

T, = 2Ty + VO, 21

1
Vi =20)xx VA — —TTy,
vp

Of = VOxx — VTxxxx T V) — %TVM

2 1 6 2
At = VAyx — VVixxx — —¥V¥x — —T(30x + 2Tyxx) + —TxTyx + —Tx0,
Vo vp vp Vo

1
Nt = VNxx + VTxxxxxx + %[(5)\ + 8¥xx)Te — SY(0x + Taxx) — T(@Ax + 3Vxxx) + 5Tex Vil

with appropriate boundary and initial conditions.
Our regularity results extend to the solutions of higher-order RNS equations:

Theorem 2.3. For any n > 3, the nth-order RNS equations are well-posed on the function space H" [0, L] x --- x H' [0, L].

Proof. See Appendix A.2. O
3. RNS equations for three-dimensional flows

Although the focus of the present paper is two-dimensional flows, we briefly discuss here how analogous equations can be
derived in three dimensions. We start with the three-dimensional Navier—Stokes equations

1
U + Uy + Uyv + U w = —;px + v(uxx +tyy +Uzz)
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1
Vr + Uyl + VyU + v,w = —;py + V(Vxx + Vyy +Vz7)

1
W + Wil + Wyv + ww = _;Pz+v(wxx+wyy+wzz) (22)

where (u(x, y,z,1), v(x, y,z, 1), w(x, y, z, 1)) is a velocity field satisfying the incompressibility condition
uy + vy +w; =0,

and the no-slip boundary condition
u(x,y,0,1) =0, v(x,y,0,1) =0.

In (22), p(x, y, z, t) denotes the pressure, and v and p are the kinematic viscosity and the density of the fluid.
The skin-friction field is now defined as

(e (x, v, 1), T2 (x, ¥, 1)) = (pvuz, pvv;)l—o,

and the wall-pressure-gradient field is equal to

Yy, 0, vy, 0) = (pr(x, 9, 0,10), py (x,5,0,1)) = (pvitzz, pvvz)le—o.

As auxiliary variables to be used later, we also introduce

()»] s )\2) = (pvuzzz, PYVzz2)|z=0,

1 2
(0°,07) = (pVuzzzz, PVVzzzz)|z=0-

With these variables, the Taylor expansion of u(x, y, z, ) and v(x, y, z, t) at the boundary z = 0 can be written as

1 1 [ 2, 1y 3, Lo 4 5
ux,y,z,t)=— |t (x,y,)z+ =y (x,y, 002"+ -0 (x,y, )7+ —A (x,y, )"+ 0(2") |,
pv 2 6 24

1 2 1 2 2 1 2 3 1 2 4 5
v(x,y,z,t)=ﬁ T (x,y,t)z+§)/ (x,y,0)z +80 (x,y,Dz +ﬁ)\ (x, 9,027+ 0 |. (23)

As we show in Appendix B, the truncation of the expansion (23) at cubic order leads to the three-dimensional cubic RNS equation
) =2vt] + U‘Eyl,y + vtfy +vol,
1:t2 = 2vty2y + vrfx + vr)gy + 1)02,
1

1 1 1 1 2 1.1 1.2 _ 1.2
Y, :v(Zyxx+yyy+k +yx},)—;<t T, — 21,17 — 1 ry),

1
yi=v <2yy2y +yh A2+ yxzy) ~ 0 ( rp—oric! - r2rxl) ,

2

yyyx

1 _ 1 1 1 2
oy = —V |:3txxxx + 37"yyxx + Oxx + 3Txxxy + 37 yy

+20xzy —o! ]

1
— | =2plet —3yle? —3cly2 43002 4 12 3] ‘L’l]
+vp[ yltl =3y, 123yl ety -3t

1
+ — [—31:211 +3tl 2+ 3122 +3(eH? + 61l 12 + 3(22 2],
vp xy xy yy () x“y ( y)
2 _ 2 2
of = —v [3ryyyy + 3750k
1

2.2 21 2.1 2.1 2.1 2.2
—}—%[—Zyy‘[ =3yt =3ty +3yr. 47 )/x—3fyyf]

2 1 1 1 2
+ 0y, + 37y, T 3Ty + 20, — o”]

1
+ v [—3@!),12 + 3rfyr1 +3z) et + 3z + 67} r)z, + 3(13)2] . (24)

4. The 7—p formulation with application to flow control

Here we discuss the relevance of the RNS equations in flow modelling and control. First, we recall that all derivatives of an
incompressible velocity field at a no-slip wall can be expressed in terms of the skin friction, pressure, their wall gradients, and their
time derivatives (see Bewley and Protas [12]). This implies that (14) can be re-written as a two-dimensional set of PDEs for 7 and y .
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Fig. 2. Possible domains of definition for the RNS equations in flow control problems. (a) Inclined wall section of a two-dimensional diffuser (b) Wall section of a
two-dimensional streamlined body.

Indeed, differentiating the first equation of (14) in time gives
Tt = 2VTexr + V0

1 2
= 20Ty +V [V <_Txxt - 2Txxxx) — VTxxxx — Tyxi| ,
v Vo

which, combined with the second equation of (14), gives the system of PDEs
2 2
Trr = 3VTuxr — 3V Tyxxx — ;TV)U (25)
1
Vi =20y — —TTy.
vp
Integrating the second equation of (25) with respect to x over the interval [0, x] and introducing the pressure difference
p(x,t) = p(x,t) — p(0, ), we obtain the t—p form of the cubic RNS system:
2

Typ = 3VTxx — 3V2fxxxx - ;Tﬁxx’ (26)

1 x 1
Pr=20pxx + — [/ 2 (s, 1) ds — rz] +—12(0,1) = 20/ 0, 1).
vo LJo vp

This formulation is preferable over (14) if the pressure and skin-friction boundary conditions at x = 0 are trivial. For instance,
if x = 0 coincides with the location of a vertical no-slip wall (i.e., there is a corner at x = 0), then we have

I(Oa t)=07 pX)C(Ov I)ZO’

where the second relation follows from the Navier—Stokes equations (1). In this case, the —p form of the cubic RNS equation
simplifies to

2 _
Tyr = 3VTrex — 3V277xxxx - ;Tpxm 27

l X
ﬁ,:Zvﬁxx-i-—I:/ T)?(S,t) ds—rz].
vo LJo

Setting the correct boundary conditions for this equation only requires time-resolved skin-friction and pressure measurements at
x =1L.

