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On a particular solution to the 3D Navier-Stokes equations
for liquids with cavitation
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The 3D Navier-Stokes equations for incompressible viscous liquids are examined.
In the axially symmetric case, they are represented in the form of three nonlinear
partial differential equations. These equations are studied and their particular solution
is found. In it, the velocity components are sinusoidal in the direction of their axis
of symmetry. As to the pressure, it can reach a sufficiently small value at which
the phenomenon of cavitation takes place in a liquid. The found solution describes
some flows of viscous liquids outside vapor-filled regions in them. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4961905]

. INTRODUCTION

Consider the Navier-Stokes equations describing a homogeneous incompressible liquid with no
bulk forces. They can be represented in the form!'=
ov ov ov ov 1
— + U — + 0 — +v3— =——gradp + vAy, 1
ER vl@x Uzé‘y U36z pgra p + vAv @)
divv =0, 2

where v = v(¢,x, y,7) is the vector of velocity, p = p(t,x, y,z) is pressure, vy,v;,03 are the projec-
tions of the vector v onto the orthogonal axes x, y,z, t is time, p is the density of the considered
liquid, and v is its kinematic viscosity.

The Navier-Stokes equations play a major role in fluid dynamics and a large number of
works are devoted to their analytical and numerical investigations.'~>® However, because of nonlin-
earity and complexity of these equations, many properties of their solutions are not well
studied. Our aim is to find a particular analytical solution to the Navier-Stokes equations that
could describe some flows of viscous liquids when the phenomenon of cavitation takes place
in them.

We will consider the case of axial symmetry and seek the components vy, v,,v3 of the vector
function v and the pressure p in the following form:

v =—ay+Bx, n=ax+pPy, vz=vy, a=catrz2),

B=B@trz), y=ytrz), p=ptrz), r=;x>+y>

Here the function « presents the angular velocities of rotations about the axis z of points of a liquid
and the functions B and y describe changing its shape.
Substituting expressions (3) into Eq. (2), we find

rBr+2B+vy, =0, “4)

3)

where 8, = dB/0r,y, = 0y/0z.
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Using expressions (3), after simple calculations, we obtain?-3!

V— +h— +v3— = —(rBa, +ya, +2aB)y + (rBB, + yB, + ,82 - az)x,
Yy Z

ox 0 0

ov v ov
Ulﬁ_xz + 026—; + 030—22 =(rpa, +vya, +2aB)x+ (rBB, +yB, + ,82 - az)y, %)
v%+v%+v%—rﬁ +

lc')x 26y 331 =rpyr+7%Y7Yz

and for the components of the Laplacian Av, we find

Avp = —(a,, +3a,/r + az )y + (Brr + 3B,/ + Bz2)X,
Avy = (@ + 3y /1 + @)X + (Brr + 3B, /1 + B22)y, (6)
AU3 =%Yrrt %/" + Yzz»

where a,, = 0%a/dr?,a,, = 0*a /07>

Let us now substitute formulas (3), (5), and (6) into Navier-Stokes Equation (1). Then we come
to the following three nonlinear partial differential equations:>*~!

a; + B(ra, +2a) + ya, —v(ay, +3a,/r +a;;) =0, a;=0a/ot, @)
Bi+ B(rBe+ B) + B — a® = v(Byr +3B/r + B2) = =(1/ p)p, /1, (8)
Y +1BYr + Yy = V(¥rr + ¥, [r +ye) = =(1/p)p-. )

The derived Equations (4) and (7)—(9) were studied in our paperszg’31 where some exact solu-

tions to them were found. In Sec. II, we will examine these equations in the case of flows of viscous
liquids with sinusoidal dependence on the coordinate z. In Sec. III, we will find an exact solution to
the Navier-Stokes equations for liquids in the examined case. It will be shown that in this solution,
the pressure in a liquid can reach a sufficiently small value at which the phenomenon of cavitation
takes place. In Sec. IV, we will discuss the obtained results.

