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Nonlinear diffusion and exact solutions
to the Navier-Stokes equations *

V. V. Pukhnachev

Lavrentyev Institute of Hydrodynamics

Abstract. There are considered a number of invariant or partially invariant solutions to
the Navier-Stokes equations (NSE) of rank two. These solutions are determined from one-
dimensional linear or quasi-linear diffusion equations. Explicit solution, which describes
smoothing of initial velocity discontinuity in a liquid with initial uniform vorticity, is
constructed. This problem is reduced to a linear equation with coefficients depending on
time. The global existence and non-existence theorems in the problem of a longitudinal
strip deformation with free boundaries are formulated. In this case, the governing quasi-
linear equation is turned out to be integro-differential one. Third example demonstrates
process of axially symmetric spreading of a layer on a solid plane. The corresponding free
boundary problem is reduced to the Cauchy problem for the second-order degenerate
quasi-linear parabolic equation. It allows us to prove the global-in-time solvability of this
problem.

Keywords: linear and nonlinear diffusion, Navier-Stokes equations, free boundary problems,
invariant and partially invariant solutions.

1. Group properties of NSE.
Let us consider NSE

vi+v-Vv=-Vp+Av, V-v=0, (1)

describing the motion of a viscous incompressible liquid in the absence of
external forces. Here ¢ is time, V and A are gradient and Laplacian in
variables x = (z1,x2,x3), respectively; v = (v1,v2,v3) is velocity vector,
p is pressure. Without loss of generality, the viscosity coefficient and the
liquid density are taken to be equal to zero.

From the physical point of view, the first equation (1) describes the
diffusive-convective process of momentum transport. The second equation

* Author is grateful to Professor S.I. Shmarev for the fruitful discussion.
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62 V. V. PUKHNACHEV

(the incompressibility condition) assigns a kinematic constraint, while the
pressure gradient characterizes the constraint reaction. The purpose of this
communication is to determine situations, in which the above mentioned
process is described in terms of solutions of a diffusive-type scalar equation.
This is achieved with the help of methods of group analysis of differential
equations [1,2].

System (1) admits the infinite-dimensional Lie group G&. The basis of
corresponding Lie algebra is formed by operators

Xo=9/0t, U; =(t)d/0x; +(t)d/Ov; — xh()0/dp (i =1,2,3),

® = (t)9/0p,
Xij = x;0/0x; — x;0/0x; +v;0/0v; —v;0/0v; (1 =1,2,3; j=1,2; j <1i),

3
Z = 2t8/8t + Z($la/8xz — vza/avl) — 2]78/8]).

i=1
Here ¢, 1); are arbitrary (of C*° class) functions of time; dot denotes
differentiation with respect to t. Group G contains the 10-parameter
Galilei group generated by operators Xo, X; = 0/0x;, Y; = t0/0z; +
0/0v;, Xij = x;0/0x; — x;0/0x; + v;0/0v; — v;0/0v; where i =1,2,3;
j=1,2: j <i.

2. Free boundary problems for NSE.

Let us suppose that the flow domain Q; is bounded (partially or entirely)
by a free surface I', which is unknown a priori. It means that the following
conditions are fulfilled:

—pn—l—{Vv—i—(Vv)T}:Zan, v-n=V, xely, 0<t<T. (2)

Here n is a unit vector of external normal to I'y, V,, is displacement
velocity of the surface I'; in n direction, ¢ = const > 0 is the surface
tension coefficient, K is the mean curvature of I'y.

Theorem 1. If the free surface T'y is invariant under a subgroup H of
G1o then conditions (2) on this surface will be also invariant under H.

This theorem allows us to obtain invariant and partially invariant
solutions of NSE, which are compatible in advance with conditions on
the free boundary. A number of such solutions are given in [2|. One more
example is presented in Section 5.
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3. Linear diffusion in viscous flows.

A simple example of exact solution to NSE is the so called parallel flow,
vy = u(y,t), vo = vg =0, p =0, y = wo. Function u satisfies the
linear diffusion equation u; = u,,. We remark that this solution is invariant
under the group G (X1, X3) C Gig. Let us consider another two parameter
subgroup of G1o, H = H (X7 + wY3, X3) where w is constant. There is the
following solution among the invariant solutions of system (1) with respect
to group H:

U1 = Q(Q>t)a V2 = wTy +WtQ(<>t)7 V3 = 07 b= h(Cvt)v C = Ty — wtry.

