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Chapter 1
Thermodynamics of Fluids

Thermodynamics is a branch of physics which studies the energy exchange of homoge-
neous materials at equilibrium. These materials can be gases, liquids, solids, plasma, met-
als, concrete, soil, and more. The properties of these materials are described by state vari-
ables. Homogeneity in materials refers to the absence of spatial variations at a macroscopic
scale. Examples of homogeneous materials are gases confined in a cylinder, parcels of flu-
ids, or pieces of metal. The energies considered include the internal energy of the systems,
mechanical work, heat, and so on.

1.1 The Thermodynamics of Gases

Goal: We will study the thermodynamics of single-component gases confined in a cylin-
der. The cylinder is equipped with a movable piston on one end, allowing for the exchange
of mechanical work with the external world (see Figure [I.T)). Additionally, we can intro-
duce or extract heat from the system. The theory of thermodynamics for gases aims to
describe the exchange of energy between heat, work, and the internal energy of the system.

Moveable
piston

Figure 1.1: Gas in a cylinder with piston. Copied from http://galileo.phys.
virginia.edu/classes/152.mfli.spring02/Boyle.htm


http://galileo.phys.virginia.edu/classes/152.mf1i.spring02/Boyle.htm
http://galileo.phys.virginia.edu/classes/152.mf1i.spring02/Boyle.htm
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1.1.1 Basic concepts

* Closed system: A closed system is defined as one that does not interchange energy
with the external environment.

* Macroscopic scales: The macroscopic scale refers to conditions where:

(1) The time scale dt is much larger than the time scale of particle motion 7, which
is typically defined as the “mean time of free particle motion.”

(i1) The spatial scales dx', dx?, and dx® are much larger than the “mean distance of
free particle motion.”

For example, on the Earth’s surface, the actual dx is approximately 68 nm for a
container with 2.7 x 10%° molecules per square meter and experiencing a pressure
of 759.8 Torr. Further information can be found in the Mean Free Path article on
Wikipedia. For the mean time of free motion, which is the inverse of collision fre-
quency, you can consult the Collision Frequency article on Wikipedia.

e Equilibrium: A thermodynamic system is considered to be in equilibrium if it re-
mains unchanged at the macroscopic scale.

* Thermodynamic parameters A simple thermodynamic system consists of gases
confined in a cylinder. Several measurable quantities characterize this system at equi-
librium, including:

(1) V (specific volume), representing the volume of gas per unit mass,

(i1) p (pressure),

(ii1)) T (temperature).

The volume is a geometric quantity, while pressure is a response of the system to
changes in volume. The term “thermodynamic parameters’ refers to these quantities.
More parameters such as entropy, internal energy, etc., will be introduced later.

* Equation of state The thermodynamic parameters 7, V, and V associated with
equilibrium are not independent. Experimental observations lead to an equation
f(T,p,V) =0, known as the equation of state. This relation is substance-dependent;
for ideal gases, f(T,p,V) = pV — RT. Generally, we postulate that such a thermody-
namic system has only 2 degrees of freedom. It forms a surface in the p-V-T space,
and its projection on the p-V plane is termed a p-V diagram. Isotherms, representing
curves with constant temperatures, can be observed on the p-V plane, see subfigure
(a) in Figure Fig:CarnotThermoplane.


https://en.wikipedia.org/wiki/Mean_free_path
https://en.wikipedia.org/wiki/Mean_free_path
https://en.wikipedia.org/wiki/Collision_frequency
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1.1.2 Works

1. Doing work to/by the system We can alter the state of the system through various
physical processes. Let us introduce the following terminologies.

* Quasi-Static Process: A quasi-static process is characterized by its slow occurrence,
ensuring the system remains in equilibrium at every instant during the process. In a
continuous quasi-static process, the system is represented by a curve on the p-V
plane.

» Adiabatic Process: An adiabatic process is a type of quasi-static process where there
is no exchange of energy with the external environment except for the work done.

* Adiabatically reachable: Two states (p1,V;) and (p;,V,) are considered adiabati-
cally reachable if there exists an adiabatic process connecting them. We denote the
work for such an adiabatic process moving from (py, V) to (p2,V2) asW(p1,Vi; p2, V).
Please refer to Figure

\ Adiabate
AT,V

q4, heat input
A

T

pressure, p

T, D) c
2 d b G S S,
a) Volume,V b) qs, heat output

Figure 1.2: Carnot cycle on the thermodynamic plane. The left figure represents the p-V
plane, while the right figure represents the 7'-S plane. Image source: https://www.tf.
uni-kiel.de/matwis/amat/td_kin_1i/kap_1/backbone/r_se3l.html

2. First Law of Thermodynamics The first law of thermodynamics states that the work
amount W (p1,Vy; p2,Va) satisfies the equation

W(p1,Vi;p2,Va) =W(p1,Vi; o', V) + W (p' V' pa, Va),

for any (p', V') that can be reached from (py,V1) through an adiabatic process.


https://www.tf.uni-kiel.de/matwis/amat/td_kin_i/kap_1/backbone/r_se31.html
https://www.tf.uni-kiel.de/matwis/amat/td_kin_i/kap_1/backbone/r_se31.html
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* Internal energy From the first law, we can infer that there exists a function U (p,V)
called the internal energy such that

U(p2,V2) =U(p1,V1) =W (p1,Vi;p2,V2)

for any pair of adiabatically reachable states (p;,V;) and (p2,V2). The function U
is well-defined up to a constant. Physically, it represents the sum of all energies in
the system, including translation energy, vibration energy, rotation energy, radiation
energy, etc. The internal energy can be measured through the work added from
outside through an adiabatic process.

* Unit of energy The SI unit of energy is joule (J):

2
1J= lkgni2 = 107ergs.
s

A practical unit is the calorie:

lcal =4.1858J.

* Kinetic equation of state We shall call the relation: U = U(p, V) the kinetic equa-
tion of state. An example is the ideal gas relation:

C
U(p,V)= EVpV,

where ¢, is the specific heat capacity at constant volume and R is the gas constant.

3. Stability assumption of the kinetic equation of state The stability assumption of the
internal energy is given by

U oU

$>0, Sy >0 (1.1)

* When p is fixed, an increase in V means that we have more particles with the same
momentum. As a result, the internal energy also increases, i.e., dU /dV > 0.

* When the size of the cylinder is fixed (i.e., the volume V is fixed), a higher pressure
indicates that the particles inside the cylinder have higher momentum. This results
in a higher internal energy U, implying dU /dp > 0.

* The assumption dU /dp > 0 allows us to invert the function U = U(p,V) to p =
p(U,V). This is another form of the kinetic equation of state.

* The ideal gas relation naturally satisfies the stability assumption.
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1.1.3 Characterizing adiabatic processes

In this subsection, we aim to characterize adiabatic processes by the level sets of a function
on the P-V plane.

Infinitesimal Work along an adiabatic process Let us consider a gas cylinder contain-
ing a unit mass of gases. The cylinder has a piston on one end, allowing its volume to
change by pushing or pulling the piston. The cylinder’s wall is assumed to be thermally
isolated, enabling the piston to move through an adiabatic process with no energy exchange
between the gases inside the cylinder and its environment except for the work done by the
piston.

For an infinitesimal pushing of the piston, the work done by the piston to the system
is dW = —pdV. Here, the volume change is —dV = —dx- A, where A is the area of the
cross-section of the cylinder. The term pA represents the force F' exerted on the piston
per unit area A by the gas particles, and —Fdx is the work done by the piston on the gas
particles in the cylinder. The first law of thermodynamics gives

1

along an adiabatic process.

Existence of the entropy function We will now demonstrate that the relationship U =
U(p,V) and equation lead to the existence of a function called entropy, denoted by
o. This entropy is another thermodynamic parameter that characterizes various adiabatic
processes. In other words, the level sets of o represent adiabatic processes. This derivation,
attributed to Carathéodory, establishes the mathematical foundation of thermodynamics. EI
Here are the steps for the existence of an entropy function o

1. We plug U =U(p,V) into (1.3) to get
Updp+ (Uy +p)dV =0. (1.3)
This is called a Pfaffian equation. It is equivalent to the ODE:

dp _ Uy(p,V)+p

av. Upp,V) 49

Note that from (I.1I)), the right-hand side of (I.4) is always less than O in the region
(p >0,V >0). Thus, (1.4) is always solvable in this region.

ILionello Pogliani and Mario N. Berberan-Santos, “Constantin Carathéodory and the axiomatic thermo-
dynamics” (2000)
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2. A curve in the p-V plane is called an integral curve of (I.3)) (or (I.4)) if
(dp,dV) 1 (Upa UV + p)

along this curve. A function o(p,V) is called an integral of if its level set
(0(p,V) = constant) is an integral curve of (L.4). The solutions of form a one-
parameter family of curves: o(p,V) = C, where C is the parameter. Each curve
o(p,V) = C represents a specific adiabatic process. An integral of is termed an
entropy function of the system.

3. The level set of o satisfies
do =0« (dp,dV) L (c,,0v)

as well as the ODE
(0p,0v) || (Up,Uy +p).

Thus, there exists a function u(p,V) # 0 (referred to as the integration factor) such

that
(Gp7 GV) = “(Upa UV +p)
Equivalently,
do = oudp+oydV =pu- (Updp—I— (Uy+p)dV)=u-(dU+ pdV). (1.5)
We shall choose

u>0.

This gives 6, > 0 and oy > 0 in the region (p >0,V > 0).

4. The solutions of yu and ¢ are not unique. In fact, suppose ¢ is a solution, we can
easily construct a new integration factor it := v(o)u, where v(o) is an arbitrary
chosen function. In fact, by multiplying (1.5 by v(o):

v(o)do =v(o)u-(dU + pdV),
we see that 6 with dG = v(0)do is a new entropy function.

Characterizing heat

1. Entropy Function Discovery: From the preceding paragraph, we have

1
dU = —do — pdV.
u
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This suggests that (o,V) is a natural independent variable for the internal energy.
For this purpose, we make a change of variable:

(p,V) = (o,V)

using the formula
c=o(p,V).

This inversion p = p(0,V) is always possible in the region (p > 0,V > 0) because
0, > 0 there. Using (o,V) as the new state variables, we express equation (1.5 as:

dU = tdo — pdV, (1.6)
where T =1/u = Us.

2. Interpretation of the Formula: This formula has a meaningful interpretation: When
do =0 (i.e., adiabatic process), the change in internal energy is attributed to the work
exerted from outside, represented by —pdV. When dV = 0 (i.e., no exerted work),
the change in U is due to Tdo, denoting the heat added from outside to the system.

3. Uniqueness of Integration Factor and Entropy Function: As previously men-
tioned, the integration factor 1/7 and the integral (entropy function) ¢ lack unique-
ness. Later on, we will introduce the concepts of intensive variables and extensive
variables. By selecting 7 as an intensive variable (termed the absolute temperature),
the corresponding ¢ becomes the physical entropy S.

1.1.4 Heats

Intensive and extensive variables There are two kinds of thermodynamic state variables,
the intensive and extensive variables. A variable is considered intensive if it is independent
of the system’s size. In other words, for the combined system of two subsystems I and /1,
an intensive variable x remains unchanged (x;y = x; = xj7), while an extensive variable x
adds up (x7+57 = x7 +x7). Examples of extensive variables include volume (V') and internal
energy (U), while temperature (7") and pressure (p) are intensive. Notably, if x and y are
extensive variables, then dy/dx is intensive.
In the first law of thermodynamics

dU = 1do — pdV

U, V are extensive, while p is intensive. Choosing 7 to be intensive makes o extensive.
A natural choice of 7 is the temperature, the corresponding ¢ becomes the entropy. The
temperature is further characterized below.
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Equilibrium and empirical temperature

* Thermo equilibrium When two systems .#] and .% are in contact, allowing energy
transfer but not with the outside, they reach a steady state on the macroscopic scale,
signifying thermo equilibrium (%] ~ .%3).

* The zeroth law of thermodynamics:
If A ~.% and .%, ~ ¥, then .| ~ .S;.

This law establishes an equivalence relation among all states, represented by the
temperature.

* Ideal gas thermometer The ideal gas is postulated to satisfy pV = constant in an
equilibrium equivalent class. The temperature label for this class is

0 = pV /R,
where R is the gas constant.

* Heat bed and empirical temperature By merging a small system .7 into a heat bed
filled with ideal gases, we measure its temperature. The empirical temperature of the
heat bed represents the temperature of .#. Thus, each state of .%(p,V) is associated
with an empirical temperature 6(p,V).

Caloric equation of state

* Existence Postulate The zeroth law of thermodynamics can be postulated by the
existence of a state function 0 (p,V'), characterizing thermo equilibrium states. char-
acterizing thermo equilibrium states. Two states (p;,V;) and (p2,V») are in thermo
equilibrium if 6(py,V)) = 0(p2,V2).

* Stability assumption: The state function 6(p,V) is postulated to satisfy stability
conditions:

a6 a0
— >0, =—=>0. 1.7

ap " v (7
Absolute temperature 7 and the entropy S Let us revisit the solution of the Pfaffin
equation (1.3). Let o be one of its solution and 1/7 be the corresponding integration factor.
We relate 7 and the empirical temperature 6 by the following steps.

1. We divide the system .7 into two subsystems .#] and .%, which are in thermody-
namic equilibrium with a common empirical temperature 6.
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2. We shall use (0, 0) as our new state variables instead of (o,V). It can be verified

that 8 = 6(0,V) satisfies (6—9) # 0, allowing us to invert 6 and V in the formula
(e}

v
0=06(c,V).

3. At thermodynamic equilibrium, . = (0,0), %1 = (01,0), .2 = (02,6), and by
adding heat to . without doing work, equation (1.6) gives:

7(0,0)do = 11(0,01)do) + 12(0,02)dos. (1.8)

This implies that the entropy function o of the combined system ., originally a
function of (0,07, 0,), is independent of 6.

4. Therefore, 6 = 6(0,0,) and

o) (7)), ~ 9o
7(0,07) Jdo
foe = (53,), = vievon)

are independent of 6.

5. This implies the existence of functions T'(6), vi(01), V2(02), v(0) such that

71(8,01) =T(0)vi(01),
T2(9762) = T(G)Vz(Gz),
7(60,0) =T(0)v(0).
Equation (1.8) becomes
Tv(o)do =Tvi(01)do) +Tva(02)don. (1.9)

6. If we define o
Si(G,') = / V,'(Gi)dGi, ,i = 1,2,

then (1.9) implies
dS=dS,+dS;. (1.10)

7. The function 7(6) defined above is called the absolute temperature of the system.
Note that 7 = 0. We can choose
T >0.
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Choosing the integration factor p := 1/T implies that the corresponding entropy
function has the property (1.10). If . is divided into m subsystems, then

m
ds =Y ds;.
i=1

Since S can be determined uniquely up to an integration constant, we can choose S
so that

s=Ys. (L11)

Measuring system’s entropy On the thermo p-V plan , we can draw isothermal curves
(Figure[I.2). Along an isothermal curve, the line integral

S dQ

Sy—8) =
2 1 SlT

gives entropy the difference. This can be used to measure the entropy of a state (p,V).

Gibbs relation: The first law of thermodynamics now reads

dU = TdS — pdV.| (1.12)

The term dU represents the change in the internal energy of the system, the first term on
the right 7dS is the heat added to the system, and the second term —pdV is the mechanical
work done from outside to the system. Formula (1.12) is called the Gibbs relation.

Constitutive Law Using (S,V) as the independent variable, the internal energy can be
expressed as
U=U(S,V). (1.13)

This is called the constitutive law of the gas system. The temperature T and the pressure p

are derived parameters:
p_ (U (W
“\os ), 7 \av)y

Summary: Complete characterization of the gas thermosystem The thermodynamics
of a gas system is completely characterized by the constitutive relation

U=U(S,V).
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The first law of thermodynamics

dU = TdS— pdV,

r= (%Y __ (%Y
“\as), T \ov)y

Conversely, one can use the first law of thermodynamics together with two equations of
states:

leads to

* kinetic equation of state: U = U (p,V),
* caloric equation of state: T = 6(p,V),

to obtain the constitutive law U = U(S,V).

1.1.5 Polytropic gases

In a gas thermodynamic system, we deal with five thermodynamic variables (V, p,S,T,U),
with only two of them being independent. The first law of thermodynamics (11.3), and two
constitutive equations of states: kinetic and calorie, govern these variables, deriving from
either measurements or statistical mechanics.. Here, we illustrate a specific example of a
gas thermodynamic system, known as polytropic gases. EI

Ideal gas law

* Kinetic equation of state - Ideal gas law: The ideal gas law, representing Boyle’s
and Gay-Lussac’s laws, is given by:

pV =RT, (1.14)

where R is the universal gas constant (approximately 8.314462618 J-K~!-mol~!,
see Gas Constant, Wiki. Under a mild assumption (stated below), the ideal gas law
and Gibbs’s relation imply that U is solely a function of 7.

» Theorem: Under a mild assumption ((I.16) below, the ideal gas law and Gibbs’s
relation imply that U is only a function of T .
Derivation:

2Courant and Friedrichs, Supersonic Flows and Shock Waves
3This derivation is referred to in Courant-Friedrichs’ book.


https://en.wikipedia.org/wiki/Gas_constant
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1. From the first law of thermodynamics (1.12)), treating (S, V) as the independent

variables, we obtain:

U U
PZ—(W>S and T:(ﬁ>v.

Plugging these into the ideal gas law (1.14), we get a partial differential equa-
tion (PDE) for U in (S,V):

This linear first-order equation can be solved by the method of characteristics
as shown below.

. Let us rewrite this equation as a directional differentiation:

d d
(RXS,—FVW) U=0. (1.15)

It means that U is unchanged along the direction: (dS,dV) || (R,V). The inte-
gral curves of these directions are the solutions of the differential equation

awv v
dS R’
They are called the characteristic curves. This equation can be integrated as
dv dS S
v E =0 = an—E =C = Vexp(—S/R) = .

Here, C is an integration constant. Thus, (1.15) implies that U(V,S) is constant
whenever ¢ := Vexp(—S/R) is a constant. This means that U and ¢ are func-
tionally dependent, which implies that there exists a function 4 : R™ — R such
that

U= h(9).

. We claim that U is a function of 7 only. This can be derived by the following

arguments. First, we note that /' < 0 because

p= (2% )s = —exp(~S/RH (V exp(~S/R)) > 0.

Next, from

T= (G =) (55) =nto) (e ) =~z (0) 0.
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we see that T is a function of ¢. We shall make an assumption that this function
is invertible. That is, the derivative

(1 (¢)¢) > 0 for ¢ > 0. (1.16)

We get that T is a decreasing function of ¢. With this, we can invert the relation
between T and ¢ and treat ¢ as a decreasing function of 7. By inverting U and
¢,and T and ¢, we get that U is an increasing function of 7'

U=U(T).

We shall make this our second constitutive relation.

Polytropic gases

* Caloric equation of state: If U(T) = ¢,T, the energy we add to the system is
proportional to the temperature, we call such gases the polytropic gases. The ratio ¢,
is called the specific heat capacity at constant volume.

* Algebraic relations of the polytropic gases

1. We have five thermodynamic variables p,V,U,S, T, and three relations:

pV =RT
U =c¢T .
dU =TdS—pdV

2. Plugging the two constitutive relations
pV =RT and U = ¢, T (1.17)
into the first law of thermodynamics (I.12]), we obtain
dU =TdS — pdV

%

%d(pV) = %dS— pdV

V) e g4V
pvV \%

dS=dIn((pV)*)+dIn (VF)
=dIn (p-VoHE)

S—So=1In(p= - VOHE)

o550 <pV(CV+R)/Cv>CV

e(S—S())/CV V(CV—O—R)/CV_

=p
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3. Define
y:=14+R/c,, A(S):=exp((S—S0)/cv),

then, the algebraic relations of the thermodynamic variables in terms of (S,V)
are
p=AS)VY
T = 28y-ril (1.18)
U =928y -y,

* The specific heat capacities The physical meaning of ¢, and ¢, + R can be described
as follows: Define dQ = T'dS to be the heat added to the system. Then dQ = dU +
pdV. Using RT = PV, we have

dQ =dU + pdV
=U'(T)dT + pdV
=U'(T)dT +RdT —Vdp

The first and the third equalities lead to the following derived quantities:

— (92) _y

CV L (aT)V_U (T)7
_(22) _..

cpi= (8T)p_U (T)+R,

the specific heat capacities at constant volume and constant pressure, respectively.
Since R > 0, we have ¢, > ¢,. Recall that ¢, is the amount of heat added to a system
per unit mass at constant pressure. When we heat the system at constant pressure,
the volume has to expand to maintain constant pressure, the extra amount of work
for expansion is supplied by the extra amount of heat, which is R per unit mass.

* The physical meaning of y:=c,/c,

1. The parameter Y is the ratio between ¢, and ¢,

cp ¢y +R
Cy Cy '

For monatomic gases, ¥ = 5/3 from statistical mechanics. In general,

1< <§
Y—3'

When 7 is closer to 5/3, the gas is harder to compress because all work input
is reacted by the translation of the mono-atoms. On the other hand, when 7 is
closer to 1, the gas is easily compressed as the input energy is transferred to
other modes of molecular energies.



1.1. THE THERMODYNAMICS OF GASES 19

2. For ideal gases, the heat capacity ratio ¥ can be related to the degree of freedom
f of a molecule:
_ft2
—f )

For monatomic gas, f = 3 and the corresponding ¥ = 5/3. For diatomic gas,
f =3+2 (R3 for translation and S? for rotatimﬂ), the corresponding y=7/5 =
1.4. For further discussion about 7y, we refer to wiki: Heat Capacity Ratio.

Summary of algebraic relations of state variables For ideal gases, these two equations
of states are the ideal gas law: pV = RT and U = ¢, T. The algebraic relations of the state
variables are listed below.

* Interms of (p,U):

—1
p=(r-1pu, T="-u,

S-S0 =

R
1 In(Up~ "),
* In terms of (V,S):

U= (=)L A =exp (T (550

1
p=AS)V, T= EA(S)V"’“.

e In terms of (p, p):

Homeworks

1. Prove that adiabats (lines of constant entropy) have a steeper slope than isotherms
(lines of constant temperature) for an ideal gas on a p-V diagram, where the pressure
p 1s the ordinate and the volume per unit mass V' the abscissa. Again, carefully draw
a diagram of a Carnot cycle, and compute the slopes of the isotherms and adiabats in
terms of pand V.

2. Write a short report on Carnot cycle for an ideal gas.

“The vibrational degree of freedom is not involved except at high temperatures.


https://en.wikipedia.org/wiki/Heat_capacity_ratio

20 CHAPTER 1. THERMODYNAMICS OF FLUIDS
1.2 Other energy forms, Legendre transform
1.2.1 Enthalpy, Helmholtz, Gibbs free energies
e Enthalpy: In the Gibbs relation
dU =TdS— pdV,

the system’s energy U can be varied by changing the volume at constant entropy, or
by adding heat at constant volume. The relative changes give

U U
P= (W)S and 1= (a—s)v’

respectively. We say that (S,V) are the natural independent variables for U. Alterna-
tively, we can analyze system’s energy change with respect to p at constant entropy.
This suggests the following change of variable:

U
(S,V) — (S, p) through —p = (W)s

By adding d(PV) in the Gibbs relation:

dU +d(pV)=TdS— pdV +d(pV) =TdS+Vdp,
the natural independent variables become (S, p). The corresponding energy, H (S, p) :=
U + pV, is termed the enthalpy. Enthalpy comprises a system’s internal energy and
the work required to create the system by displacing its environment, establishing its

volume and pressure.

* Helmholtz Free Energy Using the change-variable formula:

(S,V)— (T,V) through T = (Q_U) ,
N

and noting
dU —d(TS)=TdS— pdV —TdS —SdT,

we define the Helmholtz free energy W(7,V) := U — TS, and get

d¥ = —SdT — pdV.
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* Gibbs Free Energy: At last, we consider the change-of-variable:
(S,V) = (T,p)

through both

Define the Gibbs free energy
G(T,p)=U+pV —TS.

We have
dG=TdS—pdV +d(pV)—d(TS) = —SdT +Vdp.

¢ Process’s names with Fixed Thermo Variables:

Adiabatic: dS =0, Isochoric: dV =0,
Isothermal: dT =0, Isobaric: dp =0.

1.2.2 Legendre Transformation

* The transformations from U to H, 'V, and G are called Legendre transformations. Let
us introduce it mathematically.

* Consider a convex function f : R — R. The differential
df(x) = f'(x)dx.
Let us introduce a new variable y = f’(x). Consider the change of variable
xy=f(x). (1.19)

This mapping is invertible because f is convex and thus f” is an increasing function.
We then define

) =xy—f(x).
Here x is treated as a function of y from (1.19). We have

df*(y) = d(xy) — f'(x)dx = d(xy) — ydx = xdy,

x=(f"(v)"
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* Since f is a convex function, there is another equivalent expression for f*(y):
f7 () = sup[{x,y) — f(x)].
X

The maximum occurs at y = f’(x). The pair (x,y) with y = f’(x) is called a conjugate
pair.

e Lemma. f* is convex. Further, if f is convex, then f**(x) = f(x).

e —H, —¥ and —G are the Legendre transformations of the internal energy U:
—H(S,p) = Sl;p[(—p)V —U(s,V)]
—¥(T,V)= sgp[ST —U(S,V)]

—G(T,p) = m;mt;p[(—p)V +ST-U(S,V)]

Or equivalently,

To have a legitimate Legendre transformations, we require U to be a convex function
of (S,V).

