A MATHEMATICAL INTRODUCTION TO FLUID MECHANICS

YONG JUNG KIM

NOTATIONS

Having a better notation is helpful. It helps people to write things simpler and,
more importantly, to think things clearer. In the study of systems of conservation
laws in a multidimensional space, it seems important to distinguish the effects
of the space dimension and of the state variables. In this lecture note we take a
notating strategy that reserves row vectors for the vector fields related to the spacial
dimension and column ones for the ones related to the state variables. These two
kinds of vector fields play different roles in the system and hence one may see that
such a simple distinction makes notations systematic.

In our notation all the objects are considered as matrices. We mostly consider
real matrices. A real number r € R can be considered as a 1 x 1 matrix. Let n
be the space dimension. Then the space variable x is a vector with n components.
Similarly, the velocity vector field u of a fluid flow in the n-dimensional space and
the gradient vector field V f of a functional f : R®™ — R are also of such vectors.
We consider these space related vector fields as row vector ones, i.e.,

x= (21, ,2n), w=(ur,,up), V= (far, s fa,) € R (0.1)

where R™*™ is the collection of m X n real matrices. In particular, for the three
dimensional space, people typically use x = (x,y, z) for the space variables and we
also use this notation from time to time.

Conservation laws arise from the modeling of physical processes. Consider m-
physical quantities, c1, -+, ¢py,. It seems reasonable to write these state variables
as a column vector ¢ due to the horizontal writing of equations:

c1
c=| : |[er™ (0.2)
Cm

The matrix multiplication is considered as the basic multiplication. Hence, if
any other specific notation is not used, a multiplication in this note is the usual
matrix multiplication.

Example 0.1 (Taking a gradient V(-) and divergence div(-)). Since the gradient
of a real valued functional is a row vector, one obtains a matrix if a gradient of a
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column vector field is taken, which is actually a Jacobi matrix, i.e.,

c1 Vcl (Cl)rl o (Cl)fﬂn
Ve=V : = : = : ; = De € R™,

Cm vcm (Cm)wl e (Cm)wn

where Dv denotes the Jacobi matrix of the vector field v. Note that we may apply
the operator D to both of a column vector and a row vector field. However, taking
a gradient to a row vector field does not give the Jacobi matrix. For example

Vu=V(ug, - ,uy) = (Vuy, - ,Vu,) € R1xn’

is a longer row vector. If one wants to consider the Jacobi matrix of u, then it
should be written as Du = V(u') € R"™", where the column vector u’ is the
transpose of the row vector u.

Now consider taking the divergence of a vector field. It is clear that the number
of components of this vector field should be n which is the spacial dimension. Hence
we think that the divergence should be applied to a row vector fields. Hence div(u)
and div(Vf) make sense. However, div(c) does not. (Notice that, even if the
number of state variables are same as the dimension, there should be no such thing
as div(c) in a model or in computations.)

One may take a divergence to a matrix if the number of columns of the matrix is
n, the space dimension. For example, consider the matrix multiplication cu. Since
they are m x 1 and 1 x n matrices respectively, the matrix multiplication is well
defined and the result is a m X n matrix, i.e.,

ciua C1Uq s C1Unp
cu = (uic, - ,u,C) = : =
Cmu CmUl -+ CmUn

The Jacobi matrix Ve is also m x n matrix. If the divergence is taken to these
matrices, then

cu div(cqu) div(Vep)
div(cu) = div E = ; , div(Ve) = :

: = Ac.
Cmu div(epmu) div(Ven)

Notice that, if both of ¢ and u are considered as row or column vectors, then the
matrix multiplication cu should be replaced with a tensor product such as ¢ ® u.
Hence we have saved a tensor product by considering u as a row vector and c as a
column one. Furthermore the meaning of div(cu) is more direct than the one using
a tensor product. O

Example 0.2 (Taking an inner product and a cross product). The inner product,
or the dot product, is always between vectors related to the space dimension. The
velocity and normal vectors are typical examples. We may generalize it as a product
of between two matrices. The requirement is that the rows of each matrix has n-
components. In other words the matrices should have n columns. Let A, B be such
matrices. Then, the inner product is simply,

A-B=AB" (0.4)
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The cross product is only between two vectors in three space dimension. Let
v = (v1,v2,v3), u= (ug, us,u3) € R1*3. Then the cross produce is defined by

v X u = (vouz — vsug, —(v1uz — V3u1), V1Uz — VU1 ). (0.5)
It is convenient to consider the operator for the gradient as V = (3%1, 6%27 6%3)

Then,

Oc Oc Oc
Ve = (87‘%17 87{[2’ 8*@) = grad(c)
V-ou= iul + iug + iu3 = div(u)

8931 3172 (9133
8”3 8u2 8u1 8u3 0uQ 8u1
81‘2 (9l‘3, 6.133 833‘1 ’ 6331 6.132

Example 0.3. [Derivation of a convection-reaction-diffusion equations] One can
easily model the dynamics of chemical concentrations. Let ¢; = ¢;(x,t) be the den-
sity of i-th chemical which is a function of space and time variables. Let S;(c,x,t)
model the reaction, production and degradation of the i-th chemical ¢;. Therefore
the vector S that consists of S;’s should be considered as a column vector, i.e,

Si(c,x,t)
S(e,x,t) = e R™*1L, (0.6)
Sm(c,x,t)
Consider a fixed bounded domain 2 in the flow and let n be the outward unit normal

vector at the boundary. The rate of change of the amount of the i-th protein in the
region (2 is modelled by

