On Global Solution of Incompressible Navier-Stokes equations

Algirdas Antano Maknickas

Institute of Mechanics, Vilnius Gediminas Technical University,
Sauletekio al. 11, Vilnius, Lithuania
alm@vgtu.lt

February 20, 2014

Abstract

The fluid equations, named after Claude-Louis Navier and George Gabriel Stokes, describe the motion of
fluid substances. These equations arise from applying Newton’s second law to fluid motion, together with the
assumption that the stress in the fluid is the sum of a diffusing viscous term (proportional to the gradient of
velocity) and a pressure term - hence describing viscous flow. Due to specific of NS equations they could be
transformed to full/partial inhomogeneous parabolic differential equations: differential equations in respect of
space variables and the full differential equation in respect of time variable and time dependent inhomogeneous
part. Finally, orthogonal polynomials as the partial solutions of obtained Helmholtz equations were used for
derivation of analytical solution of incompressible fluid equations in 1D, 2D and 3D space for rectangular boundary.
Solution in 2D and 3D space for any shaped boundary was expressed in term of 2D and 3D global solution of
Helmholtz equation accordantly.

1 Introduction

In physics, the fluid equations, named after Claude-Louis Navier and George Gabriel Stokes, describe fluid substances
motion. These equations arise from applying Newton’s second law to fluid motion, together with the assumption that
the stress in the fluid is the sum of a diffusing viscous term (proportional to the gradient of velocity) and a pressure
term - hence describing viscous flow. Equations were introduced in 1822 by the French engineer Claude Louis Marie
Henri Navier [I] and successively re-obtained, by different arguments, by a several authors including Augustin-Louis
Cauchy in 1823 [2], Simeon Denis Poisson in 1829, Adhemar Jean Claude Barre de Saint-Venant in 1837, and, finally,
George Gabriel Stokes in 1845 [3]. Detailed and thorough analysis of the history of the fluid equations could be
found in by Olivier Darrigol [4]. The invention of the digital computer led to many changes. John von Neumann,
one of the CFD founding fathers, predicted already in 1946 that automatic computing machines’ would replace
the analytic solution of simplified flow equations by a numerical’ solution of the full nonlinear flow equations for
arbitrary geometries. Von Neumann suggested that this numerical approach would even make experimental fluid
dynamics obsolete. Von Neumann’s prediction did not fully come true, in the sense that both analytic theoretical
and experimental research still coexist with CFD. Crucial properties of CFD methods such as consistency, stability
and convergence need mathematical study [5].

Aims of this article are to propose new approach for solution of incompressible fluid equations. The article has
three basic parts: first part explains how to solve NS in one dimension, second part extend solution to two-dimensional
space and, finally, third part summarize with three-dimensional space.

2 Parabolic formulation of equations

Incompressible fluid equations are expressed as follow

p(é;:+ (v-V)v)—uAv+Vp = f (1)

op B
E—FV'(pv) =0 (2)



where equation for incompressible flow reduces to % = 0 or p = const due to V - v = 0. Equations of fluid
motion could be expressed in full time derivative replacing covariant time derivative by

d 0
ot vV (3)
So, we obtain
av _ a’Av = (—V + 1) (4)
dt o p

3 inhomogeneous parabolic like equation for full time derivative, where a = \/u/p. Tensor of the inner pressure of
fluid for existing solution of velocities could be found by using of equations

3
Pl, = —pei + fiei + uVi(D>_v'e;) (5)
i=1

where e; are eigenvectors of corresponding coordinate system.

3 One dimensional inhomogeneous solution

Consider the initial-boundary value problem for v = v(z, )

d 1
dit} —ad*Av = ;(—Vp—i— f)in Q x (0,00) (6)
v(z,0) = vo(z) z € (7)
0
8—2 = 0on 99 x (0,00) (8)
where p = p(x,t) and f = f(x,t), @ C R™, n the exterior unit normal at the smooth parts of 99, a? a positive
constant and vg(z) a given function.
So according to [6] equation , when « is scaled to a = 1, could be rewritten as follow
dv 9%
— Q
I 82+Q(ast)xe ,t>0 (9)

We expand v and @ in the eigenfunctions sin (“7*) on space 2 € [0, L] where sin("7*) and sin(™[*) functions

orthogonality could be applied. So, we obtain

)= aut)sin (1) (10)

with
1
am(t) = — | Qz,t) sin(m)dm (11)
I L
Q
L
L = /sm2 (?)dm =3 (12)
Q
and -
nwx
v(@,t) =Y un(t)sin () (13)
n=1
Thus we get the inhomogeneous ODE
nm 2
in(t) + (5F) unlt) = 4u(t), (14)
whose solution is .
U (t) = 1, (0)el —(n7/L)*t) +/qn (nm/L)*(t=7)) 47 (15)
0



where )
1 (0) = / vo(@) sin (7% ) dar (16)
I 1 L
Q
Again, we substitute all obtained equations into and have

v(z,t) :/Uo(s)(z:li i (?)sin(?)e(_("”/”%))ds

n=1

/ds/ Qs, 7 Z% in(”zx) NG (17)