* Both (p,V) and (T, S) are conjugate pairs.

1.2.3 Maxwell relations

Thermo relations The thermo relations are expressed in terms of two independent thermo
variables.

* Using (S,V) as independent variables:

r— (%Y _,_ (%
“\oas), P \av)y

* Using (S, p) as independent variables:

8H) (8H)
T=(%), v=(%]),
(85 » ap )y
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* Using (7,V) as independent variables:

s (9¥y (¥
—\or ), "= \ov),

* Using (7, p) as independent variables:

8G) (8G)
s=(ZZ) ., v=(Z
(3T » ap /)

Maxwell relations From

U J*U r_ (Y (U
avas asav’ '~ \as), P \av)y

(av), = (38),

In general, we have the following Maxwell relations:

we get

2
(%)S:‘(%)V:ai—al]v (1.20)
2
(%)s: (f?_g,, - aasg; (1.21)
2
(3_5>T - (g_i)v - _88T;PV (122)
2
) <§_j>r B (%)p - aargp' (1.23)

1.3 Thermodynamic Stability

Material properties can be characterized by its response to some external probs. For in-
stance, we can measure how much heat to add to the system in order to increase its tem-
perature by one degree. This is the heat capacity (dQ/dT). We can measure the volume
change under increase of pressure. This is the compressibility (dV /dp). We can measure
volume change under increase of temperature (dV /dT). This is the expansion rate.
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Heat capacity Let us define dQ = TdS, the heat added to the system. Define heat capac-
ity to be the heat added to the system per unit temperature, with either V or p fixed. That

18,

Y _ (42
(), (),

dU =dQ — pdV, dH=dQ+Vdp,

o= (o), o= (&)
Y\ar )y P \ar ),

From the Gibbs relations

we get

and

_(do\ . [9S\ _ 0y
o= (), =7(57), =7 (52,
_[(dQ\ . [(9S\ _ 0°G
o= (ar), 7 (), -7 (Gr),

Compression rate The isentropic/isothermal compressibility rate are defined as

. LoV _ 1 (H
STy dp S_ V\adp? )

e L[V _ 1[G
= "v\op r V\dp?),;’

Expansion rate: The expansion rate is defined as

oLV
Py \arT .

Proposition 1.1. The heat capacities and compressibility satisfy
kr(cp—cy) = TVOCI%

Cp(K'T — Ks) = TVOCI%,

and
p _ Xr

Cy Kg

Thus, there are five parameters with two independent relations.

(1.24)

(1.25)

(1.26)

(1.27)
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Proof. 1. Differentiate S(T,V (T, p)) in T with fixed p:
(85> B <8S) L (8S> <8V)
T/, aT } oV ) \oT p’
then multiply it by 7', we get

() (2
b= \av),\or ),

Multiply this by k7 = —% (g—‘;) . we get

ey T (V) (35 (v
nemvr =y \op ) \av ) \otr ),
= _Z (ﬁ) (8_V) *.* chain rule
VA\dp)r\dT )/,
T [0V oV
Lravy
(%))

2. Differentiate V(p,S(p,T)) in p with fixed T

(5),(5).(5%),(5),

Multiply it by —1/V, we get

o L(VY (s
TR v\es ) \ap)

25
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Then multiply it by ¢, =T (g—f) , we get
p

v (57), (%), (5)
vV \oT » 2S » dap T
T (8V) (85) )
=—— | = — - chain rule
VA\oT ) ,\dp /)y
= Z (ﬁ) <§ -(1.23
V\dp),\9dp);
T (8_V)
vV \oT »

Theorem 1.1. The following statements hold.

(i) U satisfies <§2Tl{) >0,

1%
(ii) H satisfies (%)p >0,

(iii) ¥ satisfies (‘3%’) <0,

(iv) G satisfies (%)p <0,

°U
(W)SZO & kKs>0,¢,>0

0%H
(a—pz>530 & Ks>0,¢,>0
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Proof. The second derivatives of U, h, A, B are respectively

PUN _ (9T __ T T
99 )y "\ )y (@) e

), ()T
)= (), @y

N——
<

]

Definition 1.1. A gas system is called thermodynamic stable if U is a convex function of
(S,V).

From Proposition[I.1] we only need three of the above four inequalities for stability.

Corollary 1.1. Assuming thermodynamic stability, then

Cp Z CV7 KT Z KS'

Remarks

* This stability condition Uyy > 0 is equivalent to the condition of finite sound speed.

The sound speed is defined by
C2 — (ap(p75)) 7
ap s
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2o (VY (2 (LU _ 22U
ap)s\av )\ v ) vz )

The positivity on the right-hand side of the above equation gives real value of sound
speed. This property leads to finite speed propagation of signal in rest gases. Namely,
the governing equation for the perturbed gas is

which is also

2
Uit = C Uxx,

where u = §p is the perturbed density. If initial data is ¢’**, then the solution has the
form e/ F@K)1) \where (k) satisfies the dispersion relation: ®? = c2k?. If ¢ is not
real, then u will grow exponentially in time. This is unstable.

* For y-law gases, the stability (g—g)s > 0 is equivalent to y > 1.

Historial remarks
* The axiomatic approach in this chapter is mainly due to Gibbs and Carathéodory.

* Historical Note of Thermodynamics, see https://www.wolframscience.
com/reference/notes/1019b


https://www.wolframscience.com/reference/notes/1019b
https://www.wolframscience.com/reference/notes/1019b
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Chapter 2

Dynamics of Fluid Flows

There are two formulations of fluid dynamics: Eulerian and Lagrangian. The former is
described from the observer’s frame of reference, while the latter is described from the
material frame (or reference frame), meaning that the fluid particles are initially labeled,
and the description is from each labeled particle’s point of view.

Suppose the fluid (the continuum object) occupies a region M initially and evolves to a
domain M, at time . We will refer to M, as the observer’s domain, while M is the material
(reference) domain.

* In the Lagrangian formulation, we assume M C R3, and the coordinate of the refer-
ence domain M is called the Lagrangian coordinate, material coordinate, reference
coordinate, or label coordinate. It will be denoted by X. Its components are de-
noted by X%, o = 1,2,3. The embedding M C R? induces a natural volume element
Q=dX =dX' NdX*NdX? in M.

¢ The coordinate of the observer’s domain M; is called the Eulerian coordinate or the
observer’s coordinate. It is denoted by x. Its components are denoted by x', i =1,2,3.
The domain M; C R? has a natural volume form W =dx = dx' Ndx* N dx3.

2.1 Dynamics of Fluid Flows in Eulerian Coordinates

The governing equations of fluid flows are derived based on three physical laws: conserva-
tion of mass, momentum, and energy. Initially derived by Leonhard Euler in 1755 without
accounting for viscous effects and the energy law, the flow is considered adiabatic. The
entropy equation was later added by Pierre-Simon Laplace in 1816. Subsequently, the ef-
fects of viscosity and thermal conductivity were introduced, and a theory was developed
by Claude-Louis Navier (1822) and George Gabriel Stokes (1842-1850).

31
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2.1.1 Conservation of mass, momentum and energy

The equations of fluid dynamics are derived based on three conservation laws: mass, mo-
mentum, and energy.

Conservation of mass Consider an arbitrary domain Q C M;. The change of mass per
unit time in Q is given by

d / dx

dt Qp ’

This quantity is equal to the mass flowing into Q through its boundary dQ per unit time.
To measure the mass flows through 9Q, the concept of mass flux is introduced. For a small
area dA on the surface dQ with an outer normal v, and flow velocity v in its vicinity, the
mass flux is defined as pv- (—v). ﬂ Here, —v represents the inner normal, indicating the
flow into Q from outside. The mass flux is integrated over dQ to obtain the total mass flow
into Q per unit time:
pv-(—Vv)dA.
2L9)
The conservation of mass is expressed as

d
dt/gpdx /agz[ pv-VidA /Q (pv)dx.

/Q (88—€+V-(pv)> dx 0.

This holds for arbitrary domain . This leads to the continuity equation:

or

ap B
Eﬁ—V-(pv)—O. (2.1

Conservation of Momentum The momentum change in Q is given by

d
E/ngdX'

This change results from:

(a) the momentum carried into Q through the boundary d€, given by (pv)[v- (—V)],

!'The mass in the parallelogram spanned by dA and the vector vAr will flow into Q through dA in the
period Ar. The volume of this parallelogram is (vAf - v)dA. The mass in this parallelogram is p (VAf - v)dA.
Thus the mass flows into Q through dA per unit time, per unit area is pv- (—V).
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(b) a surface force (per unit area) t on the boundary 92,

(c) abody force (per unit volume) f in Q.

Here, the surface force t comes from the impacts of particles on the surface. It is assumed
that
t=0-v,

where o is a rank-2 tensor: 6 = (0;;), termed the Cauchy stress tensor. E| Thus, there exists
arank 2 tensor o, such that t = ¢ - v. This leads to the momentum conservation equation:

%/vadx = /anV[v-(—v)]dA+

— / [V-(—pvv+ o) +f]dx.
Q

6~vdA+/ fdx
Q Q

This holds for arbitrary domain Q. Thus, we obtainE]

d(pv)
ot

+V.-(pvw)=V.-0o+f. (2.2)

For each velocity component v/, the momentum conservation equation is:
d ) . . .
—/ pridx = / [—pvlvaj+o,-jvf]dA+/ fldx
dt Jo o0 Q

= /Qaj[—pv"vj%—c,-j] —f—fidX.

Inviscid assumption for gas flows In gas flows, the stress mainly comes from the impact
of gas particles on the surface, which gives a stress of the form

o = —pl,

where p is the pressure and / is the 3 x 3 identity matrix. The minus sign means that the
surface force o-v = —pvV is inward to Q. The stress has the form p/ meaning that the
gas is isotropic, i.e., the particle impacts at a point have no preference direction. Note that
particles can also collide with each other or experience a random force from thermo noise,

which is a secondary effect in gas flows. We will neglect it for the moment. With o = —pl,
the momentum equation now reads
d(pv

(apt )+V~(pVV):—Vp+f. (2.3)

This will be proven that t is a linear function of the outer normal v. See Cauchy’s stress in the later
chapter.
3The notation vv stands for a tensor: vv = (v\/), and V - (pvv) stands for a vector whose ith component

is d;(pviv/).
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Conservation of energy The total energy per unit volume is

1 2
pE:=5pv["+pU,

the sum of kinetic energy and internal energy. The energy change in a region Q per unit
time is due to

(a) the energy carried in through boundary dQ, which is pEvV-(—V) (= —pEv"v"> ,
(b) the work done by the stress from boundary, whichis v-o - v (: Vi o; /v-/ ) ,
(¢) the work done by the body force in Q, whichis v-f (=1'/7).

The conservation of energy reads

d
—/ pde:/ [—pEV-V—i—G-V-V]dA—i—/ f-vdx.
dt Jo 2Q Q
By applying the divergence theorem, we obtain the energy equation:
d(pE)
ot

System (2.1),(2.3)),(2.4) is called the (compressible) Euler equations. There are 5 equations
(momentum equation has 3 equations) for 5 unknowns (p,U,v',v?,v?). The pressure p is
given as p(p,U) from the equation-of-state.

+V.[(pEI-0)-v]=v-f. (2.4)

2.1.2 Initial conditions and boundary conditions
We consider the fluid flows in a fixed domain M = M = M,.
Initial conditions The Euler equation is first-order in time and thus requires initial con-

dition
p(0,x) = po(x), U(0,x) =Up(x), v(0,x)=vp(x), XEM.

Boundary conditions Typically, we consider a closed system, implying that there are no
transported fluxes from outside the domain. In other words:
pv-v=0, pvv-v=0, pEv-v=0o0ndM.

This is equivalent to the following Neumann boundary condition:

lv-v=0o0ndM.| (2.5)

“The notation V - [v- o] is d;(vie').
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2.1.3 General conservation laws in Eulerian coordinate

The fluid dynamics can be expressed in the following abstract form:

QU+ Vy F=R| (2.6)
where
P pv 0
U= |pv|, T= pvv—o , R=1|f |.
pE v-(pEI-0)+q v-f

Here, F is an m x 3 matrix. It can be expressed as F = (F1,5F,,F3). Vx-F := d.:F;. In the
last equation, we add a new term (, called the heat flux in the energy equation for generality.
It will be needed in the case of heat conduction in a later chapter. By using the divergence
theorem, the above equation can be expressed in the following integral form:

/8,de—i— "J'"-vdSt:/ Rdx. 2.7)
Q o0 Q

where € C M; is an arbitrary subdomain and v is its outer normal.

2.2 Equations of Inviscid Fluid Flows in Lagrangian Co-
ordinates

2.2.1 Flow maps and velocity fields

Lagrangian coordinate and Eulerian coordinates Let us recall that we have a contin-
uum object occupying a region M initially and evolving to M, C R3 at time . We refer to
M, as the observer’s domain and M as the reference domain.

Flow map and velocity field

* Fluid parcel: The fluid in a small box dX centered at X is a called a fluid parcel at
X.

+ Flow map: The mapping ¢, : M — M; which maps
X —x(1,X)

is called a flow map. lts trajectory is x(-,X) is the trajectory of the fluid parcel.
Its time derivative X(7,X) is the parcel velocity denoted it by v. In the Lagrangian
coordinate system,

v(t,X) :=x(t,X).
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In observer’s coordinate, we still use v(¢,x) and it satisfies
v(t,x(t,X)) :=x(t,X).

Sometimes, we denote v(z,-) by v, and treat it as a tangent vector in 7M;. Thus, given
a flow field v; € TM;, the trajectory x(z,X) is the solution of the ODE:

x(t) =v(t,x), x(0,X)=2X.
Therefore, given a flow map ¢; is equivalent to giving a velocity field v; on M;.
Physical quantities can be represented in Eulerian coordinate f(7,x) or in Lagrange
coordinate f(¢,X) := f(z,x(¢,X)) (we abuse notation by using the same notation in
both coordinates). The partial derivative d/d¢ means the partial derivative in time

with fixed x, while % or simply the dot, means the time derivative with fixed La-
grangian coordinate X.

2.2.2 Deformation Gradients

* The deformation gradient of a flow map ¢,(X) = x(z,X) is defined as

ox!
0X 0X®
It is treated as a tensor that measures the deformation of a fluid parcel.

F(1,X):= 22 (1,X), Fi= (2.8)

Since fluid flows may have discontinuities (shocks, contact discontinuities), the ve-
locity field v(¢,x) is only piecewise smooth. Thus, the corresponding flow map ¢
can only be Lipschitz continuous, and the corresponding Lipschitz constant depends
on time. Nevertheless, we fix ¢ in our analysis, and the corresponding deformation

gradient g; is well-defined and bounded in a fixed finite time.

We will need FT, F~! and F~7 in later sections. They are defined as

(FT)za Fl_axa
_ dX¢“ j
S (PN = L (F ) = FUF e =8
_ _ XY
- (F )y =F =25

The Jacobian J(t,X) := det( 5 ). It satisfies
dx(t,X)=J(t,X)dX.

It is required that
J(t,X) > 0.

Thus, the flow map ¢ is invertible.
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2.2.3 Euler-Lagrange Transformation Formula

We aim to express the Euler equation in the Lagrangian coordinate system. This
transformation relies on the following two propositions.

Proposition 2.2 (Renolds transportation Theorem). Let v(t,X) be a vector field, and ¢,
be the flow map from M to M, generated by v. Suppose Q is a subdomain in M and
Q(t) := @ (Q). Then, for any function f(t,X), we have

d

0
E/Q(z)f(t’x)dx_/g(t) Ef(t,x)dx—l-/amt)f([,x)v.vdS“ (2.9)

where V is the outer normal on dQ(t).

Proof. We have

d d 1
@ t,d:/—t,d I —/ 1,x)d
dt /Q(t)f( X)dx Q(r) Qtf( ) Yy Q(z—l—At)—Q(t)f( x)dx
and | .
Altn—>n0 At /gz(,+A)Q(t) fltx)dx = Alt1£>n0 At /89(t) X (var)-vas,
we get the result. [

Proposition 2.3. Let ¢, be the flow map from M to M,. Then the normal surface area
elements vdS; on M, and ndSy on M satisfy the following transformation formula

vdS; = JFTnds,, (2.10)

where v and n are respectively the outer normals of M, and oM, F = d¢,/dX, and
J=detF.

Proof. Let dX; and dX; be a pair of two infinitesimal vectors such thatE]

ndSy) =dX;| xdXs.

>We can parameterize M by (u1,uy) through a map (u1,uz) — X (u1,us). Then dX; = %dui, i=1,2.
X X
JdX dX 2ur X Jus JdX dX
dXi xdX, = | =— X =— |duy Ndup = du ~_ouy Jdui Ndur, =ndSy, whereJ :=|— X —|.
8u1 8u2 J 8141 8u2
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Suppose dX; is deformed to dx; at time ¢, then

vdS; = dx X dxp
= FdX1 X FdXz.

Multiplying both sides by FT gives
FT.vdS, = FT - FdX, x FdX,.
In coordinate form, it reads
. , . L
Fivids, = F} (ei WF4dXPFf dxzﬁ)
= & FiF4FSdXPdXy

— Je,qpdXFdX)
= Jn’dS,
Here, &; i stands for Kronecker delta symbol, E| and we have used the determinant expres-
sion: o
gnFFFf =det(F) =J.
Thus, we get
F'-vdsS, = ((F")[V'ds, = F)v'dS, = Jn"dS, =JIndSy.

]

Conservation laws in Lagrangian coordinates Recalling the integral form of the con-
servation laws (2.7)):

Q(t) aQ(t) Q)

Choosing the arbitrary domain Q(t) := ¢, (Qp) for some fixed Qy C M, and using (2.9)), we
obtain

d
—/ de:/ oUdx+ [ Uv-vds,.
dt Jo(r) Q1) o0,

—1 if {i, j,k} has the opposite permutation as {1,2,3}

1 if {i, j,k} has the same permutation as {1,2,3}
Eijk =
0 if there is a repeated index.
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This leads to the conservation laws becoming

i/ Wdx + (?—UV)-vdS,:/ Rdx.
dt Jo) aQ(r) Q(t)

Next, pulling back the integral in the observer’s domain to the material domain by the
change of variable x — X, we get

i/ quX+/ (ff—uv).JFT-ndSO:/ RIdX. (2.11)
dt Jo(0) 99(0) Q(0)

Here, we have used
vdS, =JF~T .ndS,.

Thus, the system of conservation laws in the Lagrange frame of reference becomes

d
EW+ VG =R, (2.12)
where
W=W, G:=(F-Uv)-JFT. (2.13)
Since pJ = po (see (2.17) in the next section), we get
ot 0 0 0
W= |pov|, F-Uv= -0 , §= —P , RI=| ] |.
PoE —-v-0+q —v-P+Q v-fJ

The stress term is transformed to

c-vdS,=c-JF T -ndSy := P-ndS),

@14

is called the first Piola stress. In component form, it reads

where the tensor

i i(p—T\J i\ 2%

The work done by the stress is
v-0-vdS; =v-P-ndS.
And the heat flux Q in Lagrangian coordinates is
q-vdS; = (JqF_T) ‘ndSy =Q-ndSy.
Thus,

Q=Jgr 7, (2.15)

or
; X

T
Qo =Jqj(F~ ")} :JCIjW-
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2.3 Material Derivatives

2.3.1 Rate-of-changes of geometric variables

Rate-of-change of a scalar field For any scalar field f(7,x), we can track its evolution
along a flow path, denoted as f(¢,x(¢,X)) with X fixed. The derivative of this quantity is
referred to material derivative

d af af d

— ,x(6,X)) = =— +x(t,X)== = | == +v-V | f(t,x(#,X

G| roxe0) = G s 3= (50v-9) sexen)
We sometimes abbreviate % ‘ x as % or simply use the dot notation.

Rate-of-change of the deformation gradient The variation of the flow map x(z,X) with
respect to X is called the deformation gradient

é : ax!

F(t,X)::aX(t,X), or Fyi=——r

By differentiating
X(1,X) = v(,X(1,X))

w.r.t. X, we get the evolution equation for F':

d ox ax! v B ovi dxk

dt 0X%  9X®  9X%  Jxk9xe

We write it in tensor form:

F=(VVF| or F.,=_——FFk

o dF
where F := o

Rate-of-change of the Jacobian Let J = detF be the Jacobian of the flow map, which
measure rate-of-change of volume along the flow path. That is,

dx(t,X) = J(t,X)dX.

Then

J=tr(Vv)J = (V-v)J.

This follows from the Lemma below.



2.3. MATERIAL DERIVATIVES 41

Lemma 2.1. (i) Let A be an n X n matrix, and J := detA. It holds that

aJ o —T
= JA™)ij. (2.16)

(ii) Let A(€) be a smooth n X n matrix-valued function. Then

d 7.
g det(4) =rr(A TA)det(A)

Proof. 1. First, we recall the expansion formula of detA:

Y aiAji = (detA)§;;, or A(cofA)T = (detA)I =J1I,
k

where cofA := (A;;), and A;; is the signed cofactor of A at (i, ), that is, A;; =
(—1)"*/x (determinant of the matrix which eliminates row i and column j from
A). We rewrite the above formula by

2. We claim that d det(A)/da;; = A;;j, To see that, we write detA as

det(A) = Y apAi,
%

and note that A;; does not involve a;; for all k. Thus,

ddetA B

8a,-j S

3. Nekxt,

- 8J a’a,-j
N 8a,-j de
= J(A_T)ijdl'j = JIF(A_TA)

J

= Aijdij
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2.3.2 Rate-of-changes of thermodynamic variables

Rate-of-change of the density A parcel of fluid centered at X is po(X)dX initially. At
time ¢, this parcel of fluid is

p(t,x(t,X))dx = p(t,x(¢,X))J (¢,X)dX,

which remains py(X)dX for all time by the conservation of mass. Thus,

p(t,x(¢,X))J(t,X) = po(X) orequivalently %(p]) =0. (2.17)

Indeed, this is equivalent to

;ﬂ+pj:(%§+pr+pr)J:Q

which is the same continuity equation in the Eulerian framework. Thus, the conservation
of mass in Lagrangian form is (2.17). The corresponding rate-of-change of density is

d
— V.-v=0. 2.18
PPV (2.18)
This means that ) )
Vo J
viy=_P_Y_"7 (2.19)
p VvV J

is the relative rate of change of specific volume.

Homework Show

Rate-of-change of the velocity The momentum equation in Eulerian coordinate is
3, (pv)+ V- (pvv)+Vp =0.

We expand it to get

v d
p—=—+ —pv+pV-VV+p(V-V)V+Vp =0.
Jdt ot
Using the continuity equation, we cancel the second and fourth terms to get
av Vp
—+v-Vy=——. 2.20
5 +v-Vv p (2.20)
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dv. Vp

— = 2.21
7 P (2.21)

Note that this expression is a mix of Lagrangian representation (dv/dt) and Eulerian rep-
resentation (Vp).

Rate-of-change of the kinetic energy We multiply (2.21)) by v to get

d (1 .,
(= = —v-Vp.
dt(ZpM) v-Vp

It means that the rate-of-change of the kinetic energy in a parcel is due to the work done by
the pressure from outside.

Rate-of-change of the internal energy The energy equation is
p(dE+V-VE)+V-(pv) =0,

or

d (1 ,
(= v —0.
P (2|V] +U>+ (pv)=0

We can subtract the kinetic energy equation from the energy equation to obtain the motion
of internal energy:

du p
—+=V.v=0. 2.22
7 -l-p v (2.22)
FromV-v:%‘fl—‘t/,weget
du  dv
—+p—=0 -pV=1
dt Jrpdt P

This means that the change of internal energy is due to the volume-change of the fluid.

Rate-of-change of the entropy The above dynamic equation for U together with Gibbs
relation
dU =TdS — pdV

lead to

ds
0
dt
This means that S is constant along particle path. That is, the flow is adiabatic, no heat
transfer between different fluid parcels.

(2.23)
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Rate-of-change of the temperature From caloric equation of state U(7T) and the dy-
namic equation for internal energy, we obtain

dT dv
U(T)— = —p—.
( )dt pdt
This gives
ar p dv
dt  U(T)dt’
Remark

* In viscous fluids, the entropy increases due to an interaction of fluid parcels with
different velocities. The entropy increases in fluid parcel. In particular, the entropy
increases as gases pass through a shock front. We shall discuss this in later chapter.

Homework:

1. Given a carolic relation U = U(T), derive a rate equation for T based on S = 0.

2.4 Fluid Dynamic Equations on Differential Manifolds

2.4.1 Basic Notions of Differential Manifolds

Differential Manifolds We shall consider a 3-dimensional differential manifold M.

Differential Forms: The differential forms in a 3-D manifold M include:

* O-form: it is merely a scalar function f(x) on M. In particular, a coordinate function
x' is a function on M.

