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A Convex Approach to Hydrodynamic Analysis
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Abstract— We study stability and input-to-state properties
of incompressible, viscous flows with perturbations that are
constant in one of the directions. By taking advantage of this
flow structure, we propose a class of Lyapunov and storage
functionals and consider exponential stability, induced £*-
norms, and input-to-state stability (ISS). For streamwise con-
stant perturbations, we formulate conditions based on matrix
inequalities. We show that in the case of polynomial base
flow profiles the matrix inequalities can be verified by convex
optimization. The proposed method is illustrated by an example
of rotating Couette flow.

I. INTRODUCTION

The dynamics of incompressible fluid flows are described
by a set of nonlinear partial differential equations known as
the Navier-Stokes equations. The properties of such flows are
then characterized in terms of a dimensionless parameter Re
called the Reynolds number. Experiments show that many
flows have a critical Reynolds number Rec above which
transition to turbulence occurs. However, spectrum analysis
of the linearized Navier-Stokes equations, considering only
infinitesimal perturbations, predicts a linear stability limit
Rej, which upper-bounds Rec [1]. On the other hand, the
bounds using energy methods Rep, the limiting value for
which the energy of arbitrary large perturbations decreases
monotonically, are much below Rec [2]. For example,
Rer = 32.6 [3], Re;, = oo [4] and Rec = 350 [5] for
3D Couette flow.

The discrepancy between Rejy, and Rec have long been
attributed to the eigenvalues analysis approach [6], citing a
phenomenon called transient growth; i.e., although the per-
turbations to the linearized Navier-Stokes equation are stable,
they undergo high amplitude transient amplifications that
steer the trajectories out of the region of linearization. This
has led to studying the resolvent operator or e-pseudospectra
based on the general solution to the linearized Navier-
Stokes equations [7]. Another method for studying stability is
based on spectral truncation of the Navier-Stokes equations
into an ODE system. Recently in [8], [9], a method was
proposed based on keeping a number of modes from Galerkin
expansion and bounding the energy of the remaining modes.
However, these bounds on Rec turn out to be conservative.

Since the seminal paper by Reynolds [10], it was ob-
served that external excitations and body forces play an

The authors are with the Department of Engineering Science, University
of Oxford, Oxford, OX1 3PJ, UK e-mail: ({mohamadreza.ahmadi, gior-
gio.valmorbida, antonis}@eng.ox.ac.uk). M. Ahmadi is supported by the
Clarendon Scholarship and the Sloane-Robinson Scholarship. G. Valmorbida
is also affiliated to Somerville College, University of Oxford, Oxford,
U.K. A. Papachristodoulou was supported in part by the Engineering and
Physical Sciences Research Council projects EP/J012041/1, EP/1031944/1,
EP/M002454/1, and EP/J010537/1.

978-1-4799-7886-1/15/$31.00 ©2015 IEEE

important role in flow instabilities. Mechanisms such as
energy amplification of external excitations are important in
understanding transition to turbulence [2]. Energy amplifica-
tion of stochastic forcings to the linearized Navier-Stokes
equations in parallel channel flows was studied in [11],
[12]. In [12], using the linearized Navier-Stokes equation,
it was shown analytically, through the calculation of traces
of operator Lyapunov equations, that the #H2-norm from
streamwise constant excitations to perturbation velocities is
proportional to Re3. The amplification mechanism of the
linearized Navier-Stokes equation was also studied in [13]
and [14], where the influence of each component of the body
forces was calculated in terms of 72 and H°°-norms.

In this paper, we study the stability and input-to-state
properties of incompressible, viscous fluid flows. We study
input-to-state properties such as induced £2-norms from
body forces to perturbation velocities and ISS. In particular,
we consider flow perturbations that are constant in one of
the three spatial coordinates. For such flows, we propose
a suitable structure for Lyapunov/storage functionals. Then,
based on these functionals, for streamwise constant flows,
we derive conditions based on matrix inequalities. In the
case of polynomial base velocity profiles and semi-algebraic
domains, e.g. Couette and Poiseuille flows, these inequalities
can be checked via convex optimization using available
computational tools. The proposed method is applied to the
rotating Couette flow.

