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. MATHEMATICAL MODELING

SOLVING THE NAVIER-STOKES EQUATION FOR A VISCOUS INCOMPRESSIBLE FLUID
IN AN 1-DIMENSIONAL BOUNDED REGION AND IN THE ENTIRE SPACE R"

A.V. Baev UDC 532.51:517.95

We consider initial-value problems for a system of motion equations of a viscous incompressible fluid in
Lagrangian variables with n = 2 or n = 3. We show that the fluid motion is independent of pressure.
In the absence of external forces, the pressure is constant and the fluid is in free motion. This motion
is purely turbulent and is described by quasi-linear equations of parabolic type. We prove existence and
uniqueness of the classical solution of the initial-value problem in a bounded region and in the entire
space. Necessary conditions of solvability are given. Steady-state equations of fluid motion are derived.
Applied problems involving fluid flow in a pipe, onset of turbulence, and existence of Taylor vortices in
a solid torus are solved.

Keywords: Lagrangian variables, Navier—Stokes equations and equations of parabolic type, prior bounds,
turbulence, Taylor vortices.

1. Introduction

Many authors have studied existence and uniqueness issues for the problem of viscous incompressible flow.
Most of these studies use the Navier—Stokes equation in Eulerian coordinates [1] in R™, n > 2, and consider
the existence and uniqueness of generalized solutions (in various senses) in spaces of type LP, H® and also in
spatial scales [2—-6]. A more detailed bibliography can be found in review [7]. By now, the generalized solutions of
the Navier—Stokes equations have been shown to be well-posed in the small and in the large for initial conditions
of different smoothness and different behavior at infinity. The well-posedness of steady-state solutions is also
of considerable interest due to the physical applications of time-independent problems. Stronger results have
been obtained in this direction, especially for generalized solutions, due to the application of further technical
capabilities, [8—13].

The existence and uniqueness issues for the classical solution of the Navier—Stokes equation in R™ and T,
and also in a bounded region with a smooth boundary, remain unresolved, however. Furthermore, the following
question is open at the present: is there a finite time limit for the existence of a classical solution with an arbitrary
initial condition. This situation is the reason for the inclusion of the Navier—Stokes equation in the list of most
important unsolved mathematical problems [14, 15]. The aim of the present study is to try and answer these
questions by imposing supplementary conditions associated with the physical interpretation of the Navier—Stokes
equations and the formulation of the boundary conditions.

The use of Lagrangian coordinates as having the best physical interpretation leads to a proof of existence
and uniqueness and also to the solution of some applied problems. Earlier investigations of the Navier—Stokes
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equation did not utilize one additional condition relating to the statement of the problem. This condition implies
constancy of pressure in the absence of external forces, which allows to exclude pressure from the equation. In the
presence of external potential fields, pressure simply annuls them. A strict proof of these assertions is provided
by Lemma 1 and Corollary 1. From the physical point of view, these properties of pressure are attributable to
the infinite velocity of sound in an incompressible fluid, and in other words to the instantaneous establishment
of the pressure. We should stress that all our propositions apply to closed bounded regions and the entire space.
Our results do not apply to problems involving the egress of jets and flow past nonsmooth bodies.

The elimination of pressure from the Navier—Stokes equation reduces the flow problem to the solution of
a quasilinear equation of parabolic type for the velocity of a fluid particle. The nonlinearity is determined by
the dependence of the equation coefficient on the particle coordinate. This dependence enables us to prove the
existence of the solution first in the small and then in the large. The incompressibility condition plays an essential
role in the proof. In the end, it turns out that the solution of the Navier—Stokes equation has typical properties of
the solutions of parabolic equations such as infinite smoothness and the maximum principle.

In this study, we establish a fundamental property of fluid motion. We prove that it is purely turbulent flow,
which leads to the appearance of eigenstates. Such stationary states are well-known in experimental physics, such
as, for instance, Taylor waves and turbulent motion. We show that these states are a manifestation of mathematical
non-uniqueness and not the result of instability, as previously assumed. In this study, we also provide a correct
solution for fluid flow in a closed pipe and an exact solution of the turbulent flow problem.

The mathematical aspects of the problem have been considered using the results of the theory of parabolic
equations from [9, 16]. The Navier—Stokes equations have not been solved largely because their solution has been
treated as a purely mathematical problem. In fact, this is a deeply physical model. Unlike the heat equation,
whose solution produces infinitely fast temperature propagation, in the Navier—Stokes equation the flow velocity is
finite with infinite velocity of sound. The latter factor is attributable to the instantaneous establishment of constant
pressure in the absence of external fields.