Function ¢ satisfies the equation

9 2,2\ 1 _ 2,2\ 0 2,2
a[(l%—wt)q}—(1+wt)a—g2[(1+wt)q}. (3)
Equation (3) is also a linear diffusion equation but its diffusivity coefficient

strongly depends on time.
Equation (3) has the particular solution

g=V (1 + thQ)_l erf(CrV/?), r =t (1 + w2t2/3)

where V' = const. The corresponding velocity field is given by formulas

-1 1
v=V (1 + w2t2) erf(¢T7Y?), vy = was+ Vuwt (1 + w2t2> erf(¢r— /).

In the limit ¢ — 40, we havev; = V asxo > 0,v1 = —V asxs < 0,v9 = wz.
Thus, we obtain solution, which describes smoothing of the initial velocity
discontinuity on the plane x2 = 0, while the initial vorticity is constant
outside of this plane. If w = 0, we arrive to the well-known solution describing
the vortex sheet diffusion in a parallel flow.

4. Longitudinal deformation of a strip with free boundaries.
In 2D case, the analog of Th. 1 takes place with replacement of group Gig
by group Gg formed by operators X, Xg, Yi, X12 (k = 1,2). Let us take the
subgroup G (X2, Y2) C Gg. There is no invariant solution of system (1) with

respect to this subgroup. However, we can look for its partially invariant
solution in the form

u=- [ fz0)dz v = yf(,0), p=pla.) (4)
0
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64 V. V. PUKHNACHEV

where x = z1, y = T2, u = v1, v = V2.

We note that any curve x = s(¢) is an invariant manifold of group G.
Therefore, we can utilize the form (4) for constructing NSE solutions, which
are conjugated with free boundary conditions on the surface x = s(t), y € R.
Substitution of (4) into the system (1) leads to equations

Pe = iftdz - f/xfxdz — fu (5)
0 0

ft 2 1 / F(2,8)dz = fn. (6)
0

The problem is to find the positive function s(¢) and the solution f(x,t)
of the equation (6) in the domain Sy = {z,t:0<z <s(t),0<t<T}
satisfying initial and boundary conditions

s(0) =1, f(z,0) = fo(x), 0 <z <1, (7)

s(t)

ds /f(:z:,t)d:c, 0O<t<T. (8)
0

fx(ovt) =0, fm(s(t)vt) =0, at ==
The solution of problem (5)—(8) describes the symmetric deformation of a
viscous strip, both boundaries |z| = s(t) of which are free. First condition
(8) together with (4) provides the motion symmetry. Other conditions (8)
guarantee the fulfillment of two out of three scalar conditions (2). To satisfy
the third condition (2), we use the arbitrariness in the determination of
function p from equation (5). We note also that the assumption s(0) = 1
does not restrict generality because of the scaling transform admitted by
relations (6), (8). Below fy denotes the mean value of function fy(x) over
interval |0, 1|, prime denotes differentiation of fy with respect to x.

Proposition 1. /3] Let us assume that fo € C*T*[0,1], 0< a <1;
f0(0) = f'(1) = 0. If fo(x) > 6 >0 for x € [0,1] or fo > 0 and

1 4
/[fo(a:) - fo]gdz‘ < min ( 0) ,
0

972’ 2
then problem (6) — (8) has a unique solution f € C?te1te/2(Sp) s¢€

€ 02+a/2[0’ T] for an arbitrary T > 0. If fo < 0, then the lifespan of problem
(6)—(8) solution is less than or equal to —1/ fj.
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The structure of blowing up solution to problem (6)—(8) is investigated in
[4]. If the initial function fp(z) monotonously decreasing and satisfies certain
additional conditions (including a “steepness condition”), then function f
has asymptotics [4]

f(z,t) ~ —(t* — )" ! cos? [a:\/'y(t* — t)} ast ~ t*

for 0 <z < s(t) and s(t) ~ w/2/7(t« — t) where v = vy(fy) = const > 0. In
a "favourable"case fo(x) > 0 > 0, a universal asymptotics is valid [3]

fla,t)=t" [1 +0 (til)} as t — 00

uniformly in z € [0, s(t)], moreover, s(t) = Ct1[1 + O(t~1)] with some
positive constant C' = C(fy). Both possibilities of an evolution of the
solution to general problem (6)-(8) are well demonstrated on the example
of exact solutions to the equation (6)

f(z,t) = 1(t) + m(t) cos[mnz/s(t)]

where n is natural and [, m, s satisfy a certain dynamical system |[3].
Effective investigation of the free boundary problem (6)-(8) is reached by
transition to the Lagrangian coordinate ¢ instead of x, which is introduced

by relations z:(&,t) = — [ f(z,t)dz for t > 0, x(£,0) = £. Function
0

flz(&,t),t] = A&, t) is a solution of the second initial boundary value

problem for the equation
B / A
o 32
5 {exp L/ A(g,f)dT] ag} 22 (9)

in a fixed domain Il = {£,t: 0 < £ < 1, 0 < t < T'}. Equation (9) is similar
to a nonlinear diffusion equation with the source term, but the diffusivity
coefficient is not constant now; moreover, it depends on prehistory of the
process.