/gci(x,t)dx:/Si(c7x,t)dx—/ ji - nds, (0.7)
o Ot Q o9

where j; is the flux of the chemical ¢;. This flux consists of two parts. The first
one is due to the flux of the fluid flow and the second one is due to the gradient of
the concentration. Let 7; be the corresponding diffusion tensor. Then the flux is
modelled by

ji =cua— Tchi. (08)
After applying the divergence theorem, one obtains
(¢i)e(x,t) + div(c;u) = div(;Ve;) + Si(c, %, t). (0.9)

We consider the isotropic case with constant 7;’s. The the multiplication is actually
a scalar multiplication and (0.9) can be rewritten in a vector form, which is

ci(x,t) + div(cu) = TAc + S(c, x, 1), (0.10)
where 7 is the diagonal matrix with 7; in the i-th diagonal element. (I

Remark 0.4. One of the main features of the notation is in the multiplication cu in
(0.10). Since the space dimension and the number of state variables are different and
not one, matrix multiplications such as uc, uu and cc are not defined. Hence, such
terms should not appear anywhere. Even if the number of state variables is same
as the space dimension, such terms are not physical and hence should not appear.
However, if one includes tensor product, then tensor products of such combinations
are possible. For the sake of remembering formulas or reducing possible mistakes,
using a notation that exclude such nonphysical terms is helpful.
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Remark 0.5 (Material coordinates and particle trajectories). In this example we
will remind that taking the gradient as a row vector makes change of variables con-
venient. Consider Lagrangian coordinates which are also row vectors and denoted
by y = (y1,%2,¥3) € R1¥3. We may implicitly consider the Eulerian coordinates
x as a trajectory function of y or more explicitly introduce I'(y,¢) which indicates
the position of a particle y at time ¢ > 0. In other words we may set

x =x(y,t) or x=TI(y,t), y:(yl,yg,y3)€R1X3. (0.11)

The Lagrangian coordinate y actually denotes the particle which was placed at the
point y initially (at ¢ = 0) and the trajectory I'(y,t) denoted the position of the
particle at time ¢ > 0. Therefore, one may set

or
P(y,0)=x(y,0) =y, ulyt)=ulx(y,b)t)=—5-(1), (0.12)
where u is the velocity vector field introduced earlier. Note that we abuse our
notation here. Using the same notation u for the velocity, u(y,t) denotes the
velocity of the particle y at time ¢ > 0 and u(x,t) denotes the velocity at the

position x at time ¢ > 0. We take the same convention for ¢ and S, too.

Remark 0.6 (Material derivative). Consider the acceleration vector a(y,t) = a(x(y,t),t).
Since the acceleration is the quantity related to the moving particle, the acceleration
should be given by

0 9]
a(y,t) = au(y,t) = au(x(y,t),t) =w(x,t)+ Vu-u

This kind of derivative appears whenever a quantity along a trajectory curve is
differentiated and is called the material derivative and denoted by Z-(-). For ex-
ample, let f(y,t) be a certain value that the particle y has at time ¢ > 0. Then,
the material derivative is given by

D 0 0 0
—fxt) = —fly, ) = = t),t)) =(=+u- t).
i) = 238 (= 5 fx(y.0.0) = (5 +u- V)f(x.t)
One can easily check that this material derivative has the properties that a usual
differentiation has such as the product rule, linearity and the chain rule. For ex-
ample
D D D D D D D ,, D
D ft9 =5 f 59 59 =95, f+Fp0 5,59 =959

Example 0.7. Let DyI' := I'y be the Jacobi matrix of the trajectory, i.e.,

. Vi (y,t) (1)y (T1)ys  (T1)ys
Iy =DyI' = Vy(I'") = Vas(y,t) = (T2)ys  (T2)ys  (2)yy
Vx3(Y> t) (x3)y1 (m?’)yz (x3)y3
Then, for a vector field F', we obtain the chain rule
DyF = (DxF)I'y or DyF = (DyF)I';". (0.13)

Since DF = VF for any column vector field or a scalar function, the chain rule
gives

Vei(x,t) = Vel(y, t)F;l, (0.14)
div(u(x,t)) = Tr(Du(x,t)) = Tr((Du(y, t))T'y;"), (0.15)
Aci(x,t) = Tr(D(Vei(x,t))) =Tr (D[Vci(y,t)(F;l)]F;l), (0.16)
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where Tr(A) is the trace of a square matrix A. Notice that, if the gradient is
considered as a column vector, one should take a transpose of a gradient vector and,
hence, the notation becomes messy, which is undesirable. (Independent variables of
the differential operators in the previous calculations should be clear. For example
in the writing V¢;(x, t) the independent variables are x and ¢ and hence the gradient
operator is with respect to x. On the other hand, specifying independent variables
of each term makes lengthy equations. Hence we specify only one of them for each
side of equalities.)
Similar change of variables with respect to the time variable ¢ > 0, we obtain

ci(x,t) + div(cu) = ¢;(x,t) + (Ve)u' + edivu = ¢, (y, t) + cTr((Du)I‘;l). (0.17)
Therefore, (0.10) is transformed to
(co)ily,t) = 7 Tr(D[(Ve) L0, + Sie,y, t) — ¢ Tr((Dwy '), i=1,2,3.

y
(0.18)
Notice that the equation (0.18) is written in a scalar form since taking the Jacobian
of Vc is not clearly defined. O

Remark 0.8. Consider the products between Ve and u or their transposes. Then
there are eight possibilities. Since u is a row vector, the products such as (Vc)u,
(Ve)tu, uf(Ve) and u?(Ve)! are not defined. Furthermore, u(Ve) and u(Ve)t are
defined only if the number of state variables is same as the space dimension, which
is not of our case. Hence those six products should not appear in any case. Notice
that, even if the dimension and the number of state variables are same, a product
such as u(Ve) and u’(Ve)? has no physical meaning. The other two are (Vc)u!
and u(Ve)?, which are column and row vectors, respectively, and have identical
components. Hence (Vc)u? is the only possible case that may appear.