The paper is organized as follows. The next section
presents some preliminary results. In Section III, we
propose a Lyapunov/storage functional structure. Section IV
is concerned with the convex formulation of the analysis
problem for streamwise constant flows. The proposed
method is illustrated by an example of a model of rotating
Couette flow in Section V. Finally, Section VI concludes
the paper and provides directions for future research.

Notation: The n-dimensional Euclidean space is denoted
by R™. The n X n identity matrix is denoted by I, x,. A
domain 2 C R™ is a connected, open subset of R"™, and
Q is the closure of set 2. The boundary 99 of set Q is
defined as Q\ Q with \ denoting set subtraction. The space
of p-th power integrable functions defined over (2 is denot?d
L{, endowed with the norm [|(-)[lzz = ([fo ()P dQ)7,
for 1 < p < oo, and [|(*)|[cer = sup,eq |(+)], for p =
oo. Also, we denote by Efto’TLW with 5 > 0, the space
of square integrable functions in =z € Q and t € [to, 7]

1
T 2
1Oz, o = (f luli2s dt)” . The

space of k-times continuous differentiable functions defined

with the norm
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on (2 is denoted by C¥(Q2). If p € C!, then O,,p is used
to denote the derivative of p with respect to variable xq,
ie. 0y = . A continuous strictly increasing function
k :[0,a) — R>0, satisfying k£(0) = 0, belongs to class
K. If @ = oo and lim,_,o k(z) = oo, k belongs to class
Koo The unit vector in direction x; is denoted by ?i. For a
scalar function v, Vo = ), &civ?i denotes the gradient and
V2v = Y. 9?v denotes the Laplacian. For a vector valued
function w = ), w; €5, the divergence V - w is given by

II. PRELIMINIARIES
A. Flow Model

We consider incompressible, viscous flows with constant
perturbations in one of the directions z,,, m € {1,2,3},
ie., 0y, =0.Let I ={1,2,3} — {m}. The flow dynamics
are described by the Navier-Stokes equations, given by

1

ou = R—V2ﬂ—ﬁ~Vﬁ—Vﬁ+Fﬁ+d,
(&
O =

V-u, )

where t > 0, F € R3*3 accounts for terms added due
to rotation, and x € @ = Q; x ; C R x R with x =
(@i ;). i,j € I, i # j, being the spatial coordinates. The
dependent variable d(t,x) = [di(t,x) da(t,x) ds(t,x)]’
is the input vector representing exogenous excitations or
body forces, @(t,x) = [i1(t,x) as(t,x) us(t,x)] is the
velocity vector, and p(t, x) is the pressure.

We consider perturbations (u,p) to the stationary flow
(U, P). That is,

u=u+U, p=p+P, 2
where (U, P) satisfy

v2U U-VU-VP+FU,
Re

V.-U. 3)

0 =
O =

Substituting (2) in (1) and using (3), we obtain the pertur-
bation dynamics

hu = §V2u u-Vu—-U- -Vu—u-VU
—Vp+ Fu +d,
0 = V- u. 4

In this paper, we concentrate on perturbations with no-
slip boundary conditions u|sq = 0 and periodic boundary
conditions.

B. Stability and Input-to-State Analysis

In this section, we briefly review a number of definitions
and results from [15], [16] (also see the 2D formulation
in [17]) and [18], [19].