The 7—p formulation (26) (or (27)) offers a lowest-order approximation for the evolution of the skin friction and the wall-pressure
gradient. Such approximations are useful in flow control problems where the cost function only depends on 7 or p.

For instance, if x € [0, L] varies on a wall segment connecting the inlet and the outlet of a diffuser (see Fig. 2(a)), then losses in

the diffuser are measured by the pressure recovery
p(L,0,1)
Cr()=F—7F—»
2Py ()

with uj, denoting the mean inflow velocity. The losses will be minimal if C, is maximal. Assuming constant-in-time inflow
conditions, Cp(¢) will be maximal if p(L,0,t) is maximal. Thus, to minimize losses in the diffuser, the time-average of the
cost function

cp(t) = p(L,0,1)

is to be maximized.
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Another relevant example is surface drag reduction over the boundary section [0, L] of a streamlined body (see Fig. 2(b)). Since
the surface drag force is the integral of the wall shear along the wall, minimizing the average of the cost function

L
c,(t):/ T(x,1)dx,
0

minimizes surface drag over [0, L].

In deriving the RNS hierarchy, we have assumed no-slip boundary conditions on the [0, L] wall segment. Therefore, the domain
of definition of the RNS equations cannot contain wall-based fluidic actuators performing blowing or suction. Such actuators can
be placed outside [0, L] — preferably close to x = 0 or x = L — to control the boundary conditions for the RNS equations.

5. Numerical study of the RNS equations

Here we show by examples that the cubic, quartic, and quintic RNS solutions approximate true Navier—Stokes solutions well over
characteristic time intervals. The examples include a channel flow, a Blasius boundary layer flow, a viscous flow near a stagnation
point, an oscillating flow above an infinite plane, and a lid-driven cavity flow.

In the first four examples, the Navier—Stokes equations admit exact or simplified steady-state solutions. We use these steady-
state solutions as initial conditions for the RNS equations, and monitor how the solutions obtained this way deviate from the exact
steady-state solutions. In our last example, we compare direct numerical solutions of the Navier—Stokes and the RNS equations. In
this case, the boundary conditions for the RNS equations are a priori known: the normal derivatives of the u-velocity are zero at the
corners of the lid-driven cavity.

We use a Chebyshev spectral scheme for the spatial approximation of (14), (19) and (21). We choose this method for its high
accuracy and for its ability to treat Dirichlet boundary conditions (see Canuto et al. [2]). For temporal integration, we use a second-
order implicit Crank—Nicholson scheme (Canuto et al. [2]) combined with a Newton—Krylov solver (Kelley [7]). We present our
simulation results using the nondimensional (convective) time

t =tug/Lo,
where uq is a characteristic velocity and L is a characteristic length.
Channel flow
Analytical solution

For a laminar flow between two parallel plates at distance L, the Navier—Stokes equations (1) simplify to

1
Viyy = ;Px, (28)

if we assume that the vertical velocity v vanishes, and u does not vary with x. Consequently, p, = pg is a constant.
Integrating (28) with respect to y and using the symmetry condition uy (x, L/2) = 0 leads to

1
Uy (603) = Py (= L/2). (29)

Integrating once more and using the no-slip condition # = 0 at y = 0 yields

u(x —L 942 — L 30
,y)—zvppx(y y). (30)

Setting u(x, L/2) = umax then gives

Sumax Vo
Pi=——"Tr— G1)
thus the solution of (28) can be written as
Y\* Y
=[] -
u(x,y) umax|: I L:| (32)
Validation
From (32), we obtain
4pvum, SUmaxVp
Texact = _&» Vexact = _&7 Oexact = 0, Aexact = 0. (33)

L
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0.2 ‘ ‘
cubic RNS

0.15 F e quartic RNS ]
N (e uintic RNS
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q Plainle
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0 L 2 :
time
] .

08} ]
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02} = B

0 — :
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Fig. 3. RNS simulations for 7 and y in the perturbed channel flow with € = 1073, The percentage error for 7 is obtained as At% = % [Z,N=1 [t — 1 I] /max; |7;|
where 71, ...., Ty are the T values at N gridpoints xq, ..., xy € [0, 1]; the definition of Ay % is similar.

As a direct substitution into (14) and (19) shows, (33) is an exact solution of the cubic and quartic RNS equations. This was to be
expected, because the solution (32) is exactly equal to its cubic and quartic Taylor-expansion in y.

In practice, however, initial conditions for the RNS equations are determined from sensors and hence are subject to measurement
errors. We emulate such errors by selecting the perturbed initial condition

T = Texact [1 + €5in(2.07x)], € <1, 34)

in our RNS simulation instead of the exact steady-state given in (33). We select the parameters umax = 1 m/s, v = 0.01 m?/s, and
p=10 kg/m3 in our simulations.

At this low Reynolds number (Re = upaxL/v = 10), the full Navier—Stokes equations damp out the perturbation in (34) and the
flow returns to steady state. By contrast, the cubic RNS equations produce slowly growing oscillations about the steady state for
the perturbed initial condition (34). Positive news on the growth is that it is weak: it does not exceed the order of the perturbation
on timescales of O(1). This can be seen in Fig. 3, where the percentage errors in t and y are plotted for different RNS equations.

As seen from Fig. 3, the quartic RNS equations limit the error growth better for t. The quintic RNS equations (21) provide
further improvement for 7 < 1, but for larger times, the error grows faster. For 7 > 5, the error exceeds the order of the perturbation,
and hence the RNS equations have to be re-initialized. Interestingly, increasing the order of the RNS equation results in growing
errors for y; the errors, however, still remain below 1% for times up to = 3.

Despite the growing errors, qualitative accuracy of the RNS equations persists for extended times. Specifically, qualitative
correctness holds up to 7 = 7 in the cubic and quartic case, and up to 7 = 5 in the quintic case (see Fig. 4).