Remark 0.9. Notations of this note are like followings.

1) Bold characters are vectors.

2) vi: transpose of the vector v.

3) u: velocity row vector.

4) c: state column vector.

5) Ve gradient row vector. Ve: Jacobi matrix of the vector field c.

6) 7: (diagonal) diffusion matrix.

7) Df: Jacobi matrix of a vector field f. If f is a column vector, then Df = Vf£.
If f is a row vector, then Df = V(f?).

(8) u' is a column velocity and V*f = (Vf)! is a column gradient vector.

(
(
(
(
(
(
(
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1. THE EQUATIONS OF MOTION
From now on we consider three dimensional space only and hence x € R*3,

1.1. Thermodynamics. In thermodynamics the following five quantities are basic
state quantities which are functions of (x,¢) depending on the given flow:

p : mass density,

e : specific internal energy density,

s : specific entropy density,

p : pressure,

T : temperature.

Three of these five are called density functions since the corresponding quantities,
mass, energy and entropy, are not local properties. In fact, they actually have
meaning when they are integrated over a domain. For example the mass of the
fluid at a given point is meaningless. However, the mass of the fluid in a regions 2
does have meaning and it is given by

/ pdx = Mass of the fluid in a region €.
Q

The other two densities are specific ones or, in other words, densities per unit of
mass. This means that the actual density is the one after multiplying the mass
density, i.e.,

/ pedx = Internal energy of the fluid in a region 2,
Q

/ psdx = Entropy of the fluid in a region €.
Q

Remark 1.1 (a nonsense quiz). What is the specific mass density? It is 1.

On the other hand the other two quantities, the pressure and the temperature,
are local ones. Hence, the temperature or the pressure at a given point is meaning-
ful. In the followings we simply call p, e and s as mass, internal energy and entropy
for brevity. It is assumed that, if two of the five physical quantities are given, then
the other three are decided by the laws of thermodynamics. We consider the mass
p and the pressure p are unknowns and the other three are given by these two.

The following three quantities play important role in the evolution of the flow:

V =1/p : (specific) volume,
h=e+p/p=-e+pV : (specific) enthalpy density,

E=c+ %|u|2 : (specific) total energy density.
Since F is the specific total energy density, the total energy of the fluid is given by
/Q(pE)dx = Total energy of the fluid in a region .
It is clear why V is the specific volume since

/Q(pV)dx:/Qldx

is the volume of the domain .
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Remark 1.2. It is not clear yet how the other three quantities, s,p, T, are given
from p, p. In Majda, it is said that the internal energy is given first, i.e., e = e(p, p),
and then, the others two are given by the second law of thermodynamics,

Tds = de — ;%dp:de—de. (1.1)
This law can be written in terms of enthalpy h which is
Tds =dh — %dp = dh — Vdp. (1.2)
Remark 1.3 (Ideal Gases). (i) For the ideal gases, the other three are given by
T
o) =y = (1.3)
T(o.p) =7, (14)
e’ =pp~ 7, 7> 1,constant. (1.5)

(#4) The power law is often used for the pressure of isentropic gases given by
p=p(p) = Ap” with constants v > 1 and A > 0.
Then, the internal energy and the enthalpy are

-1 -1
e:Ap"Y and h:’ye:ﬂ.
v—1 v—1
1.2. Euler’s Equation. In this section we derive the Euler’s equations that give
the motion of a compressible flow. The derivation is based on the conservation or
the balance of physical quantities.

The mass, the momentum and the total energy are conserved quantities. Note
that the velocity u is a row vector. Hence, if we set the momentum as pu, it is a
row vector. However, we want to set the state variables as a column vector. Hence
we introduce a column velocity vector u® by taking the transpose of u and the state
vector

P pU1

c:=| put | = puy | € R (1.6)
pE pus3
pE

The derivation of the Euler equation is essentially same as the one for the
convection-reaction-diffusion equation in Example 0.3. The difference is that Euler
equations are for the inviscid case and hence there is no diffusion.

Let S;(c,x,t) model the source or sink of the i-th quantity ¢; and S the corre-
sponding column source vector. Consider a fixed bounded domain ) in the flow
and let n be the outward unit normal vector at the boundary. The rate of change
of the amount of the state variables in the region () is modelled by

9 c(x,t)dx:/S(c,x,t)dxf/ cu - nds,
ot Jo Q o9

where the flux of the state variables is simply cu. Notice that the flux for the i-th
quantity is ¢;u which is same as the one in (0.8) with zero diffusion tensor 7; = 0.
Hence, one obtains

c:(x,t) + div(cu) = S(c, x, t). (1.7)
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The mass is not produced nor disappeared and hence we set S; = 0. Hence the

equation for the mass conservation is given by
pt + div(pu) = 0. (1.8)

The following transport theorem depends on this mass conservation law. Let
Qo be a domain in a Lagrangian space. In other words one may consider €y as a
collection of particles or a domain of a flow at the initial time ¢ = 0. Then, let €
be the domain in the Eulerian space that the particles in 0y occupies,i.e.,