1.1. Notation and Basic Equations.

The Model (the Geometry)
R"™ — the Euclidean space with the norm |a| = \/(a, a), 2 < n < 3,
D C R™ — an open bounded region with the closure D in R"®, Dy = D x [0, 7],
S = 0D — the boundary of D of class C**®, v — the unit inner normal to S,
R"/Z"™ = T™ — an n-dimensional torus, T3 = D? x S' — a solid torus, 9T° = T2,
(a) = (a*) — contravariant Lagrangian coordinates of fluid particles,
() = (x') — Cartesian Eulerian coordinates in the space R",
x = x(a, t) — a smooth trajectory of motion of particle a in D, t is time,
J=J(x) =% (x)/%(a) — the matrix of the transformation x: a — x, det J = |J|,

g = (¢**(x)) — the fundamental metric tensor in contravariant components, det det g = |g|, I is the
identity tensor,

grad, V = grad, div, rot, A = divgrad = graddiv — rot rot — invariant differential operators
in scalar, vector, and tensor fields.
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The Model (the Medium)

¢ — kinematic viscosity,

v = v(a, t) — the vector field of fluid particle velocities,

p = p(a, t) — the hydrodynamic pressure in the fluid,

u = u(a, t) — the potential of the external force field f = —Vu,
j = j(a,t) — the external field of solenoidal forces j, divj =0,

C%(D) — the class of Hoelder-continuous functions v(a), a € D, with index o € (0, 1), Hoelder
constant H{(v), and ||v||ca(p) = |Vllc) + HB(V),

C*+%(D) — the class of functions v(a) € C*¥(D) such that 9%v € C*(D), [vllcrta(py = IVl ca(py +
10av|copy + -+ + HaéfVHca(D),

C2Fakte(Dr) — the class of functions v(a,t) € C?k(Dr) such that 92%v,9fv € C%(Dr),
IVl czrranta(pgy = IVl copr) H0avl copry +- - -+ 102v I cap )y + 10 lcappy +- - -+ N0 VI cogp) -

The Basic Equations (Apply in D)
the continuity equation (the incompressibility condition)

divv=0 (|J]|=|g]=1), (D

the Navier—Stokes equation in Eulerian coordinates (x)

v+ (v, Vv =eAv—-Vp—Vu+j, v=uv(zt),

the Navier—Stokes equation in Lagrangian coordinates (a)

vi=eAv —Vp—Vu+j, v=v(a,t), 2)

the representation of the vector field v in terms of the potentials ¢, 1) (Helmholtz theorem)

v=—-Vp+roty, divy =0. 3)

1.2. Statement of the Problem in a Bounded Region. The initial-value problem involves finding sufficiently
smooth functions v and p that satisfy system (1), (2) in D for ¢ > 0 and the following boundary and initial
conditions:

vls =0, t>0, “)

Vleo=0, a€D. 5)
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The functions v and j are assumed known and sufficiently smooth. Also let

jls =0, t>0, (6)
wu=0, j=0, t=0, (7)
wu=0, j=0, t>t. >0. 8)

This form of the supplementary conditions allows the problem to be considered both with and without an external
force field. In other words, the sources create some initial state during the time from 0 to ¢, < tg and then turn
off. In this way, we can elucidate what initial conditions vy and pg for ¢g are physically realizable, setting

vo =v(a,to), po=pla,to), a€D. ©))
We establish that the physically realizable conditions are

divvg =0, pg = const, (10)
(V07 V)VO = 07 (11)

and also vo € C*°(D), i.e., no other initial conditions can be created by an external action. However, we also
show that, from the mathematical point of view, the smoothness condition of the function vy for the existence of
a classical solution can be relaxed to vo € C>*®(D) in the same sense as in the initial-value problem for the heat
equation [9, 16]. This can be proved by reducing the system (1), (2) to a quasilinear parabolic equation while using
the incompressibility condition in the form |J| = [g| =1 V¢ > 0.

At the same time, the conditions py = const, (vg, V)vg = 0 are necessary for the solvability of the initial-
value problem (1), (2), (4), (6), (8), (9). From the physical point of view, the equality py = const reflects the
obvious fact of infinite velocity of sound in an incompressible medium. Equality (11) is the matching condition for
the initial values (10).

2. Solution of the Problems for Pressure and Velocity

2.1. The Problem for Pressure. Let us first consider the supplementary boundary condition 9%, /9v?|s=0
which is of key importance in the formulation of boundary-value problems for pressure. It is well known [1] that
viscous forces arise due to friction only in a moving fluid. The fluid particles directly adjoining the wall are at
rest (but not as a result of sticking, although the term sticking conditions is often used) and thus do not experience
viscous forces in the normal direction.

This implies that the sum of potential forces (including pressure) in the direction of the normal is also zero.
Since the total potential of these forces (allowing for the incompressibility condition) satisfies the Laplace equation,
this total is constant as the solution of the corresponding Neumann problem. This assertion is proved rigorously
in Lemma 1 and Corollary 1.

Since the operators

div=1/+/]g| Y 9/da’\/]g] ~ and  0/0t
=1
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are commutative for |g| = 1, we have from (1), (2)
Alp+u) = 0. (12)

Let v, = (v,v)|s be the normal component of the velocity v on S. Obviously, v, |s = 0. The following lemma
is of key importance for everything that follows.