Finally, we illustrate continuous dependence on initial conditions for the cubic and quartic RNS equations, as established in
Theorems 2.1 and 2.2. Fig. 5 shows that decreasing the size of the perturbation parameter € in (34) indeed leads to slower error
growth.

Blasius boundary layer

Similarity solution
Here we consider a similarity solution to the zero-pressure-gradient boundary layer over a flat plate accredited to Blasius
(White [13]). For this flow, the Prandtl boundary-layer equations give

u(x, y) = Uf'(&), lo(x, | <L fulx, y)l, (35)

where U is a reference velocity outside the boundary layer, prime denotes differentiation with respect to the variable & = )X(\/E ,

v
and f satisfies the ODE
21"+ ff' =0. (36)

The boundary conditions for f are f(0) = f/(0) = 0 and f’(c0) — 1. Solving (36) with these boundary conditions gives
f”(0) = 0.33206. From (35), we obtain

72

wUu o, oU?
Texact (X) = pU Tf 0), Yexact = 0, Oexact = 0, Aexact (X) = Wf 0), Nexact = 0. 37
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Fig. 4. Evolution of the T and y profiles in the cubic, quartic, and quintic RNS equations for the channel flow. At the nondimensional time 7 = 0, the profiles agree
with the exact solution.
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Fig. 5. Evolution of the T and y profiles for € = 1073 and € = 10~* in the cubic and quartic RNS equations for the channel flow.

Validation

We use (37) to obtain initial and boundary conditions for our simulation of the RNS equations (14), (19) and (21). We solve
these equations over the spatial interval x € [1,2] with U = 1 m/s, v = 1073 m?/s, and p = 1.0 kg/m?>. For these parameter
values, the Reynolds number is Re = 107, at which the boundary-layer equations are a good approximation to the Navier—Stokes
equations, and hence can be compared to corresponding RNS solutions. Fig. 6 shows such a comparison with the percentage error
in T and y for the cubic, quartic, and quintic RNS equations.

The error growth is faster than in the previous channel flow example, but still remains below 1% up to one convective time unit.
Notably, the error in the quartic RNS is now significantly less than in the cubic RNS. The quintic RNS, however, is less accurate than
the quartic, because the terms neglected in the boundary layer approximation vanish in the quartic RNS, but not in the quintic RNS.
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Fig. 6. Percentage of error in 74 and y as a function of time for the Blasius profile.
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Fig. 7. Evolution of the T and y profiles in the cubic, quartic, and quintic RNS equations for the Blasius boundary layer flow. At the nondimensional time 7 = 0,
the profiles agree with the exact solution.

For this example, the qualitative accuracy of the RNS systems is evidenced by Fig. 7. Even the cubic RNS solutions remain
qualitatively accurate up to 7 = 2 convective time units, but the quartic RNS systems perform significantly better.

Viscous flow near a stagnation point

Similarity solution
For a viscous stagnation point flow, the Navier—Stokes equations (1) yield the similarity solution

u(x,y)=BxF (&), (38)
where F satisfies the ODE
F" + FF' +1—F" =0, (39)

with prime denoting differentiation with respect to § = y\/g . The parameter B is proportional to the ratio of a reference velocity
U and a reference length L (White [13]).
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Fig. 8. Percentage of error in 7 and y as a function of time for the viscous stagnation point flow.

The boundary conditions for (39) are F(0) = F’ = 0 and F’(c0) = 1. Solving (39) numerically with these boundary conditions
yields F”(0) = 1.23259. From the velocity expression (38), we find that

Texact (X) = BoOVVBF"(0)x,  Vexat (¥) = —B?px, 0, (x) = 0.0, (40)
B*p 2 [B B*p
Aexact (X) = - [FN(O)] X, Nexact (X) = —2 ;TFN(O)X-
Validation

For the numerical solution of the RNS equations, we obtain initial and boundary conditions from (40). We solve the equations
on the spatial domain x € [0, Im] with B = 1s~'and v = 1072 m?/s; the corresponding Reynolds number is Re = 100, which is
well within the validity of the laminar stagnation flow approximation.

Fig. 8 again shows limited error growth. In this simulation, however, the 1% error bar is reached in 0.1 nondimensional time
units, indicating faster error growth than in earlier examples. While the quartic RNS is an order of magnitude more accurate for y
than the cubic RNS, the two sets of equations perform equally well for t. The quintic model shows a much improved estimation
for the evolution of 7.

As for qualitative accuracy, we show the time evolution of the t and y profiles in Fig. 9. In all cases, qualitative closeness to the
approximate analytic solution is maintained for convective times up to 7 = 1.

Fluid oscillation over an infinite plate

Analytical solution
For an unsteady parallel laminar flow, the Navier—Stokes equations reduce to

1
U = —;px + Vityy. (41)

The pressure gradient can only be a function of time for this flow, and hence can be absorbed into the velocity by a change of
variables leading to a homogeneous diffusion equation (White [13]).
For an oscillating wall with u(0,7) = Upcoswt with zero velocity far from the wall, the velocity field is of the form

u(y,t) = f(y)el® . Substitution into the above-mentioned diffusion equation leads to f = e~ cos(wt — 1), where n = y 5. The
real part of u(y, t) is then given by

u(y,t) = Upe " cos(wt — 7). (42)
With (42) at hand, we find that

Texact (X) = —pvB[cos wt — sinwt],

Yexact (X) = —2,0\)32 sin wt,

Oexact (X) = 2,0vB3[sin wt — cos wt],

Aexact (X) = —4pvB* cos wr,

Nexact (X) = 4pvB>[cos wr — sin wt], 43)

where B = \/w/ (2v). Note that all the above quantities are independent of x.
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Fig. 9. Evolution of the T and y profiles in the cubic, quartic, and quintic RNS equations for the stagnation point flow. At the nondimensional time 7 = 0, the
profiles agree with the exact solution.
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Fig. 10. L, error in 7 and y as a function of time for flow oscillating over an infinite plate.