o\ o
— —ex
ot P

/t)\(f,T)dT
0

5. Axially symmetric spreading of a layer on a solid plane.

In this section we consider a class of solutions of system (1), in which

vp =1g(z,t), vg=0, v, = —2/g(fc,t)daz, p=p(z,t) (10)
0

where function ¢ satisfies the equation
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66 V. V. PUKHNACHEV

z
g +9° - 292/9(:6, t)dr = g... (11)
0

Here v,.,vg,v, are projections of the velocity vector on axes 7,0,z of a
cylindrical system of coordinates, respectively.

Solution (10) belongs to a wide class of partially invariant solutions of
system (1) with respect to subgroup G5 C G1g with generators X7, Xo, Y7,
Yo, Xi2. Any plane z = s(t) is an invariant manifold of G5. This allows us
to rewrite free boundary conditions (2) in terms of invariant functions g, s
as follows

s(t)

d
g:(s(t).1) =0, = —2 / g(e,t)dz, 0<t<T. (12)
0
Besides, we demand that
9(0,t) =0, 0<t<T. (13)
Posing the initial condition
9(z,0) =go(2), 0<z <1 (14)

we complete formulation of the free boundary problem: to find the
positive function s(t) and the solution of equation (11) in domain
St ={z,t:0<z<s(t),0 <t < T} satisfying conditions (12)—(14). In view
of (10), (13), the plane z = 0 can be taken as a solid plane since the no slip
condition is fulfilled on this plane.

Further we suppose that function ¢go satisfies the smoothness and
compatibility conditions,

g0(2) € C*72[0,1], 9o(0) = g5(0) =0, gy(1) = g5'(1) = 0. (15)

The global solvability of problem (11)—(14) takes place if gg is monotonously
increasing,

go(2) >0 as 0 <z < 1. (16)

Under conditions (15), (16), functions g and g, are strictly positive according
to the strong maximum principle [5]. This gives a possibility to reformulate
problem (11)—(14) introducing the new space variable 8 and unknown
function x so that

B=g(zt), x(B,t)=gZ. (17)
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In consequence of (11), (17), function y is the solution of the following
equation:

1

Xt — XX88 + §X% — B*xs =0, (18)

which is similar to nonlinear diffusion equation.

The reduction of integro-differential equation (11) to a second-order
differential equation (18) has a group-theoretic origin. In fact, equation (11)
is equivalent to the system

gt +wg, + ¢° = gony w, = —2g,

which admits the infinite Lie group with operator U = 1(¢)8/dz+1)(t)d/dw
(v is an arbitrary smooth function of ¢). It turns out that transform (17)
realizes the so called group stratification [1] of this system on the basis of
the above mentioned infinite group.

Let us denote By = go(1) and define xo(3) for 5 € [0, By] by relations
B = go(2), x0(B) = [g5(2)]% then let xo = 0 for 3 > By. Joining to (18)
conditions

X(8,0) = xo(B) as >0, x3(0,t)=0as 0<t<T (19)

(second of them is the corollary of (11), (13)), we arrive to the initial
boundary value problem for a degenerate parabolic equation in a semistrip
St ={B,t:8>0,0<t<T}. According to (12), (17), the free boundary
in plane z,t corresponds to the line of degeneration of equation (18) (or the
interface) in plane §,t. Dual setting (18), (19) of free boundary problem
(11)—(14) will be used for obtaining an a priori estimate of its solution.

Proposition 2. Under conditions (15), (16), problem (11)-(14) has a
unique solution g € C3te3/2+a/2(§) s € C5/2+/2(0, T for any T > 0.