Q= {T(y,1);: y € Q}-

Theorem 1.4 (Transport Theorem).

jt/m f(x,t)dx:/gt (gtﬁfdivu)dx:/m (%f+div(fu))dx. (1.9)

%/ﬂ pf(x,t)dx:/Q pDBtf(x,t)dx. (1.10)

Proof. First consider
d d J 5
o /Q oty = /Q O (Pl ), 0y 1) ) dy = /Q 0 (ST +15:0)dy.

where J = |Dyx| = |Vyx!| is the volume factor for the change of variables. Then,
due to the multi-linear property of the determinant, we have

o Vxl(Y7t) VUI(Y7t) le(y,t) V-rl(Y7t)
EJ: 5 Vx2(Y7t) = Vx?(}’vt) + vu?(}’vt) + Vx?(y7t)
ng(y, t) vx3(y7 t) VZI?g (Ya t) V'ng(y, t)

The chain rule gives
Dyu(x(y,t),t) = (Dxu)(Dyx).

Hence one can easily see that Vyu,;(x(y,t),t) = Zizl(ui)xk V. Hence, substi-
tuting these into the previous equation gives

a.] = (u1) g, J + (U2) gy J + (u3)zsJ = (divu)J. (1.11)
Therefore,
d d . D |
@t Jo, fx,t)dx = /QO (5 f + fdiva) Jdy = /Q (55 / + fdiva)dx

0 .
= /Qt (af + dlv(uf))dx.
Therefore, (1.9) holds. Now replace f in (1.9) with pf. Then, since
D . D 0 .
i P+ (pdiva) f = ps f + fonp + fVp - u+ f(pdiva)
D 0 . D
= Pﬁf + f(@ﬂ +div(pu)) = pﬁfv

the equation (1.11) holds. O
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1.2.1. Balance of Momentum. Now consider the momentum conservation. Using
the transport therm, one can easily check that the rate of change of the momentum
is actually the force applied to the flow:

d . D
a dx= | p=u'dx.
dt Jo, " /Qtth“ X

Hence, to obtain the momentum conservation law, we should consider the force.
The first one is the body force such as the gravity, which can be written as

/ pbdx : external body force.
Q

Note that we are using the notation b for the external body force. Since the force
is a vector in a space, it is considered as a row vector in our notational convention.
However, in the momentum conservation law, since the velocity is a state variable,
this body force should be in a form of a column vector. Therefore, we put bt.

The pressure also plays as a force as in the following mechanism. First we assume
that the fluid is ideal in the sense that the pressure give the surface force which is
orthogonal to the surface. Then the surface force induced by the pressure applied
to the domain € is given by

—/ p(x,t)n'dA : surface force,
o0,

where dA indicates the surface integration and n is the outward unit normal vector
to the surface.

can be increased due to the external body force such as the gravity and surface
force such as the pressure. Notice that, since n is the outward normal vector, there
is a negative sign. If not, the force is the one contributed to the outside of the
region. We can apply the divergence theorem and obtain

p 0 0 div(p00)
/ pnldA = / 0 p 0 | ndA= div(0p0) | dx= Vipdx,
o9, o\ 0 0 p 2\ div(00p) 2

where V*p is a column gradient vector, i.e.,

Vip = (Vp)'.
Finally, combining these three terms one obtains the momentum conservation law:
D, t
—u' = -V + pb'. 1.12
PDi p+p (1.12)

Furthermore, since p; + div(pu) = 0, we have

D
pu’ = P+ pVu’ - u+ (pr + div(pu)u’ = (pu'); + div(pu'w).
Hence (1.12) can be rewritten as
(pu'); + div(putu) = —V*p + pb, (1.13)

which fits in the form (1.7).
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1.2.2. Balance of Energy. Now consider the balance of energy. The total energy is
the sum of the kinetic energy and the internal energy,

1 1
E:e+§|u|2:e+§u-u.

The change of the kinetic energy of certain portion 2; of the fluid should be
same as the work done to the portion by the surface force induced by the pressure
or the external body force. Note that the work is given by ‘work = distance x force’,
where the distance is actually the component of the force vector. Hence its rate of
change is given by

d
%work = velocity - force.

Suppose that the change of the total energy of the flow is caused by the work done
by the pressure surface force and the body force. Then, it is written as

4 pE(x,t)dx = —/ u- pndA +/ u - pbdz.
t o0 Q4

Then, the transport and the divergence theorem gives

D
/ p—E(x,t)dx = —/ div(pu)dx+/ u - pbdz.
o Dt Q o

Hence the conservation of energy is written as

p%E + div(pu) = pu - b. (1.14)
Furthermore, since
(0B). + div(pEw) = (p, + div(pw)E + p(E, + u- VE) = po .
(1.14) can be written as
(pE): + div((pE + p)u) = pu - b. (1.15)

Notice that this energy balance law is based on the assumption that the internal
energy is constant.

If the Euler’s equations are written in the conservative form (1.7), then the
corresponding state variables and the source term are

p 0
ci=| put |, S:= —Vtp + pb? € R5*1, (1.16)
pE —div(pu) + pu-b

Then the Euler equations are written as
c: + div(cu) = S(p,p, Vp,u,b), (1.17)

which is in the same form as (0.10) with a different reaction part S and zero viscosity
7 = 0. Hence the structure that characterizes the Euler equation is in the reaction
part S = S(p, p, Vp,u, b) given by the pressure and the external force field.