« 1-form: it looks liken = m;(x)dx". It is merely the line integral [~1;dx’ without the
integral symbol |.

e 2-form: it looks like
1dx* Ndx® + wpdx® Adx' 4 w3dx' NdxP.
It is the following surface integral without the integral sign:

/a)ldxz/\dx3+a)2dx3/\dx1+a)3dx1/\dx2:/a)-vdS.
Y Y

where @ = (o, @, ®3) is a vector, Vv is the outer normal of X.
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e 3-form: it looks like
¢ = p(x)dx! Adx® Adx®

The 3-form p = dx' Adx* Adx? is called the volume form.

* The set of k-forms on M is denoted by Q¥(M). For 3-D manifold M, we define

Q' (M) = {0}.
To give you some intuition of differential forms, we have the following lemma.

Lemma 2.2. Given a surface S in R>, the normal surface element vdS can be expressed as

vdS = (dx* Ndx® ,dx® Adx',dx' Adx?).

Remark. From the lemma, we see that dx!' A dx?, as applied to S, is the projection of the
vector area element vdS onto the x'-x* plane.

Proof. Let us parametrize the surface by u = (u',u?) locally. That is, the surface S is
locally given by x(u). The two infinitesimal tangents on the surface generated by du; and
duy are

ox | Ox
Wdl/l y a—du

The normal surface element is defined by

Bx ox
0 0 X
(Xd)x(x )— 92 X | 1l ndi® = vas.
dul H_ % _‘ 8u
On the other hand, from .
2 ox' 4
dx' (u',u?) = 3 cdu
u
we get
aX aX 3xi 1 axj 2 k
(au du ) (Wdu ) = &ijk (qu ) (Wdu )e
Z du Adule
Sljk_ a
= Z dx’ A dx’ e
gijkzl
where

d(x',x/)  ox' dx’ B oxi dx/
dul,u?) * dul du?  du? dul’
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and we have used

, , ox' dx/
dx'ndx! =Y == 2 duF Adu’
X X ;'8#‘ 8x€ u u
a(xivxj) 1 2
=" du' Nd
d(ul,u?) oAt
because du® Adu' = —du' Adu? and duf Ndu* =0 fork =1,2. O

Exterior Derivatives:
* The exterior derivative d is defined as d : Q¥(M) — Q¥ (M), k= 0,...,3. satisfying
(a) d is linear;
(b) For k=0, define df := f.dx'.
(¢) For @ = wy(x)dx!, define d (w;(x)dx') := dw;(x) Adx'.
* Examples:
— For O-form: df = fadx' + fodx* + fadx>.

— For 1-form:

d(Aydx' + Agdx® + A3dx’) = (A} pdx® + A 3dx) Ndx!
+ (A27x1dx1 +A27x3dx3) Adx* + (A37x1dx1 +A37xzdx2) Adx®
= (A32 — Ay 3)dx* Adx + (A} o — Az 0)dx Ndx' + (Ay 0 — A| 2)dx Adx>.

— For 2-form:

d(B1dx* Ndx’ + Bydx’ Ndx' +B3dx' Ndx*) = (By a1 +B, 2 +B3 3)dx' Adx* Adx®.
— For 3-form: d(p(x)dx! Adx* Adx?) = 0.

Flow Maps in Fluid Flows

+ Material space and world space: Let M be the initial configuration space (also
called the reference space or the material space) and M; be the configuration space
at time ¢ (also called the world space). The volume form u = dx' A dx?> Adx® in the
Eulerian space R3, where all M,, t > 0 are situated. The volume form u; of M; is
equal to u for all .
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+ Flow Map: The flow map ¢; = x(¢,-) is a mapping from M to M,.

o Pullback: Functions or differential forms in M, can be transformed back to M
through the flow map. This is the pull-back operator. Here are some examples:

— The O-form f(z,x) is pulled back to ¢;(f)(¢,X) := f(z,x(t,X)).
— The 1-form 1 = n;dx" is pulled back to

07 (M) (e.X) 1= mi(e.x(0.)) 25 e

— The volume form y is pulled back to ¢, = J{i, where J = det(d¢;).

Remarks

* Mass form It is assumed that there is a mass form m in the material space M, which
is a 3-form if M occupies a 3-dimensional manifold. In geometric formulation, we
can avoid the structure of volume form in the reference domain. We only need to
assign a mass form in the initial domain M.

* However, if we assign a volume form on M, ie. 1, or dX, then we can define initial
density po and its connection with p is through the following argument. First, the
relation between y; and [l is

o (W) =J(@,X)ft, or dx=J(t,X)dX.

We define initial density to be

That is,
po=Jp. (2.24)

* The specific volume is defined to be
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2.4.2 Fluid Dynamic Equations in terms of Lie derivatives

The advantages of the expressions below are

* We only need differential structure of M and M;, a mass form in M and a volume
form in M;.

* The expression only use exterior derivative, which is a differential structure.

* [t is a coordinate free expression.

Fluid Dynamic Equations In Lagrangian Coordinates

e Let d; denote for

d[:zi .
ot |y

the time derivative with fixed X. We also use dot for time derivative in Lagrangian
coordinates.

* Mass conservation: the mass of a fluid parcel is conserved.

di (p1s) = 0.

* The flow is adiabatic .

* Equation of motion: We have seen that for inviscid flow, the equation of motion is
V= —%V p-
Take inner product with dx, we get
V-dx = —lep-dx = —ldp.
P P
Let 1 := v;dx' be the momentum 1-form. We have

, , 1
vidx' = d;(vidx") — vidv; = —Edp,

/1 1
ain = ¢, (EdMZ - Edp> : (2.25)




2.4. FLUID DYNAMIC EQUATIONS ON DIFFERENTIAL MANIFOLDS 49

Fluid Dynamic Equation in Eulerian coordinates

 The Lie derivative d; + % in the Eulerian coordinate is defined to be

d[ - (pt* (az +$V) .

* We can rewrite the above equations in terms of the Lie derivatives in the Eulerian
coordinate system:
(0 +-2) (p1r) =0,
(+%4)S=0, (2.26)
(an +%m) = a2~ Lap.

For details of Lie Derivatives, see the Appendix D.

Viscous flows

* Viscous flows: the deviatoric stress 7 is a T*M-valued (n — 1)-form. Similar the way
we treat for the pressure, we define

T= ’;’/:(*dxi) ®dx’

The equation of motion for viscous fluid flow is

At 1 1
d[n = (P; (26["’2 — Edp+ p*dT) .

* Vorticity equation: The vorticity @ := dn is a two-form. By taking d operation on
the momentum equation, we obtain

diw =@ (—dV Ndp+d(V xdr)). (2.27)

* Expression in terms of Lie derivative. The Lie derivative is defined to be
d; = Qoz* (af _’_Z) :
With this notation, we have

— Euler equation:

1 1
an+4m = EdMZ - Edp-
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— Navier-Stokes equation
InN+4n = ld]v\z — ldp + ! *dT.
2 P P
— Viscous vorticity equation
00+ Ly =—dV Ndp+d(Vxdrt).

For details, see appendix.



Chapter 3
Properties of Inviscid Fluid Flows

In the previous chapter, we established that entropy S remains invariant along a fluid par-
cel’s trajectory. In this chapter, we explore additional invariants, focusing on energy-related
invariants and vorticity. The theories corresponding to these invariants are the Bernoulli law
and circulation theory. A fundamental assumption underlies our discussion: the degenerate
thermo relation.

3.1 Degenerate thermo relation

Certain fluid flows satisfy VV x Vp = 0, indicating that the level sets of velocity potential
V coincide with those of pressure p. This implies a functional dependence between V and
p, where there exists only one independent thermodynamic variable. Such flows are termed
to have a ”degenerate thermo relation.” Examples of flows exhibiting a degenerate thermo
relation include:

* Barotropic flows Barotropic fluids are fluids where pressure is solely a function of
density and vice versa. This frequently occurs in atmospheric flows, where density
is a function of pressure. It’s important to note that this condition doesn’t imply
constancy for temperature 7" or entropy S.

* Isentropic flows A flow is termed isentropic if the entire flow possesses a single
constant entropy S. This approximation holds when the flows exhibit no shocks or
very weak shocks. In such cases, we can omit the energy equation, as there is only
one thermodynamic independent variable, typically density p, determined by the
continuity equation. For y-law gases, the pressure is given by p = Ap?, where A is a
constant.

51
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* Isothermal flows In flows where Yy = 1 for y-law gases, the flow is referred to as an
isothermal flow. In these scenarios, temperature 7' remains constant throughout the
entire flow due to the relation p = Ap and the ideal gas law pp~! = RT. This type of
flow characterizes highly compressible gases, where compressing such gases results
in the radiative dissipation of energy.

3.2 Bernoulli Principle

The Bernoulli principle pertains to the invariance of an energy-related quantity in steady
barotropic fluid flows subjected to a conservative body force.

The conservative (per unit mass) body force f is characterized by the existence of a
scalar function @ such that:

f(x) = —p(x)VO(x)

A classic example of such a force is gravitational force.

Theorem 3.2 (Bernoulli Principle). For steady barotropic flows under conservative body
force f = —pV®, the quantity

1
H = E]V|2+h(p)+q>:c0nstant 3.1
remains constant along every streamline (i.e., the integral curves of the velocity v). Here,
h(p) = fdP(P)
: o

Proof. With the conservative body force, the momentum equation takes the form:
hv+v-Vv+VVp = -V,
where V = 1/p is the specific volume. Utilizing the identity

1
V.Vv:V(E\vF) + XV,

we obtain |
Iv+oxv+V (EMZ) +VVp=-Vo. (3.2)

For barotropic flows, VVp = Vh, where h = [ %. The Euler equation simplifies to:

1
8tv+a)><v—|—V(§|v]2+h+<I>) =0. (3.3)
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3.2. BERNOULLI PRINCIPLE 53

In the case of steady flows, the equation becomes:
L
0xXV+V EM +h+® | =0. (3.4)
Taking the inner product of this equation with v, we obtain:
LA
v-V §|v| +h+®P ) =0.

This implies that the directional derivative of %|V|2 + h+ ® in the direction v is zero, in-
dicating that this quantity remains constant along the integral curve of v, which is the
streamline. ]

Remarks
1. Formula (3.3)) indicates that the acceleration is attributed to:

(1) arotation (® X v), where v = — X v represents a rotation of v.

(ii) a conservative force V(|v|>/2+h+ ®).
2. For steady barotropic flows, the equation becomes:
o XxXv+VH =0. 3.5)

We observe that .77 remains constant along the integral curve of v. Similarly, apply-
ing the same procedure, we derive:

-V =0.

This implies that .77 also remains constant along the integral of m, referred to as the
vortex filament.

3. In the case of @ =0, such a flow is termed an irrotational flow. Subsequently, we
will discover in the next subsection that if the flow is irrotational, it will remain
irrotational for all later times. For steady, irrotational, and barotropic flows, we have
V% = 0. Consequently, we obtain:

HC = constant

in every simply connected subdomain of the flow region.
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Applications of Bernoulli Principle
1. Vortex center has low pressure:

* Typically, the center of a vortex exhibits higher speed, resulting in low pressure
at the center.

2. Effect of Strong Wind:

* In strong winds, the low pressure makes it more challenging to inhale and
breathe.

3. [Pitot tube

* The Pitot tube utilizes Bernoulli’s law to measure wind speed, employing the
equation:
1
2 p p

This yields the wind speed equation:

v — 2(p1 _pa) _ 2ngh
p P

where p,, is the density of mercury, and p is the density of gas.

3.3 Circulation Theory

Vorticity and circulation play theory important roles in fluid dynamics. It was developed by
Cauchy, Hankel, Helmholtz, Kelvin in 19 centuary. A good historical review article about
vorticity and circulation is the article:

Uriel Frisch and Barbara Villone, Cauchy’s almost forgotten Lagrangian formulation of
the Euler equation for 3D incompressible flow (https://arxiv.org/pdf/1402.
4957 .pdf).

Definition 3.2. Given a closed curve C in the fluid region. We define the circulation of flow
field v along C to be
/ v-tds
C

The circulation measures how fluid rotates. By the Stokes theorem,
/V-tds:/va-vdS (3.6)
C X

where X is any surface with dX = C. The quantity @ := V x v is called thevorticity. Thus,
this circulation is equal to the vorticity flux passing through the surface that C is enclosed.


https://www.youtube.com/watch?v=D6sbzkYq3_c
https://arxiv.org/pdf/1402.4957.pdf
https://arxiv.org/pdf/1402.4957.pdf
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Theorem 3.3 (Circulation Theorem). In an inviscid fluid flow under a conservative body
force with degenerate thermo relation, the circulation is invariant under fluid flow. More
precisely, let Cy be a closed curve and C(t) := @;(Cyp). Then

d
> /C V0 s =0

Proof. With the thermo degenerate relation, we can find A such that VA = Vp/p. Thus, the
Euler equation becomes

1
V:8,V+V-VV:—EVp—VdJ:—V(h—HD), (3.7)

Let us parametrize the curve Cy by arc length s. That is Cp = {X(s)|0 < s < L} with
X(0) = X(L). The curve C(¢) in the observer’s space is C(t) = {x(¢,X(s))|0 <s < L}. Its

tangent is
Ix(1,X(s))
ds
ax(1.X(s))
[ rad

and the arc length is

ds.

4o H Ix(tX(0) '

Let us write

ox(t,X(s))
ds

Let us write the evolution of circulation in Lagrange coordinate:

L
/C V)t = /O v(t,x(t,X(s)) X (1, X (s)) ds.

We differentiate this equation in ¢ with fixed X (s).

%/co) VX tds = %/()LV(”X@?X(S)) X (1,X(s))ds

L
= | v-X'(s)+v-¥ds
0
L d
= V(=®—h)-xX'+v-(Vv-X)ds '_'d—V:VV-X’
0 s

L 1 2 /
= V|—-DP—h+=|v|")-Xds
0 2

Ld (1,
= vP-h-@)d
0 ds(zM ) g

=0. .- C(0) is a closed curve.

=x/(t,X(s))
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]

Corollary 3.2. For fluid flows with degenerate thermo relation and under conservative
force field, its vorticity 2-form is invariant with the flow. In other words, if ¥ is a closed
surface and L(t) = ¢;(¥), then

i/ w-vdS;, =0.
dt Jx(r)

Proof. From Stokes theorem,

i/ va-vdSt:i/ v-tds = 0.
dt Jx() dt Jox(r)

O
Corollary 3.3. For fluid flows with degenerate thermo relation and under conservative

field, if @ = 0 initially, then it stays ®(t) = 0 for all later time.

Remarks

* A vortex filament (or line) C is an integral curve of the vorticity field @. The vortex
filaments through each point of a closed surface X constitute a vortex tube . Thus,
a vortex filament is an infinitesimal vortex tube.

* The circulation theorem implies that the vortex tube (filament) stays as a vortex tube
(filament) as it flows with the fluid.

3.3.1 Vorticity Equation in Eulerian coordinate

1. In this subsection, we assume the specific body force is conservative. The Euler
equation reads

1
IV+woxXV+V (EMZ) +VVp=-Vo,

By taking curl (i.e. V x) on this equation, we can eliminate those gradient terms and
leave only kinematic variables:

0+v-Vo—(0-V)v+ o (V-v)=Vpx VV. (3.8)

Here, we have used the identities from vector calculus

Vx(@xv)=0(V-v)=v(V-0)+ (v-V)o—o»-Vv
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V.-Vxv=0
Vx(VVp)=VVxVp4+VVx(Vp)=VV xVp.

Note that from the first law of thermodynamics
VU =TVS—pVV.
We take curl on both sides, using V x (TVS) = VT x VS to get
0=VT xVS—-VpxVV.

Thus, the vorticity equation is equivalent to

0+v-Vo—(0-V)v+ o (V-v)=VT x VS. 3.9

2. The circulation conservation is valid on the level set of entropy, where VS = 0. In
fact, it is valid on the level set of S, or T, or p, or V.

3. For fluid flows with degenerate thermo relation and under conservative force field,
the thermo area element degenerate. The vorticity equation becomes

do+v-Vo—(w-V)v+o(V-v)=0. (3.10)

This gives the circulation theorem.

Homeworks Let @ :=V x v, show the following identities in vector calculus:
L v-Vv=V(3]v]}) + o xv.
2.Vx(oxv)=o(V-v)=v(V-0)+ (v-V)o—®- Vv
3. V.Vxv=0

4, Vx (VVp)=VV xVp+VV x (Vp)=VV x Vp.

3.3.2 Vorticity equation in Lagrangian coordinate

1. There is a very good interpretation of the above vorticity equation in differential
geometry. If we define a vorticity 2-form as

® =0 vdS = 0;dx> Ndx® + odx® Ndx' + wydx! Adx®

and treat it as a function in (7,X) (denoted by ¢, ), then the left-hand-side of (3.8))
is the material derivative of the vorticity 2-form, while the right-hand side is the area
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element of the thermo plane (either use (p,V) or (S,T) as the thermo coordinate
system.) Thus, the vorticity equation states that the rate-of-change of the vorticity
2-form is the area element of the thermo plane. We shall come back to this in the
section of geometric perspective of fluid mechanics in later section.

. Let us denote the pull-back of w by

(p,*(o(t,X) = o (1,%(t,X))dx*(t,X) Ndx>(t,X)
?(t,x(t,X))dx>(t,X) Adx' (1,X)
@ (t,x(t,X))dx" (t,X) N dx*(1,X)
Which is still @ but expressed in (7,X) coordinate instead (¢,x) coordinate. Let d;
be the abbreviation of d/dt, which is the partial derivative in ¢ with fixed X, i.e. the
material derivative.
di o} o = (d;0")dx* Ndx® + (d0?)dx® Ndx' + (d,0®)dx! A dx?
+ 0'd;(dx® NdxP) + @*d,(dx® Ndx") + 0 d; (dxt A dx?)
3

gvz %) w? g: (03%] dx* Adx®

gvl + 323) w3% — wl%} dx® Adx!

vl ;03 V3

o o) T g T g

= {(at+v-V) +w (
+“@+vvwﬂ+w<

+[(8t+v-V) + 0’ (5 }dx Adx®

For each component, we have
k&wi+wi8vk 3\/"60
dxk axk  oxk

In vector calculus, we define ® = (@', ®?, @*)”. In vector form, it is

d[a)i = 8ta)i—|—v

do=00+v-Vo+oV-v—(Vv)o

Thus, we get

dio =@ (dpNdV). (3.11)

. Expression in terms of Lie derivative. The Lie derivative is defined to be

di = (i +L).
With this notation, we have

o0+ Lyo=dpNdV =dT NdS. (3.12)

The last equality is obtained from 0 = d?U = dT AdS —dp AdV.
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3.3.3 Deformation of ®w/p

For compressible flows, Helmholtz derived the following advection equation for @/p to
replace ®.

d (o ldw id_pm
pdt p?dt

a\p) ~

1 1 w
= —((o-V)v—wV-v)+ —=VpxVp+—-V.v
p(( ) ) 53 VP X VPt

0] 1
= — -V |v+—=Vp xVp. (3.13)
(p ) p3 P

The first term on the right-hand side can be expressed as (Vv)(w/p). It is a deformation
term. We may diagonalize Vv and observe how @/p changes along the eigenvectors of
Vv. In the expansion direction (the corresponding eigenvalue of Vv is positive), the corre-
sponding component of @/p increases exponentially, whereas in the shrinking direction,
the component of @/p decreases exponentially. The second term on the right-hand side is
called the buoyancy effect.

In the case of thermo degeneracy, from @), we have the following theorem.

Theorem 3.4. For fluid flows with degenerate thermo relation and under conservative force

field, we have
£

® o,  ox(t,X)

E(f) :E(O) X

and

(3.15)

It means that % is transported along particle path.

Proof. 1. Formulae (3.14) and (3.15) are equivalent because of the following argu-
ments. Assuming (3.13)), we differentiate it in 7 to get

d (o d ox(t,X) o
di (—) “a ox  pY

P
.o
—F'F(O)
)
= (Vv)- E«))

= (W) 20
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2. Formula (3.13)) is equivalent to

o, 00X 0]
E(t)g(t):E(O)l,
o d (09X
®
o (Eg) =0. (3.16)

To show this, we use Lagrange coordinate

d(@)_(@ g),_0Xov
dt\p) \p - p dxdX
We differentiate the identity
9% ox _
ox dX
int to get
4 (X ax X ov
dt \ox ) 90X 9JxdX

Plug this into the above equation, we get

ig_}_gia_x é—o
dt \ p pdt\ox ) \odXx /)

or

d (o) (X N wd (dX\ 0
dt \ p ox pdt\dx/)
This is p 3
o dX
— | —=—]=0. 3.17
dt (p 8x) G17)
We integrate it to obtain
O
Remarks
* An equivalent form is
i 1
o'(t) = jFaa)(‘{‘.

* The push forward of the vorticity two form is
*x@(t) = F o .

The ratio of the two stars (x; and o) gives the J term.
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Vortex filament Let us define the vortex filament to be the integral curve of the vorticity
field . Let X () be a vortex filament at # = 0. That is,
dX o(X,0)

doo  p(X,0)
Let us investigate this line following the flow x(¢,X (a)). Its tangent is

oxax
X do
X @
= 8_XE(O)
= —(t
p()

This shows that the vortex filament stays as a vortex filament. It flows with the fluid.

%x(t,X((X)) _
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Chapter 4

Variational Principles for Fluid
Flows

The approach of variational principles in analytic mechanics has a long history. You can
see wiki “the History of Variational Principles in Physics”. Below is a brief list of historical
development:

* (1705) Gottfried Leibniz, least action principle
* (1744) Euler and Pierre Louis Maupertuis, Least action principle
* (1757) Euler: Euler equation (continuity equation and momentum equation)

* (1788) Lagrange formulated Lagrange mechanics and derived Euler equation based
on variational principle in Lagrangian coordinate.

* (1809) Poisson introduced Poisson bracket.
* (1833) Hamilton formulated Hamilton mechanics based on Lagrange mechanics

We shall derive the equations of fluid dynamics via variational approach. There are two
approaches, one uses Lagrangian coordinate, the other uses Eulerian coordinate.

4.1 Lagrange Variational Approach
Lagrange (1788) derived Euler equation based on variation principle in Lagrange coordi-
nate. Mimic to the variational approach in classical mechanics, we shall take variation of

action with respective to parcel paths x(¢,X), or equivalently, the flow maps.

63
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* Action Given a flow map x(-,-), we define its action in the Lagrange coordinate to
be

Six| = x| - % [x] = /;/go (%po(X)|X(t,X)|2—W<§—;)> dx dr.

Here, the first term is the kinetic energy, while the second term W (F) is the potential
Ix

energy, which is the energy stored in fluid parcel through F = J5.

* In the case of fluid mechanics, W (F (1,X)) = po(X)U(So(X),V) for a fluid parcel.
The specific volume V is
1 J  det(F)

':E:P_o_ Po

* Note that the specific entropy S is a constant along a particle path. Therefore, W =
Po(X)U(S,V) is a function of det(F') along a parcel path.

We will derive equation of motion in Lagrange coordinate without the body force. We first
work for compressible fluid flows. Next we work out for incompressible fluid flows.

4.1.1 Variation of action w.r.t. flow maps for compressible flows
We shall study the variation of action with respect to the flow map x(-, -). Let us perturb the
flow map by x¢(z,X) with x°(¢,X) = x(¢,X), the original unperturbed flow map. We call

)
ox(t,X) := %Lg:oxg(t,X),

the variation of the flow map x(-,-). We write the variation of x by dx. The variation of a
functional /[x] in the direction of dx means that

SIfx] = %\g_oz[xﬁ].

The derivative % is defined to be

olx] = gﬁx.

Since, for small g, x¥(¢,-) are flow maps, its variation

is an infinitesimal variation of position, thus, can be called a pseudo-velocity.
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We shall choose those variations 0x which satisfy 0x(7,X) =0 for7r =y and t =] so
that we can take integration by part for ¢ without appearance of boundary terms.

5S[x] — /t: /Q (PoOR(1X) - 85— W/(F)3F) dX ds
_ /:/ﬂo< % ))-SX—W’(F)S;XX) dx di
_ /:/QO( % ))-sx—w’(p)%i") dx di

_ /:/QO (—pO(X)X(t,X) L5x+ (aix -W’(F)) -5x) dX dt

Here, we have chosen those variations satisfying

W/(F)5X-ndSo =0 4.1
Q

on the boundary of Qg so that no boundary terms show up in the integration-by-part in the
above integration. This leads to the following Euler-Lagrange equation

d
Po(X)X(1,X) = Vx -P (a—X) . 42)

Here, P = W'(F) is called the first Piola stress tensor. Its component form is

pi—a_W Fi._a_xi (V .p)i_ J
@ 9FL TeT ox, XN T gxa

P,

This is the equation of motion in Lagrangian coordinate for the flow map x(7,X). It is a
second-order partial differential equations for the flow map x(z,X).