Proof. To prove the solvability of problem (11)-(14) for small T > 0, we
pass to Lagrangian coordinates and apply methods developed in [5] to
initial boundary value problem in a fixed domain. A local behavior
of x(B,t) near the interface 3 = n(t) is governed by the corresponding
properties of the function g(z,t). If g is the solution of problem (11)-(14)
and |g(z,t)] < M < oo in Sy then |, g, ¢... are Holder-continuous in
St and g...(s(t),t) = 0. Exploiting these properties of function g and
relations (17), we derive that functions x, xg are continuous in the
image Q7 of the domain St under the map (17); besides, Xl/Qxﬁﬁ -0
as 8 — n(t) — 0, t € [0,T]. That makes possible to get the identity

d n(t) n(t) 3
R — 2 —
dto/xdﬁ+0/(2xﬁ+2ﬂx>dﬂ 0

IZV_2010_1.tex; 8/06/2010; 21:24; p.67



68 V. V. PUKHNACHEV

for solution of (18), (19). In turn, this identity together with inequalities g >
0,9 >0in Sy, s < 1if ¢ € [0, 7] leads to an estimate g(2,t) < |95/l 13 (0,1)

in St for an arbitrary T > 0. This allows us to prove the statement of
Proposition 2 for any T > 0.

Let us assume now that function g satisfies conditions (15) and gj(z) < 0
for 0 <z < 1. In this case, passing to new variables § = g(z,t), g, =
—[x(8,1)]"/? results to the problem (19) for equation (18) in the domain
>r = {B,t:8<0, 0<t<T} where the first condition is replaced by
X(8,0) = xo(B) as 8 < 0. Arising problem has a unique solution at least for
small T > 0. Its important property is presence of the full set of self-similar
solutions, x = (t +¢) 3w(u), u = B(t+ c) where ¢ = const > 0 and w(p) is
compactly supported, w(0) = k > 0. (We note that problem (18), (19) has
no nontrivial self-similar solutions). In view of results of [6], we can suppose
that the new problem for equation (18) has also a global in time solution.

O
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B. B. IIyxunaues

Henuneithasa nuddy3us u TouHbie pernenusi ypasHeHuii HaBbe-
Crokca

Amnnoranusi. PaccmarpuBaiorcsi puMepbl WHBAPUAHTHBIX WM YaCTUIHO WHBADU-
aHTHBIX pernennii ypasHenuit HaBbe-Crokca panra gBa. DTu pelleHust OlpeIesisioTcs U3
OHOMEPHBIX JIMHEHHBIX WM KBA3WINHEHHBIX ypaBHeHuit muddysun. [locTpoero Touanoe
pellleHne, ONUChIBalOlee CrVIa’KUBaHNE HA4YaJIbHOI'O pa3pblBa IIOJISI CKOPOCTEN B »KHUIKO-
CTH, KOTOPasi B HAYAJIHHBII MOMEHT MMEET PABHOMEDPHYIO 3aBUXPEHHOCTb. JTa 3a/1a9a
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CBOJUTCST K JIMHEHHOMY ypaBHeHU!0 auddy3un ¢ KODDUIMEHTAMI, 3aBUCIIIAMA OT
Bpemenu. ChoOpMyIMPOBaHbI TEOPEMBI CYIIECTBOBAHUS M HECYIIECTBOBAHUS B IEJIOM IO
BpPEMEHU DEeIIeHus 3aJ[a9i O MPOIOJIBHON 1edOpMaluy MOJIOCKI CO CBOOOTHBIMU T'pa-
HAIaMu. B 3TOM ciIydae OCHOBHOe KBa3HIMHEHOe ypaBHeHHe Iuddy3un OKa3bIBAETCs
nHTErpo-auddepeHnnaabHbIM. TpeTbe pellenre OmuChIBAET OCECUMMETPUIHBIN TPOIIECC
pacTeKaHus >KMUJIKOIO CJIOsl HA TBEPJOIM IJIOCKOCTH. 371eCh COOTBETCTBYIONIAs 3a/a4a CO
CBOOOIHOM TpaHUIEil pemynupyercsa K 3amade Koimmm [ KBa3WIMHETHOTO BBIPOXKIA-
FOINErocsi mapaboIMYeCKOro YpaBHEHHsSI BTOPOTO TOPSIKA. DTO MO3BOJISIET JIOKA3aTh ee
TI00AIBHY IO PA3PENTUMOCTb.

KuroueBsblie ciioBa: juHeiiHas u HeJinHelHast quddy3ust, ypapaenus Hasbe-Crokca,
3aJa4un Cco CBOOOMHON I'DAHUIEH, THBAPUAHTHBIE U YACTUYHO NHBAPUAHTHBIE PEIICHUS.
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