Now we must apply continuity condition V-v = %v(w, t) = 0. This is equation of extreme for coordinate x. Solving
this equation gives extreme point x.,. Finally, solution of 1D incompressible Navier-Stokes equation is

o(t) = / vo(s)( Iilsin<$>sin(””e””)sin<—(m/L>2t)>ds
Q n=1
k =1 nws NTTey
+ [ ds (5,7)(Y  — sin (——)sin (—%) sin (—(n7/L)*(t — 7)))dr 18)
Q/ || @ 7 2 ) in ) (

If we investigate each point of fluid in moving coordinate system of this point, Galilean transform must by applied
v(rg + vt,t) in case of this equality
dv®(z,t)  dv(zg + v7t,t) _ Ov* ov”

a dt = TV e (19)

4 Two dimensional inhomogeneous solution

Consider the initial-boundary value problem for v = v(z,y, t)

v’ . 1
T —a®Av' = —(~Vip+ fi) in Q x (0,00) (20)

dt P
v'(2,y,0) = wplz,y) z,y € Q (21)
g‘; = 0 on 9 x (0,00) (22)

where p = p(z,y,t) and f = f(x,y,t), @ C R?", n the exterior unit normal at the smooth parts of 99, a? a positive
constant and v¥(z,y), vy (z,y) a given function.
So, when x and y scale was determined to a = 1, equation could be rewritten as follow

dv' 9% N 0%
dt — 0x2  Oy?

(z,y,t), 2,y €Q, t>0 (23)

4.1 Rectangular boundary

We will expand v and @ in base of orthogonal functions. At first, we must find vector potential Q, of Q so that
Q =V x Q,. To any potential Q,, an arbitrary gradient field can be added to get another vector potential with the
same curl everywhere. For simplicity, the second component of Q, can be taken to be zero, since a gradient field can
take care of that if needed. This means that some equations simplify

00 _ o1

-5 =0 (24)
00 _
= Q (25)



These can be solved sequentially, namely Q. is determined using the first equation up to a function of 1, while Q!

is determined by the second equation, up to a function of x5. Than we expand Q, as follow

Z g (t) sin ( 7T“T)sin(mﬂ-y)
m,n=1 mn Lw Ly
Now we could express vector Q as follow
- Z G (£) 5 5in (ngj)sin ("Zy)
m,n=1
vy _ . nmx, ., MmTY
Q mznjlqmnp sm( I ) sin ( ; )
where )
g, (t) = — / ds1dsyQl(s1, s9,1) sin (n7r51 ) sin (mﬂ-SQ)
Imn le L52
Q
and
in (m7r82 ))2

Ls2

- g
Q

(26)

(30)

The same way we will find vector v for ¢ = 0 by using equations and . We must find vector potential v, of

v so that v =V x v,. Than we expand v, as follow

v = mzn; u®, (0)sin (”;j) sin (”Zy)
Now we could express vector v for any ¢ as follow
> nmwx mm
vt = mzn: ol sm( I ) sin ( Lyy)
v = mz — sin (ngf) sin (nzzy)
Thus we get the inhomogeneous ODE
() Fknn () = g, (0),

o (T (Y

t
U (8) = s (O)e 4 [ (1)l o=ty
0

whose solution is

where
mms

2 )dSldSQ

., nMTSy
050(31,52)5111(1/ ) sin (
52

Again, we substitute all obtained equations into and have

vy, t) = (1) [ g, (s1,52)( 3 7 S(nsy, ms) 528 (n, my)el~KisD)dsyds
Q

n
m,n=1

ffd31d52fo (s1,82,7)( TS (nsy,mss) -5 (nar, my)e Frnnp (=7)) 0

m,n=1

Vi, jl € [z, ), [y, ]] where

S(nz1, mz2) = sin (“FF) s1n(L—yy)

(38)

(39)



If we investigate each point of fluid in moving coordinate system of this point, Galilean transform must by applied
v(rg + vt,t) in case of this equalities

dv®(z,y,t)  dv®(xo +v"t,yo + vV, 1) _ Ov® o” o”