Equation of motion in Lagrangian coordinate Let us express this equation of motion
in terms of v and thermo variables in Lagrangian coordinate. First, the Euler-Lagrange
equation (4.2)) can be rewritten as

pov = Vx P,

Next, we express the first Piola stress in terms of thermo variables. Recall that

W(F) = po(X)U(So(X),V),
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because the entropy S is constant along particle path. The first Piola stress P = W/(F)
becomes

I(po(X)U(So(X),V)) _ U IV

— / JE— R —

P=w(F)= OF —POSV oF
B v B d(poV) B aJ T
= PP = TP o PR~ —pJF~

Here, we have used V = 1/p, pJ = pg and ddet(F)/dF = JF~T, which is (2.16). Thus,
the equation of motion is

pov=Vx-P(F)
{ F o 9viX) ( 4.3)
= ox

where
P=—pJF T, (4.4)

The thermo variable p is a function of (S,V). With fixed X, we have S(¢,X) = So(X). The
variable V. =1/p =J/po = det(F)/po(X). Thu

pS.V) = p (so<x>, o)

po(X)

is only a function of F and X. The system (4.3), (4.4) is closed with unknowns v(z,X) and
F(t,X).

The above derivation shows that if x(¢,X) satisfies PDE (4.2), then its derivatives
(v(t,X),F(t,X)) satisfies PDE (4.3). In addition, from

2%x 0%x

oxXBoxa  9xogxh

and
’x  9%x
tdX®  9X%*9t’
we see that necessarily F satisfies the following compatibilty conditions

OF: 3Fé
5xF — 9x¢ (4.5)
and P
i v
F. = X (4.6)

The second one is already appeared in our equation (4.3). So (.5) is an addition condition.
It is also called integrability condition for F.
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Conversely, if a pair of functions (v(r,X),F(r,X)) satisfies PDE (4.3), does there exist
a function x(¢,X) satisfying x(7,X) = v(¢,X), g—; = F(¢,X) and equation ? Certainly
there is no guarantee that F satisfies (4.5). However, if F satisfies atr = 0, we claim
that F satisfies (4.5) for all later time. This is because

d(oFy, OF\ _ on o
di \oxP ~ X% | " 9Bda Jadp

If v and F satisfy the compatibility conditions (4.5)), (4.6), then we can find its integral
x(t,X) with x(#,X) = v(t,X) and 9% = F(t,X).

Equation of motion in Eulerian coordinate The equation of motion in Eulerian coordi-
nate is simpler. From (2.14)) and (4.4), the Cauchy stress for fluids is
o=J"W(FFI =y 1pJFTFT = —pI.
Using the Euler-Lagrange transformation formula, we obtain
p(dv+v-Vyv)=—Vp.
Recall that the thermo variables p and S in Lagrangian frame satisfy
p(6,x(6,X))J(1,X) = po(X), S(t,x(t,X)) = So(X). 4.7)

They are not needed in the equation of motion in Lagrangian formulation because we can
treat pressure p as a function of X and F based on the conservation of mass and adia-
baticity assumption. However, p and S are needed in the equation of motion in Eulerian
formulation. Thus, we need dynamical equations for p and S, which are

aip + Vx(pv) =0,

a[S—I—V'VXS — O
They are obtained by differentiating (4.7) in ¢.

Boundary conditions In the above derivation of the Euler-Lagrange equation (4.2)), we
require the boundary condition (4.1)) for §x. Express this in component form reads

PLn®8x'dSy =0 (4.8)
on the boundary d€. Note that P is a function of F', which is g—; For the fluid mechanics,
P = —pJF~T. This gives

0= pdx-JF TndSy = pdx-vds,.
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Thus, a natural boundary condition is
ox(1,X)-v(x(t,X)) =0 for X € dQy.

The condition
v-v=0o0nd,

implies 6x- v = 0 on d€;. This is called the natural boundary condition.

4.1.2 Variation of action w.r.t. flow maps for incompressible flows
A flow map x(¢,X) is called incompressible if

Ix

J(t,X) := det <8X

(1,X )) =1.
This means its volume is unchanged. The incompressibility is equivalent to the constraint
detF(r,X) = 1.

Thus, in the above variation of action, we should add a constraint term with a Lagrange
multiplier:

t
S5S[x] + 8 1/p(t,X)(detF—1)dth:O.
fo

Here, p is the Lagrange multiplier.
The variation of S[x| gives

t
58— 1/[—p0(X)X+VXP]-5dedt.
)

The Piola stress
B oW oV B ow 1 dJ

— / - = - =
P=wiF) = oV OF 9V po(X)dF

0.
Next, the variation

S(detF)=tr(F~T.(8F))detF =tr(F~T-(8F)).
where .
o 006X
L oxa

tr(F~" - (8F)) =) (F~)(8F ) = Y(F ")

i i
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We take integration by part in the variation form below to get

t t
l/p(t,X)(detF—l)dth:/l/p(t,X)5dethX
Iy

/pz aﬁdxcz = /,O/Z{axa }Sdedt
——/ttl/[VX~(pFT)]~5dedt

Thus, we obtain the constraint-flow equation

ox
0X
for the unknown x(¢,X) and p(z,X). Here, the boundary terms appeared in the integration-

by-part is
51
/ / ) -ndSyd.

We choose those dx to make this term to be zero.
We can express this second-order equation as a system of first-order equations:

pok=—Vyx-(pF~T), det=1, F:=

Pov = 37x5(PF_T)
- v(t,X

Fo= =%

Vv = 0

The unknowns are (F,v, p). The constraint detF = 1 is a consequence of the V-v =0 and
F(0)=1.

Eulerian formulation Through the transformation formula, we get that the equation of
motion in Eulerian coordinate is
3 (pv)+V-(pvv)+Vp =0.

We still need the continuity equation for p. The incompressibility constraint is expressed
as

V.-v=0.
We summarize them as
ap+V-(pv) =
o (pv)+V-(pvv)+Vp=0.
V.v=0

The unknowns are (p, Vv, p).
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Incompressibility

* When the density of each fluid parcel is unchanged during its motion, such fluid is
called incompressible. That is

dp
=0 4.9
7 (4.9)
* Incompressibility is equivalent to
V.-v=0. (4.10)

This follows from the definition of incompressibility and the continuity equation

op+v-Vp+pV-v=0

* Incompressibility is also equivalent to

J(1,X) :=detF = 1. (4.11)

where F' = % is the deformation gradient. This follows from

d d d
(E(PJ)—Q EP—O) = /=0

Since J(0,X) = 1, we get J(¢,X) = 1 for all 7.

Equation of motion Consider incompressible simple fluids (i.e. no stress appears, fluid
particles have only free motion). The governing equations are

* Continuity equation

p:+V-(pv)=0.
* Incompressibility
V-v=0.
* Equation of motion
dv
—+Vp=H1. 4.12
ptVp (4.12)

Here, we have (p, p,v) as our unknowns.
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Remark For incompressible flows, the is only one thermo variable. Thus, we cannot
include the energy equation. The role of pressure p is a Lagrange multiplier from the
constraint det FF = 1.  We shall come back to explain in detail in the chapter of variation
approach.

Boundary Conditions We impose the boundary condition
v-v=0, xecdD. (4.13)

It means that the fluid can not flow through the boundary dD.

Simple Flows When p =1, we have

dv
—+Vp=0, V-v=0.
dt+ P=" v

This is called the simple flow. The unknown are (v, p).
Barotropic Flows Barotropic flow: the pressure is a function of p. In this case, we can
find a potential w such that w'(p) = p’(p)/p. Then the barotropic flow equation becomes

dv
—+Vw=0
ar +Vw ,

The equation for p is still the continuity equation

dp
— V.v=0.
i +pV-v

4.2 Eulerian Variational Approach

There are several ways to derive the Euler equation via variational principle in Eulerian
coordinate. These include

* Euler-Poincare-Hamel’s approach,
* Herivel-Lin approach’s approach.
The references are

1. R.L. Seliger and G.B. Whitham, F.R.S., Variational principles in continuum mechan-
ics, Proc. Roy. Soc. A 305, 1-25 (1968).
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2. Rick Salmon, Hamiltonian Fluid Mechanics, Ann, Rev. Fluid Mech. 20, 225-256
(1988).

3. PJ. Morrison, Hamiltonian Fluid Mechanics, in Encyclopedia of Mathematical Physics,
vol. 2, (Elsevier, Amsterdam, 2006)

4. J. Serrin, Mathematical Principles of Classical Fluid Mechanic (1959)

5. Beris and Edwards, Thermodynamics of Flowing Systems (1994).

4.2.1 Euler-Poincare-Hamel’s Approach (dynamically accessible vari-
ation)

1. Configuration space and space of Vector fields

* Configuration space: Let
2 :={q: M — M diffeomorphism}
the collection of flow maps. 2 is called a configuration space. A flow map
x(1,X) is treated as a map [fy,71] — 2 and is considered as a trajectory on 2.
* Space of vector fields: Let
¥ :={v:M — R continuous}
A velocity field v(z,x) is treated as a map [fo,#;] — ¥/, and is considered as a
trajectory on 7.
* The flow map x(+,-) and velocity field v(-,-) are related by

x(t,X) =v(t,x(1,X)), x(0,X)=X.
The space 7 can be embedded into the tangent bundle of 2. EI

2. Perturbation of flow map by a vector field w. Given a flow map x(z,X), or equiva-
lently, a vector field v, we want to perturb it in an arbitrary direction w(z,x). For this,
we consider a family of flow maps x*(¢,X) such that the vector field w is obtained by

w(t,x) = (dy)xy X°(1,X), with x=x'(¢,X).

The perturbation perturbs the flow map x(z,X) in direction w by a parameter s at
s = 0. Thus, given w, we can construct such a family of flow maps x*(¢, X) such that
(0s)x x°(t,X) = w(t,x(1,X)). Conversely, given a family of flow maps x*(¢,X), its
infinitesimal generator is a vector field w. The role of s is very similar to time ¢ in
the flow maps x*(z, -). Thus, we call w a pseudo-velocity.

! Assuming uniqueness of ODEs for velocity fields
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3. Dynamically accessible variations The perturbation w induces variations on v, p

and S as the follows:
8v(t,X) := (a%)xv(t,xs(nX)),
8p(t,x) = (%)Xp(r,x“(n?{)%
5(t.x) = (%)Xso,xw,xn,

with x = x(7,X) fixed, where % is evaluated at s = 0. Note that

@)y = () +W- Ve, (9)y = (@) +V-Vx.

We have the following lemma.

Lemma 4.3. Jv satisfies

OvV+w-Vv=0w+v-Vw.

Proof. We use
(ds)x (9h)x X’ (. X) = (dh)x (95)x X’ (2, X).
The LHS gives

(4.14)

(4.15)

(0s)x (9)xx*(£,X) = (Js)xv(t,x*(£,X)) = (ds), V+ (Ix) V(Js)xX* = SV +wW- Vyv

The RHS is
(9)x (95)xX*(1,X) = (I)y W= W+ V- Vw.

We get
OvV+w-Vv=0w+v-Vw.

Lemma 4.4. If p and S satisfy

p(t,x*(1,X))J*(1,X) = po(X)
S(6,x°(£,X)) = So(X).

then the corresponding 8p and 8S satisfy

op+V-(pw)=0,
0S+w-VyiS=0.

(4.16)
(4.17)

(4.18)
(4.19)
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Proof. We have

we get

Its determinant det (%) = J* satisfies
oJ =(V-w)J.
Differentiating (4.16)) in s, using (4.14)), we get
(95)x (p(2,x(1,X))J°(1,X)) = 0
(6p+w-Vp)J+p(V-w)J=0.
This gives (4.18). Similarly, differentiating in s, we get (.19). O

Remark The above dv,8p and 68 satisfying (4.18) (4.19) are called dynamically
accessible variations in the direction w.

. Variation of action w.r.t. those dynamically accessible variations The action is

defined to be

11 1
S[p,v, ] ::/m /Q(Eplv\z—pU(p,S)> dxdt. (4.20)

The variation of a functional 8§ w.r.t. p, S, v is

o L 0 oU . U
5S[p,v,S]_/t0 /Q{Spilv\ +pVo5v—5pU—p<$6p+a—SéS>} dxdt

t
_ [ / |:<1|V|2 —U— B) op —pToS+pv- 6V1 dxdt.
0] Q 2 p

The variations 6p, 85 and dv are induced by w. We now express them in terms of

Wi
t

58:/1/ GMZ_U_%) (=V-(pw)) +pT(VS-W)+pv(w; +v-Vw—Vv-w) dxdt
ty JQ

I3
= ]/[—(PV)z—V-(pVV)—Vp]-w—p[VU—I%Vp—TVS]-wdxdt
ty JQ
4.21)
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Here, we have performed integration by part and used w- v = 0 on the boundary.
Using the first law of thermodynamics

p

we get

t
/1/[_(Pv)t—v'(pVV)—Vp]-Wdth:0f0rall w.
o Q

This recovers Euler’s equation of motion.

4.2.2 Herivel-Lin approach’s (constrained variation)

Herivel-Lin treat the equations for thermo variables p and S as two constraints:

dp+V-(pv) =0

2S+v-VS§=0

in the variational problem o1[p, S, v]. However, it was found by C.C. Lin that there is an-
other constraint, the relabelling symmetry (invariant), which is crucial in the representation
of velocity and the vorticity. Let X (¢,x) be the inversion of x(7,X). Then X (z,x) (which is
@ 1) satisfies

atX+VVX:0

By introducing the Lagrange multiplier ¢,pn and py = p(¥', 72, 7°), E|Lin considered the
following action

4] 1
S[P;&V;X»‘Pan»?’]:/ dt/ dX{§p|V|2—pU<p,S)
1) Q

+‘P[Pt+v'(PV)]_PW[SH‘V'VS]_PY'[XH’V'VX]}~

These are called conjugate variables. Note that p dx is an n-form. Its conjugate variable ¢ is a 0-form.
On the other hand, § is a 0-form, so its conjugate variable p7n dx is an n-form.
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Taking the variation of the action w.r.t. the Lagrange multipliers (¢,7,7) lead to the con-
straints. The variations of the action w.r.t. p, S, X and v are listed below.
08 1

2 p
_— = — —_ _— — — 'V f—
5p 2|v| U P o—v-Vo=0

88
55 = (PMi+V-(pnv) —pT =0

58
5—X=(py)z+V-<pYV)=0

% =pv—pVeo—-pnVS—py-VX =0.
These give

v=Vo+nVS+y VX,

. I s V4
= — —U—=—

n=T,

Y=0,

where ¢ := (d, +1/0;)@. Let us write v= V@ +nVS+7y-VX =¥, &Vn,. Applying the
material derivative to v to get

V=Y, (ékvnk + &k (0 + VﬂjWﬂk)
P

<5kV71k + &V (I +v;dj)M — &V VV>

)
P
zk: <5kvnk + §kV’f7k> - %VMz

. o1

V(P—l—f]VS—I—TIVS—f—’j’-VX—I—YVX—§V|V|2
Lo\, .

=V{—sM+e)+nVvs

_ p

_—V(U+E>+TVS

Vp
=

Here, we have used

1 : ;
¢:5|v|2—U—§, n=7, §=0, y=0, X=0,
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and »
VU =TVS+ I?Vp.

The formula v = —Vp/p is the Euler equation.

4.2.3 Clebsch representation and relabeling symmetry

1. The representation
v=Vp+nVS

is called a Clebsch representation for v. It has been shown that the corresponding
flow has zero helicity:

/V~V><VdX:().

The helicity is a conservative quantity. Thus, such Clebsch representation of v can
only represent flows with zero helicity, see [Graham and Henyey, 2000].

2. For general velocity field, we need more terms in the Clebsch representation. The
Darboux theorem states that for any 1-form 7 := v;dx, there exists functions &;, 7;,
i=1,...,k, such that

k
n=7y &dn.
i=1

In this representation, we can always choose &; = 1 by integrating 618x3n1 (x1,%x2,x3)
in x3 direction and reset &, ..., &. The number k depends on the rank of v, which we
consult with the original Darboux theorem. An extension of Darboux theorem is the
Carathéodory—Jacobi-Lie theorem which allows us to prescribe &1, ..., &, and extend
themto &, 1,...,& and Ny, ..., M. Thus, we can always represent the velocity v as

k
v=Vo+nVS+Y &V, (4.22)
i=1
called a generalized Clebsch representation. The 7); terms comes from the relabeling
of the material coordinates. Given any initial velocity field vy, we can always find
such Clebsch representation for vo. The dynamics of the Clebsch variables are

. 1 2 P . .
¢ QW\ o n="T, :

&=0, Mi=0,i=1,....k

We have seen that the corresponding v; satisfies the Euler equation. Thus, any solu-
tion of the Euler equations can be represented by a generalized Clebsch representa-
tion and the corresponding dynamics.


https://www.researchgate.net/publication/253139642_Clebsch_representation_near_points_where_the_vorticity_vanishes
https://en.wikipedia.org/wiki/Darboux%27s_theorem
https://en.wikipedia.org/wiki/Carath%C3%A9odory%E2%80%93Jacobi%E2%80%93Lie_theorem
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3. By taking curl of (4.22), we get

k
0=VnxVS+) V&xVn, (4.23)
i=1

The Lie derivative in time of ® gives

k
& =VN xVS+VnxVS+Y (Vg X Vi + V& ><V17,-> — VT x VS.
i=1

The formula shows that the relabeling does not affect @ because they advect along the
flow. In the case of constant entropy or constant temperature, we have VI x VS = 0.
Thus,

o =0.

Thus, the vorticity is invariant. The term 1); comes from the relabeling of the ini-
tial mass. The appearance 7); and its conjugate &; allows us to construct any initial
vorticity field:

M»

(V& x V) (0).
=1

~.

Thus, the relabeling, which corresponds to a perturbation of flow path, induces an in-
variant, the vorticity. “The vorticity laws arise from the particle-relabling symmetry”,
quoted from Salmon.

In general, the vorticity laws holds on the level set of entropy function.

3Rick Salmon, Hamiltonian Fluid Mechanics (1998). In fact, Salmon derives the vorticity equation (in

Lagrangian coordinate) via variation of action with respect to the material variable a (where da = py(X) dX).



Chapter 5

Hamiltonian Fluid Mechanics

5.1 Hamiltonian Fluid Dynamics in Lagrangian coordi-
nate

5.1.1 Hamilton’s dynamics in Lagrangian coordinate
Let us define the configuration space
Q:={x:Qy— R?is 1-1, onto and Lipschitz continuous}
Define
M:=TQ={(x,v) : Qy — R?> xR’}
M* :=T*Q = {(x,p) : Qo — R} x R*}.

We assume: on the target space R, there is a natural volume measure dx, while in the
domain €, there is a mass measure po(X)dX. The density associate with an x € Q is
defined to be

pdx = podX,

and the specific volume V := 1/p. In addition, we assume there exists an entropy function
So : Q — R and an internal energy e(V, Sp). Define Lagrangian density

X 2
L (x 5v) = o0 M U 5000, x00)

The Lagrangian . : M — R is defined by

Z[x,V] ::/Q L(x,g—;,v)dX
0

79
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A path is a trajectory on M. That is (x,V) : [fg,7;] — M. Associate with a path (x(-),v(-))
we define the action to be .
1
S[x] := / LIx(t),x(1)] dr.
fo

The Euler-Lagrange equation is governed by 68/8x = 0, which is
dés 62

ar oy ox
Here,
%[x x| = pox
6V 9 _pO
A
5—X[X7X] =Vx-(pJFT),
with 5
X
Fi=oo, J=de(F),
U J

p::W’ V:p—o

Variations dx, 8v are 1-forms on M, while §.%/6x and 6. /v are tangent vectors on M.

Thus,
<5.$ 0.

Sv 6x
The Hamiltonian 57 is defined on T7*Q by

) € TM.

%[XJ)] = <p,V> —,,%[X,V]

with v obtained from the relation:

p=90.2/6v[x,V|. (5.1)
This relation gives v = p/po. Thus,
Ix 1J§
%[X7p] :/ H(Xv_vp)dX::/ _+p0U(p0/J;SO)dX (5.2)
Q JX Q 2P0
The variations (%—}f, ‘L’pf) is considered as a vector field on T7*Q. The Hamilton’s equation

of motion is

. 0
X= op 5.3
N V7% (5.3)
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where
0 P
5p  po
dU JdV _ [ dx
:/ Vx-(pJF~T).6x.
Qo
This gives
0 7
ox Vx - (pJF~").

Thus, p = 65_;5 is the Euler equation in Lagrangian coordinate.

5.1.2 Poisson Bracket in Lagrange variables

1. Given two functionals .% and ¢4 on T7*Q, we define their Poisson bracket by

0F 09 09 o0F

or [ - -
(7.9} = Q Ox &p Ox dp

The Poisson bracket {-,-} is bilinear and satisfies

* non-degenerate: if {.%,%4} = 0 for all ¢, then .% = const.,
e antisymmetry: { %, 9} = —{¥9, .7},
* Jacobi identity:

(&, 7,9+ {{7.,9), 6 +{{9.6},.7} =0.

2. The Hamilton equation of motion is equivalent to

dZ[x(t),p(1)]

— ar
DR (7,0}

81

(5.4)

(5.5)

for any .% : 7*Q — R. To see this, we choose .7 = x'§(X — X'). Then (5.5)) gives
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Similarly we can recover momentum equation at X’ when we choose f = p'8(X —
X'). This shows (5.5) = (5.3). Conversely, given a Hamiltonian flow (x(z),p(7))
satisfying (5.3)) and for any f: T7*Q — R, we have

d of . of .
A, p(0)] = S X(0)+ 55 -B(0)

o0x Op Op Ox

This shows (5.3) = (5.5).

5.2 Hamilton Fluid Mechanics in Eulerian coordinate

5.2.1 Non-canonical transformation

1. Change-of-variables from Lagrangian variables to Eulerian variables.

The Eulerian variables are p,m := pv and s := pS. The space spanned by the Eu-
lerian variables (p,m,s) has 5 free variables, whereas the space of the Lagrangian
variables (q, p) has 6 free variables.

The mapping
®:(q,p) =~ (p,5,m)

can be found as

p(x)= QOpo(X)f‘S(X—q(X))dX

59 = [ s0(X)3(x—q(X))dx (5.6)
m(x) = [ p(X)3(x—aq(x))dx

The derivation of these formulae is the follows. Note that po(X) = p(q(X))J(X).
Multiply this by d(x — q(X)) then integrate in X, we get

[ pox)8(x—a())ax = | pa(x))JI(X)8(x - q(X))dX
Qo Qq
:/Qp<y>5<x_y>dy:p<x>.

The proofs for s and m are similar. These formulae only hold for conservative quan-
tities.
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2. The Jacobian matrix of the change-of-variables The variations of p, s and m can
be obtained by taking variation on the transformation formulae (5.6): We get

sp(x) =~ | o) VaS(x—a(x)) - Sa(X) dx
&@y:—LsdiQQ—qa»ﬁmxmx

sm(x) = | [-p(X)Vx3(x—a(x)) - 5a(X) + 5(x~q(x) - 6p(X)] dX

These give

3. Chain rule formula
Given a function .% defined in (p,s,m), it induces a functional .7

by function composition:

defined on (q,p)

Zla,p] = 7[®(q,p)].

Its variation can be represented as

0.7 0.7

5‘ ar
_/( &+5J&de

05 om
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In this expression, %; is a function of (p,m, s), hence a function of x.

57 [ (3250, 855 57 m)
5q dp 8q &8s 8q ém dq
5.7 5.7 8.7
-/ (PO(X)$+50(X)5—5+P(X) o) V3lx (X)) ax

8.7 0.7
—/ (pOV +50Vx 5o +p-Vx 5m>5(x—q(X))dx

57 5.7 57

Sm O X aX))dx =< lx—q(x).

o Oom m

5.2.2 Poisson bracket in Eulerian conservative variables

1. Lie-Poisson bracket in Eulerian variables: We have defined Poisson bracket for
functionals defined in Lagrangian variables. This Poisson bracket induces a Poisson
bracket for functionals defined in Eulerian variables through the change-of-variable
®:(q,p) — (p,s,m). That is,

(F.9) = (Fod,Tod)

,4 are two functionals defined in Eulerian variables (p,s,m). Let us call
ﬂ G od =%. We have

(7,9} ={F,9}
(&f 09 09 &f)dx

M\ 0q O6p Oq Op ) ) ) )
:/MO/MS(X—q(X)) <pon% +50Vx%+p-VX%) .g_fl
—6(x—q(X)) (pon(;—f ‘|‘50Vx56_f+p'Vx§Ti> ‘;idxdx
We use (5.6) and a lemma below to get the Poisson bracket formula
{ﬁaff}=/M(pVx%f+st55f+m-VxZ—i>-g—i
— (pvxg—f+5VX56—f+m \Y% g—fl) i—ﬁdx

Here,

( 3G) oF (3 5?/”_)5?
m-Vy— | - — :=m; | —

*om ) om ox/ 8m; ) Sm;’
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2. If the functionals .%,% are expressed as

Flp,sm] = [ Fp(x),s(x):m(x))dx, Flp,s.m] = [ Glp(x),5(x), m(x))dx.

then the above functional variation is
5F OF
Sp dp

g oo

Thus, the above Poisson bracket has the following expression

_ oF oF oF\ 9G
or i - _ . R R
{J,%}_/M(pvxap +5Vy 3 +m anm) om
Jm

Ip Js X om ax,

where

( 8G> oF (8 8G> oF
m-VX— =m;

om) am ="\ G am; ) amy

The symplectic operator J is a linear in (p,s,m). Such Poisson bracket is called a
Lie-Poisson bracket.