Definition 1 (Exponential Stability): The stationary solu-
tion (0, pg) of (4) with d = 0 is exponentially stable in £,
if there exists a A > 0, such that for all ¢t > 0

()12 < (0, %) 25 e )

That is, system (1) converges to the base flow (U, P)
satisfying (3).
Definition 2 (input-to-State Properties):
A. Induced  L?-norm
n; >0,1=1,2,3,

Boundedness: For some

2
lut,x)llzz o

3
<D _wildi(tx)llze o ©)
i=1
subject to zero initial conditions u(0,x) =0, Vx € Q.
B. Input-to-State Stability: For some scalar ¢ > 0, func-
tions 5,3, x € Kso, and o € K, it holds that

Jutt s, < 5(ex (Jlu09)z3) )
+B( sup)(/ﬂo(|d(7,x)|) dQ)), (7)

T€[0,t
for all ¢t > 0.

Remark 1: Due to nonlinear dynamics, the actual in-
duced L£2-norms of system (4) are nonlinear functions of
|| £ o The quantities 7;, ¢ = 1,2,3 provide upper-
bounds on the actual induced £2-norms.

Remark 2: The ISS property (7) implies the exponential
convergence to the base flow (U, P) in £3 when d = 0.
Moreover, as t — 0o, we obtain

Jim ut,x)lle < 8 (/Q lo(ld(t, <)l cgs dQ)

<o ([ ot nleg..) a2). ®

using the fact that o, 3 € K. Hence, as long as the external
excitations or body forces d are bounded in EFO (this en-
compasses persistent excitations), the perturbation velocmes
u are bounded in the £ sense.

The next result converts the tests for exponential stability,
induced £2-norm boundedness, and ISS into the existence
of a Lyapunov or a storage functional satisfying a set of
inequalities.

Theorem 1: Consider perturbation model (4). If there exist
a positive definite Lyapunov functional V' (u) and a pos-
itive semidefinite storage functional S(w), positive scalars
{ni}ieq1,2,3)> {citieq1,2,3)> ¥, and functions £y, B2 € Koo,
o € IC, such that

I) when d = 0,
arllulzy < V(w) < collullz;, )
9V (u) < —c3|lulZs, (10)
10
ni 0 0
9S(u) < —/u’u dQ—l—/d’ [0 20 |ddQ, (11)
Q Q 0 0 n2
1)
Billullzz) < S(w) < Ba([|uflcz), (12)
oS(w) < ~vS(u) + [ ot a2 (13)
Q
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for all ¢t > 0, then, respectively, system (4)
I) is exponentially stable,
II) has induced L2-norm upper-bounds 7;, i = 1,2,3 as
in (6),
IIT) is ISS and satisfies (7) with x = B2, B(-) = Brto2(r)
and 3(-) = By ' o %()

Proof: This is a direct application of Theorem 1 in [15]
and Theorem 1 in [18]. |

III. LYAPUNOV AND STORAGE FUNCTIONALS
FOR FLUID FLOWS

In this section, we derive classes of Lyapunov and storage
functionals suitable for analysis of system (4) subject to
invariance in one of the three spatial coordinates. In the
following, we adopt Einstein’s multi-index notation over
index 7, that is the sum over repeated indices j, e.g.,
vjawjuj = Zj vj(’)wjuj.

The perturbation model (4) can be re-written as

1
8tu7; = Evzul — Ujamjui — U]8TJU7
—Ujam]. UZ — c%ip + Fiju]' + di,
0 = 0Op,uy. (14)

where i, j € {1,2,3} and Fj; is the (i,7) entry of F.

The next proposition presents a Lyapunov/storage func-
tional structure for which the time derivative of the Lya-
punov/storage functional takes the form of a quadratic form
in the dependent variables w and their spatial derivatives, by
removing the nonlinear convection and pressure terms.