Lemma 1. Forevery t > 0 and n > 2, the solution of the boundary-value problem (1), (2), (4), (5) satisfies
the boundary conditions

vy _, rw _
ov?ls o s 7
Proof. Represent the vector v in some neighborhood of a fixed point on S in the form v = v,,v+ v, 7, where
v, is the velocity component along the direction 7 tangential to S. Since 0% /d72%|s = 0 V7 L v, we obtain
from (2)

Oy
ot

d(p+u)
s v s (13)

o,

=¢
s ov?

But 0%, /01?|s determines the viscous forces acting on a stationary particle near the wall [1] and thus, given the
physics of the process and equality (13), we obtain

ox,

o?ls

d(p+u)

0 oW T
— ov S

=0. (14)

We stress that condition (14) cannot be derived mathematically, and it is accepted from physical considerations as
a supplementary boundary condition.

Remark 1. Condition (14) is fully consistent with Eq. (1). Indeed, let ; L v, 7; L 7;, i # j. Then

0 [ dv, ov-, o0&,
wlar ™ 2 o L_azﬂ

1<i<n—1

0 Ov,,
* Y g
S 19,9%1872- ov |s

By Newton’s law of viscous friction, v, /0v|g is the stress of viscous forces in the direction 7; on S, whence it
follows that the last sum is zero.

Thus, all first and second derivatives of the function v, on S are zero. Furthermore, every partial derivative
of the function v, on S is zero and thus v, has on S a zero of infinite order on S.

Condition (14) leads to important corollaries.

Corollary 1. Let n > 2. Then ¥t > 0, we have the equality
p + u = const. (15)

Proof. From (13), (14), for t > 0 we obtain the Neumann problem for the Poisson equation

d(p+u)

A(p +u) =0, 5

(=0 = pru=2(). (16)



260 A.V.BAEV

® is an arbitrary function of time, and in what follows we take ® = const. Pressure is thus established in (15)
in accordance with the potential of external forces. With « = 0, we may take without loss of generality p = 0.

A physical confirmation of constant pressure at v = 0 is provided by the fact that the velocity of sound
in an incompressible fluid is infinite, which implies instantaneous establishment of a baric equilibrium. This
conclusion would seem to contradict known solutions of stationary problems, in particular the problem of pipe
flow. A valid solution of the stationary pipe flow problem is given in Sec. 3.4. This solution again corroborates the
known fact remarked on in [1]: the stationary flow velocity is independent of pressure.

Corollary 2. Assume that a solution of problem (1), (2), (4)—(8) exists. Then ¥t > 0 we have the equal-
ity (v, V)v =0.
Proof. The equality A(p + u) = 0 implies the equality div(v, V) v = 0 in Eulerian coordinates (x). Since

v(a,t) = v(x,t) at the point x = z(a,t), we have

v(x +dv,t) —v(z,t) . v(ia+dv,t)—v(a,t)
0 6—0 0

(v, V)v = lim = (v,V)v.
d—0

The directional derivative and divergence are invariant with respect to the choice of the coordinate system, and
so div (v, V) v = 0.
We will show that rot(v, V)v = 0. By known formulas of vector analysis, we have

rot(v, V)v = —[V, [v,rot v]] = (V,v) rotv — (V,rot v) v = 0.

Since the divergence and the curl of a vector are zero, we have (v, V)v = (v, V) v = 0.

In what follows, we assume that conditions (10), (11) hold.

2.2. The Problem for Velocity. First assume that a solution of problem (1), (2), (4)—(8) exists. Let v = c+w
and look for v in representation (3), where

c=-Vy, w=roty, divy =0, c|s=w|s=0.

From (1), (3), (12) we obtain a problem for the potential ¢:

Hence in D
p=0(t) = =0, t>0. (17
For the vortex part of the velocity
w=eAw+j, divw=0, wl|g=0, ¢t>0, (18)

where the vector potential 1) is the solution of the problem
Ay =—rotv, ¢|g=0.

From (16)—(18) it follows that the fluid motion in a bounded volume is a pure vortex.
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If the metric tensor g = g(x) is known at the point = x(a, t), then the problem for Eq. (2) may be treated
as linear with a unique classical solution, because

a )
A= A(l‘) = dat g k(x(a,t))@,

which incorporates the incompressibility condition in the form |g| = 1. In fact, the tensor ¢ is not known and the
problem for ¢ > 0 reduces to an initial-boundary value problem for a quasilinear system of parabolic type

vi=eA(x)v—-Vp—-Vu+j, v|lg=0, v(a,0)=0,

(19)
x=v, zlg=a, z(a,0)=a.
If we consider ¢ > tg, the problem takes the form
vi =eA(x)v—Vp, v|g=0, v(a,ty)=vo(a),
(20)

ry=v, zls=a, xz(a,ty)=a,

where the boundary and initial conditions are consistent.

It is easy to see that the existence of a solution of problems (19), (20) is fully determined by the variation of
the tensor g along the trajectory x. The solvability problem thus completely shifts to the domain of existence
of solutions of quasilinear equations of parabolic type, albeit with the essential constraint |g| = 1.