II. ASPECIAL AXIALLY SYMMETRIC CASE FOR THE NAVIER-STOKES EQUATIONS
Let us seek the functions «, 5,and 7y in the following form:

A F. F,
a=5, p=-=%, y=-, (10)
r r r

where A = A(t,r,z) and F = F(t,r,z) are some differentiable functions.
Then, as can be readily verified, Eq. (4) is identically satisfied.
Substituting expressions (10) for @, 8,y into Egs. (7)—(9), we obtain

A= (Aer - AzFr)/r V(A=A r+ Azz) =0, (11)
1
Fi+ (FoF,, — FF)[r + (A* + FA)r* = v(Fyppy = FroJr + Fopp) = —rpy, (12)
' p
1
Ftr+(FrFrz _FzFrr)/r+Fer/r2_V(Frrr _Frr/r+Fr/r2+Frzz) = ——Ipz. (13)
ye)

Let us choose the variable = r2 instead of r. Then the functions p,A,and F can be represented
as

p=ptnz), A=Altnz), F=Ftnz), n=r. (14)

From expressions (14), we get

Pr = 271’;7, A= 27‘A,7, A = 2(2711477;7 + An)s F. = szna Frr = 2(277F7777 + F;])y

F,, =2rF,

(15)
nzs Frrz =2020F, + Fy2),  Frop =2rFyz,  Frpp = 4rQ2nEyy, + 3F,,).
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Substituting expressions (15) into Egs. (11)—-(13), we come to the following equations:

A —2AF, — A F)) — v(4nA,, + A;) =0, (16)
Fiz + 2(FyFz; — F.Fy2) + (A* + F2) [ = v(4nFpye + Fo22) = (2/ p)npy, (17)
Foy + 2(FyFyz = FoFyy) = (A0 Fypy + 4F + Fyz2) = =(1/ p)p2 /2. (18)
Let us seek particular solutions to Egs. (16)—(18) in the form
p=pn), A@n,z)=AF(n,z), A=const#0. (19)
Then substituting the expression for A in (19) into Eq. (16), we obtain
F,—v(4nFE,, + F;;) = 0. 20)
After differentiating this equation with respect to z and n, we find
Fiz =v(4nFE, + Fr22) =0,  Foy— v(4nF, + 4F, + Fyz2) = 0. 2D
Substituting equalities (19) and (21) into Egs. (17) and (18), we obtain
2FyFee = FoFyo) + (PF + F2)[n = (2] p)npy, (22)
FyFyz = FoFyy = 0. (23)

Thus, we come to three Equations (20), (22), and (23).
Let us seek their particular solutions in the form

F =U(t,n)sin(dz + §), & = const, 24)

where U(t,n) is some differentiable function.
Substituting expression (24) into Eqgs. (20), (22), and (23), we obtain

U, = v(4nU,, - 2*U) = 0, (25)
(2/p)npy = =A°UQU, = U/n), (26)
U,* - UU,, = 0. 27)

Consider Eq. (26). From it, we find

p/l2 (U2)7 []2 p/l2
) —7( , 7—?)=——(U2/'7),7~ (28)

2
Taking into account (19) and the relation 1 = r? in (14), from Eq. (28), we come to the
following expression for the pressure p:

pA2U?
2r2

p=pdi) - (29)

where p.(t) is some continuous and positive function.
In Sec. III, we will seek a particular analytical solution to the obtained partial differential
equations (25) and (27).

lll. APARTICULAR SOLUTION TO THE NAVIER-STOKES EQUATIONS

First, consider Eq. (27). It can be rewritten as

Up/U, = Uy/U, U =U(t,n). (30)
Integrating this equation with respect to 7, we find
In|U,| = In|U| + D(t), (31)

where D(¢) is an arbitrary function of 7.
From (31), we get

U, = fU, (32)
where f(t) is determined by D(z).
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Equation (32) gives
U = h(t)exp (f(O)n), (33)

where /A(t) is an arbitrary function.
Let us now substitute expression (33) for the function U(t,n) into Eq. (25). Then, we obtain

h+hfn—vh(dnf? -3 =0. (34)
From this equation, we find
h+2%vh=0, f=4vf> (35)
Equations (35) give
h = hgexp(=A°vr), = —ﬁ, ho = const, (36)

where ¢t = 0 corresponds to the singularity of the function f(¢).
Since 17 = r?, as indicated in (14), from formulas (33) and (36), we obtain

2
U = hyexp (—ﬁw - ’—) . 37)
4yt

Formulas (19), (24), and (37) give

2
F = hyexp (—/ﬂw - h) sin(1z +6), A= AF. (38)
v

Using formulas (3), (10), and (38), we come to the following formulas for the components v; of
the vector of velocity:

Ah :
v = ——zo[sin(/lz +0)y + cos(Az + §)x]exp (—/Izvl - ) , (39)
r 4yt
Ah ’
vy = “5[sin(Az + 6)x — cos(Az + &)y exp (—Azw - ’—) : (40)
- 4yt
M Gin(z + 8)exp [—ave r (41)
3= —— —AVE = —— .
3 2yt < P 4Vt

From formulas (29) and (37), we obtain

27,2

p/l h r2
p=pt) - o 9 exp (—2/12w - E) , 42)

where p.(f) can be an arbitrary continuous and positive function.
The found particular analytical solution (39)—(42) has the following properties for ¢ > 0:

1) The functions v; exponentially tend to zero as r — oo and as t — +co when A # 0 and have
sinusoidal dependence on the coordinate z.