1.3. Special cases.
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1.3.1. Incompressible flow with constant internal energy. A flow is called incom-
pressible if divu = 0. Then, since £J = divuJ = 0 and J(0) = |I| = 1, incom-
pressibility is equivalent to J = 1. One can easily see that the volume of the fluid
is not changed if divu = 0. Consider

i/ 1dX:/ inX:/ diva J dx = 0.
dt Qs Qo dt Qs

Hence, the volume which is occupied by the particles in €2y is constant if divu = 0.
The material derivative of the kinetic energy is

1D D 1 D
iﬁt(uou) = f(ﬁtu)ou+§u~ (Ftu) = (ut+(u~V)u) -u.

Hence, if the internal energy is assumed to be constant, then
pDﬂtE + div(pu) = p(ut + (u- V)u) -u+ Vp-u+ pdivu.
Since the flow is incompressible, divu = 0, the balance of energy is written as
p(ut + (u- V)u) -u=(=Vp+b)-u,

which simply comes from the balance of momentum. Therefore, if flow is incom-
pressible and the internal energy is invariant, then the energy equation is dropped
and the Euler’s equations is written as

Dp

- = 1.1
Dt =0 (1.18)

Du! .

b bt 1.1
P D Vip+p (1.19)
divu = 0 (1.20)

with the boundary conditions
u-n=0 on 0D. (1.21)

Remark 1.5. Tt is not surprising to get the energy conservation dropped. According
to the hypothesis of thermodynamics the five basic quantities are decided if two
of them are given. Hence, if the internal energy ‘e’ is constant then all the others
are functions of one of them, say p. Then there are four unknowns, u and p, and,
hence, only four equations are needed to close the system. However, there are five
equations above. Note that the last equation divu = 0 actually plays a role of an
assisting relation.

1.3.2. Compressible flow with constant entropy. Suppose that the entropy is con-
stant. Then, (1.1) and (1.2) are written as

1
dh = ~dp,  de=Lap,
p p

and one may easily obtain the enthalpy and the internal energy, i.e.,

P 4

k k2 dp
The material derivative of the internal energy e = e(p) is given by
D D
5;60) = € (p)prp = —pe'(p)divu.
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Using the relation, the balance of energy is written as

DFE D
Por + div(pu) —pu-b = p(ﬁlt1 -u — pe'(p)divu) + pdivu + Vp-u—pu-b

O:
Du
= (p=—— _ 5b)-
b5y T VP —pb)-u,

which comes from the balance of the momentum and hence can be dropped. Since
Vp = pVh, the Euler’s equations is written as

D
Ff + pdivu = 0 (1.22)
Du! "
= -V'h + b’ 1.2
D1 V'h + (1.23)
with the boundary conditions
u-n=0 on 0D. (1.24)

1.3.3. A non-conservative form and the shallow water equation. The pressure of
the ideal isentropic gas is given by p = Ap?,~v > 1. Then,

Dp _ , \Dp_ _, y-1Dp
Dt = PP =740 5,
and the balance of mass becomes
Dp . _1Dp . _1/Dp .
' — ~ApY 1R ApY :A’vl(i ):.
Dy + ypdivu = vAp D1 +~vApTdiva = vAp Dt + pdivu 0
Therefore, the motion of the isentropic gas is written as
D
Flt) + ypdivu = 0, (1.25)
Du!
—— = V' +b 1.26
Py p+ (1.26)

where the entropy is assumed to be constant s(x,t) = sp. The relation between
A and sg directly comes from (1.5) and A = €. Note that this equation is not
in a conservative form and hence agrees with the original problem in the smooth
regions. This system is also called shallow water equations with n = 1 or 2 and
v =2.

1.3.4. The nonlinear wave equation. The nonlinear wave equation is given by

Ut = (k(u,))x

Let u; = u, and us = ug. Then,

Ul o (5
u t k(ul) z ’
In fluid dynamics the one dimensional isentropic gas in Lagrangian coordinates is

given in this form, where u; is the specific volume and us is the velocity and

k(u) = —-Au™, A>0,v>1.
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1.4. Bernoulli’s theorem. One may consider the curve traced out by a particle
which is called a trajectory. The trajectory x = x(¢) is given by

x'(t) = u(x(t),1).

However, the streamline x = x(t) is an integral curve of the velocity vector field
at the given time ¢t > 0, i.e..,

x'(1) = u(x(7),t).

The flow is called stationary if the velocity vector is not changed in time, i.e.,
u; = 0. Then, u(x(7),t) = u(x(r),7) for all 7 and ¢ and hence the streamlines and
the particle trajectories are identical. The Bernoulli’s theorem is about such a flow.

Theorem 1.6 (Bernoulli’s). Consider a stationary flow. (i) In an isentropic flow
with a potential body force b = —V¢ the quantity %HUH2 + h+ ¢ is constant along
a streamline. (i) If the flow is homogeneous (p = p(t) constant in space) and
incompressible (hence, p = p(0) constant in time, too) and a potential body force
b = —V¢ is given, then |[u|* 4+ p/p(0) + ¢ is constant along a streamline.

Proof. (i) Since the flow is stationary, one may set f(x) = %|ju(x)||> + (h + ¢)(x)
and Eq. (1.23) is written as

(u-Viu=-V(h+¢).
Using the identity

1
V(§u~u):(u-V)u+ux(qu),
one obtains
1
ux(qu):V(au-u

Hence, for a given streamline x(¢), one obtains

F(x(t) — F(x(0)) = / VF(x(7) - X (r)dr = / wx (V x u) - u(x(r))dr = 0.