It may seem that by passing to the description of fluid motion in Lagrangian variables and thus getting rid
of the nonlinear term (v, V)v in the substantive derivative dv/dt, we essentially linearized the problem. This is
evidently not so.

While in the original problem the nonlinearity, or more precisely, the quasi-nonlinearity was quadratic, in the
Lagrangian coordinates the nonlinearity has shifted into the metric tensor g(z), where z in turn functionally
depends on g through (19), (20). The nonlinearity of the original problem is thus preserved, but in the process
we have utilized the incompressibility condition |g| = 1. As we shall see from Theorems 1, 2 this is a highly
relevant factor for the proof of existence.

2.3. Existence of a Solution. Let Dy = D x [to,t] and assume that v(¢) = v is an element of the functional
space Lo(D) or C?T*(D). Condition (11) holds for vo. We have the following existence and uniqueness theorem
for the initial-value problem (20).

Theorem 1. Problem (20) Vv € C**%(D) has a unique classical solution v,z € C°°(D x (tp, <)), p = 0.
Also, Yt > tg we have the bound

||v||0(5) < HVOH(J@)

and the identity

VI3, 5y = I¥oll3,,5) = 2€I9VI7, 5,

Proof. We divide the proof into two stages as follows: the proof of the theorem in the small for ¢ and then
the proof globally.



262 A.V.BAEV

We will show that Vv € C?T(D) there is a number § > 0 such that the classical solution of problem (20)
exists in the region Ds = D X [to,ts], ts = to + 6. Now let ”V()HC(E) < M. Represent problem (20) in the form

vi = eA(a)v+e(A(z) — A(a))v  v]|s =0, v(a,ty) =vo(a), (21.1)
r=v, zlg=a, xz(a,ty)=a. (21.2)
Let us evaluate A(x) — A(a). Recall that
g(z) = J" () J (),
where J7 is the transpose of the Jacoby matrix J. For £ = x — a — a we obtain
gla+€) —gla) = J (a+€)J(a+§) — ' (a)J(a) = P(E, a).

The form P(&,a) is determined exclusively by the initial values of problem (20).
Problem (21.1) thus takes the form

0 Ov ov
vt V_gzaalaakjL Z[P )]&Lk’

vls =0, v(a,ty) =vola).

Given the function z(a,t), this problem has a unique classical solution and the maximum principle holds.
For problem (21) consider in Dy the iterative process over m = 1,2, .. .:

2 =v"l Mg =a, 2™(a,ty) =a, v°(a)=vo(a), (22.1)
vit =eA(™)V", v™s =0, v™(a,ty) = vola). (22.2)
t ) ) )

It is easy to see that Vm € N & VJ > 0 problem (22.2) has the unique solution v € C?+®1*+2(Ds) and
on the set X = {a™ | [|a™ — all g2taava(my) < My} we have the uniform bound

va||c2+o¢,1+a(55) < Ml(MO)HVOHC(E) < M.
From (22.1) we obtain the inequality
me - aH02+a,1+a(E6) < M25-
There is obviously &g such that for § < §y we have
|z — aHC2+a,1+a(§6) < M.

Note that §y depends only on My and Ms.
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Every solution v'™™ continuously depends on the coefficients of Eq. (22.2) and V2™ € X we have [9, 16]
the following bound uniformly in m:

va+1 — Vm”c2+a,1+a(55) < M3H$m+1 - l‘mHC“(E(s)’

where M3 depends only on M.
From the first equation in system (22) for ¢t — ;5 < J we obtain

Hl‘erl _ l‘m‘|02+a,l+a(56) < 1) ||vm _ Vm71||c2+a,1+a(55)'

We thus get

va+1 — Vm”02+a,1+a(ﬁ6) S q va — Vm71H02+a,1+a(56)7

where the inequality ¢ < 1 can be satisfied for sufficiently small § < dy. Hence it follows that v'™ is a fundamental
sequence in C?T*1+2(Dy)  and by completeness of the space C2T1T(Dy) [16],

C2+a,1+a 56 J—
v i e C*relt D), m— .

02+a,1+a 5 o
Now, the sequence x' H( 2 T € C2+a’1+a(D5) as m — oo and we return to problem (20) for

a parabolic equation with a smooth principal part. Substituting the functions v z™ in (20) and passing to the
limit as m — oo we prove that v, x are the solution of problem (20). The infinite smoothness of the solution is
determined by the form of the equation, i.e., the presence of variable coefficients that depend only on the solution
itself.

It follows from the above that problem (20) has the solution v € C°°(Ds) and Ivllemy) < Ivollemy 19 161.
The number ¢ is determined by the constants M, My and the geometry of D. This completes the proof of the
theorem in the small.

Let t; = t9 + ¢ and take b = x1(a), z1(a) = z(a,t1) as the new Lagrangian variables. Since the map
z1(a): @ — b is one-to-one and z1 € C°°(D), the problem (20) in the new coordinates b for the velocity w(b, )
and the flow trajectory y(b,t) takes the form

Wi = EA(y) w, W‘S =0, W(ba tl) = Wl(b) = V(xl_l(b)¢ tl)a
(23)
ye=w, yls=b ybh)=a'(®).t)=">

where the function xfl is the inverse of x; with the same smoothness as x; sothat g = J = I for t = ¢, and
[lw1 HC(B) < M by the maximum principle.