2) Ast — 0+ andr # 0, the functions v; tend to zero.

3) As follows from (42), the function p — —co as r — 0. This implies that the radial coordinate
r should be positive in order to have positive pressures p in the considered liquids. Moreover,
the coordinate r in them should satisfy the inequality r > ro(t) > 0. Here the values r = ry(t)
correspond to a sufficiently small positive value of the pressure p in a liquid below which the
phenomenon of cavitation occurs. In this case, the process of rupturing a liquid and forming a
vapor-filled cavity in it takes place.3>>*

Therefore, the obtained solution (39)—(42) can be applied to the region occupied by a liquid
which satisfies the inequality r > ro(¢) > 0. As to the region r < ro(t), it corresponds to the cavity
filled by the liquid vapor.

It should be noted that in the region r > r,. > 0, where r. is an arbitrary positive radius, the ob-
tained particular solution to the Navier-Stokes equations is smooth. This property is consistent with
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the following important result proved in Ref. 35: weak solutions of the three-dimensional incom-
pressible Navier-Stokes equations are smooth if the negative part of the pressure p is controlled, or
if the positive part of the quantity |v|> + 2p/p is controlled.

From (42), we find that the function ry(¢) should satisfy the equality

p/lzhé ) rg(t)
WF) — =2A°vt — — | = Peav» 43
pl1) 2720) exp vi— o= | = Pea (43)

where pc,, is the small positive pressure below which the cavitation in a liquid takes place. The
value pey is equal to the saturated vapor pressure of a liquid.**—

Consider ¢ > 0 and assume that p.(f) > pcay. Then Eq. (43) has a solution ry(¢) > O since the
function p in (42) is larger than p.,, for sufficiently large r and smaller than p,, for sufficiently
small r. Moreover, the positive function ry(¢) satisfying Eq. (43) is unique since expression (42) for
the pressure p is an increasing function of r for any ¢ > 0.

Let us determine the asymptotic behavior of the function r(z) for small positive values of t.

For this purpose, consider the function p(t,r), given by (42), for r = /2(1 + &)vt In(1/t), where
& = const > 0. Then from (42), we find

_ pAht® ) i
p(t,7(t)) = p.(t) — m exp(=247vt), F(t) = \/2(1 + &)vtIn(1/t). (44)

Therefore, when ¢ takes sufficiently small positive values, € > 0, and p.(0) > pc,y, We get

p(t,f(t)) > Peavs t— 0+ (45)
On the other hand, from (42) and (43), we have
p(t,ro(t)) = Peay- (46)

As stated above, p(t,r) is an increasing function of r for any ¢ > 0. That is why from (45) and
(46), for small positive ¢, we derive

ro(t) < 7(t), t—>0+. 47

Taking into account the expression for 7(¢) in (44), from (47), we find

ro(t) = O (Vrin(1/1), t — 0+, (48)

and hence, ro(0) = 0.
Consider now r(t) for large positive values of ¢. From (43), we readily find that the following
inequality holds when ¢ > 0:

2r5()(Put) = Pea) < pA*hgexp(=22%vt). (49)

Using (49), we obtain that when p,(+o0) is finite and p.(+c0) > pc,y, the function ry(t) — 0 as
t — +oo and equality (43) gives

ro(l) =, ’m |/1h0| exp(—/lzvt), t — +oo. (50)

IV. CONCLUSION

We have examined the 3D Navier-Stokes equations for incompressible viscous liquids in the
case of axial symmetry. The problem under examination was represented as a system of three
nonlinear partial differential equations. These equations were studied and in the particular case in
which the sought functions have forms (19) and (24). In this case, we came to Eqgs. (25)—(27) which
were exactly solved. As a result, a particular analytical solution to the Navier-Stokes equations was
found. This solution is given by formulas (39)—-(42) and describes flows of incompressible viscous
liquids sinusoidal in the direction of their axis z of symmetry. As follows from formula (42), in
order to have positive values of the pressure p, the radial coordinate r should be positive. Besides,
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it should satisfy the inequality r > ro(¢), where ro(¢) is some positive function. This function should
correspond to a sufficiently small positive value of the pressure p in a liquid below which the
phenomenon of cavitation can take place. The found solution can be applied to the region occupied
by a liquid, which satisfies the inequality r > ro(¢) > 0, and the region r < ry(¢) should be filled by
the liquid vapor.
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