Proposition 1: Consider the perturbation model (14) sub-
ject to periodic or no-slip boundary conditions u|sn = 0.
Assume constant perturbations with respect to z,,, m €
{1,2,3}. Let I = {1,2,3} — {m} and

1 Em 0 0
V(u)/u’[o ki O]udQ
2 Ja 0 0 ky

3
1 2
_ 2/§2;kiui(t,x) a0, (15)
where k; = k; for 7,7 € I, be a candidate Lyapunov or
storage functional. Then, the time derivative of (15) along
the solutions of (14) satisfies

3
Q
O V(u) < =Y k/ﬂ (Cée)uf + Ui, ui
i=1

+ ujulah U, — uiFijuj> dQ2, (16)

where C'(2) > 0 is the Poincaré constant.

The proof follows from computing the time derivative of
Lyapunov/storage functional (15) along the solutions of (14)
and applying integration-by-parts and boundary conditions.
The proof is omitted here due to space restrictions.

Remark 3: A special case of (15) was used in [20] to
study the stability of viscous fluid flows.

Remark 4: In the sequel, we use structure (15) as a
Lyapunov functional when studying stability and as a storage
functional when studying input-to-state properties.

Remark 5: There are several estimates for the optimal
Poincaré constant C'(€2). The (optimal) constant used here
is C(Q) = DTE;) , where D(€2) is the diameter of the domain
Q [21].

The next corollary proposes conditions under which input-
to-state properties can be inferred for the flow described
by (14).

Corollary 1: Consider the perturbation dynamics de-
scribed by (14) subject to periodic or no-slip boundary con-
ditions u|sq = 0. Assume that the perturbations are constant
with respect to z,,, m € {1,2,3}. Let I = {1,2,3} — {m}.
If there exist positive constants k;, ¢ = 1, 2,3, with k; = k;,
i,j € I, positive scalars {t;}ic(1,2,33, {n}ief1,2,3), and
o € K such that
I) when d =0 and u # 0,

3

Q
E k’l/ (C( )u?—l—UjuiaTjui
o Ja\ Re

+uJu16LJ U, — UiFijUj> dQ2 >0

a7)

1)

3 0
Z i

/ w 1 U?‘Fkinuia’*ui
i=1 Q ‘ J

(18)

1))

> kC(Q)

Z/ ( <l — 'l/)lk‘l> U? + kinuiﬁm.ui

_ Q Re J

=1

+ kiujui(?wj U, — kiuiFijuj

then,

I) perturbation velocities given by (14) are exponentially
stable. Therefore, the flow converges to the base flow ex-
ponentially.
IT) under zero perturbation initial conditions u(0,x) = 0,
the induced £2 norm from inputs to perturbation velocities
is bounded by n;, i € {1,2,3} as in (6).
IIT) the perturbation velocities described by (14) are ISS in
the sense of (7).

Proof: The proof is omitted. [ ]

IV. CONVEX FORMULATION FOR STREAMWISE
CONSTANT FLOWS

To convexify the conditions in Corollary 1, we restrict
our attention to streamwise constant perturbations in x,,-
direction with base flow U = U,,(x) € n.

Corollary 2: Consider the perturbation dynamics given
by (14). Assume streamwise constant perturbations in the
Z,,-direction with base flow U = Um(x)?m where m €
{1,2,3}. Let I = {1,2,3} — {m}. If there exist positive
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knz(arj Um.(x)_FnLj)_k?j Fjm

km (811 UnL(X)_Fm,i)_ki Fim

C
S R :
— m(Oz; Um(X)—LImj)—kK;Fgm C
M(x) e am (& — Fj) k;
km(az1 Unl(x)_Fvn'i)_kiFlm _k’ijm,

2

2
_’ij;jm >0, i,7€l,i#7j, x€.
C
(% - i) b

(20)

constants {k;}1c(1,2,33 With k, = kg, p,q € I, {m}icq1,2,3)»
{¥1}1e11,2,3}, and functions {07 };cf1,2,31 such that
1) (20) holds