= T Y , 40
dt dt ot "V o TV oy (40)
dv¥(z,y,t) _ dv¥(zo + vt yo +0v¥E,1) _ Ov¥ vmai vy% (41)
dt N dt T ot Oz oy’
4.2 Any shaped boundary
For any shaped boundary 992 we will use the similar equations ,
i ! 9
Q' (1,2, 1) = (-1)" Y U (t) 5~ Hoa,x(na1, maz) (42)
m,n=1 J
where i # j and equations and for velocities
, = 9
v (z1, T2, t) = (—1)° Z u,lnn(t)%Han(nxl,mxg) (43)
m,n=1 J

where Hpq i(nx, my) are partial solutions of Helmholtz 2D equation for given boundary 9. and could be taken
for example from [8]. The equations of inverse curl operator in any coordinate system could be obtained by solving

equations and . So, equation transforms to

: = (Uomny + Qrn) 0 B
vl(xhx%t) = (_1)1 Z %%Hag,k(nml,mxg)e( Knnpt) (44)
m,n=1 mn J
v(l)mnf = //060(517SQ)H@QVIC(TLSl,mSQ)dQ (45)
Q
t 2
L = //dQ/ Qi(sl,52,T)Hagk(nsl,m32)e(km"7)dr (46)
g 0
ILpw = / dQ(HaQ,k(TLSl,mSQ))Q (47)
Q

where V[i,j] € [[x1,x2], [z2,21]] and denotes coordinate indexes. If we investigate each point of fluid in moving
coordinate system of this point, Galilean transform must by applied v(rg + vt, t).

5 Three dimensional inhomogeneous solution

Consider the initial-boundary value problem for v = v(z,y, 2, 1)

dv’ ) 1

CZ: —a?Avt = (Vi ) in 2 x (0,00) (48)

vi(x,y,2,0) = vi(x,y,2) 2y, 2 € Q (49)
681;1 = 0on 90 x (0,00) (50)

where p = p(z,y,2,t) and f = f(x,y,2,t), @ C R3", n the exterior unit normal at the smooth parts of 99, a? a
positive constant and v§ (x,y, 2), v§ (2, v, ), v§(z,y, z) a given function.
So, when x, y and z scale was determined to a = 1, equation could be rewritten as follow

dv’ B 0%t 9%t 9%t

= ‘ t Q, t>0. 1
dt Oxr2 + ayQ + 922 +Q (xvyazv )7 z,yY,z € il >0 (5 )




5.1 Rectangular boundary

We will expand v and @ in base of orthogonal functions. At first, we must find vector potential Q, of Q so that
Q =V x Q,. To any potential Q,, an arbitrary gradient field can be added to get another vector potential with the
same curl everywhere. For simplicity, the third component of Q, can be taken to be zero, since a gradient field can
take care of that if needed. This means that some equations simplify

0Q;

_ 1
~ Owa = Q (52)
Q! 9
> =Q (53)
5‘x3
0Q?  0Q}!
acjf B aio =@ (54)

These can be solved sequentially, namely Q? is determined using the first equation up to a function of x; and w3,
while @} is determined by the second equation, up to a function of 25 and 3. The third equation can then be solved
provided our solvability conditions holds. Than we expand Q, as follow

Qo= D Ghunp®sin (S0 )sin (") sin (2, i € [1,2] (55)
m,n,p=1 Lx Ly LZ

where ¢j,,,,, = 0. Now we could express vector Q as follow

= 0 ., . nmxr, . ,mwy prz
Q= 3 (0 = a0 ()i (P s () (56)
Q= Y GO~ G0 sin (U i () sin (2 (57)
Tmnp (W, — g Lo L, L.
m,n,p=1
> 0 0 nmwx mmy prz
@ = X om0~ thag(0) 50 () sin ()i () (59)
where )
, , . ,nWS1, . ,MmWSa, . PTS3
() = ds1dsods3@Q’ t
Ty () T /{Z/ s1ds2ds3Qy(s1, 82, $3,t) sin ( I ) sin ( T ) sin ( Lsg) (59)
and
oy = [ [ [ dsudsads(sin (74 sin (72 sin (2 (60)
o sl s2 s3
The same way we will find vector v for ¢ = 0 by using equation , and . Than we expand v, as follow
vi = mnz;:1uﬁmp(0) sin(ngj )sin(”zy)sin(pgj),w 1,2 (61)
Now we could express vector v for any ¢ as follow
= 0 0
v §:1<u$mp<t> gy~ Winnp(B) ) s (=) sin (S sin () (62)
V=S Wanplt) i~y ) sin (T sin (L i (2 (63)
- umnp 8 mnp 8a: 1 N 1 Ly Lz
m,n,p=1 <
v = i w02 — w02 sin (U sin (MY gin (B2 (64)
S T o T oy L, Ly L,

where uZ,,. (t) = 0. Thus we get the inhomogeneous ODE

mnp
.1 2 7 _ 7
umnp(t) + kmnpumnp(t) - qmnp(t)7 (65)
2

o = (5) () 4 (8)



whose solution is .
U (8) = O - [ gl ()l (67)
0

where

i 1 i . nmws . mms ., pTS
Upynp (0) = I’rnnp/// V4081, 82, $3) sin ( L311)31n( Ls;)sm( LS33)d$1d82d53 (68)
Q