Validation
Again, (43) provide initial and boundary conditions for our RNS simulations. We select Uy = 1 m/s, v = 10 m?/s, and

w = 1w 1/s; we solve the cubic, quartic, and quintic RNS equations for 0 < x < 1 m. The corresponding Reynolds number is
Re = 0.1, which is consistent with the Stokes-flow approximation present in (41). Fig. 10 shows that the L, error in T and y
remains below 3% for up to 0.1 nondimensional time unit. In addition, the quartic model predicts y two orders of magnitude more
accurately than the cubic model.

In this example, we observe qualitative correctness for the RNS systems on long timescales. Shown in Fig. 11, the t and y

profiles stay qualitatively close to the exact solution for up to four nondimensional time units; the errors appear uniformly bounded
for all times.

5.1. Steady and unsteady lid-driven cavity flow

As our final example, we use direct numerical simulation of a lid-driven cavity to test the accuracy of the RNS equations. The
simulations are performed with a staggered-grid multidomain spectral method (Kopriva [8] and Jacobs et al. [9]). The computational
model consists of a square whose upper boundary is a lid moving at a constant speed.
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Fig. 11. Evolution of the T and y profiles in the cubic, quartic, and quintic RNS equations for the stagnation point flow. At the nondimensional time 7 = 0, the
profiles agree with the exact solution.
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Fig. 12. (a) Streamlines at the steady state of a lid-driven cavity flow at Re = 400. (b) Comparison of a u-velocity profile along the midplane for the steady state of
a lid-driven cavity at Re = 400.

The Reynolds number Re = 400 of the flow is based on the velocity of the lid and the length of the square’s side. The flow is
started from a quiescent state that develops into a steady state. The steady-state solution is characterized by three vortices, as shown
by the streamlines in Fig. 12(a). This steady-state solution agrees with previously published results by Ghia et al. [4], as seen in
Fig. 12(b).

At the steady state, we evaluate the y-derivatives of the velocity to be used as initial conditions for the RNS equations. The
boundary conditions for the RNS equations at x = O m and x = L = 1 m are zero because of the zero derivatives at the corners of
the cavity.

Figs. 13 and 14 show that up to time 7 = 1, the skin friction t remains within 1% of its steady state value for both the cubic and
the quartic RNS equations. Over the same time period, y shows errors in the order of 10%. Qualitative correctness holds up to time
t=2fory,and uptoz = 3 for t.

Fig. 15 compares t for the initial unsteady cavity flow. The velocity gradients at 7 = 5.0 are used as initial conditions for the
RNS equations. At later times, the computed t values from the RNS equations are compared with the simulation. We find that at
time 7 = 5.1, the RNS equations compare reasonably with the simulation. Although at 7 = 5.2, the RNS equations show substantial
deviation from the Navier-Stokes simulation, the 7 profile is still qualitatively correct. With initial conditions re-set at # = 5.1,

the RNS equations again remain accurate for times of order 0.1; qualitative accuracy again persists somewhat longer, but is lost by
f=5.5.
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Fig. 13. Errors in the cubic RNS simulation of the lid-driven cavity flow. The (absolute) errors At and Ay are shown as functions of the location for different
times; the Ly-errors Ayt and A,y are shown as functions of the nondimensionalized time.
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Fig. 14. Same as Fig. 13, but for the quartic RNS simulation of the lid-driven cavity flow.

Finally, we compare the local u-velocity reconstructed from the truncated expansion (5) using the cubic and quartic RNS
simulations. Figs. 16 and 17 compare true and reconstructed u velocities at select x and y locations near the y = 0 boundary
during the initial unsteady phase of the cavity flow.

The conclusion from figures Figs. 16 and 17 is that the skin-friction and pressure-gradient evolution obtained from the RNS
equations is suitable for short-term velocity field prediction near the wall away from corners. A general discussion on velocity
reconstruction from instantaneous skin-friction and wall-pressure measurements is given by Bewley and Protas [12].

6. Conclusions

In this paper, we have derived a hierarchy of evolution equations for two key wall-based quantities, the skin friction and the
wall-pressure gradient, in two-dimensional incompressible flows. The resulting RNS equations are well-posed for smooth enough
initial data. Defined over the flow boundary, the RNS equations offer reduced spatial dimensionality over the full Navier—Stokes
equations; as a result, typical computation times for the RNS equations are a fraction of those for the Navier—Stokes equations.

For instance, on a 2.2 GHz Intel Xeon processor, our spectral Navier—Stokes simulation of the lid-driven cavity flow
(programmed in Fortran90) required about 1 min of CPU time to compute the velocity field over the convective timescale At = 0.2.
By contrast, on a slower ULTRASPARC-III 750 MHz processor, our spectral RNS simulation of the same problem (programmed
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Fig. 15. Comparison of skin-friction values predicted by a Navier—Stokes simulation (“code”), and by the cubic and quartic RNS simulation for the initial unsteady
phase of the lid-driven cavity flow at Re = 400. (a) Initial condition at 7 = 5.0 (b) Simulation at 7 = 5.1 (c) simulation at 7 = 5.2 (d) Same as (c) but with initial
conditions re-initialized at 7 = 5.1.
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Fig. 16. The u-component of the lid-driven cavity velocity field at f = 5.0 and 7 = 5.1 at different locations near the y = 0 boundary. “NS” refers to Navier—Stokes
simulations; “cubic” refers to cubic RNS simulations.
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Fig. 17. Same as Fig. 16, but for the quartic RNS simulation.

in MATLAB) required only about 1.4 s for the cubic RNS and 1.9 s for the quartic RNS equation. The RNS equations, howeyver,
rely on updated boundary conditions and hence cannot be solved without observing the flow at two discrete boundary points.

Our numerical simulations on a range of benchmark problems show quantitative accuracy for short-to-intermediate times: the
RNS equations produced less than 1% error over times that range from 0.1 to 3 nondimensional time units in different problems.
The error growth was noticeably faster in the lid-driven cavity flow, where corner effects result in large wall-normal derivatives that
are not captured by truncations of (5). In their envisioned application in flow control, however, the RNS equations should be more
useful as qualitative reduced-order models rather than exact numerical tracking tools. In most of our examples, the RNS equations
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remained qualitatively accurate for times between one and 10 nondimensional time units. Over longer times, the equations require
periodic re-initialization for sustained qualitative accuracy.