1)
N(x) =
kw00
M(X)—ngg 0 —% O
0o 0 -%&
77777777777777777777777777777777777777777777777777777777777777 >0 (21
_kén 0 0 3 777271 0 0
0 -4 0L 0 2 0
| 0 0 =Bio 0o x|
fori,je€l,i+#jand x € Q,
1) 0;(x) >0, x € Q, [ € {1,2,3} and
P(x) =
_ . -
—km 0
M(x)—Q o & 0
0 0o -
s - >0 (22)
— b 0 0 iom(x) 0 0
0 .. 01 0 o;x) 0
0 0 ~ki 0 0i(x)

Ymkym 0 0
forz',je[,i#jander,whereQ:{ 0 Y;k; 0 }
0 0 ks
then

I) the perturbation velocities are exponentially stable,
IT) subject to zero initial conditions, the induced £2 norm
from inputs to perturbation velocities is bounded by 7;,
1=1,2,3 as in (6),
I) the perturbation velocities are ISS in the sense of (7)
with o(|d]) = Y7 o3(x)d2.
Proof: The proof is omitted for brevity. [ ]
In the case that U,,(x) is polynomial in x, inequali-
ties (20), (21), and (22) are polynomial matrix inequalities
that should be checked for all x € Q. If the set 2 is a
semi-algebraic set then these inequalities can be cast as
a sum-of-squares (SOS) program by using Putinar’s Posi-
tivstellensatz [22, Theorem 2.14], which can be solved via
semi-definite programming [23], [24], [25] using software
packages such as SOSTOOLS [26] .
Remark 6: In order to find upper-bounds on the induced
L2-norm from the body forces (d1, da, d3) to the perturbation

Fig. 1: Schematic of the rotating Couette flow geometry.

velocities u, we solve the following optimization problem

ming,y,., (0 +n3 + n3)
subject to N(x) >0, k; >0, i € I. (23)
In the next section, we consider the analysis of the rotating
Couette flow, which illustrates the proposed results.

V. EXAMPLE: ROTATING COUETTE FLOW

We consider the flow of viscous fluid between two co-
axial cylinders, where the gap between the cylinders is
much smaller than their radii. In this setting, the flow
can be schematically illustrated as in Figure 1. The axis
of rotation is parallel to xs-axis and the circumferential
direction corresponds to xj-axis. Then, the dynamics of
the perturbation velocities is described by (4). The per-
turbations are assumed to be constant with respect to x;
(0z, =0) and periodic in x3 with period L. Therefore,
O = {(x2,23) | (x2,23) € [-1,1] x [0, L]}. The base flow
is given by U = (22,0,0) = z,¢; and P = B,

F = 72%0 808}’ where Ro € [0,1] is a
parameter representing the Coriolis force'. We consider no-
slip boundary conditions |l __; =0 and wu(t,z2,x3) =
u(t7x2,3§3 + L). The Poincaré constant is then given by
C=1ti-

Notice that the cases Ro = 0,1 correspond to the Couette
flow. Thus, the obtained results for rotating Couette flow can
be applied to the Couette flow in special cases, as well. We
are interested in finding estimates of the critical Reynolds

In addition,

That is, Ro = 0 (Ro = 1) corresponds to the case where only the outer
(inner) cylinder is rotating and Ro = 0.5 is the case where both cylinders
are rotating with the same velocity but in opposite direction.
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Rec

Fig. 2: Estimated critical Reynolds numbers Re in terms of
Ro for rotating Couette flow.

number Rec using the following Lyapunov functional

L 1 (5% / }Cl 0 0 Ul
Vw) :/ / |:u2] 0 ky O [uz} drodxs,
o J_plus 0 0 ko| Lus

which is the same as Lyapunov functional (15) assuming
invariance with respect to xy.

For stability analysis, we need to check inequality (20)
according to Item I in Corollary 2. For this flow (m =1,j =
2,1 = 3), we have

ki C kz2Ro—ki(Ro—1)
Re 2 0
M = szofkg(Rofl) k};g 0 > 0. (24)
ko C
0 0 =z

This is a linear matrix inequality (LMI) feasibility problem
with decision variables k1, ko > 0.