Again, we substitute all obtained equations into and have

(x,y, 2, 1) fff v, (s1,82,83)( L_S(nsy, mss, ps3) 52 S(nx my, pz)eFmne) ) ds; dsodss

monp=1 Lnp
o0 -
— [[[ v, (s1,82,83)( > ﬁS(nshms%s;;)a%LS(nx,my,pz) eRmno?))ds dsydss
Q m,n,p=1
+fffd51d$2d83 fo (s1,52,53,7)( E ﬁs(nsl,ms%ps?,) BJ S(nx, my, pz)e( Ko (£ T)))d
monp=1 mn
&)
_fff d81d82d83 fo 317827837 )( Z ﬁsmnp(nslvm827ps3) 4 S(TL(E my, pz)e( kmnp( T)))dT (69)
m,n,p=1 mnp

Vi, 4, k] € [[x,y, 2], [u, 2, 2], [2, 2, y]] where

S(nzy, mz2, prs) = sin (“FF) s1n(L—) sin (575) (70)

If we investigate each point of fluid in moving coordinate system of this point, Galilean transform must by applied
v(rp + vt,t) in case of this equalities

dv*(z,y,z,t)  dv®(zo 4+ v™t, yo + v¥t, 20 + V71, t) o » OV" ov”® L, Ov”

= = y___ 1
dt dt ot v Ox v Oy v 0z’ (1)
dv¥(z,y, z,t) _ dv¥ (zo + v7t, yo + VYL, 20 + V7L, t) _ ovY 81 o y oY . L ovY (72)
dt dt ot ox oy 9z
dv*(z,y,2,t)  dv*(xzo + vt yo + vV, 20 + 07t 1) Ov* L OU” y Ov* L Ov*
dt N dt = TV T ay 9z (73)
5.2 Any shaped boundary
For any shaped boundary 92 we will use the similar equations (56)), (57)),
Q' (w1, w2, 3,1) = i ¢ (t)i — (t)i Haq i (nx1, mza, prs) (74)
) ) 5 i mnp 8.’1,‘j mnp a.’El s ) )
where V[i, j,1] € [[z1, 22, 3], [22, 23, 21], [z3, z1, 22]] and equations (62)), and for velocities
v (21, T, T3,1) = i ul (t)i — ! (t)i Hyq 1 (nx1, mzg, prs) (75)
) ) ) = mnp 856] mnp 8.’171 ) ’ )

where Hagq i (nx, my, pz) are partial solutions of Helmholtz 3D equation for given boundary 9. and could be taken
for example from [8]. The equations of inverse curl operator in any coordinate system could be obtained from [9].
So, equation transforms to

- (vgmnpf + annp) 0 (UOmnpf + anp) 0

3 2
v' (1, %2, 23,t) = — = Hpq 1. (nx1, mzo, px eTFmnpt) (76
(z1,22,73,1) m,§:1( o oz, o 83:[) k(na1, mre, pr3) (76)
U(i)mnpf = /// véo(slvs% 53)H397k(n513m52ap53)d9 (77)
Q
. t . 2
oy = // dQ/ Qj’)(sl,32,53,7')Hag,k(n51,mSQ,ps;),)e(kmnPT)dT (78)
J 0
Imnp =

// dQ (Hopq,1(ns1,mss, ps3))’ (79)
0



where V[i, j, k] € [[x1, x2, z3], [x2, T3, 1], [T3, x1, x2]] and denotes coordinate indexes. If we investigate each point of
fluid in moving coordinate system of this point, Galilean transform must by applied v(rg + vt, t).

6 Conclusions

Due to the form of fluid equations they could be transformed into the full/partial inhomogeneous parabolic differential
equations: partial differential equations in respect to space variables and full differential equations in respect to the
time variable and inhomogeneous time dependent part. Velocity and outer forces density components were expressed
in form of curl for obtaining solution satisfying continuity condition. Orthogonal polynomials as the partial solutions
of obtained Helmholtz equations were used for derivation of analytical solution of velocities for incompressible fluid in
1D, 2D and 3D space for rectangular boundary. Solution in 2D and 3D space for any shaped boundary was expressed
in term of 2D and 3D global solution of Helmholtz equation accordantly.
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