Our results are directly applicable in unsteady separation control when combined with the analytic approach of Alam et al. [1]. In
that approach, the solution of the skin-friction equation (7) was controlled via two-point boundary actuation to satisfy the kinematic
separation conditions of Haller [6]. The velocity derivative o, however, was obtained from observations rather than from a model.
We expect an improvement in the controller derived in [1] once the present RNS equations are used to obtain predictions for o.
This is explored in ongoing work.

Reduced spatial dimensionality comes at a price: higher-order RNS equations include higher-order spatial derivatives, both in
the equations and in the boundary conditions. Over a certain order, the computation of derivatives becomes too expensive and the
advantage of reduced spatial dimensionality is lost. For this reason, we only expect the cubic and quartic RNS equations to be
effective in flow-control applications, unless the equations are posed between boundary points with known velocity derivatives.

In the present work, we have tested the RNS equations numerically for Reynolds numbers up to 103. In this range, assuming a
two-dimensional flow geometry is reasonable for a number of applications. The behavior of the RNS hierarchy for higher Reynolds
numbers is expected to be more delicate. We plan to study this question in future work.

Three-dimensional extensions of the present work are possible as our initial results indicate in Section 3. In that case, the
RNS equations are defined over two-dimensional boundary domains and hence require boundary conditions observed along
one-dimensional curves. Such observations are possible via two-dimensional arrays of skin-friction and pressure sensors, thus
applications to three-dimensional flow modelling and control appear feasible.
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Appendix A. Well-posedness for the RNS equations
A.l. Well-posedness for the cubic RNS equations

A.l.1. Function space

We consider the PDE system (14) with the boundary conditions (15). We will first show that (14) has a unique solution for the
homogeneous boundary conditions

7(0,1) =t(L,1) =0, y(©0,0)=y(L,t) =0, 0(0,t) =0(L,t) =0, (44)
on the function space

X = B®> x B> x B,
where

B" ={ue H"([0, L]) : u(0) = u(L) = 0}. (45)

On the space X, we define the norm

L
IU1? = I, y,a>||2=f0 (TP + 1me? + 1o P+ e P+ 1y P+ vl + o1 + o [2dx

= (7, T) + (Tx, Tx) + {Tux> Tax) + (Taxx> Taxx) + (¥, ¥) + {Vas Ya) + (0, 0) + (0%, 0x)
= {(r, )+ {y, ¥y + {0,001, (46)

where ((v, V), = (v, V) + (Vx, Ux) + (Uxx, Uxx) + -+ 4+ (v, 07 V).
The homogeneous boundary conditions (44) and the Eqs. (14) imply

Tux (0) = e (L) =0, Yxx(0) = yxx (L) = 0. “47)
Differentiating the first equation in (14) twice, we obtain

Tyxt = 2VTxxxx + VOxx,
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which gives

0= 2VTxxxx(O) + VUxx(O)’
0 = 20Ty xxx (L) + voyx (L),

by (44). Combining these last two equations with the third equation in (14) leads to
oxx(0) = oxx (L) =0, Toxxx (0) = Taxxx (L) = 0. (48)

A.1.2. Evolution equation formulation
Next we rewrite system (14) in the evolution equation form

uy = Au + f(u), 49
where
0
200, O v 1
A= 0 2vdy 0 |, fw =", (50)
—VOxxxx 0 VOxx 2
——TVx
vp

By a classic result of Pazy [10], the linear operator A is the infinitesimal generator of a C? semigroup 7'(r) with || T (r)|| < Me®",
if A satisfies the following conditions:

(i) A is closed and the domain of A, D(A), is dense in X.
(ii) The resolvent set p(A) = {» € C: (Al — A)_l exists} of A contains an interval (w, 0o) such that for all A > w, the resolvent

operator

Ry ()= (1 =)~ (51
satisfies

IRY M) = MO —w)™". (52)

Since A is a linear combination of closed differential operators, A is closed. Moreover, the domain of A contains C* x C* x C*°
which is dense in X.Hence, the conditions in (i) are satisfied.
To show that (ii) is also satisfied, we have to identify the spectrum of A. To this end, we expand 7, y, and o into Fourier series:

o0 o o0
T = E a, sink,x, y = E b, sink,x, o= ch sink, x.
n=1 n=1 n=l1

(Here we have implicitly extended all three functions to the interval [—L, 0] in an odd manner.) Using (47) and (48), we obtain

o0 o0
Tex = — E k,zla,, sink,x, Toxxx = E kﬁan sink, x,

n=1 n=1
o0 o0

Vix = — Z k2b, sink,x, Opy = — Z k2c, sinkyx, (53)
n=1 n=1

after integration by parts. Here the equality signs are meant in the sense of L, convergence; the wave number is k, = 2nm /L.
By (50) and (53), the spectrum of A is the union of the spectra of the three-by-three matrices

—2vk,% 0 v
Ay, = 0 —2vk2 0 ,
—vk* 0 —vk?

which are found to be
3 3
o (Ax,) = {—2vk5, (—5 + ﬁg) vk,%} :

Therefore, the spectrum of A lies in the negative complex half-plane bounded away from zero.
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Although the spectrum of A is confined to the negative complex half-plane, A is not self-adjoint, and hence we cannot directly
conclude the boundedness of exp(At) from its boundedness in the eigenbasis. Establishing well-posedness for (49), therefore,
requires more than just the boundedness of the spectrum of the linear part. For instance, the linear system

u; = Au,
u(x,0) = up(x),

with A defined in (50) is not well-posed on the space X=L2xL?x L2, because the norm of

2 3
—= cos (%k,zlt + %) 0

1,2
—aknt

0

0
2 V3
ﬁ COS (7]{21‘

2 2 si £k2
ﬁkzln sin | -kt
n

_%)

does not admit a k-independent upper bound of the form Ke* (cf. Gustaffson et al. [5]).