To find estimates of Rec in the case of Couette Flow
Ro = 0, applying Schur complement theorem [27, p. 650] to

(24), we have ’%g - (%)2 kfg) > 0 and %—S > 0, which
ko

yields* = > (%)2. This implies that the Couette flow
is stable for all Re. Hence, for Couette flow, Rec = oo
obtained using Lyapunov functional (15) coincides with
linear stability limit Re;, = oo [4].

Let L = . Figure 2 illustrates the estimated critical
Reynolds numbers Rec as a function of Ro obtained from
solving the LMI (24) and performing a line search over Re.
Notice that for the cases Ro = 0, 1 the flow is stable for all
Reynolds numbers.

For induced £2-norm analysis, we apply inequality (21)
which for this particular flow is given by the following LMI

i Ly .
M —T3y3 0 - o0
N | 0.0 %,
b 0in3 0 0 |
0o -k 0%0 B 0
0 0 %210 0 |

with M as in (24).

Figure 3 depicts the obtained results for three different
Reynolds numbers. As the Reynolds number approaches the
estimated Rec for Ro = 0.5, the upper-bounds on the
induced £2-norm from the body forces d to perturbation
velocities u© increase dramatically.

The obtained upper-bounds on the induced £2-norm for
Couette flow Ro = 0, are also given in Figure 4. The
obtained upper-bounds depicted in Figure 4 imply 7? =
coRe + c1Re*3, n3 = foRe? + fiRe* and 13 = goRe? +
g1Re* with cg,cq, fo, fi > 0. This can compared with
Theorem 11 in [14, p. 11], wherein the authors calculated
componentwise H°°-norms for the linearized 2D/3C model
by finding the maximum singular values, i.e., n? oc O(Re?),
and 13,72 o< O(Re*) for Couette flow.

In order to check the ISS property, we check inequal-
ity (22) from Corollary 2 for the rotating Couette flow under
study, i.e.,

B o o0
M—-Q 0 -2 o0

0o o0 -k

P= |2 >

-5 0ior 0 0
0 -2 0i0 o 0

0 0 %210 0 o3|

ki1 0 0

with M given in (24) and Q = [ 0 ka2 O } We fix
0 0 k2vs

; =107% i =1,2,3 and L = 27. Numerical experiments
show that, for Ro € (0, 1), the maximum Reynolds number
for which ISS certificates could be found Rejsg and Reg
coincide. However, for the case of Couette flow Ro = 0,1,
we obtain Rejgg = 316 and Rec = oc.

VI. CONCLUSIONS AND FUTURE WORK

We studied stability and input-to-state properties of fluid
flows subject to constant perturbations in one of the direc-
tions. We formulated a class of appropriate Lyapunov/storage
functionals for such flows. Conditions based on matrix
inequalities are given for streamwise constant flows, that
can be checked using convex optimization for polynomial
base flows. For illustration purposes, we applied the proposed
method to study a model of rotating Couette flow.

In this study, we considered flows in the Cartesian coordi-
nate system. For many flows, like Hagen-Poiseuille flow, the
coordinate system is naturally cylindrical. An extension of
the results proposed in this paper to cylindrical coordinates
is under study. Moreover, in several scenarios in fluid me-
chanics, we are interested in a functional of the perturbation
dynamics. For example, in the drag estimation problem,
we are interested in estimating the functional of pressure
over the surface of an airfoil. We are currently applying the
methodology proposed in [28] to address such problems in
fluid mechanics.
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Fig. 3: Upper bounds on induced £2-norms from d to perturbation velocities u of rotating Couette flow for different Reynolds

numbers: Re = 2 (left), Re = 2.8 (middle), and Re = 2.83 (right).

Fig.
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4: Upper bounds on induced £2-norms for perturbation

velocities of Couette flow for different Reynolds numbers.
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