The lemma is

/| 0 | sx=aC)p)0x)wa()dxdx = | pEo(V()dx.

3. The Poisson bracket {-,-} is bilinear and satisfies
e antisymmetry: {%,9} = {9, 7},

* Jacobi identity:

(8, 7V, D+ {{7.9),8V+ {9, 8}, F} 0.

"Let y = q(X). Then the above integral is

[ 86— ypola 6Do 0w ax (0™ ())dy
QJQ
= [ [ 3= ypn)omvaxdy = [ promwx)d.
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4. Hamiltonian dynamics The Hamiltonian H[q, p] can be expressed in terms of (p,s,m)
as

H#p.s,m| = #[q.p
-, |2— ;ﬂd"
- [ Hip.s.

From this expression, we get

o OH [v|? p

0 O0H

8s  ds

0 OJH

Sm  om
By taking

p(x') = flp,s,m] = /p (x' —x)
we get

{p(x), 0} ={f, A} = /P(X)fos(x/—x) vdx = —Vy- (pv)(x).

Similarly, we get

{s(x), #} = /s(x)VXS(x’ —X)-vdx = —Vy-(sv).

{m(x'),%ﬂ}:/m-VXS (x—x')-v

2
_ (pVx (_% —|—e+§ TS) +5VxT +m- VXV> S(x—x)dx

2

= —Vx-(vm) —Vp.
Thus, we get the equation of the Hamiltonian flow
p= {pv%}
5§ ={s,}
m= {m, .7}

is the Eulerian coordinates.
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5.2.3 Poisson bracket in terms of (p,S,v)

1. We change variables (p,s,m) to (p,S,v) by S=s/p and v=m/p. We get

0 0 Sd v d
%ksm):apkh)—ﬁa—s—;av
o 19
ds  pas
o 10
om pov

Plug this into the Poisson bracket

0.7 8.7 87\ 89
J\ f— — — . — - —
{J,%}_/Q (pvx 5[) +sVy 5o +m- Vg Sm) Sm

89 89 89\ 67
(vag +5VXE +m- VXB_m) )

Note that % = ngl We have

A S 1
VX a __'av__8 F“I‘ SVX <_a F) _|_ VVX (_avF):| '_avG
[p (” P p S) PO \p™T) TP P P
A S 1
[p (” p 7 p S) PO \p 7)) TP p p
We get that

(F,9) = / )-0,G — (VxdpG) - OF

S (95F G — dsGOVF)

1
+_
p

a iVj - 8 jvi)aviFaV_,‘G dx

X X

The last term can also be expressed as

L Vyxv OF G
200 (040, 6= 2,60, F) =~ S0 G




88 CHAPTER 5. HAMILTONIAN FLUID MECHANICS

Thus, the Poisson bracket is
(F,9) = / [(Vu0pF) - 04G — (V39G) - OuF
Q

VsS (36 ayG — 35GayF)

Vixv JdF dG

P WXE dx.

2. The Poisson bracket {.7,¥¢} satisfies

e Antisymmetry: { ¥ 9} = —{¥Y, 7}
* Jacobi identity:

{{¢,.7} 9+ {{7.9}. 61 +{{9. ¢}, 7} =0.
3. With H = Jp|v|*+pU(p,S) and # = [ Hdx, we get
o 1 p 6 o

Thus,
(=), 7} = [ (Vxb(x=x) - (p¥)dx = ~Vs: (PV)(X).

(s(—x), 2} = | —V;S (8(x—x)(pv)) dx = —v-V,S(x)

(C=x) ) = [—(Vadpt) - S(x =X+ 22
P
+% (9 — 9 v') 8(x —x)pv' dx

1 VS
=V <—|V|2+U+£) +—=
2 p) P

IdsHS(x —x')

(PT) + (9v! — iv') 1/

Vxp

|
= v/ v — EQXip =—v-Vyv—

These are summarized as
ap ={p,#}=—-Vx-(pv)
oS ={S,#} =—v-ViS

8,v: {V,%} =—v-Vyv— Vpxp7

which are the Euler equations.
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Homework For Burgers equation u; 4+ uu, = 0, the corresponding Poisson bracket and

the Hamiltonian are
_ JdF] 9G G| OF
=[] [5] 5 [] 50
H(u) = -u".

5.2.4 Casimir and Conservation of Helicity

1. Casimirs There are 5 Eulerian variables whereas there are 6 Lagrangian variables.
The symplectic 2-form in terms of Eulerian variables is expected to be singular. A
function €' (p, S, v) is called a Casimir invariant of the Euler system if

{€¢,#} =0 for all function .#(p, S, V).

From the Poisson bracket formula, this gives the following equations for %

0¢

oy
Lys. 20 _y,
P ov

0¢ Vxv 6% VSo¥
Vet —— X ————=0
op p ov. p oS
2. Helicity. Let us suppose ¢ depends only on v. Let w = %;f Then w satisfies
V.w=0, (Vxv)xw=0.
These two imply w = Const.V x v for some constant Const. The helicity

%(V):/V~V><de

satisfies 04'/0v =2V x v.

3. Let v
g— XV Vs
p
be the potential vorticity. Then
¢ = / pf(q)dx

is a Casimir for any function f.
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4. Suppose % only depends on the thermo variables, that is,

“(p,S) = /C(p,S) dx.

Then the equation for C is
JdC VSIC 0

dp p IS
If, in addition, C is separable, then C = p f(S) for an arbitrary function f. The
solution ¥ is

(p.5) = [ pf(S)dx.
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Chapter 6

Mathematical Theory of Fluid
Dynamics

6.1 Dimensional Analysis

The incompressible Navier-Stokes equation is
p(ov+v-Vv)=—-Vp+uAv+f V.v=0.

Let us assume p = constant. Thus, p and u are the parameters. There are 7 dimension
quantities: [t], [x], [v], [p], [f],[p][¢t]. The equation should have equal dimensions for each
terms. These give 4 relations. Therefore, there are only three independent fundamental
dimensions. Let us choose them to be

Comparing u Av and Vp gives
U
] = Hz-

Comparing u Av and f gives
L2
f]=—.
utu
Comparing 1 A v and the convection term pvVv, we get

v _ U
P =HT

Finally, comparing it /A v and the inertial term pd;v, we get

v_vu
Pr=HT
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Define dimensionless variables

x"=x/L, v'=v/U, t"=t/T, p* L I sz
= X = = = —_— = 1—.
) ) Y p puU’ ‘LLU
Incompressible Navier-Stokes equations read
Re (Stdpv* +v*-Vv) = —=V*'p* + A*v* -1 6.1)
V*.v*=0. (6.2)
where UL L
Re=P"%  s— = 6.3)
u ur

are the Renolds and Strouhal numbers.
Special flows:

* Incompressibility: V-v =0

* Inviscid flows: Re = o, or u = 0.

* Irrotational flows: V x v =0.
 Potential flows: V-v=0and V x v=0.

 Stokes flows: the convection term is neglected.

6.2 Potential flows

In the previous subsection, we see that for barotropic flows, if @ = 0 initially, then @ =0
in all later time. In this case, we call such flows irrotational. That is,

Vxv=0.
If the domain is simply connected, then we can find a scalar function ¢ such that
v=Vo¢

Such a function is called the velocity potential. If, in addition, the flow is incompressible,
i.e.

V.v=0,
then we have

A¢ =0. (6.4)

We call such incompressible and irrotational flow a potential flow. On the boundary, we
should apply slip boundary condition, i.e.

Vo-v=0.
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6.2.1 Two-dimensional potential flows

* A single vortex vortex, pair of vortices (same sign, opposite sign)

Vortex dynamics

¢ von Karman vortex street

Flow passes a cylinder

Vortex patches

6.2.2 Three-dimensional potential flows
 Shear flows, flow instability
 Vortex ring, leap flog motion of a pair of vortex rings

* Dynamics of vortex filament

6.3 One dimensional compressible flows

6.3.1 Riemann problems for hyperbolic conservation laws

Elementary Waves We consider the following systems of PDEs:

ui
uz

u=| " |, fR SR
Up

The system is called hyperbolic if the n x n matrix f’(u) can be diagonalized with real
eigenvalues 41 (1) < Ap(u) < --- < A, (u) for all u under consideration. The system is called
strictly hyperbolic if A;(u) < Ax(u) < --- < A,(u) for all u. Let us denote corresponding
left/right eigenvectors by ¢;(u)/r;(u), respectively. Let us normalize them by requiring

lri@)l[ =1, Ciu) - rj(u) = &ij.

It is important to notice that the system is Galilean invariant, meaning that the equation is
unchanged under the transformation:

t—At, x—Ax, VA >0.
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This suggests that we can look for special solutions of the form u(%). Such a solution is
called a self-similar solution. Suppose u(7) is such a solution. Let us plug it into (6.5) and
yield
/ X / ;1 .
u '(—t—2)+f(u)” 2=0
—  f(uwu = fu'.

This means that there exists a field i such that u’ || r;(«) and ¥ = 4;(u(¥)). Thus, to construct
such self-similar solution, we first construct the integral curve of r;(u). Let R;(ug,s) be the
integral curve of r;(u) passing through ug parameterized by its arc length. That is

d
%Ri(uo,S) =ri(Ri(uo,s)), Ri(up,0) = up.

Along R;, the speed A, has the variation:
d
—li(R,-(uo,s)) = V/L' 'R; = Vﬁ,,' “ri.
ds
We have the following definitions.
Definition 6.3. The i-th characteristic field is called
o genuinely nonlinear if VA;(u) - ri(u) # 0 Vu;
o linearly degenerate if VA;(u) - ri(u) =0 Yu;
* non-genuinely nonlinear if VA;(u) - rj(u) = 0 on isolated hypersurface in R".

For scalar conservation laws, the genuine nonlinearity is equivalent to the convexity (or
concavity) of the flux f, linear degeneracy is f(u) = au, while non-genuine nonlinearity is
non-convexity of f.

Rarefaction Waves When the i-th field is genuinely nonlinear, we define the rarefaction
curve in the state space as

R; (uo) = {u € Ri(uo)| Ai(u) > Ai(uo)}-

Now suppose u; € R} (up), we construct the centered rarefaction wave, denoted by (ug,uy),
as below:

N U 1;—‘§/l( 0)
(o) (7) = { w if > Aalur)
! w i Ai(uo) < X < Ai(ur) and Ai(u) = X

It is easy to check that this is a solution. We call (ug,u;) an i-rarefaction wave.
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M=t )

ilUo

Ug (5]

Figure 6.1: (Left) The rarefaction wave. (Right) The integral curve of u’ = r;(u).

Shock Waves The shock wave is expressed by:
(x) up fori <o
ul — =
t up for7>o,
where o is the shock speed. Here, (ug,u;, o) need to satisfy the jump condition:
S(ur) = f(uo) = o (ur — uo). (6.6)

Lemma 6.5. (Local structure of shock curves)

1. The solution of for (u,0) consists of n algebraic curves passing through u
locally, named them by S;(ug),i=1,--- ,n.

2. Si(up) is tangent to R;(ug) up to second order. i.e., Sl(k)(uo) = Rl(k)(uo),k =0,1,2
Here the derivatives are arclength derivatives.

3. oi(ug,u) — Ai(uo) as u — uo, and o] (ug,up) = %li’(uo)

Proof. 1. Let S(ug) = {u|f(u) — f(up) = o(u—up) for some c € R}. We claim that
n

S(up) = U Si(up), where each S;(up) is a smooth curve passing through uy with
i=1

tangent r;(ug) at ug. When u is on S(ug), rewrite the jump condition as

7= slun) = | [ o ot wo) | )

= A(ug,u)(u—up)
= G(u — u()).

u € S(up) <= (u—up) is an eigenvector of A(ug,u).
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Assuming A(u) = f’(u) has real and distinct eigenvalues A (u) < -+ < A,(u), then,
from perturbation theory (or ignplicit function tlgeorem), for u ~ uyg, A(uo, u) also has
real and distinct eigenvalues A; (ug,u) < --- < A,(uo,u), with left/right eigenvectors

li(ug,u) and Fi(ug,u), respectively, and they converge to A;(ug),¢;(ug),ri(uo) as u —
ug respectively. We normalize theses eigenvectors by

|75l =1, 0&F =8§;.

The vector which is parallel to 7 can be determined by the n — 1 equations:

U(ug,u)(u—ug) =0, k=1,---,n, k#i,
Thus we define
Si(uo) = {u | Oy (ug,u)(u—ug) =0, k=1,--- ,n, k#i}.

We claim that this is a smooth curve passing through uy. Choose coordinate system
r1(uo), -+ ,rn(up). Differential this equation ¢4 (ug, u)(u—up) = 01in r;(ug) direction

to get
a - ~
5 (Gluo,u)(u—uo)) = biuo,uo) - 7j(uo) = S
J lu=uyg

Thus, (9/dr;f) is a full rank matrix. By implicit function theorem, S;(uo) is a
smooth curve passing through ug. Since any u € S(up) must satisfy £y (uo,u)(u —
up) =0 for k = 1,...,n,k # i for some i. This means that u € S;(up) for some i.

n
Hence, S(ugp) = U Si(uo).
i=1

First, clearly we have R;(ug) = up = S;(up) from construction. Next, we find first and
second derivatives of S; at uy. We take arclength derivative along S;(ug):

f(u) = f(uo) = 0i(uo,u)(u—up) Vu € Si(uo)

to get
f' (W' = o} (u—ug) + o’ and u’ = S..

When u — ug
f'(u0)Si(uo) = 0;(uo, u0)Si(uo)
— S;(uo) = ri(uo) and G,'(u(), u()) = A«i(uo).

Now we Consider second derivative of the jump condition:

(f" () o)+ f (wu" = 6" (u—uo) +20] - v/ +ou”.
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At u = ug, u' = Si(uo) = Ri(uo) = ri(up) and u” = S”(up). These imply

(f"ri,r)) + f'S! =20/ri+ 0;S!.
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On the other hand, we take derivative of f'(u)r;(u) = A;(u)r;(u) along R;(up), then

evaluate at u = ug to get
(f"riyri) + f/(Vriori) = Ari+ 4Vri- i,

where Vr;-r; = R!. Comparing these two equations, we get that

(f = 2)(S! —R!) = (206! — A!)r; and 20! = A/ at uy.

Since {ry(up)} are independent, we can express S — R/ = %akrk(uo). Plug this into

the above equation, we get

Z(lk — /l,-)ockrk = (261-/ — ll-/)l’i.
k#i

Since A # A; for k # i and {r;} are independent, we get

=0 Vk #iand A/ = 20] at up.

Hence R —S" || r; at ug. To show that RY = S/ at uo, we first notice that (R/,R})
0 and (S/,S}) = 0 which can be derived by differentiate the equations (R!,R’)

1,(S7,S7) = 1. From these and S’(uo) = R}(uo) = ri(uo), we get

(R —S!) L r;atug.

Hence R/ = S/ at uy.

Let S; (uo) = {u € Si(uo)|Ai(u) < Ai(uo)}. If uy € S—; (up), define

(ttg, 1 uo for T < o;(uo, u1)
0,141) for—>Gl(u0,u1)

(ug,uy) is a weak solution. Let &; (ug) = {u € &;(uo)|Ai(u) < Ai(up)}.

If uy € &; (up), define

[ up for ’t—‘ < oi(up,uy)
(u07u1) - { Ui for )t—c > Gi(l/t()ﬂ/ll)
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R
u 1
0 R,
S;
: : S;
(ug,u) is a weak solution.

We propose the following entropy condition: (Lax entropy condition)
Ai(ug) > oi(ug,uy) > Ai(uy). (6.7)

If the i-th characteristic field is genuinely nonlinear, then for u; € S, (ug), and u; ~ uo, ||
is always valid. This follows easily from A; = 26/ and 6;(uo, up) = Ai(uo). For u; € S; (uy),
we call the solution (ug,u;) i-shock.

Contact Discontinuity (Linear Wave) If VA;(u)-r;(u) =0, we call the i-th characteristic
field linearly degenerate (. dg.). In the case of scalar equation, this correspond f” = 0.
We claim

R,‘(uo) = S,'(MQ) and G,-(uo,u) = )L,'(u()) foru € S,'(u()) or Ri(uo).

Indeed, along R;(up), we have
fwu = X(u).

and A;(u) is a constant A;(ug) from the linear degeneracy. We integrate the above equation
from ug to u along R;(ug), we get

f(u) — f(uo) = Ai(uo)(u—uop).

This gives the shock condition. Thus, S;(ug) = R;(uo) and o (u,up) = Ai(up).

Homeworks
up 7 < oi(uo,ur)
up 3> 0i(uo,ur)

(o) = {

Let T;(uo) = R (ug) US; (up) be called the i-th wave curve. For uy € Ti(up), (uo,ur) is
either a rarefaction wave, a shock, or a contact discontinuity.

Theorem 6.5. (Lax) For strictly hyperbolic system (6.9), if each field is either genuinely
nonlinear or linear degenerate, then for up ~ ug, the Riemann problem with two end states
(u;,uR) has unique self-similar solution which consists of n elementary waves. Namely,
there exist uy = ur,- -+ ,u, = ug such that (u;—1,u;) is an i-wave.
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Proof. Given (@, --,,) € R", define u; inductively u; € T;(u;—1), and the arclength of
(ui—1,u;) on T; = .

i = f(up, 01, ,0)
We want to find o, - - -, @, such that
MR:f(uL,ala"' 7an>-
First uy, = f(ur,0,---,0),as ug = ur,(Qy, -+ ,04,) = (0,---,0) is a solution. When ug ~ uy,
and {r;(up)} are independent,
J 2
f(uLv()?"' 70) = ri(l/i()) andf eC

By Inverse function theorem, for ug ~ uy, there exists unique @ such that ug = f(ur, o).
Uniqueness leaves as an exercise. 0

6.3.2 Riemann Problem for Gas Dynamics
This subsection is mainly comes from Courant and Friedrichs’ book: Supersonic Flow and

Shock Waves.

Hyperbolicity of the equations of gas dynamics We use (p,u,S) as our unknown vari-
ables. The equations of gas dynamics can be expressed as

P up O1fp
w| +|5 u % uf =0
S, Lo o ul LS],
t
2-wave
n-wave
1-wave
uz
Ui Un—1
Up =ur Uy, = UR
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Here, P(p,S) =A(S)p?, 7> 1,and ¢? = g—g § This system is hyperbolic. The eigenvalues

and eigenvectors are

M=u—c, A=u A3=u+tc,

p —Ps p
rn=/|—cf, ry = 0 ’ r3=|c¢j,
0 c? 0

P P
Elz[c,—p,?s], 6, =1[0,0,1], €3z[c,p,?s].

Note that

1.1
V-1 = —(EpPpp+c2) > 0,

These show that the 1st and 3rd characteristic fields are genuinely nonlinear, while the 2nd
is linearly degenerate.

Rarefaction curves The rarefaction curve {R; is the integral curve of the vector field rq,
that is, (dp,du,dS)" || r;. Note that £, = 0, £3r; = 0. Thus, the differential equations for
R are govern by

dS=0
cdp +pdu+2ds=0

Thus, PR can be expressed as

dS=0
%dp-l—du:O

{ dS=0

Cdp — =

pdp du=0.

Since S = Sy, a constant, on 93| and A3, it is convenient to project the rarefaction curves
R and 2R3 onto the u-P plane. The rarefaction curves JR; and Rz are given by

Riu—uy=—L+4
%3:u—u0:€—€o.

Similarly, 2R3 is expressed as
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where

(P.S) ;:/C(’;—’S) dp.

Below, we express £ in terms of (P,S). From P = A(S)p?, ¢ = /P, = VA(S)yp?~1, we
obtain
¢ 2 2 yP
E::/—d =VYAES) ——p T =—— |
5 P Y(>y_1p 1\ p

Pp~7=A(S)=A(So) = Pop, -

We can express p in terms of P, Py, po:

B B P 1y
()

2 Po)l” R
0ty = —= || (20 _ T
C T oy \/y (P Po Po

Note that

Hence,

Ri: u=ug— Yo(P)
Rs: u:u0+l//0(P).

The contact discontinuity On R, (dp,du,dS) L ¢1,¢3, which gives

c*dp +cpdu+ PsdS = 0
cdp — cpdu+ PsdS =0

dP+cpdu=0
— { dP — cpdu =0
Thus, R, is given by
dP=0
du=20

For any (u;,P;) € Ry, we have u; = ug, P, = Py, and ((ug, Py, So), (10, Po,S1)) constitutes
a contact discontinuity.

Note that R, = G, because the 2-characteristic field is linearly degenerate. You can
check the jump conditions for the 2-characteristic field. Which gives po(ug — 6) = p(u —
o) = 0 because up = u = o, and P = P,. (see the paragraph of shock curves below.)
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Figure 6.2: The integral curve of the rarefaction curves 231 and i3 on the u-P plane. Here
(uo, Py) is a left state. For any point (u1, P;) on R{, ((uo, P), (u1,Pr)) forms a 1-rarefaction

wave. Note that the entropy S = Sy along a rarefaction curve.

Shock curves Let us consider a 1-shock (resp. 3-shock) with left state (resp. right state)
(0) := (po,uo, Po) and shock speed . We want to find the shock curves &; (resp. S3)
passing through the state (0). Indeed, we want to have expressions of & (resp. G3) on the

u-P plane.
Let v :=u— 0. The jump conditions give
[pv] =0
[pv*+P]=0
(1pv2 +petP)v] =0.
Let
m:= pv.
From the first jump condition, we have
m = my.

The second jump condition is
pov% + P = pv2 +P = mvo+Py=mv+P

This gives
P-FR P—F
v—vy  mV—mVy’

where V = [1—) is the specific volume. Note that m # 0.

m =

) P—-P P—P
—— V—Vg=—
V-V m

IThe case m = 0 corresponds to the contact discontinuity.
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These give
(u—up)* = (v—v0)> = —=(P—PRy)(V — V). (6.8)

The third jump condition is

1 1
<§P0V(% + Poeo +Po) Vo= (Epvz +pe +P) v.

We want to remove the kinetic energy part and only remain an internal energy relation.
From pgvg = pv, we get

1, 1,
—v0+eo+P0V0:§v +e+PV.

2
By v(z)— 2V vV 2 —m2V2, and m? = ‘I;I‘j",we arrive at
P+ P
H(PV):=e—ey+ ZO(V—VO):O
Using e = £ Vl, we get
PV PyVo P+ P

o S W) =0

We use this equation to express V in terms of P, Py, Vp:

<P+P()> V + P()V()
V= P+R

+ﬁ

then plug it into
(u— u0)2 =—(P—Py)(V-V).

We get an expression of &1 and &3 on the u-P plane:

S u = up—o(P)
GRS u = u0+¢0(P)

_(P-h)

P, P 1 —1
Z() = —Oq) <—> s (I)(W) = %W—F YT
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Admissible rarefaction curves and shock curves On i1, only the portion where 4, is
increasing is admissible, because the rarefaction fan requires the characteristic speed of the
left end of the fan should be smaller than that of the right end of the fan. Therefore, we
define the admissible rarefaction curves and shock curves for the left state () as

R (€) = uo — yo(P) for P < Py
S, (0) =ug— ¢o(P) for P > By
and the admissible rarefaction curves and shock curves for the right state (r) as
R (r) = uo+ yo(P) for P < By
&3 (r) = ug + ¢o(P) for P > R.
The admissible wave curves are defined to be
=% (U ()
7" =R () UST(r).

Figure 6.3: The admissible rarefaction curves and shock curves on the u-P plane with
left/right states.

Solving Riemann problems Now we are ready to solve the Riemann Problem with initial
states (pr, Pr,ur) and (pg, Pg,ug). The solution to this Riemann problem consists of three

elementary waves:
1-wave :((pr, PL,ur), (P1,Pr,ur)),
2-wave :((pr, Pr,ur), (P, Pu,uimr)),
3-wave :((pm, Pir,un), (PR, PR, UR))-
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e, Pryur | po, Poyoun

ﬁL,PL,uL pR,PR:UH

Figure 6.4: The three elementary waves with the left state (pr,P,uz) and the right state
(PR, Pr,ug). The states (py, Pr,us) and (py, Py, uyr) are called the mid states, which forms a
contact discontinuity.

Recall that the second wave is a contact discontinuity, on which [u] = 0, [P] = 0. Thus, we
have

Uy = Up = Usx,
Pr=Py=P..

Finding the mid states (u.,P.) Given a left state Uy, := (pr,Pr,ur) and a right state
Ur := (pr, Pr,ug), we want to find two mid states U; and Uy such that (Ur,U;) forms
an 1-wave, and (Uy,Ug) forms a 3-wave and (U;,Uy) forms a 2-wave. From the jump
condition of the 2-wave, we have U; = (py, P, u,) and Uy = (py, Ps,us). With this, then
pr and py can be determined the equation on Tl(é) (Ur) and T3(r) (Ug), respectively. The mid
state (uy, Py) is the intersection of Tl(g)(UL) and T3(r)(UR) on the u-P plane.