V3
exp(Ay, 1) = ¢~ 3kt 0
2 3
We proceed by defining
F=@0I-A)U,

or, in component form,

f1 = AT — 2v1y; — VO,
f2 = )\y - 2vyxx,

f3 = A0 —VOxx + VTxxxx-

The norm of F can then be written as

S, fi)s + ((f2, f2))2 + ((f3, 301
AT — 2VTxx — VO, AT — 20Ty — V0 )3 + ((AY — 2V¥xx, AY — 2V¥x) )2

| FII”

‘We find that

((AT — 2vTyy —

and

(y =

furthermore,

({(A0 — VOxx + VTxxxxs AG — VOxyx + VTxxxx
=130, 0))1 — 240 ({0, o)1 + 200

(«
(«

+ ((A0 — VOxx + VTyxxx, AO

20Yxx, AY = 2V¥x))2

VO, AT — 2VTyy — VO))3 = Az((r,
= 2%((x,
> 2,

— VOxx + VTxxxx))1-

)3 + 200 {{T, —2Txx —
T))3 — 2Av((T,
)3 — 2Av{(7, 0))3,

0))3 + {((2Tyx
0))3 +4rv{({Tx, Tx))3 + ((2Txx — 0,274y — 0))3

= 22y, )2 — AUy, vz + 407 ((Vex, ve))2

= 2*((y,

> 22y, y))a

> A2 ({0, a))1 4+ 200 (0, Tuxxx))1 = A%
7)

> 2%{{o,

o)) + 2 v[{{o,

7))3 — ({0,

Using the estimates (55)—(57) in (54), we obtain

) o))z + 22 (v, ¥))2 + Ao,

)3+ A2 {((y. ¥))2 + A3 (o,

7) )2 + 22 ((o,
vAU|?

IFI1? > 2%((z, T))3 — 220 ((T,
_ )LZ(

X

2

> A
=

forall A > v.

(*

(t,

(T,

)3 + A2 ((y,
— WU = (-

)
(

)

o)1+ 2Av{({Oxx, Tax)1

Ml

o)) — 2 v{{o,
o)1 — rv[{{o,

Y2 +AvA{(Yx, Vx))2 + 4v2(<yxm Vix))2

—0,2Tx —0))3

0, Taxxx))1 + {({(VOxx + VTxxxx, VOxx + VTxxxx))1
(o,

o1+ 2av[{{o, T))3 — ({0, T)H)1]

H1
o)+ ((z,

™Hil

(54)

(55)

(56)

(57
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Thus, for all A > v, we obtain
i _ 1
IFI — A—v
Consequently, the resolvent R4 (A) defined in (51) satisfies

1
Ri(V)| < ——,
IRA )1 < 5—
or, equivalently,

REVDI<IRA)|I' € ————.
[Ry M I = IRa ) [I” = Y
We, therefore, conclude that property (52) is satisfied for w = v > 0, and hence A is an infinitesimal generator of a C® semigroup

T (¢t) with

IT @O < e

A.1.3. Existence for the full cubic RNS equations

For system (49), Pazy [10] shows that if A is the infinitesimal generator of a cY semigroup on X, and f : X — X is
continuously differentiable, then (49) has a unique (classical) solution u over the time interval [fg, tmax). Moreover, if fax < 00,
then lim, . [lu(t)|| = oo.

We have already shown that A is an infinitesimal generator of a C® semigroup. We now prove that f(u) is continuously
differentiable in u. We first observe that f is defined and uniformly continuous on a dense subset of the complete space
X = B'([0, L) x B2([0, L]) x B%([0, L]). As a result, f can be extended continuously to the whole of X.

Foru = (t,y,0) and h = (hy, ha, h3) € X, we can write

0
1
f(u-l-h)—f(u):—v— hity +hixt +hihye |,
P \2(thay + hiyy + hihoy)

which gives

0 0 0
d
1 — 0 0
Dufwy ==~ " FTg
2V 215 0
a map continuous in X with respect to the norm ||.|| defined in (46). Therefore, the cubic RNS equations with homogeneous

boundary conditions are well posed: they have unique classical solutions that depend continuously on the initial conditions.

A.1.4. Inhomogeneous boundary conditions
We reconsider the system (14) with the boundary and initial conditions (15). Under the change of variables

1
t=1+ Z[(L —0)To(t) +xT(O] ="+ F(x, 1),
1
y=v+ TIE = 0)px0.1) + xpe (L, )] = v+ P(x, 1),

|
o=0 + Z[(L —x)So(t) + xS ()] =1t' + H(x,1),
system (14) becomes

1/ =2vt,, +vo' +vH — F,,

Y, =2vy), — Lt’r’ - Lr’Fx - LFr/ — iFFx - P,

XX vp X v vp X Vo
/ l 1 2 ro,! 2 1 2 1 2
Ul‘ZUO—X)C_UTXX)CX_%‘EVX_;TPX—%FV)C—;FPX_SZ‘ (58)

which has a different linear part than (14) does. However, we can view (58) as

ur = Au + g(u),
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where A is given in (50) and g has quadratic, linear and constant terms in u. It is straightforward to check that g is continuously
differentiable on X, thus all our previous arguments remain valid, and the existence of a unique solution with continuous dependence
on initial data is proved.

A.2. Existence and uniqueness for higher-order RNS equations

A.2.1. The linear part
To derive the nth equation of the RNS system of order N with N > n > 3, we take the (n — 3)th y-derivative of Eq. (10), then
subtract from that the second x-derivative of the (n — 2)th-order RNS equation. Carrying out this procedure for only the linear parts
of the equations, we obtain the linear part of the nth-order RNS equation, which we explore below.
With the notation
"u

ayn’

u = pv

the linear part of (10) becomes
3w + 02uly = 2v0%u® 4+ v’ + ot
Taking the (n — 3)th derivative of this last equation with respect to y, we obtain
O (" + 82u"2) = 2082u" 4+ vu" T 4 "2 (59)
This last equation is also valid for n = 1, 2, except that the terms containing u”~2 are absent. Taking the second x-derivative of
(59) and letting n — n — 2, we find that
3, (02u" % + 04" = 200*u" 7 + voZu" + 2%u" 4 (60)
Subtracting (59) from (60), we obtain
O " — 3%u"hy = vo2u" + vu"? — gt — 9%y, 61)
Next, we add to (61) the equation
3 (3 u"* 4 9%u" %) = 208%™ + vatu" 2 + 88u" S,
which we obtain from (59) by taking the fourth x-derivative and letting n — n — 4. The resulting equation is
3 (" 4 8%u"=%) = va2u" 4 vu"? + 8%u"* 4 936, (62)

in which the order of the y-derivative on the left-hand side has decreased by 2 compared to (61).
We repeat the above order-reduction procedure until only d;u" is left on the left-hand side of the equation. This happens when
the superscript of u in the second term of the left-hand side reaches —1 or —2; this indicates that the corresponding term is absent.
In the case of n = 4k 4 i with i = 1, 2, the resulting linear equation is