Problems (23) and (20) are obviously identical apart from notation. Thus, both (23) and (20) are standard
problems, i.e., independent of ¢g,¢1,..., and a classical solution exists on every closed interval [tg,t; + ¢],
tr =to+ ko, k=1,2,.... Smooth matching at ¢t = ¢}, is ensured by condition (23) allowing for the smoothness
of the map xy(a,t). For every t > ty the solution of problem (20) can be constructed from finitely many solutions
of problem (23).

Let us now prove uniqueness. Without loss of generality, assume that two solution v; # vg exist on [to, t1].
Then from the previous bounds we obtain

t

HVl — V2||C2+a,1+a(5t) S M3|| /(Vl (T) — VQ(T)) dT||C2+a,1+a(5t))
to
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where Dy = D X [tg, t]. From the integral inequality
¢
”Vl - V2H(;2+a,1+a(§t) < MS/ HV1 - V2H02+a,1+a(57) dr
to

and Gronwall’s lemma it follows that v{ = vs.
The bound in Ly follows from the obvious chain of equalities

1 d
2dt/]v|2da:6/(v, Av) da = —g/wv\?da.
D

D D

The last expression determines the energy loss due to viscosity and vanishes when the fluid comes to rest. Q.E.D.

Now consider the initial-value problem on the torus 7% C R? without self-intersection points of the surface
OT?3 = T? (a so-called solid torus). In this case 972 € C°°, and in T we thus have the following corollary.

Corollary 3. Problem (20) Vvo € C?*T(T?3) has the unique classical solution v,z € C(T> x (tg,00)),
p = 0. Also Vt >ty we have the bounds ||VHC(73) < HV0||C(73) and HV||L2(73) < ||V0||L2@3).

Let us consider the problem with a force term in the right-hand side (19). To prove existence, we apply the
same approach as in Theorem 1. The result is therefore given without proof and it relies on prior bounds for
quasilinear equations of parabolic type [9, 16]. Let f = —Vu, Dy = D x [0, T].

Theorem 2. Problem (19) Vf,j € C*(Dr) and YT > 0 has a unique classical solution
v,z € C?*TOIY(Dr) p+u = const.

2.4. Initial-Value Problem in R™. The problem in the Euclidean space R™ contains boundary conditions
as |a| — oo which we constraint to be zero for the velocity v based on physical considerations. Let condition (11)
hold for vy.

Pose the initial-value problem

vi=eAv—Vp, V|ee=0, v(a,tp)=vo(a),
(24)
Ty =V, ZTlo=ua, xz(a,tp)=a, to<t<T,

where the functions vg, v for m,l > 1, € (0,1) and every r > 0 decrease as |a| — oo according to the
following conditions:

||V0‘|C2l+a(§) < Ko /(L+1)" vQ C {la] > 7}, (25.1)
IVl gaitaitay < Kima/(L+1)™ ¥Q C {la| > r} &Vt € (to, T). (25.2)

The space of these functions vg, v is denoted by é"%l’a, é"Tﬂﬁ , respectively. Conditions (25) are obviously an ana-
logue of the boundary condition v|g = 0 for a bounded reéion in R™.

If conditions (25) hold for all m,l > 1, a € (0, 1), we denote these spaces as & and &, respectively. As we
know, these spaces can be endowed with the topology of a countably-normed space [17]. The behavior of the

solutions at infinity described above has been established also in [18].
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Lo —k
Consider in R” the sequence of n-balls D* = {¢ | [¢] < k}, k = 1,2,..., and let S¥ = 9DF, D" =
=k _ =k
D¥u S*. Take Dy = D" x [to, T]. Then the sequence of norms

vl = 50 0+ D)™ s oy
T

introduces in éa%lﬂff a countably-normed space structure. Similar introduction of norms is observed for &7.
In @@%lﬁ we can define the concept of converging sequence, and this space may be thus treated as complete.

We say that the sequence {v°} converges in é;’TQlTS if {v*®} converges uniformly in every bounded subregion of R"
Vt € [to,T]. Completeness of a countably-normed space implies convergence of every sequence fundamental
in each of the norms || - || [17].

Now let [[vollcmny < M, Qr = Q x (to, T], where  is a closed bounded region in v with a boundary of
class C?+e,

Theorem 3. Problem (24), (25) Vvo € E2 and VT > t has the unique classical solution v,z € gq%lrg ,
p = 0. Also Vt > ty we have the bound

[vlleny < lIvollomny,

and for m > n the identity

t
V17, @y = V0117, @y —2€/||VV(T)II%2(Rn) dr
to
holds.