Godunov gives a procedure to find the mid state (u,,P;). The algorithm to find P, is to
solve

up—fL(P) = uy=ug=ug+ fr(P)
w(P) P<P

P) = 0=L, orR.
fo(P) { ¢o(P) P>Py
This is equivalent to

{—ZL(M*—ML) = P*—PL (69)

ZR(M*—MR) = P*—PR,

| P P | P P
\%3 Pr Vr P

where
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and
ey + 21w > 1 (shock),
P(w) = =1 1-w_ w < 1 (rarefaction)
2V lwa;V1 B '

System is an equation for (u,, P;). It can be solved by Newton’s method.
The state pj can be obtained from (pg, pr,ug) and (u., P.) by similar way.

P

U pr, Pr,ur, Pr, Pr,up

Figure 6.5: This is a solution of the Riemann problem with p; < pg. In this case, from the
left state (¢), we follow &/ '; and from the right state (), we follow R; . Their intersection
gives the mid state (u,, Py).

Wave structures Given (pr, Pr,uz) and (pg, Pr,ug). Let us define

y=1
2 2
e raref := y=TCL (1 — (%) >,

. ohk — or (P2 2
shic:= ez (Pf ) \/y((7—1)+(7/+1)?2)’

e du:=ugr—uj.

We have the following cases:
(1) (Pr < P) & (du > raref) or (pg > Pr) & (du > shk) = R| +Rj3.
(2) (pr > P) & (—shk < du < shk) = S| +R3
(3) (pr < PL) & (—shk < du < shk) = R| + 53
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(4) (Pr < PL) & (du < —raref) or (pg > PL) & (du < —shk) = S| + S3.
Note that the transition from (1) to (2) (i.e. R; + R3 to S| + R3 happens when the left state
(£) € Ry (r).
Once (uy, P,) is found, the full mid state can be obtained by the follows:
e If the 1-wave is a rarefaction wave, then py can be determined by

P.p; " =A(S;) =A(SL) = Pp,”

In the region: A;(UL) < x/t < A;(Uy), the state U = (p,u,Sr) is determined by

{ u—c=7s
u—ur = ¢r(P).

o If the 1-wave is a shock, then 1/p; = V; can be determined by

(u* — ML)Z = —(P* — PL)(VI - VL).

The vacuum State The mid state should satisfy P, > 0. There are situations that the mid
state P, < 0. In such cases, we say the mid state contains a vacuum state. The intersections
of the admissible wave curves and the axis where P = 0O are the vacuum states. Usually,
this happens when the two sides of gases running in opposite directions too fast.

g —

Figure 6.6: The vacuum state appears when P, < 0.
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Chapter 7

Viscous Fluids

7.1 Viscosity

7.1.1 Stress

The stress is a surface force. It is comprised with a hydrostatic part —pl and a deviatoric
part 7. The hydrostatic force is due to random collisions of particles. It exists even when
the macroscopic velocity v = 0. The deviatoric stress consists of a restoration force and a
resistance force in response to the fluid motions. The restoration part is called the elastic
stress, while the resistance part, the viscous stress. In fluids, we do not have the elastic
stress.

Consider a small piece of surface centered at x with area dA and (outer) normal v. Sup-
pose this surface is exerted a force tdA from its neighboring particles. Cauchy postulates
the following principles to characterize the stress:

* Cauchy stress principle: The stress is assumed to be a function of the Euler coordinate
x and the normal of the surface v.

* Conservation of linear momentum: This leads to that there exists a tensor 6(x) such
that
t:G(X)'V, or ti:GijVj. (7.1)

* Principle of angular momentum: There is no internal torque and thus the macroscopic
angular momentum is conserved. This leads to
o(x) is symmetric. (7.2)
The proofs of these principles will be given in later chapter. In fluids, such stress is com-
prised with a hydrostatic part —pl and a viscous part 7:

’G:—pl—i—f.‘ (7.3)

109
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The first term is due to direct impact of particles to the surface. It is a thermodynamic force.
It exists even when the velocity is zero or a constant. We assume the fluid is isotropic (i.e. a
property that has the same value in all directions). Then this thermodynamic stress is —pI.
The second term 7 is called the viscous stress tensor. It is due to the resistance of fluids to
the fluid motions. It occurs when different fluid parcels move at different velocities. Thus,
T depends on Vv, or maybe, VVv,..., etc. We note that T = 0 when v is a constant. The
hypothesis of Newtonian fluids is that T as a linear function of Vv.

7.1.2 Rate-of-Strain

The term Vv measures the rate of material deformation and is called rate-of-deformation.
We can decompose Vv into two parts:

2Vy = (VWw+(VW)!) + (VW= (VWW)1) =+ . (7.4)

Here, 7 is called rate-of-strain tensor and @ the vorticity tensor.

Examples Let us see two examples of Vv to understand how fluid responds to this defor-
mation rate.

* Rigid-body rotation We do not observe any resistance force in a rigid-body rotation
of fluids The rotation can be expressed as

v=axx, a=(a,o0,03) isthe rotation vector.

This implies that

0 —03 (05)
Vv=| o3 0 —-o,
-0 o 0

which is an antisymmetric matrix, i.e.
Vv+ (V)T =o0.

For this rotational flow, we find the corresponding 7 = O from experiment. Thus, we
should require T = 0 when Vv + (Vv)T = 0.

* Simple shear flow A simple shear flow is given by
vi =%ix2, vn=0, v3=0. (1.5)

Here, 75, is the shear rate. We assume it is a constant. This flow is an inviscid,
incompressible fluid flow.
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It is found experimentally for a wide class of fluids and over a wide range of shear
rate that the pressure p is independent of }»; and

T = Ui

for some constant it. Such ratio u is called the shear viscosity.

7.1.3 The stress and strain-rate relation for Newtonian fluids

Assumptions of isotropic Newtonian fluids
e The viscous stress tensor 7 is linear in strain rate Vv,
* T is isotropic
* T is symmetric

From the assumption that 7 is linear w.r.t. Vv, we can write

vk

Tij :aijklw

for some constants (a;ji;). From 7 being isotropic, i.e. this rank 4 tensor (k) is isotropic
(i.e. a property that has identical value in all directions), then it can be shown that

ajji; = 0L8;;0 + B Oixbj1 + Vi Ok (7.6)

for some constants «, 8, y.|'| From 7 being symmetric, we get that a; i, is symmetric in i, j.
This leads to B = 7. That is,

aijir = 0080 + B (8x6j1 + 8ubji) - (7.7)

I'This is a theorem for isotropic tensor

* A rank 2 tensor Q = Q;je;ej ({e;} is an orthonormal basis) is called isotropic if Q = Q; jege'j, where

e} = R¥e; and R¥ is a rotation matrix.

* A rank 4 tensor A = a;je;ejexe; is called isotropic if A = a;juejee;e; for any e} = R¥e; and R is a
rotation matrix.

Lemma 7.6.  (a) A rank 2 isotropic tensor has the form: Q = a.d;jeje; for some scalar o.

(b) A rank 4 isotropic tensor has the form: A = 0.;;8; + B0 Sj1 + Y0; S for some scalars o, 7.
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Hence
vk
Tij = aijklﬁ
VK
= [a6;j8 + B (881 + 6] o
v v Mk
=p (a—+ a_> RF
= BYij + 00 Vi
We write it as
T=By+otr(y)l.
Let us define the strain rate {
D=2 (Vv+ (vv)7), (7.8)

the rate of shear strain and rate of bulk strain by

1 1
Ds:=D— §Tr(D)I, Dy, = gTr(D).
We can express 7 in terms of Dy and D, by
T =2nNDs(v) +2LDp (V). (7.9)

The coefficient 1 is called the shear viscosity, while { the bulk viscosity. They satisfy
n>0 ¢>0. (7.10)

Homework Show that a rank 4 isotropic tensor has the form: A = a&;;6 + By +
Y06 for some scalars o, 3, 7. .

Momentum equation The viscous force is
2
V.t = V. {r[ (VV+(VV)T—§V-VI) —}—CV-VI]

_ 2 n

= nViv+ (C+§)V(V-v).
In the above calculation, we have used

. 2 : .2

aj [&v’ =+ 8jv’ — §akvk:| = ajaivj + 81-2\/’ — gaj(akvk>

|
— o'?fv’+§c9j(c9kvk).
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Thus, for compressible viscous flows, the momentum equation reads

p(&,v—l—vVv)+Vp:nV%—I—(C%—%)V(V-v). (7.11)

Vorticity equation for compressible viscous flows From (3.2)), the momentum equation
can also expressed as

1
p (V;+&)XV+V(§|V|2))+Vp:V-T, (7.12)

By taking curl on this equation, assuming incompressibility, we obtain the vorticity equa-
tion for incompressible viscous flows:

G0+v-Vo—(0-V)v+o(V-v)=nA o. (7.13)

Note that the bulk viscosity does not effect the diffusion of the vortices.

Boundary condition For a fixed bundary, a natural boundary for viscous flow is

v=0 onboundary.

7.2 Heat conduction and Energy equation

The energy equation involves the rate-of-work done by the surface force and body force,
which are 6-vandf-v.

When temperature is not uniform in a media, it generates a heat flux q due to random
motion of particles and causes energy transfer in fluid. This heat flux is a function of VT,
where T is the temperature. It should be zero when VT = 0. To the first order, we may

assume
an

where K is a positive parameter, called heat conductivity. Formula (7.14) is called the
Fourier law.
With the above two sources of rate-of-energy, the new energy equation becomes

d(pE)
ot

+V.-(pEv—ov+q)=f-v, o=—-pl+7. (7.15)

where E = %’V|2 + U 1is the total energy density per unit mass.
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Boundary condition Since the energy involves 2nd order derivatives of the temperature,
natural boundary conditions can be prescribed on 7', which is described below. Suppose
the boundary is I'. The boundary I" is decomposed into I'; UI', UI'g, where I'g has area 0.
We prescribe Dirichlet data 7 on I'; and Neumann data on I',,. That is

{ T(X) = Td(X) xely
VT -v(x)=g(x) xeTl,.

7.3 Energy dissipation and entropy production

Dissipation of kinetic energy To analyze the evolution of kinetic energy, as that in the
classical mechanics, we take dot product of the momentum equation with v, on the left-
hand side, we get the time derivative of the kinetic energy:

vlpvi+v-v)] = 4 (%mv!z)+V~<pv>¥+v-<pv-w>

i

) (%pMz) +9(pv)) 5 +'pr/ oV
= 3 (3IE) 5 GolvEv)
2 2
The pressure gradient term in the momentum equation contributes the following work:
v-Vp=V-(pv)—pV-v.
The viscous force contributes the following work:
v-(V-1)=V-(v-1)—Vv:1
=V-(v-1)— % (Vv+(Vv)") it - 7is symmetric
=V-(v-1)—1:D

Recall that
’L':ZT]DS—FZCD[,, D=D;+D,

and note that Ds: Dy, = 0, we get
T:D = 2n|Dy> +2¢|Dy . (7.16)
Finally, we get the following equation for the kinetic energy:
O (PEY)+V - [(pE+pl—71)-v]—pV-v=—1:D.

Here,
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* pE; = p|v|?/2 is the kinetic energy density per unit volume;

e V.v= %‘fl—‘t/ is the volume change rate; and pV - v is the energy rate change due to the
work from volume change; If ‘fi—‘;
to internal energy.

< 0, then the kinetic energy decreases and transfers

* The term 21|D;|? and 2{|Dy|? are the dissipation rate of due to viscous shear force
and viscous bulk force, respectively. They contribute the decay of the kinetic energy.
They are the heat sources generated by viscous terms.

In the case of incompressible flow where V - v = 0, we get that the decay of the total kinetic
energy.

Increase of entropy First, we subtract the kinetic energy from the energy equation

d(pE)+ div[(pE+p)v|=V-(T-v—q).

to get an equation for internal energy:

o (pU)+V . -(pUv)=—pV-v—V.q+1:D.

pU is the internal energy per unit volume;

* —pV -vis the rate of change of the work exerted to the fluid parcel from surrounding
fluids;

* —V.(q s the heat source from heat conduction;

7:D is the heat source generated from viscosity.

From continuity equation, the above equation can also be expressed as

du
p—=—pVv-V-q+1:D. (7.17)

From the first law of thermodynamics
dU =TdS — pdV,

We get
dU ds dv
— =pT— —pp— =pT
Par =P PP =P 4
Thus, we obtain

ds
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or
as V'q—}—er
Par =~ 778

By Adding S(d;p +V - (pv)) = 0 to this equation and express % =V-($)+72q-VT, we
get

d q 1 1
— V- (z)=-259 VT +1:D.
dt (pS) + (T> 724 + 7"

1 1
8t(pS)+V-(VpS)+V-<%) = —9-VT + Z7:D. (7.18)

The integral form is

q-n 1
dt/ deer/aQ() ds = / ( —>q- VT+T1' D) dx (7.19)

¢ The terms %"L‘:D > 0;

* When ¢ satisfies the Fourier law: q = kVT with Kk > 0, then the term

2
| ‘>0.

1

Thus, the increase of entropy is due to the heat dissipation and heat generated from viscos-
ity. The terms Dy and Dy, are called the entropy production source.

Clausius-Duhem inequality The second law of thermodynamics states that

a’t/ deX+/ dS / —d >0, (7.20)

where r is the heat source, q the heat flux. This is called the Clausius-Duhem inequality.
Comparing (7.19) and (7.20), and use ((7.16), we see the heat source in gas system is

VT |?

pr==K—s

2
+ 2 (nIDsf* + D5 ).
Thus, the second law of thermodynamics, expressed as (7.20)) if and only if

k>0, n>0, {>0. (7.21)
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Homeworks

1. For viscous flows, the no-slip boundary condition on a solid boundary d€ is defined
to be
v=0 ondQ,

the normal stress is defined to be Ty := 7- V. Show that for incompressible Newtonian
viscous flows with no-slip boundary condition, the normal stresses are zero at solid
boundary.

2. Derive the entropy production formula in Lagrangian coordinate

Remarks

1. For heat equation ¢, 7; = V- (kVT), we divide it by T and integrate it over the whole
domain to get

T, 1

/cv—’dx:/ —V.(kVT)dx
o T oTl
K

:/Qﬁ\vryzdwo

Thus, we can define entropy s = ¢, log T, then

d
— d 0.
dt/gsx>

7.4 Viscous Flows

7.4.1 Stokes Flows

Shear flows

¢ Poiseuille flow (Laminar flow in a tube)

* Cavity flow

7.4.2 Bifurcation of fluid flows
* Flow passes a cylinder
* Flow separation
* Taylor-Couette flow

* Rayleigh-Bénard Flow
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Chapter 8
Kinematics of Elasticity

Solid mechanics includes elasticity, plasticity, viscoelasticity, visco-plasticity, liquid crys-
tal, etc. F_-I The deformation of solid material is described by the flow map of the material.
The geometric change (deformation) of the material involves forces in the internal molec-
ular structure or from the external world. There are two kinds of forces: conservative and
non-conservative. The conservative force gives reversible physical process, while the phys-
ical process is irreversible for nonconservative forces. In the first few chapters, we study
mechanics of simple elasticity. Its content includes

* the geometry of the deformation (strain);
* the response of the material to the deformation (stress-strain relation);

* the dynamics of a simple elastic material.

I'The references of this chapter include

* J. Ball, Mathematical Foundations of Elasticity Theory (Oxford Lecture slides).
* Ciarlet, Mathematical Elasticity, Vol. 1, Three dimensional elasticity.

* Marsden and Hughes, Mathematical Foundations of Elasticity (1983)

* Drozdov, Finite Elasticity and Viscoelasticity.

» Beris and Edwards, Thermodynamics of Flowing Systems (1994).

Vlado A. Lubarda, Elastoplasticity Theory.

121



122 CHAPTER 8. KINEMATICS OF ELASTICITY

8.1 Deformation and Strain

8.1.1 Flow maps and Deformation gradient

Flow maps and velocity fields Let us imagine an elastic material deforms from a domain
M at time O to M; at time ¢. The domain M; is a manifold, called the configuration space
or the observor’s space. The initial region M is called the reference space or the material
space. We denote such a deformation or flow map byE|

o X — x(1,X).
That is, a position with coordinate X is deformed to a position x at time 7. The coordinate X
is called the Lagrange coordinate (or the material coordinate, or the reference coordinate),
while x the Euler coordinate (or the world coordinate, or the observer’s coordinate). We

shall assume the flow map x(-,-) is Lipschitz continuous and the map ¢, : X — x(¢,X)
invertible for almost all z. E| The velocity v(¢,x) is defined to be

v(t,x(t,X)) =x(t,X).

Here, the dot is the differentiation in ¢ with fixed X. Conversely, given a vector field v :
Usrs0{t} x M; — R3, one can obtain a flow map x(¢,X) by solving the ODE

x(1,X) =v(t,x), x(0,X)=X.
Thus, the dynamics of the material is described by either the flow map x(¢,X) or the
velocity field v(z,x).

Deformation gradient The gradient

F(t,X):=Vxx(t,X) = 3—;(I,X) (8.1)

is called the deformation gradient. E| It is clear that F(0,X) = I. Its component expression
is

, : ax'
_ a._ a
dx' = F,dX? = 8X“dX .

Let us denote the Jacobian by
J(t,X) :=detF(t,X).

We require J(¢,X) > O for all time from physical consideration. That means that the flow
map ¢ is orientation preserving.

’In later chapters, the flow map will also be denoted by x = ¢;(X) in differential geometry, and by x =
q(#,X) in Hamilton mechanics.

3The flow map x(¢, -) may not be differentiable everywhere. dx/dX may have discontinuity.

“In differential geometry, we express F as d¢,.
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Rate of deformation By differentiating the equation x(7,X) = v(¢,x(7,X)) in X, we get

ox ov ARZD.
X ﬁ(f,x(lax)) = %X
In component form, it is
0 d ; ovi dxk

l
—X(t,X) = — ——.
axaor” %) = G axa
Using commuting property of d; and dy, we obtain
d dxi oV o
Jt 0X*  Jdxk X’
or

F = (VV)F =LF.

The term i
. Vl

L,:=—- or L=Vv
ke oxk

is called the rate-of-deformation. E]

8.1.2 Examples
1. Rigid body motion A trivial flow motion is the rigid-body motion defined by
x=xo(t) +0(1)X
where Q(t) is an orthogonal matrix, i.e. Q07 = I. We have
X =0" (x—x0(1)).
The deformation gradient F' = Q. From
v=X=xo(t) + O(t)X =Xo(t) + Q(1)Q" (¢t) (x— x0(t)).

Thus,
Vv =0(nQ" (r).
Note that
v+ (VW) =00" +00" =0, --0'0=1I

Let us characterize the rigid-body motion without proof.

(8.2)

Proposition 8.4. Let ¢; : @ — R? be a flow map in R>. Then ¢,(X) is a rigid-body motion

ifand only if FTF =1, where F := Vx @,.

Note that (Vv)i := 9v'/dx*, which is different from the notation of ordinary tensor product. There,

(Vav) j( := d,iv/. In terms of the notation of tensor product, our Vv is the tensor product v V.
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2. Shear flow A simple shear flow is given by
vi=P1x2, =0, v3=0. (8.3)
Here, 51 is a constant, called the shear rate. The corresponding flow map is
x1=X1+pitXs, n=X, x3=X.
The deformation gradient and rate-of-deformation are

Lyt 0 1
F = 1

3. Simple shearless flow ﬁis given by

1
V= ——é‘(l +b)x1

2

1
V) = _Eé(l —b)xp (8.4)
V3 = €X3.

Here, 0 < b < 1 and € are two constants, called the elongation rates. We have

—1e(1+b)
Vv = —3&(1-b) |,
£
It satisfies
V-v=0.

Thus, this flow map is volume preserving. The flow map is given by

x! exp(—3£&(1+b)t) X!

x| = exp(—%é(l—b)t) X?

X exp(&r)| | X3

Special cases are

« Elongational flow: b =0,& > 0. It elongates in x> direction and shrinks in x! and x*
cross-section plane.

* Bi-axial stretching flow: b = 0,& < 0. It stretches in x> direction and expands in

x!-x? cross section plane.

1

* Planar elongational flow: b= 1. A flow with motion only in x'-x* plane.

®This part of note mainly comes from Bird’s book, Vol. I, Chapter 3.
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4. Linear Deformation Consider an elastic motion satisfying Vv = constant. That is,
v =Ax, A isa constant matrix.

We can compute the corresponding flow map
x=v=A4x, x(0,X)=X.

The flow map is
x(1,X) = eX.

The deformation gradient and rate of deformation are

F=¢4 Vyv=A.

We see that
1. From det(e'd) = /7" we get J (1) = det F(r) = 1 iff Tr(A) = 0.

2. If A is anti-symmetric, i.e. A +AT =0, then A can be expressed as

—3 W
A= 3 - |,
— W

and Q = ¢ satisfies[]
007 = JALAT _ pra+AT) _ g
That is, Q is a rotation. Thus, the flow is a rigid-body motion.
3. If A = AI, then ¢"4X is an isotropic expansion/shrinking.
4. Suppose A is symmetric and Tr(A) = 0. We can diagonalize A, say A = diag(4;,12,13)

with Y, 4; = 0. Then

el‘A — diag(etl17ellz7etl3).

It expands in those directions where A; > 0 and shrinks in those where A; < 0.

"Note that for any two constant square matrices A and B, we have exp(A) exp(B) = exp(A + B) if and only
if AB = BA. This can be proven by using Taylor expansion and mutual diagonalization. For antisymmetric
matrix A, we have AT = —A. Thus, AAT = —A2 = ATA.
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5. A symmetric matrix A can be expressed as

1 1
A=(A- §Tr(A)I) + §Tr(A)I

The first term is trace free and the second term is isotropic.

A—_lTr(A)I)e_%Tr(A).

6. A general matrix can be decomposed into

1 1
A= §(A+AT)+§(A—AT) =S+Q.

Its exponential map in a short period of time can be approximated by

A — IS AIQ 0((At)2) — AIRAIS | O((At)z) for small time At.

The reason why this is only an approximation is because S and Q may not commute
to each other.

Homework LetA, B be two n X n matrices. Show that
AHA+B) _ eAtAeArB+0((At)2)_

Hint: Use the definition ¢4 = Y, nll(tA)".

8.1.3 Geometric meaning of deformation gradient

Singular Value Decomposition of F.

Proposition 8.5. The deformation gradient F has the following representation:

F = O,A0% (8.5)

where
A:diag(llalz,l3)a liZO,

and
On = [nl,nz,ng], ON = [N],N2,N3]

are two orthogonal matrices in the world space and material space, respectively.
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Remark The representation (8.5)) is called the singular value decomposition of F. A; are
called the singular values of F'. We can also express F as

F= Z?LknkN,{.
k

In component form, it reads
Foy =Y MmN,
k

The matrix nkN,{ is a rank-1 matrix. It is a projectionon to n.

Proof. 1. Consider the matrix F7 F, which is symmetric and non-negative. It has eigen-
values/eigenvectors: lkz and N, k = 1,2,3. The eigenvectors are orthonormal. That
18,

(Ni,N¢) = 6o
We choose A, > 0. They are called the singular values of F'.

2. For those k with A; # 0, we define n; := FN; /A, then ||ng||? = 1. For

1 1
(ng,my) = ﬁ<FNkaFNk> = ﬁ(FTFNk,NO = (Ni, Ni) = 1.
k k
If A # Ay, then (ng,ny) = 0. This is because
e

1 1
(g, mp) = ——— (FNj, FNy) = = (FTFN;,Ny) =
v

/'Lklz A‘k)% <Nk7NZ> =0.

3. If there are Ay = O for some ¢, then the set {ny| the corresponding A; # 0} can not
form a basis in R. We extend the set {n;|A; # 0} to its orthogonal complement such
that the extended set {n;} constitutes an orthonormal basis in R3. That is,

(g, mg) =8, 1<k L<3.
The above construction of {n;} satisfies

FNk:lknk,k: 1,2,3. (86)

8The eigenvalues are nonnegative because

0 < (FNi, FN;) = (FTFNi, NR) = A2 (N, Ng) = AZ.
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4. Let On = [n1 ,nz,n3], ON = [N],Nz,Ng,] and A = diag(ll,lz,lﬁ. Then On and ON
are orthogonal matrices, and can be expressed as

F[N1,N2,N3] = [n;,my, n3]diag(A;, 42, A3),

or
F = 0,A0%.

Remarks

1. Let {Eq := dxe|ax = 1,2,3} be the basis in the material space, and {e; := d.i|i =
1,2,3} be the basis in the observer’s space. The representations of Ox = [N1,N, N3]
and Op = [n],ny, n3) are

Nk:N/?Ea, nk:n};ei.

2. Suppose we choose [N,N3, N3] as an orthonormal frame in material space and [n,n;, n3]
an orthonormal frame in observer’s space. Let X’ be the coordinate of X in the frame
[N1,N2, N3], then we have dX’' = OLdX. Similarly, let X' be the coordinate of X in
the frame [n;,ny,n3], we also have dx’ = Ol dx. Under these two frames, the defor-
mation gradient F' has the representation:

dx' = Ol dx = Ol FdX = Ol (0,AO)dX = AdX'.