Wl = vdu" 4 vt 40" 2yl
in the case of n = 4k + 2 4+ i with i = 1, 2, the resulting linear equation is

n

_ n n+2 n—i+2 i
u =vuy, +vu""" —voy u'.

When n 4+ 2 > N, the term containing the superscript n + 2 is absent, because we truncate the Taylor-expansion of u at order N.
In summary, the linear part of the Nth order RNS system, say in the case of N = 4K + 1, is of the form
u,l = 2v8§u1 + v,
ulz = 2\18?142 + vu?,
u? = v3§u3 + vud + va;‘u],

u? = v8§u4 + vl + UB;‘MZ,

u;lk—i-l — v8§u4k+’ + l)u4k+l+2 + Ua;lk—i-Zut’

u;lk+t+2 — va)%uélk-i-t + vu4k+t+2 + va;lk+4ul

I
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4K _ a2 4K 4K 2

u,” =voju " + v u”,

4K+1 _ a2 4K+1 4K+2 1

u; = vo;u + 0o u, (63)

where i = 1, 2, and all terms are evaluated at y = 0. The structure of the RNS system for other values of N is similar.
We consider the Nth order RNS system (63) on the function space

X=B"xB""!'x...x B> x B!,
where B" is defined in (45). On X, we define the norm
1 1 1 4 .
i = {<<u1, u'))n + —= u2>>N_1} St WDy + et uf ) na) o S (e ),

V2

wherei = 1 or 2, and
((u, v))n = (U, V) + (Ux, V) + (Uxx, Uxx) + -+ (3;1% a;lv)

We observe that the homogeneous boundary conditions imply

8%141\/ =0, aiuNfl =0,

9HTIN=2 o, 9PN o, j=0,1,
9N —0, TN =0,  j=012,
.21+2 1 _ . _

oy u =0, j=0,1,2,...m=(N—1)/2.

We again let
F=QI-AU,
where A is the linear operator appearing on the right-hand side of the RNS system (63). We estimate the norm of F' as

1 1 1
IFI? = ((fr, AN + —= ((f2s f2) N1 + S lvat ot m((ﬁv, IN))

V2

= ((au! — 21)8)%141 — v, — 21)3?141 —vd))y + %((Auz — 21)8%142 — v, — 21)8?142 — v N_i

+ %(()\u3 —vdZu® +vdtu! — vid, e — vo2u® +vatu' —vud)) o

+ ZL\/E(()\Lﬁ - v8fu4 + vafuz —vu® aut — v8§u4 + va;‘uz —vu®))nv_3

+ Z((Aus - vafus + vaful — v’ ® — va§u5 + vaful —vu))N_4

4ot 2(1\,_;1)/2(()@/\’ — vauN + vaﬁuN_z + vay_i”ui, auV — vafuN + vajuN_2 + vaiv_i”ui))l
> 22!, ul))y + 240 (0, "))y — 220 ((u! w4 %A2<<u3, u))n-2

A (@i, Bcu)) -2 — v (e, u?)) v o2 + A (@70, OFul )y o2 + -+ }‘A2<<u5, 1)) N4

- %xvuaxui 010)) N4 — %Av«ui u'))n_a+ %xv«axui Ru'na+-

1

+ s (P )+ 20 (@, 0,1 = 2200 83N + 2w (0, 9 ) | o)

Based on the estimates

—a((u!, u?)) + 2oy (@023, 32u" ) voa| = | — v, ud))|

1
< Exv[«ul,ulm + (@, W,
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[t uyy vl = 1002, 82u)) voal + 1!, )]
= [((33u', 8eu)) vl + (!, u))1]
1
< SU@EFu", 0fu"y) v 2 + (B’ BNyl + (G |
< %[«axul,axulm+<<axu3,axu3>>zv_2+<<u3,u3>>11,

(e, 030 Y0 = SO, D+ (05, 03y
1

5[
we deduce the general relations
1

2
<

(816, Bx™)) N—a + ((Bxu’, Byu)) N1,

=

(@, W2 Np1on < [T 0" T2 ) N1+ (" u")) 1],

1 n n 1 1
5[((8)(” , Oyl )>N+1—11+<<8xu ,0xu ))N]
Combining these last two inequalities with (64), we find that for A > 0,

((Bxu™, 3"u")) N 1-n

IFII> > A2 = wIUI* = 00— v)?|UI?,

which again implies

1
IRA W) < IRa )" < m

Therefore, property (52) is again satisfied for the resolvent of A, and hence for w = v > 0, the linear system (63) admits a C°
semiflow T (t) with

IT@OI < e”.

This proves the existence, uniqueness and C° regularity of solutions of the Nth-order linearized RNS system.

A.2.2. The full nonlinear system
We now extend the above regularity result to the full Nth-order RNS system

up = Au+ f(u), (65)

where Au represents the right-hand side of (63), and f(u) denotes the quadratic terms. By the result of Pazy [10], system (65) is
well-posed if f: X — X is continuously differentiable.
Let {e;} lN: | be the standard basis of RV . We observe that by the definition of the space X, the map

Siminymyns: X = X, (66)

u > e (™) (972u™), (67)
is continuously differentiable if

mi; <1l —ni, my <1 —ns. (68)

All terms in the Nth-order RNS system are of the general form (66); a systematic review of these terms reveals that they all satisfy
(68). (We omit a detailed listing of the nonlinear terms for brevity.)