For the case (i%), the proof is clear since Eq. (1.19) is written as

N v
(u-V)u =~V +0).

~—

(- V)u= V(g ul* +h+¢) = VF
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2. ROTATION AND VORTICITY

In this section we consider the rotation and the deformation of a flow. The curl
of a velocity vector field is called the vorticity and we denote it by &, i.e.,

Ous Oug Oup Ous Ous  Oug

- _(Y¥s YUz M1 dH3 CH2  YH1) ; 1x3
5 =Vxu= (8562 81‘37 8333 (9561 ’ 6%1 6332) (61’52’53) €R '

2.1. decomposition of velocity. Let h € R'*3 be small. Then the Taylor’s
expansion theorem gives that

u'(x +h) = u'(x) + (Vu')h' + O(|h[?),
where Vu! is the Jacobi matrix. Let
1 1
D= §(Vut +(Vuh)h), S= i(Vut — (Vuh)h).

Then Vu! = D + S and

1 0 —-& &
S = 3 & 0 =&
—&2 &1 0

Hence one can easily see that
1
S~h:Sht:§(§xh)t,

and, if Vu? is symmetric, then S is the null matrix. Therefore, the Taylor expansion
becomes

u(x +h) =u(x) + hD(x) + %f(x) x h+ O(|h[?), (2.1)

where ¢ is the vorticity and D(x) is a symmetric tensor. Notice that the terms in
Eq. (2.1) are in row vectors. The term hD(x) is due to the symmetry of D(x), i.e.,

(D(x)h!)! = hD(x)! = hD(x).

We want to analyze the local effect of the velocity vector field and after a trans-
lation we may consider the case x = 0 only. Then (2.1) is written as

u(h) = u(0) + hD(0) + %g(O) » h+ O(|h[?). (2.2)

The velocity u has been now decomposed into three parts near the origin. A simple
way to analyze their effects is a splitting approach, which is simply consider the
effects of a single term treating as if there is no other terms. The over all effects
can be understood summing up all of them.

2.1.1. transportation. Let h(t) be a trajectory of a particle and hence h'(t) =
u(h(t)). We will see how does the velocity vector field effects the particle tra-
jectory. The effect of the first part is very simple. Since h'(t) = u(h(¢)) = u(0), we
have

h(t) = tu(0) + h(0),

which is a simple transformation with a constant velocity. Hence it does not give
any relative change of the flow.
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2.1.2. deformation tensor. Consider the role of the symmetric tensor D(x) in (2.1).
Because D is a symmetric matrix,

hD(0) = Vib(h), w(h) = %hD(O)ht.

Since D(0) is real symmetric, there exist eigenvalues A1, A2, A3 and orthonormal
eigenvectors vy, va, v3, and hence the matrix representation of D(0) is

A 00
DO)=| 0 X ©
0 0 As

using {v1, vy, vs} as its basis. Hence the relation h'(t) = hD(0) gives
Ri(t) = Nihi(t), i=1,2,3.
Therefore,
hi(t) = hi(0)eMt, i=1,23.
Hence the volume near the origin is
V(t) = hy(t)ha(t)hs(t) = h1(0)he(0)hs(0)eP1FA2FAs)t
Hence the rate of the change of the volume is

V() = (A + Ao + A3)V (1) = Trace(D(0))V () = (divu(0))V ().

2.1.3. rotation. Consider the third term

h(1) = 2(0) x h().
It is clear that the velocity vector is normal to the plane spanned by two vectors £(0)
and h(t) with magnitude 3|£(0)||h|sin(f) where 6 is the angle between £(0) and h.
Hence the particle trajectory h(t) gives a circular motion around the vorticity vector
€(0) with speed 2 |£(0)[|h|sin(@). (It takes your imagination to see the picture.) One
can find a rotation matrix

() = M(Z[€(0)]1,£(0))h(0),

where M (3£(0)]t,£(0)) is the matrix that represents a rotation through an angle
11£(0)|t about the axis £(0).

2.2. circulation. Let C' be a simple closed contour in a flow at time t = 0. Let
C; = T'(C,t) which is the contour carried by the flow after time ¢ > 0. The
circulation around CY is defined by the line integral of the velocity field, i.e.,

Te, :7{ u-ds.
Ct

ﬂ% u-ds= @-ds
dt Je, c, Dt

Lemma 2.1.
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Proof. Let y(s), 0 < s < 1, be a parametrization of the contour C. Then,

i u-ds = i 1 u(T'(x(s),t),t) - if( (s),t)ds
dt Cy B dt 0 e ds Y ’
'Du 0 ! 0
:/o i gr(}’(s)vt)ds-i-/o u- %u((F(y(s),t),t)ds
Du 110 Du
_ ?i Du ~ds+/0 27, W), 0.0ds = § it ds

O

Theorem 2.2 (Kelvin’s Circulation Theorem). If the flow is isentropic and there
is no external force, then the circulation, I'c,, is constant.

Proof.

d d D

*FC’t:* u-ds= l.dS:_ Vh-ds=0,

dt dt C, c, Dt c,
where we have used Lemma 2.1, the motion of the isentropic flow %u = —Vh
and the fact that the line integral of a potential vector field along a closed curve is
Z€ro. ([l

Note that this property is due to the lack of viscosity. Since there is no tangential
force in the isentropic flow, the rotation of the flow is neither starting nor stopping.