Proof. 1In the relevant class of solutions, |[v||caitai+a(q>y) — 0 as [r| — oo, and from (2) it follows that
Vp — 0 as |a| — oco. Then for the Neumann problem we have

Ap=0, Vpleo=0 = p=const.

The term Vp is eliminated from Eq. (24). Without loss of generality we take p = 0.
In R™ introduce the Lagrangian coordinates (a) and pose the initial-value problem for ¢ > ¢y:

vi = eA(x)v, V|gr =volgs, v(a,to)=vo(a). (26.1)
xr=v, zlgx =a, z(a,ty)=a. (26.2)

This problem has the unique solution v*, z* € C'> (ﬁk X (to,T]) and we accordingly have the uniform bounds
IV lo@y <M V¥l ezraniagyy < Mo: Y2 € DF. (27)

The proof of this proposition is a verbatim repetition of the proof of Theorem 1 for a bounded region D = DF.
We will show that the sequence {v*} converges uniformly in every bounded region 7. The bound (27) leads
to the inequalities

V¥l ey < Mo 105 louay) < Mo Wk €N,
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The set {v* | ||v*|| c21@p) < Mo} is thus uniformly bounded and equicontinuous. By the Arzela theorem, this

implies the existence of a subsequence {v*'} such that {9?v*'} is uniformly convergent in Q7. In the same way
we find a subsequence from {27 that uniformly converges in a together with its derivatives with respect to a to
second order inclusive and with respect to ¢ to first order. Denoting this subsequence by {vk”} and its limit by v,
we obtain

1 11 " 11
v =y, 0,vF = O, 82Vk = 02v, o = o, k' — .

A full proof of the convergence ||v*" — Vlcz+artag,y — 0 as K — oo is given in [16]. Thus, v satisfies

equation (26.1) in Qr and is therefore the sought solution for every 7. The corresponding smoothness of this
solution follows from Theorem 1.

Let us extend the definition of every function v* outside D* as vy, retaining the notation v*. Since div v¥ =
divvg = 0, we have 0%v/0vi|ge = O%vo/Ovi|gr Vi > 1. Indeed, along every direction 7; tangential to S*
we have the equality Ov/97j|gs =9vo /07| g, and thus v /Ov|gx =v(/Ov|gr and so on Vi. Here {vF} € é"%lﬁ :
Hence, by the completeness of gﬁl’a, we obtain v € é’%lﬁ .

,m

Let us prove uniqueness of the solution. Assume that the solutions vi # vo exist, and let

S [Vl pasaaipty S M1y j=1,2, VkEN.

Dy

Furthermore, since v; € éaTzan;, we have supg ||vj||02+a,a(§T) < My/k, Q ¢ D*, where M, is independent

of k. Then, repeating the argument of Theorem 1 for the region Dk, the prior bounds from [14] lead to the inequality
t

My
¥ = Vel pn oty < Ma [ 107 = %207 sty 7 +

to

where M3y = M3(M,), My = M4(Ms). From this integral inequality, by Gronwall’s lemma, we find

[v1 — vl < Ms/k.

C2+a,1+a(ﬁi€)
Since k — oo is arbitrary, we obtain v; = vo. Q.E.D.

The particular problem for n = 3 is of special interest in astronomy and astrophysics. From Theorem 3
we obtain

Corollary 4. Problem (24), (25) ¥vo € & and YT > tg has the unique classical solution v,z € &1, p = 0.
Here, Vt > to we have the bounds ||v|c(wsy < ||[vollc(rs) and HVH%Q(Rg,) < HV()H%Q(R;;).

3. Solution of Applied Problems

3.1. Steady-State Flow. Consider the Navier—Stokes equation in Lagrangian coordinates (a) with steady-
state right-hand side. In Sec. 2.1, we have proved that V(p + u) = 0 and this term is accordingly eliminated from
the equation:

vi = eAv + jeM, (28)

where v = v(a, t) is the velocity of a fluid particle in the Lagrangian coordinates, = = x(a, t) is the trajectory of
particle motion, j = j(x) is the vortex force at each point with the Cartesian coordinates x.
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The following lemma is relevant for solving problems with steady-state, including stationary, flow, i.e.,
with A = 0.

Lemma 2. [n steady state, Eq. (28) takes the following form in the Cartesian coordinates (x)
AV =eAV 44, (29)

where V. = V() is the velocity at the point x and v(x,t) = V (z)e.

Proof. Consider the steady-state solution of Eq. (28) at some time instant ¢ = ¢y and define the Lagrangian
variables (a) as the position of the fluid particle at time ¢ = ¢, i.e., a = x. Equation (28) is then solved in these
variables. We represent the solution in the form v(a,t) = V(a) e*. From (28) we have

AV =eA(z(a,t))V + j(z(a,t)).

This equation holds with x(a,ty) = a, where A(a) is the Laplacian E Lese 0%/0a2. Since tq is arbitrary,
<i<n
we have v(z,t) = V(z) e* atevery point € D. Q.E.D.

Lemma 2 is quite transparent. Indeed, since the steady-state solution is homogeneous in time, any t can be
chosen as the initial time. At this instant, the Lagrangian and Eulerian variables are identical and the coordinate
system (a) is identical with the Cartesian system (x).