We conclude that the function f(u) in (65) is continuously differentiable, and hence the Nth-order RNS system with
homogeneous boundary conditions admits unique solutions that are continuous with respect to the initial data. The case of
inhomogeneous boundary conditions follows as in the case of the cubic RNS system (cf. Appendix A.1).

Appendix B. Derivation of the cubic RNS equations in 3D

Subtracting the x-derivative of the third equation in (22) from the z-derivative of the first equation, we obtain

O (U7 — Wy) + Uzl + Uyly + Uy U+ UyUz + Uz W + Uz Wy — Woxlh — Wxlly — WyzU — WyVp — Wz W — WoW;

= V(Uxxg + Uyyz + Uzzz — Wrxx — Wyyx — Wezy)- (69)
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Evaluating (69) at z = 0 and using the no-slip boundary conditions, we obtain

[uzt]zzo = [Vuzzz + VUzxx + Vizyy — vaZX]zzo .

By incompressibility, this last equation yields

[uZ,]Z:O = [2vuzxx + Vidzyy + VUgny + V”zzz]zz(y

The same argument applied to the v-component of the Navier—Stokes equations gives

[vzt]z:() = [Zvvzyy + VUgpx + Vltgyy + V”zzz]zzo-
We continue by taking the z-derivative of Eq. (69) to obtain
0 (Uzz — Wyx) + UyzzU + 2Uzpuy + Uxtiz; + UzzyV + zuzyvz + vuyvz + U w + 2uz;w;
F U Wy — Wogxll — 2Woxly — Wyllzz — WyzzV — Zwyzvz — WyUzz — Wzzz W — 3w w;,
= V(Uzzxx + Uzzyy + Uzzzz — Woxxx — Wayyx — Wyzzx)-
Evaluation at z = 0 then gives
[uzzt]z=0 = [_zuz”zx - zuzyvz — Uz Wzz +V(2Ugxx + Uzzyy + Uzzzz + Uzzxy)]zzo .

We use incompressibility to rewrite this last equation as

[uzzt]z=o = [V(z’/‘zzxx + Uzzyy + Uzzzz + Uzzxy) — UzUzx — zuzyvz - ”zvzy]z=o .

Similarly, we obtain

[Uzzt]zzo = [V(zvzzyy + Uzzxx + Vzzzz + Uzzxy) — VzVzy — 205007 — vz”u]zzo-
Differentiation of (72) with respect to z gives
0 (U777 — Wigx) + Ugzzxlt + uzpxlty + gty + Uylizz; + UzzzyV + 3uzzyvz + 3“zyvzz
F UV + Uz W A Uz, Wy + Uz Wop + Uz Wozp — Wogylh — 3Wppplly — 3Woxllzy — Wyllyyz,
— WyzzzV — 3wyzzvz - 3wyzvzz T WyVzzz — Wzzzz W — 4w, w; — 3w Wy,
= V(Uzzzxx + Uzzzyy + Uzzzzz — Wozxax — Wrzyyx — Wrzzzx)s
which, at z = 0, becomes
[”zzzt - wzzxt]Z:() = [—Bugzxtt; — Jugpuz; — 3”zzyvz - 3’4zyvzz — Uz Wy — Uz Wy
+ 3wyplt; + 3wyzzvz + WezzzW + 4wz Wy + 3w Wy,
+V(Uzzzrx + Uzzzyy t Uzzzzz — Wzzexx — Wzzyyx — Wyzzzx)]z=0-
Imposing incompressibility on this last equation, we find that
[uzzzt]zzo = [~Uzxxr — Uzxyt — Buzzxtt; — Sugyity;; — 3uzzy Uz — 3”zy Vg + Uz Uzy
+ 3”zzUZy + Uzlzox + ULV — Uity — 3szy”z + 3”znyz + 3Uzyyvz + Utz
+ 6"‘zxvzy + 3vzyvzy + V(Uzzznx + Uzzzyy + Uzzzzz — Uzxxxx — Vzyxxx — “zxyyx)
- V(Uzyyyx + Uzzzxex + Uzzzyx)]z=0~

Using (71), we can rewrite (75) as

[uzzzt]z:() = [—vQuzxxxx + Uzyyxx T Vzxyxx + Uzzzex) — V(2Vzxyyy + Vzxaxy + Uzrxyy + Vzzzay) — Suzzxtty — uzyliz;

- 3“zzyvz - 3uzyvzz + 3uzuz + 3uzzvzy +Uzlzzx + ULV — Bugyxlt; — 3szyuz + 3uzxyvz
+ 30y Uy + 3uzclizx + OUz Uy + 30550z
+V(Uzzzxx + Uzzzyy + Uzzzzz — Uzxxxx — Vzyxxx — Uzxyyx — Uzyyyx — Uzzzxx — Vzzzyx)1z=0-
After cancellations due to incompressibility, the above equation becomes
[”zzzt]zzo = [-vCBuzxxxx + 3”2)’yxx + Uzzzxx + 3szxxy + 3Uzyyyx + 2vzzzxy — Uzzzyy — Uzz777)
—2UzzxUz — 3UzzyV; — BUzyUzz + Uz Uy + UgVzzy — BUgyxliy — 3Vpxylty; + 3Uzxy v,

+ 3vzyy Uy + 3ugcltzx + Oz Uy + 30zy0;7y]=0.

(70)

(71)

(72)

(73)

(74)

(75)

(76)
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A similar argument yields

[Uzzzt]zzo = [_V(3vzyyyy + 3Uzyyxx + Vzzzyy + 3”zxyyy + 3uzxxxy + 2“zzzxy — Uzzzxx — Vzzzzz)
— 2Uz5yV; — 3Ugpxlt; — 3Ugxllzy + 3Vgzlzy + Vzlizzx — 3Uzyy Uz — SUzxy Uy + 3Uayu;
+ 3uzyxttz + 3vzpVzy + OV Uy + SUzilizy]o=0. a7

Then Egs. (70), (71), (73), (74), (76) and (77) can be summarized as the cubic three-dimensional RNS system (24).
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