Proposition 2.3. Let w := £/p be the specific vorticity. For an isentropic flow,
we have

Dw
B~ (@ Vu=0 (2.3)
and
w'(T(y,t),t) = D(D(y, t))w'(y,0). (2.4)

Proof. The derivation of (2.3) is basically the vector calculus. The isentropic flow
satisfies 1
w, + (u-V)u =’ ut+§V(u-u) —ux¢{=—-Vuw.

Taking the curl gives

D
0=2¢& —curl(ux &) =7 Ff — (- V)u+&(V-u).
Since
&_E(ﬁ) _1D¢ §( u)
Dt Dt\p) pDt p ’
we obtain (2.3).
Now we show (2.4). Let F(y,t) :== w(I'(y,t),t) and G(y,t) := D(I'(y, t))w'(y,0).
Then F'(y,0) = G(y,0) since D(I'(y,0)) is the identity matrix. From (2.3),
0 Dw
“F e
il vt =5
On the other hand, by the chain rule:
0
5;C:t) = Dy(u(T(y, 1), ))w'(v,0) = Dx(ulx, )) D(T(y, )y, 0) = (G- V)u.
Since F,G have the same initial value and satisfy the same first order equation.
Hence they are identical. ([

=(w-V)u=(F- -V)u
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For any given domain Wy, the mass conservation and change of variables give

/WO p(x, 0)dx = /Wt p(x, t)dx = /WO p(x(y. 1), )| DI (y, 1) dy.

Hence, we have
p(x,0) = p(x(y,1),t)| DT (y, t)],
which shows a close relation with (2.4).

2.2.1. Stokes’ Theorem.

FC:Lu-dS://Z(qu)‘ndA://Zf'ndA, (2.5)

where C is an oriented smooth contour of the surface ¥ and n is the unit vector
normal to the surface with the same orientation of C'. The Circulation Theorem

implies that
d d
— ‘ndA=—T¢, =0
dt / /Zt€ n - ©

if the flow is isentropic. In other words the flux of the vorticity acrose a surface
moving along the flow is constant in time.

If a surface or a line is tangent to the vorticity vector field &, then it is called a
vortex sheet or a vortex line respectively. In particular, if the vortex sheet is like
a tube, it is called a vortex tube. For example, an integral curve of the vorticity
vector field £ that emanates from a given point xg is a vortex line. Suppose that a
curve is given that is nowhere tangent to the vorticity vector field. The collection
of integral curves that emanate from the given curve is a vortex sheet. Consider
a two dimensional disk-like domain D which is nowhere tangent to &. Then the
vortex sheet corresponding to the closed curve C' = 9D is called a vortex tube.

Remark 2.4. The above definition of the vortex sheet is sloppy. For a more rigorous
definition, we may need to say that the disk D is diffeomorphic to a disc. Further-
more, we need to see that the surface consists of integral curves is diffeomorphic to
the tube which is a product of a disc and a real line.

Proposition 2.5. Let S be a vortex sheet. Then Sy =T'(S,t) is also a vortex sheet
for all t > 0 if the flow is isentropic.

Proof. Due to the Stokes’ theorem (2.5) and Circulation Theorem,
/_f-ndAzO for any S C S;.
g
Hence £ -n =0 on S;. (]

Theorem 2.6 (Helmholtz’s Theorem). Assume the flow is isentropic.

(1) If Cy and Cy are any two curves encircling a given vortex tube with the

same direction, then
/ u-ds= / u-ds.
01 C2

(2) This common value is called the strength of the vortex tube and is constant
in time, as the tube moves with the fluid.
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Proof. Let S; and S5 be a cross section of the tube such that C; = 9S; and
Cy = 055 and let S be the part of the tube enclosed by Cy and Cs. Let V' be the
corresponding volume of the tube and ¥ = 9V so that ¥ = SUS; US,. Using the
divergence theorem gives

Oz/vvugdx:/zg-dA:/Sluszf-dA.

By the Stokes’ theorem,

/ u-ds= [ &-dA, / u-ds=— [ ¢£-dA.
Cl Sl CQ SQ
So (1) holds. (2) follows from the Kelvin’s circulation theorem. O

2.2.2. Two dimensional isentropic flow. When we consider a two dimensional flow,
we actually consider a three dimensional flow which is constant with respect to the
z- variable.

Exercise 2.7. Show that, for an isentropic flow in the two-dimensional space,
u= (U1($7 Y, t)a UZ(xv Y, t)7 O)u é. = (07 07 53) I'= (Fl(xa Y, t>7 FZ('Ta Y, t)7 Z) and

%GW@¢w=%wm» (2.6)
D& B

Now consider incompressible flow in a simply connected domain D. Then,
Uy + vy = 0 and hence the vector field (u, —v) is a potential flow. Let v satisfies

u = %, —U = 1.
One can easily see that the equi-potential line or the level curve of ¢ is a stream
line and hence 1) is also called the stream function. Let (x(s),y(s)) be a stream
line, i.e., 2'(s) = u and y'(s) = v. Then,

d%w(x(s),y(s),t) =2/ (8)Yy + ¥ (8)y = —uv + vu = 0,

which says that the stream line (z(s), y(s)) is a level curve of the potential function
1. Furthermore, one can easily check that

53 =V — Uy = 7¢zm - wyy = *Aw

Hence &3 satisfies

2 (&)t (e V)(E) =0, (2.8)
A = &, (2.9)
u = ¢y7 —U = %m (210)
1 =0on dD. (2.11)
Consider
Vi
(V)6 = ulEn)s + o6y = byl —valedy = | g | 1)