3.2. Taylor Vortices. Consider the steady-state flow in a solid topological torus 7% with a circular cross
section. This flow is known as Taylor vortices. Their origin is attributed to the instability of the fluid rotational
motion and they are regarded as perturbations of regular flow [1]. In reality, this motion is a manifestation of
nonuniqueness of the solution.

We apply Lemma 2 to obtain a solution. For 72, we introduce the cylindrical coordinates (p, 6, z) in R3
with a periodic condition in z. Then the problem with steady-state perturbations of the vortex velocity component
w = w(p, 0, z) represented in Cartesian components takes the following form:

w —eAw = j(p,0,z), |w(0,0,z)] <oo, w(ré,z)=0,
w(p,0,z) =w(p,0+2m,z), wy(p,0,2z) =wy(p,0+ 2w, z), (30)
w(p,d,0) =w(p,d,2rR), w,(p,0,0)=w.(p,6,27R),
where A is a free parameters, 0 < p < r, 0 < 0 < 2w, 0 < z < 27R, A = A, + 1/p*9%/06% + 5?/022,
A, =08%/0p* +1/pd/0p.

We will show that for j = 0O the problem (30) has eigenstates, i.e., nontrivial solutions. Substitute one such
solution w = A(p)B(z){—sinm#, cosm8,0}, m € Z, in (30). We obtain, after variable separation,

M —eA,A+em?Aflp* B 9
A = Ef = —&u".

By periodicity in z, we have

w=pur=k/R, ke,
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whence

)\p2A — €p(pA/)/ +em2A = _‘g/iipzAv |A(0)] < 0o, A(r)=0, B= olkz/R.

We seek the admissible \ in the form A = —eu? — ea?. Then for A(p) we obtain the problem

A’ 2

A"+ —+ <a2 - mQ)A =0, [A(0)] <oo, A(r)=0,
p P

whose solution exists and is expressed by the Bessel function J,,, (o, p), Where ag,,, > 0, I € N; are the roots of

the equation J,,(ar) = 0. As a result, we find the admissible eigenstates of the vortex velocity component

w(p, 0, 2) = JIn(ump){—sinmb, cosm#, 0} e/ 7,

Since ay,, > 0, all the modes are asymptotically stable.
We finally find that the steady-state eigenstates of the vortex velocity component w satisfying the condition
div w = 0 exist only for m = 1, and in the cylindrical coordinates have the form
wii(p, z,t) = w1 (yp) eikz/R_E(a?+“i)t, a=aqap, keZ, leN,

where w® = {0,1,0} is the vector such that divwy; = 0. This vector points along the torus generator, which
corresponds to closure of the fluid streamlines.

3.3. Pipe Flow. Consider the pipe as a solid topological torus 7 with the lateral surface 7 and constant
cross section Y. To sustain fluid motion, a force f = —Vu should be applied at least in a relatively “small” region.
Take 7 = 0.

Consider the problem of steady-state pipe flow. In this case, v; = 0 in Lagrangian coordinate, and by Lemma 2
the Navier—Stokes equation takes the form

eAv=V(p+u).
In Sec. 2.1, we have shown that p + u = const = Av = 0. Representing v as the sum v = ¢ + w, where

c= -V, w=rot 1, we obtain from (1), (2)

Ap=0, ¢ls=0, Aw=0, w|sg=0.

Hence,
p=0 = c=0.

We thus conclude that fluid motion in a pipe is a pure vortex.

The equation Aw = 0 is solved by a vector function w # 0 such that divw = 0. Moreover, in the stationary
case, we should additionally have a constant velocity flux in every pipe section. To formulate this condition,
we need the following remark.

Remark 2. Since in the Navier—Stokes equation of steady-state flow is a variational Euler equation for the
energy functional, we can consider the solution of the original problem in variational form. In particular, this leads
to conditional extremum problems with isoperimertric conditions.
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Let us determine w in accordance with Remark 2. We obtain the following conditional-extremum problem

/\Vw[Qd(f — min, w|g=0, divw=0, /(w,T) do =g,
w
% %

where 7 is the normal to the cross section X, ¢ is the fluid discharge.
The Lagrange conditional extremum method gives

Aw—ar =0, w|g=0, divw=0, /(w,r)da:q,
%

where X, ¢ is the undefined multiplier determined by an integral condition.

We seek a 7-homogeneous solution of this problem in Cartesian coordinates such that the plane (z,y) over-
laps ¥ and the axis z ] 7. Setting w = {0,0, aw}, we obtain a problem for the Poisson equation in the plane
region Y with the boundary I"

Aw=1, wlp=0, a/wda:q.
D

An explicit solution can be obtained only in special regions.
Let us solve the classical problem for a pipe with a circular cross section of radius r in the polar coordi-
nates (p, §). We obtain for w = w(p, )

Aw =1, |w(0,0)| <oo, w(r0) =0,
w(p,@) :w(pa9+2ﬂ-)> w@(p79) :ZUQ(p,H+27T),
whence, setting w = R(p)e™, we get

p(pR) —n’R=p? |R(0)| <oo, R(r)=0.