This means that in the coordinate systems X’ and X/, the deformation is an elonga-
tion/stretching.

3. Let us restate the above argument by investigating the deformation of a small ball.
Consider a small ball {|AX|? = £} in the tangent space of material space TM,. Let us
represent the tangent AX in terms of Ny as AX = AX' "N t- The deformation gradient
F maps AX to Ax, which has the representation:

AX = F(AX) = F(AX*Ny) = L,AX " ny.

On the other hand, Ax = Ax'*n;. Thus, the small ball | AX||? = €2 is deformed to an
ellipsoid
Axk 2
y A2
2'k

k

with axes ny,ny,ns.
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N3

o
NM "'nl‘

F Ay = de e, ko133

Figure 8.1: Singular value decomposition of F. FN;, = A;ny

Polar decomposition of

1. Let F = O,,AOI(I be the singular value decomposition of F'. Then
F = 0nAO% = (0n0X)(ONAOK) = 0S,,  Fiy = 0}Sh,.

O:=0n, S,:=AO%.

This is called the right polar decomposition of F', where O is a rotation and S, is a
self-adjoint semi-positive definite operator. There is a geometric interpretation for
the polar decomposition of a deformation gradient. The rotation O is an isometry
map (metric preserving) from material space to Eulerian space, while S, is a self-
adjoint operator from material space to itself. It is called right stretching tensor. The
decomposition of an infinitesimal deformation F means that we perform an elonga-
tion or stretching (i.e. S,) on the material first, then map to the Eulerian space by
an isometry (i.e. O). We shall see in later section that the isometry contributes no
energy. Thus, the internal energy W corresponding to the deformation gradient F is
only a function of S, or equivalent S% = C = FTF, the right Cauchy-Green strain.
We shall see this in the material response to the deformation in later section.

2. Alternatively, we can have left polar decomposition:
F = OnAOK = (OnAO})(0,0§) = S,07,  Fj =S ,0%,

0= ON, S] := OnA.

‘We notice that
S, =0"s,0.

Thus they have the same eigenvalues A;. The corresponding eigenvectors are N; for
S, and n; for §;.
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8.1.4 Deformation Tensors and Strain Tensors

There are many ways to measure the deformation of a material. The basic one is the de-
formation gradient F. Others are various forms of F, which encode necessary information
of F needed in the stress-strain relation. They are tensors, called the strain tensors. These
deformation tensors and the strain tensors are dimensionless quantities.

Deformation Tensors

1. There are many ways to measure the deformation of a material. Some are naturally
defined in the material space My, some others are naturally defined in observer space
M;. These deformation tensors are also called the strain tensors. ﬂ

e Strain tensors defined in Mj:

— Deformation gradient Fj,(t,X) = 2.

— Right Cauchy-Green deformation tensor: C = F'F, or C% = (F T)?Fé =
FiFy.
— Right stretch tensor S, := (FTF)!/2,
e Strain tensors defined in M;:
— Inverse deformation gradient: (F~1)%(z,x) = %
— Left Cauchy-Green deformation tensor: B := FF', or B = Fj,(F)% =
FLFy.
— Left stretch tensor S; := (FFT)!/2,

2. The geometric meaning of deformation tensors can be analyzed through the change
of arc length after deformation. We have

(dx,dx) = (FdX ,FdX) = (FTFdX,dX) = (CdX,dX) (8.7)
and
(dX,dX) = (F~'dx,F~ldx) = (dx,(F " TF~1dx) = (dx, B ldx). (8.8)

Thus, the deformation tensors are the ratio of metric between Lagrangian and Eu-
lerian coordinates. C is the pullback of the metric (dx,dx) by the flow map ¢.
The principal eigenvalues of C = FTF are the stretching of the infinitesimal length
lax|f?.

9Some textbooks use the following names: Finger’s tensor (F'F T, Cauchy (F TEy, Piola (F~'F~T), and
Almansi (F~TF~1)
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3. The right Cauchy-Green deformation tensor is also the first fundamental form of the

domain Q(r). The tangent vector go := -2%; and the first fundamental form is defined

0X
to be Cyp := (8o, 8p)-

4. Deformation of an infinitesimal ellipsoid. Consider an infinitesimal sphere at t = 0.
It is expressed as
dX-dX =1.

At time ¢, it is deformed to
dx-B~l.dx=dX-dX = 1.

This is an infinitesimal ellipsoid with three axies n;,ny,n3 and length 7Lk2.

8.1.5 Displacement and Strain
* Displacement vector: u:=x(7,X) — X.
» Lagrangian strain tensor: E := 3 (C—1) = 3((I+ Vxu)T (14 Vxu) —1I).
* Eulerian strain tensor: e := 3(I—B~1).

. : - ce— L (od | ouw
Eulerian strain tensor: € = 5 ( o T ox )

Let ds? := dx - dx and dS* = dX - dX. We have
dx-dx —dX -dX =dX -F'F.dX —dX -dX = dX - (2E)-dX

dx-dx—dX -dX =dx-dx—dx-(F"TF~1).dx =dx-(2¢)-dx.

Sometimes, we write them as

. ds* — dS? ds* — ds?
= — e — ————
2dSs? 2ds?

Infinitesimal strains We can also express strains in terms of displacement gradients.
Note that
F=1+Vxu.

Define the following infinitesimal strain tensor

(Vxu+Vyu') = %(F +F—1.

| =

€=
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i ow
“=5\oxi Toxi)

((I+Vxu)' (I+Vyu)—1) =e+o(e). (8.9)

That is,

We have

E_1
2

Geometric meaning of infinitesimal strain. To understand the physical meaning of &1,
let us consider an infinitesimal vector dX; := (d/1,0,0)”. The vector is deformed to

du' du* 9’

dx; = (1 Tae,.
1=+ o5m ox ax1) 40
Its length square
~ du!
2 2
= ~|14+2— .
(d€1) <dX1,dX]> ( + 8X1) (dﬁ])

Here, we have neglected the hight order terms. Thus,

~ / dul du!

dly —di,

de;
Thus, the physical meaning of ey is the relative change of d/ in the direction ;. Similarly,
to understand the physical meaning of e1,, we consider two infinitesimal vectors

That is

e~

dxX, = (d¢,0,0)7
dX, = (0,dl»,0)7.

The corresponding deformed vectors are

oul ou* Jud

T

o= (g axt axt) 40
ou! ou* u’

P = (Gt o5 gx2) 4

The inner product
ou'  u?

<dX1,dX2> ~ <m + ﬁ

)dﬁldéz.

Hence, we get o
dﬁldﬂz cos = Zelzdgldgz
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where 0 is the angle between dx; and dx;. Using (8.10) and neglecting higher order terms,
we get

el = Ecose.

Thus, the physical meaning of e is the half of the cosine of the relative angle between the
two deformed orthogonal vectors e¢; and e, directors.

8.2 Stress

8.2.1 The stress tensor in Eulerian coordinate — Cauchy stress

The stress is a surface force. It is a restoration force in response to the material deforma-
tion. Imagine an elastic bar being stretched. You can measure a force on the cross section
opposite to the direction of the stretching. This is the stress. It is the surface force per unit
area. The existence of the stress is based on the following Cauchy stress principle.

Axiom of Cauchy stress principle For an elastic material occupying €, under a body
force f and surface force g, it holds that for any x € Q;, any small surface dS C Q; with
normal Vv, there exists a surface force t(x, v) on dS such that t = g on the boundary 9.
We call t(x, v) the Cauchy stress vector. The Cauchy stress vector is characterized by the
following Cauchy theorem.

Theorem 8.6 (Cauchy). Assuming the Cauchy stress principle.

* In addition, assuming Principle of linear momentum:

/dex:/ tdS+/fdx
G G G

for any domain G C €. Then, there exists a tensor ¢ (X) such that

t(x,v) =0o(x)-v. (8.11)
* In addition, assuming Principle of angular momentum:

d
/pxx—vdx:/ XXG-VdS+/X><de
G dt oG G

for any G C Q;, then
o(X) is symmetric. (8.12)
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Proof. 1. To show (8.T1), given v, we consider a plane with normal v. The plane
intersects the coordinate axes ej,e;,e3 at A1,Az, A3, respectively. Let us consider the
pyramid OA|A»A3, call it AG. The surface AjA>A3 is denoted by AS, and the three
sides of the pyramid are denoted by AS;. The conservation of linear momentum on
AG reads

—dx = t(x,v)dS+ / —e; dS-I—/ fdx.
/AGpdt / lzi 2 AG

By dividing both sides by AS then take AS — 0, we can get

p—dx—>0 fdx —0
AG  dt AG

because AG/AS — 0, and

3
— Z V,'t(X
i=1
because
VAS = (AS1,AS,AS3).

On the other hand, from Newton’s third law, we can get t(x,—e;) = —t(x,e;). We
conclude that t is linear in v.

2. The principle of moments (conservation of angular momentum) reads

/p(xxd—> dx—/ (xxc-v)dS+/xxfdx,
G dt 9G G

where the left-hand side is the change of total angular momentum. The first term on
the right-hand side is the total torque from surface, the second term is the total toque
from the body. In differential form:

d
pxxd—::Vx-(xxo)erxf.

On the other hand, from linear momentum equation:

dv
— =Vx-0+f
pdt x 0 +1,

we take cross product with x on both sides to get

pxxi—::xx(VX-G)erxf.
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This leads to
Vi - (xx0)=xx(Vx-0). (8.13)

The left-hand term in coordinate form is

j <kl _ J ~ki j kl
o'?l(s,-jkxfo) = 8ijk616 +8,-jkx1816

kj j ki
= §j0 J—f—Siij]alG

The right-hand term x x (V- 6) in coordinate form is ei]-kxj d,0* . Comparing both

sides of (8.13)), we get
8ijk6kj =0.

That is,
o’ =o'

]

Thus, by assuming the conservation of linear momentum, the conservation of angular
momentum is equivalent to the symmetry of the stress tensor.

Remarks

e If there is no internal torque, then the principle of moment is valid. However, the
Cauchy stress is not necessarily symmetric for complex fluids. For instance, the
liquid crystal looks like fluids with rods. In equilibrium and below certain critical
temperature, the rods align with each other. The corresponding stress is symmetric.
However, in non-equilibrium states, rods may not align to the same direction. There
is an internal torque try to align them to reach equilibrium. This internal torque is the
source of asymmetry of the Cauchy stress.

* If the relaxation time of the material response to the deformation is very short as
compared with the macroscopic time dt, we can treat the deformation process is in
equilibrium at every instance. In this case, we treat the Cauchy stress to be symmet-
ric.

8.2.2 The stress tensor in Lagrangian coordinate — Piola-Kirchhoff
stress

The Cauchy stress is measured in Eulerian coordinate system. We can transform it to the
Lagrange coordinate system.
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We want to express the linear momentum equation in Lagrangian coordinate. Suppose
a material with domain Gy is deformed to G;, and its boundary Sy is deformed to S;. In
Eulerian coordinate, the linear momentum equation is

d
Gpd—:dx:/SG-VdSt. (8.14)

Here, o is the Cauchy stress. In Lagrangian coordinate, we have

poﬂdX = [ P-ndS, (8.15)
Gy dt So
The tensor P is called the Piola-Kirchhoff stress tensor or the first Piola-Kirchhoff stress
tensor. Note that in the above two momentum equations, both are in the observer’s coor-
dinate. The difference is the domain of (8.14) is in Euler coordinate, while the domain of
(8.15) is in Lagrange coordinate. Thus, P and ¢ represent the same surface force in the
observer’s coordinate system. We want to find the relation between ¢ and P.
First, the conservation of mass reads

pdx = / podX.
Gt G()
The left-hand side is [ pJdX. This is valid for any Go. This leads to

pJ = po-

Using this,
dv dv dv
p—dx:/ p—JdX :/ po—dX.
G, dt G, dt G, dt
In (8.15)), the velocity v at time ¢ is the same vector, the stress ¢ is also the same vector in
Lagrangian coordinate. We now change the surface force term to Lagrangian coordinate.
We recall that

vdS, = JF~TndsS,. (8.16)

With this, then

/G-VdSt:/ o-JF TndSy= [ P-ndsS,.
St SO SO

This gives

P=Jo-F T, o=J'pPFT.

In component form, it is
P, = 16 (F 1)), = Joi1 X
o « ox/ -
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o'l =J ' PLF.
The first Piola-Kirchhoff stress P is the pullback of the Cauchy stress ¢ via ;.
Another stress is the second Piola-Kirchhoff stress, defined by

Y:=F 'P=JFloF T,
which has range in material space, not in observer’s space. In component form, it is

. 0X“% - IX* 9XB
—1 i i i

which is also symmetric.
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Chapter 9
Dynamics of Simple Elasticity

Theory of simple elasticity studies mechanical dynamics of elastic materials, no heat trans-
fer is considered. The dynamics involving both mechanical energy and heat will be inves-
tigated in theory of thermo-elasticity in later Chapter.

9.1 Lagrangian formulation for simple elasticity

9.1.1 Variational Approach for dynamics of simple elasticity

Assumption We will derive equation of motion of simple elasticity without body forces
in Lagrange coordinate. Suppose we are given a material domain €y and a density function
Po on Q. The material is called hyper-elastic if there exists a stored energy function W (F)
such that the internal energy density of the material is given by U = W (F).

Action Given a flow map x(-,-), we define its action in the Lagrange coordinate as

/t/QO( Po(X) (2, X)* W(%))d)(dt

where the first term is the kinetic energy, the second term is the internal energy.

Admissible class We will look for extremal of §[x| for flow maps in an admissible class.
For different boundary conditions, there are different admissible class. Let us introduce the
simplest admissible class:

X := {x : Qy — R3|x is Lipschitz continuous, x(X ) = xo(X),X € dQo} 9.1)

Here, x( is a given function on the boundary.

139
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D’Alembert least action principle The dynamics of a physical flow map X(t,-) is the
extremal of the action functional 8[x| among all admissible flow maps. Thus, we look for

x = arg min{§[x]|x € X}. 9.2)

Variation w.r.t. flow maps We shall study the variation of the action with respect to the
flow map x(+, -). Let us perturb the flow map by x, (7, X) with xo(z,X) = x(¢,X), the original
unperturbed one. We call

d
5X(t,X) = %Lg:()Xg(t,X),

the variation of the flow map x(-,-). We write the variation of x by Jx (or X). Since, for
small €, X¢ (¢, -) are flow maps, its variation

Xe — X0

ox(t,X) = lir% -
£—

is an infinitesimal variation of position, thus, is also called a pseudo-velocity. The derivative

d

de |e=08 [Xe]

is called the variation of the functional §[x| in direction dx. We denote it by

d
08[x]- 6x := %Lg:()S[Xg].

This means that the physical solution x(z,X) satisfies

08[x]-6x=0

for all possible variations 6x.
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Euler-Lagrange equation Let us compute 638:

d ox¢(t,X)
5[] 5x = - S_O/t /QO( X)[xe (1, X) 2 W( - ))dth

t

:/1/( )- 8% —W'(F)SF) dX dt
fo
gl d o0dx

_ /QO(E X)) 8x— W(F)aX)dXd

dox

= )-0x—W'(F dX dt
ZO/QO(PO x- W)
t

= 1/ ( po(X 5x+( o W’(F)) ~5X) dX dt—B.C.
to Q'O aX
| 0 aX

Here,
t
BC.= [ [ Vx (W (F)x)ax dr
lo
/a )i N*Sx'dX dr, N is the outer normal of 9
Qo

is the term coming from integration by part. From boundary condition of the admissible
class, we have dx(z,X) = 0 on the boundary dQg. Thus, B.C. = 0. The D’ Alembert least

action principle gives

1 0 ox
5x—// [ tX)—i—ﬁW (ax>]~5dedt:0,

for all 6x in the tangent space of X. This leads to the following Euler-Lagrange equation

po(X)x(t,X)=Vx-P <§—;) for X € Qo, (9.3)

Here, P := W/(F) is called the first Piola-Kirchhoff stress tensor, or just the Piola stress.
Its component form is
oW i ox

Pl=— =
“ O9F) % 9Xy
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This first Piola stress is the potential difference due to the small variation of 3—; Because

d6x

x> the corresponding force (potential dif-

the variation of the deformation has the form

ference) is a surface force % H

The above Euler-Lagrange equation (9.3)) is a second-order PDE for x(7,X). We need
to impose initial condition and boundary condition.

* Initial condition For the second-order equation (9.6), we need to impose two initial
conditions:

x(0,X) =xp(X) and x(0,X)=vp(X), X €Qo.

* Boundary condition
x(1,X) =x0(X) for X € 9Qy. (9.4)

This condition is called the Dirichlet boundary condition which was inherited in our
admissible class.

External forces There are two kinds of external forces:

* body force: we assume it is conservative. f(x) = —VxV(x) for some potential func-
tion V;

* traction: we can apply traction g on some part of the boundary, say I.

Here, the traction is only applied to certain portion of the boundary. This means that the
boundary d€ is decomposed into

Qo =TJuUry.
The traction is applied on I';;. On Fg, we impose a Dirichlet boundary condition:
x(t,X) =xo(X), for X € TY.
In this situation, our admissible class is

X = {x|x(t,X) = xo(X) for X € T'9}

'Tf the potential W also depends on K := 3722,

92w, .
aXZK . More boundary conditions are also needed.

say W(F,K), then the corresponding Euler-Lagrange equa-

tion has an additional force of the form —
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We also need to add the energies contributed from these two forces to our action functional:

A
:/to"/go (lpo(x)yx(z,x)P—W (8x(§t),(X)>) dx dt

/ / x(1,X)) Jdth—f—/ / x(t,X)dSo. 9.5)
o JQo n

Here, JdX = dx. The last two terms are the potentials due to the body force and the traction.
We take variation of § with respective to x € X. This gives

5x_/t1/ { (1, X) + W (8X> —VXV(X)J} . xdX di

X 12).4

t
—/1 (W'-N—g)-SxdSodt =0,

The boundary term frg W’-N-6x = 0 because 6x = 0 on I'Y for &x in the tangent space of
X. Thus, the corresponding Euler-Lagrange becomes

) F)
po(X)X(t,X) = Vy - P (a%) FE(1,x(t,X)) det (a—;) in Q. 9.6)

where f = —V4V(x) is the body force. The initial condition is the same. The boundary
conditions are casted as

* Dirichlet: This is to impose
x(t,X) =xo(X) for X € T'¢. 9.7)
* Neumann: This is to impose

PL(F(t,X))N*(X) = g'(X) for X € 8. (9.8)

9.1.2 Equation of motion as a first-order system

Let us introduce v(7,X) := x(¢,X) and F(t,X) = g—;(r,X) and express the above second-
order equation as the following first order system:

F=8

oot 25 P(F) (9.9)

The unknowns are (F,v). There are 9+ 3 = 12 of them. The Piola stress P(F) is given as
a constitutive relation P(F) = W'(F).

2The work is minus of force times displacement
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Compatibility condition Since F is the gradient of the flow map x(z,X), it has to satisfy
the following condition:
axiaxjx = axjaxix

In terms of F, it reads

Vy xFT =0. (9.10)

This is called the compatibility condition for F. From F = g—;, we get

%VX X FT = VX X (va)T =0.
Thus, if Vx x FT =0 initially, then it is zero for all later time.

We have seen that if x(¢,x) is a solution of , then X = v and g—; satisfy and
the compatibility condition. Conversely, if v and F satisfy and the compatibility
condition, then there exists a function x(z,X) such that X = v and g—; = F. The function x
is obtained by a line integral

. X)) [ . 30 .
X (t,X) :/ vidi+ ) FydX*
a=1

The line integral is independent path because the compatibility condition.
If there is a body force which depends on x(z,X), then we should add the equation for
x. The equation of motion becomes

X=V
F = g_; 9.11)
pov = Vy - P(F) +£(t,x) det(F).

The unknowns are x, F,v. There are 3+ 9 + 3 = 15 unknowns and equations.

Initial condition For the first order system (9.11), we impose

v(0,X)=vo(X), F(0,X)=1I, Xe€Qy.

Boundary condition for the first-order system We need to translate the boundary con-
ditions (9.7) and in terms of (v,F). We differentiate these boundary conditions in ¢
and in X in the tangential direction of dQ to get

« Dirichlet: v(¢,X) =0 on I'd.

e Neumann: E] . .
P&(F(I,X))NO‘(X) =g'(X)forX € rg.

3References:
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Two examples:

1. One dimension: In one dimension, let us call u = F|! — 1 the strain, and P(F}!) = p(u).
We also assume po(X) = 1. Then the equation of motion is

ov = dxp(u) (9.12)
o = dyv. (9.13)

Here, d; means %| x. Such an equation is a 2 x 2 hyperbolic system. The stress
p(u) satisfies p’(u) > 0. This leads to the hyperbolicity of the system. Namely, the

eigenvalues of
0 p'(u)
1 0

are &+/p’, which are real and the characteristic speeds of the system. However, the
stress function p is in general non-convex. This leads to a special type of shock wave,
called contact shock, where a rarefaction wave is attached to a shock wave. A simple
model is p(u) = tanh(u), which gives so called soft spring. The stress tends to a
constant as the strain increases.

2. Linear elasticity: In the Hookean case where W (F) = §|F |2, the stress is P(F) = kF.
The equation of motion becomes

Po(X)9v =kVy - F (9.14)
OF = Vyv (9.15)

Eliminating F', we get
po(X)d2v = kViv.

This is the wave equation.

9.2 Variational approach for incompressible simple elas-
ticity
A flow map x(z,X) is called incompressible if

Ix

aX(t,X)) =detF =1.

J(t,X):= det(

1. Antman, Nonlinear Problems in Elasticity, pp. 4243-426.

2. Cialet and Mardare, Boundary conditions in intrinsic nonlinear elasticity, J. Math Pure Appl. 2014.
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This means its volume is unchanged. Thus, in the above variation of action, we should add
a constraint term with a Lagrange multiplier:

5S[x] + S/II/p(t,X)(detF —1)dXdt =0.

Here, p is the Lagrange multiplier. The variation
S(detF) =tr(F~T(8F))detF =tr(F~T(8F)),

where
r(F T (5F)) = L (F ) OF )y = L) o

i i

We take integration by part in the variation form below to get
1 1]
/p(t,X)(detF— 1)dX dt :/ /p(t,X)S(detF— 1)dX di
090
/pz ) axi dX dt = — / /Zaxa pF~T)*8xidX di

—/t /[VX T))]- SxdX d

Thus, we obtain the constraint flow equation

poi =Vx- (P—pF_T>.
Here, the divergence term in the integration by part is
(P—pF1)-8x-N=0,

where N is the outer normal of dQ. We should impose a boundary condition to make this
term zero. The full set of equations are

pov = Vx-(P(F)—pFT)
F = VxV
detF = 1

The unknowns are (F, v, p).
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Boundary conditions for incompressible elasticity The natural boundary condition is

to have
(P—pF~1.N-8x=0.

This leads to
either (P—pF~ 1) N=0, or &x=0, X e dQ=I\.

Thus, we can decompose the boundary into two parts: I'g = I'jU Fg. The boundary condi-
tions are
(P—pF™"N=0 onTI},

and
v-N=0 onfg.

9.3 Eulerian formulation for simple elasticity

9.3.1 Formulation of compressible simple elasticity in terms of F

We recall the transformation formulae of conservation laws between Lagrange and Euler

coordinate systems (2.12]), and (2.13):

U+ V- F=R (9.16)
%W+VX-9:3U. 9.17)
where
ad =l 2
pv pvVv—o f
W=W, §G:=(F-Uv)-JFT. (9.18)
Here, the Cauchy stress
aw
_ 1% o7
o(F)=J 3F F*,

where W is the material potential energy, F' is the deformation gradient, and J = det(F).
We still need an equation for F. By differentiating the equality

x(1,X) =v(t,x(1,X)),

in X, we get the equation for F' in Lagrangian coordinate:

i oV
F,(t,X)= I
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By changing variable from X to x, and treat F'(¢,x) to be F(r,X(z,x)), we get the above
equation in Eulerian coordinate:

atF +v-: VXF = (VXV)F in Qt.

Note that the matrix F is a function of (,x), but it has the same value of F(¢,X). Thus, we
shall use the notation F instead of F' in this note. Thus, we write

OF +v-VyF = (Vyxv)F forx e Q, (9.19)

with an understanding that F(¢,x) is (g—;) (t,X(z,x)). We list the equations for simple
elasticity as

ap+V-(pv) = 0
p(dv+v-Vv) = V.o+f in Q;. (9.20)
oF+v-VF = (Vv)F

The unknowns for this system are p,v,F. The Cauchy stress is given by a constitutive
relation
c=T(F).

The function f is an external force. We also need the density constraint p det(F) = pg as a
compatibility condition.

Conservation form The advection equation for F is equivalent to
9 (PFL) + 0 (pv"FgC - pv"Fgg> ~0.