Hence (£3); = 0, i.e, the flow is stationary if and only if Vi) and V&5 are parallel.
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Example 2.8 (A Flow with Radial Symmetry). Suppose that the flow is radial
symmetric, i.e., v = u(r) and v = v(r) with r = /22 + y2. Then, V¢ is a function
of r and so is 9. Furthermore,

u = % = "/)rry = %1/% V==Y = U1y = _§¢r~

Hence the velocity vector is tangent to the circle of radius r and rotating clockwise
if ¢, > 0. The scalar vorticity &3 satisfies

b= —Ab =~ (),

which is a function of r only. Suppose that 1, # 0 for all » > 0. Then one can easily
check that the determinant in (2.12) is zero and hence the flow is stationary. In
other words an incompressible isentropic flow in two dimensional space is stationary
if it is radial symmetric. (Q: Do we need 1 # 0 for this conclusion?)
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3. THE NAVIER-STOKES EQUATIONS

For the ideal flow the surface force is defined at —pn, where p is the pressure
and n is the outward unit normal vector. For a general case it is assumed that

force on S per unit area = —p(x,t)n + no(x,t). (3.1)
Here, o is a symmetric stress tensor given by
1
a:AmwmI+mJ(:2MD—gmwmn+gwww0, (3.2)

where p and ¢ := A+ 2u/3 are coefficients of viscosity, I is the identity matrix and
D is the deformation matrix D = £(Du + (Du)").

Remark 3.1. The modelling procedure for the stress tensor in (3.2) is omitted.

Under the assumption (3.1), we obtain the balance of the momentum as follow-
ings:

d D
— putdV = / p—u'dV = —/ (pIn' — on')dA = div(—pI + o)dV.
dt Jw, w, Dt ow, W,
Hence, one can easily check that the momentum
D
pf‘: = —Vp+ (A + p)V(divu) + pAu. (3.3)

If an incompressible flow with constant density p + pg is considered, then the
Navier-Stokes becomes
Du 1

0 .

D1 o Vp+ p Au, divu = 0. (3.4)

This Navier-Stokes equations are of the second order. Hence it seems reasonable

to ask more boundary conditions that the first order Euler equations have. For the
problem usually no slip boundary condition is employed, which is

u(x,t) =0 forall x € dD, (3.5)

where the boundary is not moving. Of course, if the boundary is moving, u(x,t)
should be the velocity of the boundary point.

3.1. Non-dimensionalization and Reynolds number. Suppose that a phe-
nomenon of the interest is given and one wants to model it. Then one might want
to make the model in a non-dimensionalized one in the following way. Let U, L, T
be the characteristic velocity, length and time of the interest, respectively. For
example, suppose that one considers the water wave of the ocean. It is clear that
he do not want to see the whole ocean. Probably the characteristic length scale L
of the interest is from the tens to hundreds of meters. It can be several kilo-meters
depending on the phenomena of interest. Similarly, U can be the maximum velocity
of the wave of interest. The characteristic time scale T is probably the typical wave
period or the life time of the wave depending on the interest. Since the velocity is
the length divided by the time, those scales approximately satisfy the relation

U=L/T or T=LJU.

Now we introduce new variables
u X _
u=—, Xx=—, and t= .
U’ L’ T
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Then, after the change of variables, the equation (3.4) is transformed to

U Du 1 U

—— =—-——Vp+ K

T Dt poL p0L2

Using the relation T = L/U and setting p = p/(poU?) transform the equation as
Du "

1
b v Aol = —Vp 4L —
Df - VPT o Tp ARt = VP

Axzu.

Axa, (3.6)

where problem becomes inviscid as the Reynolds number Re := 2oLU iy creases. In
other words, if one consider a problem of bigger scale in length or in velocity, the
role of the viscosity becomes minor and negligible.

Remark 3.2. Consider the change of variables used in the derivation:

Du UDﬁdf_ U Du

Dt Dtdt T Dt
Of course, this derivation is not correct since the derivative is not a partial deriv-
ative. Hence, one should use the definition of the total derivative. However, one
may guess that this kind of relation should also hold for the total derivatives if the
definition of the total derivative is meaningful. One can easily check that it really

1S.

Remark 3.3. Two flows with the same geometry (in a possibly different scale) are
called similar if they have the same Reynolds number. In a experimental situations
one my construct a similar flow by controlling the size, the velocity and the viscosity
of the flow.

Lemma 3.4. Ifdivu=0 i D andu-n=0 on 9D, then
/ u-VpdV =0.
D

Proof. Since
div(pu) = p(divu) +u-Vp=u- Vp,
the divergence theorem gives

/u~VpdV:/div(pu)dV:/ pu-ndA=0.
D D aD
O

Theorem 3.5 (Helmholtz-Hodge Decomposition Theorem). A vector field w on
D can be uniquely decomposed in the form

w=u+Vp, where divu=0, u-n=0 on dD. (3.7)
Proof. First we show the existence part. Let p be the solution to the following
Poisson equation
Ap =divw, Vp-n=w-non dD.
It is well known that this Neumann problem has a solution unique up to the addition
of a constant to p. If u is defined by n := w — Vp, then u satisfies the relations in

the theorem.
Now we show the uniqueness. Let w = u; + Vp; = uz + Vps. Then,

0=u; —uz + V(p: —p2).
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Taking the inner product gives with u; — uy gives
2 2
0= [l =l + (s~ we) - Vo1 = p2)ldV = [ s~ wal%dv.
D D
Therefore, u; = us, and hence p; = ps. (I
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