This problem has a solution only for n = 0,

In the end, we obtain the known expression

2
w:—q4(r2—p2), 0<p<r.
r

3.4. Turbulent Motion. Alongside stationary fluid flow, it is interesting to consider so-called turbulent per-
turbation of the regular flow. This fluid motion is not a manifestation of instability of the stationary flow (A = 0)
but in fact a realization of the nonuniqueness of the solution of problems (28), (29) in steady-state flow (A # 0).
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Consider the problem of steady-state flow in the topological torus 7 with a circular cross section of radius r
and generator radius R. We present the solution for problem (30) using its form and notation. For the vortex
velocity component w = {0,0,w(p, 8, z)} eM we obtain as a consequence the condition for the flux ¢ through the
pipe cross section X with the boundary I'

2w —eAw =0, |w(0,0,2) <oo, w(rb,z)=0, /(w,T) do =q,
b

w(p,0,z) =w(p,0+2m,z), wy(p,0,z)=wy(p,0+ 2w, z),
w(p,0,0) =w(p,0,2rR), w:(p,0,0) =w;(p,0,21R),

where A = 9%/0p? +1/p0/0p + 1/p*0?/06? + 9%/92%, 0 < p <7, 0 < <27, 0 < z < 2w R. The search
for the conditional extremum leads to the following problem in the plane region »

A —eAw =, w|p=0, /wdazq, (3D
by
where « is the as yet unknown Lagrange multiplier and ¢ is the sought flux.

We will show that problem (31) has eigenstates, i.e., nontrivial solutions for « = 0. Find a solution of the
homogeneous equation in the form w = A(p, §) B(z). After separation of variables we obtain

A —cAA B )
a4 fp T

Taking A = ¢"?C(r), from the condition of periodicity in § and z we obtain v = n, p = u = k/R, n,k € Z,
whence
A2C —ep(pC") + en®C = —ep2p*C, B =e*/E,

Bounded solutions of this problem exist only for real A. We seek admissible A in the form A= —5@% —ef%2#£0.
Then for C'(p) we obtain the equation

C/ 2
"+ =+ <’82_ZZ)C:O’

whose solution is expressed by the Bessel function J,,(8p). Hence, we obtain the solution of the homogeneous
equation (31)

w = Jn(ﬁp) ei(n@-l—kz/R)‘
The condition divw = 0 is satisfied only for k£ = 0.
Thus, for the solution w of Eq. (31) we have to find [ that satisfies the additional conditions

r

w(r,0,z) =0, 2w /wpdp =q.
0
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Hence we find that 3 takes countably many values [3;, such that 8,7 = xj,, where xj,, are the positive roots of
the equation J,,(x;) = 0, [ € N. The eigenstates in cylindrical coordinates have the form

Win = {0,0, 17 (Binp) €.

Consider the case n = 0, the only one when ¢ # 0. Simple evaluations of the integral give

r
r

/ Jo(Bp)odp = 5 11(30).
0

whence we obtain equations for 5 and ¢

Jo(Br) =0, rIi(Br) = Bq.

Hence we find that 5 takes countably many values (; such that ;v = x;, where x; are positive roots of the
equation

Jo({L‘l) =0, €N, xz1=240, xz9=5.52,
Finally, the eigenstate w;(p, 0, z,t) of the turbulent flow problem with n = 0 and nonzero discharge takes the form
w = wo(Byr) e P, w® =1{0,0,1}, leN.

Since f; > 0, all the modes are asymptotically stable.

Consider turbulent flow in a pipe with internal radius r [cm]. The longest-lived mode is observed for [ = 1,
which with kinematic viscosity of water ¢ = 0.01 cm?/sec gives the decay factor 0.058/72[sec™!]. For a pipe
with r = 1, turbulence-induced beats disappear virtually within 40 sec.

CONCLUSION

Our results show that the flow velocity of viscous incompressible fluid is purely vortex velocity and is unrelated
to pressure. The flow velocity is an infinitely smooth function that obeys the maximum principle and tends to zero
because of energy dissipation.

The fluid pressure p merely compensates the external potential field v in the form of the equality p + u =
const, which initiates the pure vertex motion. In the absence of external fields, this is free motion and the pressure
is constant. A physical confirmation of this fact is provided by the infinite velocity of sound in incompressible
fluid.

A key to the proof of various assertions in this article is the augmentation of the boundary condition v|s = 0
with the supplementary condition 9%, /0v?|s = 0, which implies the absence of viscous forces on the boundary.
The last assertion has a simple physical explanation: there is no friction between fluid particles at rest. The condi-
tion 9%, /0v?%|s = 0 implies that in an incompressible viscous fluid p + u = const.

Financially supported by the Russian Ministry of Education and Science as part of the program of the Moscow
Center of Fundamental and Applied Mechanics under agreement No. 075-15-2022-284.
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