Remarks

1. The continuity equation for p is indeed redundant. In the Lagrange formulation, it
is equivalent to 4 po(X) = 0. In the Eulerian formulation, we define p = py/J. Or
equivalently, we define the specific volume V :=J/py and define the density p =
1/V. With this definition, p satisfies the continuity equation. Thus, the continuity
equation is equivalent to

J=(V-v)J.
But this equation is inherited in the equation
F = (VV)F,

because J = det(F') and %(det(F )) = (V-v)det(F). Therefore, we call the algebraic
equation
p(t,x(1,X))J(t,X) = po(X) (9.21)

the density constraint for the Euler equation of elasticity.
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2. We need a compatibility condition in Eulerian coordinate for F, which is parallel to
the compatibility condition Vy x FT = 0 in the Lagrangian coordinate. It is easier to
express such condition in terms of F~!, which will be discussed in the next section.

Boundary conditions in Euler coordinate Let I'V = x(¢,I'%) and I} = x(t,I'}) be the
Dirichlet and Neumann boundaries at time ¢. In the Eulerian coordinate, the above bound-
ary conditions read

* Dirichlet: v(t,x) = 0 for x € T'%;

 Neumann: 6(x)-v =g(F~'(t,x)) forx €I .

Homework Consider a flow map in 1-D as x> — X2 =t with M = [0,0), M, = {x|x* >t}
and ¢ > 0. Check the following expressions
(i) vi=x=,

(ii) F:=0dx/dX =X/x

o p L d 1 X
(iii) F:= 5 |xF = IR T 28

(iv) Treat F as a function of (z,x). Check (9, +vdy)F = — Y2,

2x3

9.3.2 Formulation of compressible simple elasticity in terms of F !

It is natural to use the quantity F~!(¢,x) as a dependent variable because it is naturally
defined in Eulerian coordinate (¢,x). Furthermore, the compatibility condition for F~! has
a simple form. The evolution equation for F~! is

d _ s
Dty =P
= —F Y (Vyw)F(F~h)
:—(Ffl)(VXV).
4t e, =20
at’ S

In the Eulerian coordinate, we have

GF N 4+v-Ve(F Y =—F (V). (9.22)
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The compatibility condition for F~! is just
d

’ ax]'

F =5,

« = 9xi

Vex FT=0 (F~ 1. (9.23)

The advection equation for F~! can be written in conservation form:
o (F N +dq (F %) =0. (9.24)
This follows from and (9.23)):
BF)E+ 9 (F)3W) = ()& 10 (F)E — v (F~")¢ + 0y (F~)&V)

j
= —(F_l)?@xivj—vjaxj(F_l)f‘-l—axi ((F_l)?‘vj) =/ (—8xj(F_1)f°-|-8xi(F_1)q) =0.

J

Thus, the full set of equations are

ap+9d(vp) =0
o (pv') + 9, (pv'v/) = 9,j0 + f (9.25)
AH(F1)% + 94 ((F‘l);?‘vj> —0.
Plus the density constraint: pJ = pg and the compatibility condition
Vix F T =0. (9.26)

There are 1 + 9+ 3 = 13 unknowns and equations.

Boundary conditions in Euler coordinate
+ Dirichlet: v(¢,x) = 0 for x € I'%;

» Neumann: 6(x)-v =g(F~'(t,x)) forx €I .

Remarks

* The continuity equation is redundant because it can be derived from pJ = py.

* The compatibility condition is satisfied if it holds initially. This is due to the fact that
lb preserves the property Vy X (F—l) =0.

4References:

1. Trangenstein and Colella, A Higher-order Godunov method for modeling finite deformation in elastic-
plastic solids, Comm. Pure. Appl. Math (1991).

2. Miller & Colella, A high-order Eulerian Godunov method for elastic—plastic flow in solids, J. Comput.
Phys. (2001).

3. D.J. Hill, D. Pullin, M. Ortiz, D. Meiron, An Eulerian hybrid WENO centered-difference solver for
elastic—plastic solids, J. Comput. Phys. (2010)
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9.3.3 Formulation of compressible simple elasticity in terms of B :=
FFT

We shall see in later chapter that the stress ¢ can be expressed as
o =2WsB,
where B = FFT is the left Cauchy-Green deformation tensor. It satisfies
B=FF' +FFT = LFF" + FF'L=LB+BL".
Here L = Vv and B means the material derivative. In terms of Eulerian coordinate, B

satisfies

B .
B(y= - +V:VB—LB~BLT =0.

The term B is called the first order upper-convected derivative of B. In addition, C should
satisfy the compatibility condition.
Thus, the equations are

p(Ov+v-Vv) V.o+t in Q. (9.27)
dB+v-VB = (Vv)B+B(Vv)T

together with the density constraint pJ = pg. Here,
o = ZWBB .

An expression of ¢ in terms of B is given by Theorem [[0.9] The compatibility for B is
more complicated. It can be derived from the compatibility condition for C = FTF. The
compatibility condition for C can be found in [Cialet, pp. 55] or [Antman, pp. 423-426].

9.3.4 Formulation of incompressible simple elasticity

If v(¢,x) is the velocity field which generates the flow map x(¢,X), that is, x(¢,X) =
v(t,x(¢,X)), then the incompressibility of x(, X) is equivalent to V- v(¢,x) = 0. This comes
from the following formula

Sdet(A) =17 ((6A)AT) det(A).

and the formula
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we get
J=tr(FFT)J=tr(Vv)J = (V-V)J.
Thus,
J=0 ifandonlyif V.v=0.

Similarly, let x¢(¢,X) be a perturbation of x(¢,X) satisfying volume preserving property.
Let O0x(1,X) := %|g:0X5(l‘,X). Let w(z,x(7,X)) = 0x(t,X). Let F; = dx¢/dX. OF :=
%|8:0F8. Then

OF = (Vw)F.
Similarly,

§J = (V-w)J.

Thus, the volume preserving of X is equivalent to §J = 0, and is also equivalentto V-w =
0.

Now, for the constraint V- w = 0, we introduce a Lagrange multiplier p. Then we have
the constrained variation

h Dv
0 = //(—p—+V-G)-W+p(V-W)dxdt
o Dt
1 D
= //(—p—V+V-G—Vp)-dedt
o Dt
This gives

Dv
—+4+Vp=V.o.
Pp TVP o

Here, o(F) = W/(F)FT. We still need an equation for F. From

) ox ov  dvox
b= (ﬁ) X axax _ VWF

we get

DF
— = (Vv)F.
Dt

Thus, the complete set of equations for incompressible inviscid elasticity are

Dp _
o = 0
V.v = 0
pﬁ = —Vp+V.o(F)
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with the constitutive equation ¢ (F) = J~!W/(F)FT and the density constraint pJ = p.
The unknowns are (p, p,v,F). We notice that these equations can be written in conserva-
tion form
ap+V-(pv) = 0
V.v = 0
o(pv)+V-(pvw) = —Vp+V.0o(F)
oF+v-VF = (VV)F.

9.4 Advection equations and the compatibility conditions
for other types of strains

Sometimes, it is more convenient to use other types of strain tensors. In that case, the
corresponding compatibility conditions and advection equations are needed. We list some
of them.

9.4.1 Advection equations for the deformation tensors

1. We have seen that
F=LF, L=Vyv.

i ox! _8_\/i oxk
dt \9X% ) oJxkoxe’

The term L = Vv is the rate of deformation.

In component form, it is

2. For F~!, we have

d .
EF_I — r ' = _FlFrF = _FIL

3. For the right Cauchy-Green tensor,

. d . .
C= E(FTF) —FTF+FTF=FTL'F+FTLF=F"L"F TFTF+ FTFF'LF =RTC+CR,

where R = F~ILF.

4. For the left Cauchy-Green tensor,

. d . .
B E(FFT) —FFT +FFT =LFFT + FFTLT = LB +BL".
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That is,
By :=B—LB—BL" =0.

The notation By is called first-order upper-convected derivative for tensor B. We
will see this again in the theory of viscoelasticity.

5. Since B is symmetric, we can also decompose L into symmetric part and antisym-
metric part:

L=D+Q, D:%(VH(VV)T), Q= ((vv)" = Vvv).

1
2
The upper-convected derivative can be re-expressed as
By =B—LB—BL" =B—QB+BQ+DB+BD.
The part BY := B — QB+ BQ is also called Jaumann tensor derivative.

6. For C!, we have

%C‘l =—c!'¢cc' =—c Y (cR+RTC)C' =—RC ! —C7'RT.

7. For B!, we have

d :
EB_l =B 'BB ' = B ' (LB+BLT)B ' =—B'L-LTB".

9.4.2 Compatibility condition for the deformation gradients
s For F, := fx—x;, we have

OF, 9% o IdF
oXP  9xBoa  9X%IB  Ix«’

This is called the compatibility condition for F'. Sometimes, we write it as

Vy xFT =0.

* For (F -1 V¥ = %, the corresponding compatibility condition reads

or
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e For C := FTF, which is the pullback of the metric in M;, we define

1 Y ~1
Layp = 5 (9pCay = 9uCpy—yCap), Tgp=(C™)yslasp:
And the corresponding compatibility condition for C reads
9sThy — P 4T, 1P 17 1% =0

The above expression states that the Riemann-Christoffel curvature tensor is zero.
See [Cialet, pp. 55], [Antman pp. 423-426].

« We should also derive the compatibility condition for B= FFT.

9.5 Hyperbolicity

9.5.1 Hyperbolicity for simple elasticity in Lagrangian coordinate

The equation of motion for simple elasticity reads

ow
Let
J*W (F)

i (F) = 2.
l]kl( ) 8F]’<9F/‘

For stability purpose, we usually consider a linearized equation where the coefficient a; jx; (Fo)
is frozen at a particular Fy. In this case, the linearized equation reads

3 %4k
ox = a;jx (K (9.29)
JJ;IZI N 8X18Xl

We look for plane wave solution of the form x(r,X) = Ee/X1=4) It means that, given
a direction 1], we look for a plane wave with speed A (1) and amplitude &(n). Plug this
expression into the linearized equation, we get

3 3 3

por’éi=Y aju&nm=Y ( Y aijklnjrll) Eks
k=1 k=1 \j,I=1

or in matrix form

AM)E = por®E, AN = ( ) al,kznm)
3x3

j,i=1
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Thus, equation (9.29) supports plane wave solution in direction 1 if A(1) has positive
eigenvalue poA? with eigenvector .

Proposition 9.6. Given a stored energy W (F ), define a;ji; = Then for any 1 € R?,

aF aFk
the matrix A(N) := (¥ 1 aijxaMjM)ix is symmetric.

Proof. This is due to
3 3 3 3
A=Y, ajumim =Y, ajumin; =Y, auNim =Y, axjunjMm =AM)k-
ji=1 ji=1 ji=1 ji=1
(9.30)

Here, the 2nd equality is due to 1;1; = 1;n;. The 3rd equality is a change of indices. The
4th equality uses a;;xj = ay ji;, which is resulted in hyper-elasticity assumption:
W I*W
OFjOFF ~ OFfoF

O

To support plane wave solutions, we need A(7) to be positive definite for n # 0. This

means
3

Y aiju&i&mnim >0, forall n,& #0. (9.31)
i,j.kl=1

This condition is called the strong ellipticity condition for the 4-tensor a; .
Definition 9.4. System (19.28) is called hyperbolic if

J*W(F)

o aFJ EEM NP >0, forevery F e M, € #0,n#0. (9.32)

9.5.2 Hyperbolicity for the first-order system in Lagrangian coordi-
nate

Equation of motion in Lagrangian coordinate We study the system of simple elasticity

vk

Fu— 57 =0, k1=123, (9.33)

: aP
pov' — Z % 0, i=1,2,3. (9.34)
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where the first Piola stress P is given by

aw

P..:_
L] 8E17

i,j=1,2,3. (9.35)
for some potential function W (F'), and the deformation gradient F satisfies the compatibil-
ity condition

JoF;;  JFy

ox! — oxJ’
There are 12 equations with 12 unknowns are (F,v). The compatibility condition is satisfies
automatically for # > 0 if it is satisfied at = 0. Writing these equations in vector form,
they are

P2
X 9.36
pov = V- P(F). ©-36)
The compatibility condition reads
VxFT =0. (9.37)

Let us take pp = 1 for simplicity. It is not hard to put them back in the theory below.

Hyperbolicity and characteristic modes The system can be rewritten in the following
conservation form

3
8tW—i— Z axjgl - O7

j=1
where
[Fiq ] [ v ] [0 ] [0 ]
F21 v2 0 0
F31 V3 0 0
Fio 0 vl 0
) 0 V2 0
3
w= 72 si=—| ol s=-|"] s=-|}
F23 0 0 V2
F33 0 0 V3
v! Pp Py Py3
V2 Py Py P
V] | P31 | P32 | P33
This system can be written as a quasi-linear form
GW LY 99
) —l—Z(B]‘anWZO, sza—w.

j=1
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The matrix B has the form
'Bj _ {09><9 EJ'9><3:|

Aj3><9 03x3
where
[1 0 O] [0 0 O] [0 0 0]
010 00O 0 0O
0 0 1 0 0O 0 0O
0 00 1 00 0 0O
E;=10 0 0|, Ea=1|0 1 0|, Ez=1{0 0 0],
000 0 01 00O
000 00O 1 00
0 0O 00O 010
0 0 0 0 0 0] 0 0 1]
apjin aijiz o a1533 P O2W(F)
Aj= sz.n 02{12 02{33 s Qijkl = 9Fy  9FudF,
3j11 a3j12 a3j33| 3.9

We shall look for plane wave solution of the form

(F7V) = (CI’C% C3’§1762’§3)Tei(n~X—lt).

Plug this ansatz into the equation. Let us define the matrices

3
AW,n):=Y Bn;
j=1

and
[0 0 0 n 0 0
0O 0 0 0 n 0
0 0 0O 0 O n 09x9 Cox3
AW, 1) = — — - ,
(W.m) byp bz bz 0 0 O [B3><9 O3><3]
b1 by bz O 0O O
_b31 b32 b33 0 0 O_ 12%12
Uit
n=|m , bi(m) = [Yjaimn; Tiaien; Liaiuan] .,

N3] 551
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The characteristic equation of the matrix A(W, 1) is:

det(A — A(W, 1)) = det {l[9><9 C9><3:| _ det l/’Lngg Cov3

B3xg Al 03x0  —1B3x9Cox3+ Al3x3

3
2° det (;Ls,-k —% Y a,-jkmmz> = A%det(A*1 - A(n)) = 0.

=1

Strong ellipticity and hyperbolicity

* There are 6 eigenvalues of A(W,7n1) which are 0

* The rest 6 eigenvalues are real provided (A(n)) is positive definite.

Note that the 3 x 3 matrix

3
AM)ik =Y. aijium;m
Ji=1

is symmetric due to

_0°W(F)  J*W(F)
OF;j0Fy  0FydF;

ajju(F) : = ayij-

The strong ellipticity assumption for (a;jx) is equivalent the positive definite assumption
for A(B), and is equivalent to the existence of 6 real eigenvalues of A(W, n).

Eigenvectors corresponding to O eigenvalue Let us find the eigenvector corresponding
the 0 eigenvalue:

0 0 0 7 0 0]][¢,
0 0 0 0mn 0 gz ‘

0 0 0 00 n|l|&| [e]

biy bz b3 0 0 0 |& =0, where {; = gi i=1,2,3.
by by by 0 0 Of [& i

[bs; b b3z 0 0 0] |&]

The first 9 equations give
n&=0, i=1,2,3

Since 1) # 0, we obtain & = 0 for i = 1,2,3. The last three equation are independent from
the strong ellipticity of (a;j;). This gives three independent equations for 9 variables {; €
R3, i = 1,2,3. Thus, the dimension of the kernel of A(W,n) is 6. If we assume the
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material is isotropic, we can just choose direction 1 = (1,0,0)7 to find the eigenvectors.
The eigenvectors corresponding to other direction 1 can be obtained by a rotation. When
n= (17070)T,

bi = [ann anre anw], ik=1,2,3. (9.38)

The last three equations for {;, i = 1,2,3 read

3
Y bl =0, i=1,23. (9.39)
k=1

There are 3 independent equations with 9 unknowns. Suppose the first three column vectors
are independent, we can set

X X
X X
X X

with one of X’s being 1 and the rests being 0’s. There are 6 of them. For each of them, we
plug into (9.39) to find the corresponding & . This gives 6 eigenvectors corresponding to
the zero eigenvalue.

(62,63) =

Eigenvectors corresponding to nonzero eigenvalues We solve the eigen system

Al 0 0 n 0 0]][¢

0 AL 0 0 n ol

0 0 Al 0 0 nl|l|¢
—0, 9.40
bip b bz A 0 0] |& ©40)

by by by 0 A 0] (&

[b31 b3y b3z 0 0 A |&]

with A # 0. The first 9 equations give

Ck=—%n 941)

Plug into the last three equations. Then from (9.38)), the last three equations read

3 3 ék
ZZ Zaijklr’j (_Inl)—i_z’él:(): l:17273
k=11=1 \j=1
This shows (A2, &) are eigen pair of the matrix

3
AM) =Y aijum;m.
=1
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Note that A is positive definite from strong ellipticity of (a;j). Thus, the eigenvalues of A
are positive. We thus get +A are the eigenvalues of (9.40). The corresponding eigenvectors
of (9.40) are also obtained from the eigenvectors of A and (9.41).

Definition 9.5. System (9.28)) is called hyperbolic if

2
J W<F),§i2;jn“nﬁ >0, foreveryF € M;r, EH£0,n#0. (9.42)
8F&8Fé

This hyperbolicity condition is a basic requirement for the restored energy W for the
well-posedness of system (9.28).

9.5.3 Hyperbolicity for first-order system in Eulerian formulation

Let us denote
Gal‘ — (F_l)a

1

The system can be rewritten in the following conservation form

3
a[u+ Z axjg:’j - 0,

j=1
where

-Gll- [ G]lvl i 0 i [ 0 1
G2 Giav? 0 0
G31 Gz 0 0
G12 0 G21v1 0
G22 0 G22v2 0
G32 0 G23v3 0

U= |G|, F1= 0 , Fa= 0 , F3= Gs1v!
Gos 0 0 G32v2
Gs3 0 0 G33v3
pvl pvlvl — 011 pvzvl — 012 pv3v1 — 013
PV2 PVIV2 — 031 PV2V2 — 022 PV3V2 — 023
pv3 pv1v3 — 031 [)\/2\/3 — 032 pv3v3 — 033
| p | L et L L Y

TOBE CONTINUED
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Chapter 10

Stress-Strain relation for
Elasticity

10.1 Constitutive relation: Stress-strain relation

The stress is a surface force in response to material deformation. It can depend on the
deformation gradient F, or higher order derivatives of the deformation, or even the history
of F (i.e. {F(s)|s <t}). We first give some definitions for commonly used materials.

* Cauchy-elastic material The Cauchy-elastic materials are those materials (also called
rubber-like) whose stress tensor ¢ is only a function of the current deformation gra-
dient F'. That is,

o(x)=T(X,F)

Such a relation is called a constitutive relation, and T is called a response function.
If T is independent of X, the material is called homogeneous.

* Hyper-elastic materials are materials whose mechanical stresses are conservative.
This means that the work done by the stress through a closed-loop deformation is
zero. Thus, the definition of conservative mechanical stress is equivalent to:
there exists a mechanical potential function W (F) such that the Piola stress is P =
W'(F).

We shall mainly focus on hyper-elastic materials.

Below, we shall characterize the response functions of Cauchy-elastic materials and hyper-
elastic materials. The basic property the response should satisfy is the frame-indifference

property.

163
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10.1.1 Frame indifference

1. Frame-indifference property for Cauchy stress The response function T (F) should
satisfy

T(OF) = OT (F)O! for any rotation O € O(3). (10.1)

This is also called the axiom of material frame-indifference. The reason is the fol-
lowing. The stress should be independent of the frame of reference in the observer’s
space. Suppose we have two frames in the observer’s space. Let x be the coordinate
of the original frame, and x* the coordinate in new frame, which is a rotation of the
old frame. That is, x* = Ox, and O is a rotation. Then, we have F* := dx*/dX = OF.
Note that the normal and the tensile vector in the old and new frames are related by
v = Ov, t* = Ot. In terms of the response function, it reads

t* = T(OF)v*=T(OF)Ov
Ot = OT(F)v.

Hence, T(OF) = OT (F)O".

The above frame-indifference can be expressed in terms of the Piola stress P :=
JoF~T It reads

P(OF) =JT(OF)(OF)™ T =J(oT(F) 0" YO TF~T = 0JT(F)F~T = OP(F).

That is,
P(OF) = OP(F) for any rotation O € O(3). (10.2)

2. Frame indifference for hyper-elastic materials means that the potential energy W
remains the same when we change to a new frame through rotation. That is

W(OF) = W(F) for any rotation O € O(3). (10.3)

This definition is equivalent to the above definition. Indeed, we differentiate P(F) =
%—VIZ(F) in F to get

_ ,rIW(OF)

5(0F) ~ OTP(OF).

» 0
55 W (OF)

Thus, P(OF) = OP(F) if and only if 2- (W(OF) — W (F)) =0.
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10.1.2 Isotropic materials

1. Definition A material is called isotropic if its stress tensor is identical in all direction
of the material. More precisely, suppose we have two identical materials. One has
material coordinate X, while the other is X* with X = OX™* and O being a rotation.
The corresponding deformation gradient F* = a‘);* = g—; aaTX = FO. If these two ma-
terials deform in the same way and result in the same stresses, we call such material
isotropic. Mathematically, this means

T(FO)=T(F). (10.4)

This isotropic property can be expressed in terms of the Piola stress as the follows.
P(FO)=P(F)O for all rotation O. (10.5)
This follows from

P(FO)=JT(FO)(FO) T =JT(F)F 10 =P(F)O.

2. Isotropic property for hyper-elastic materials A hyper-elastic material is isotropic

if and only if
W(FO) =W(F) forall O € O(3). (10.6)
This is because
0 9 0 OW(FO
P(F) = =W (F) = oW (FO) = — (1(:0))0T = P(FO)O".
where '
inB 8F507€ Jj Sij B i Ho
QF&W(F[}O},) = WF]{W = P'y5 505[)'0 = P’)/OY‘
o

Thus, P(F)O = P(FO) is equivalent to aiF (W(FO)—W(F))=0.

10.1.3 Representation of Cauchy stress

Some notations:

1. Let M™(3), S?, O(3) respectively be the set of all 3 x 3 matrices with positive deter-
minants, symmetric positive definite matrices and rotation matrices.
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2. Given a matrix A € M, its characteristic polynomial is defined as
p(A) :=det(A—AI) = —A° + yA%2 — A + 13,

where the coefficients 11, 15, 13 are called the principal invariants of A, which are given
in terms of eigenvalues A1, A5, A3 of A as below:

W=trA=A+A+ 23 (10.7)
= % ((trA) tr(Az)) tr(CofA) = LAy + A3 + A3 (10.8)
13 = detA = AL 1 A3. (10.9)

The set of these principal invariants of A is denoted by 4.

Characterization of response functions

Proposition 10.7. The response function T(F) of an isotropic Cauchy material can be
expressed as

T(F)=T(B), B=FFT
with T satisfying
T(0OBOT) = OT(B)O! foranyBe'S*, 0 0(3).

Proof. 1. For any F € M™(3), we can express it in polar form: F = S;0 with O € O(3)
and S; € S3. Then

B:=FFT =5,00"s, = 5.

From (10.4)), we have
7(F) = 7(50) & 7(5,) = 7(5?) = 7(B) = F(FFT).
2. Suppose B € S*. Then there exists S; such that B = S7. For any O € O(3), we have

T(0BOT) = T(0S70") = T(0S,(08))") = T(0S)) or(s))o" =oT(B)0".
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Representation of isotropic Cauchy stress

Theorem 10.7 (Rivlin-Ericksen representation Theorem for Cauchy stress). An isotropic
Cauchy stress (i.e. frame-indifference + isotropicity) has the following representation

T(B) = Bo(1s) + B1(18)B+ B2 (15)B?,
for some smooth functions B;, i =0,1,2.
This theorem is a corollary of the following representation theorem.

Theorem 10.8 (Rivlin-Ericksen Representation Theorem). Suppose a function T : S* — S3
satisfying
T(0Q0") = 0T(Q)0"  forall O € O(3),

then it has the representation:
1(Q) = Bo(Q)I + Bi(Q)Q + B2(Q) 0*
for some smooth scalar functions B;(Q), i =0,1,2.

Proof. 1. Let A; and p;, i = 1,2,3 be the eigenvalues and eigenvectors of Q. The proof
of this theorem is divided into three cases: (i) A; are distinct, (i) A; # A, = A3, (iii)
all eigenvalues are equal.

2. Case 1, A; are distinct: We have
1= pipl +popd +papl

Q = Mp1p! 4+ dapap) + A3p3ph
Q> = Alpipl +A3paps +Aipaps.

The condition A; being distinct leads to an inversion from (p) p]T7p2p2T D3 p3T) to
1,0,0%. Next, from T(0Q0T) = 0T (Q)O”, we see that T(Q) can be diagonalized
by O = [p1, p2, p3]- That is

T(Q) = wmp1pl +wp2pl + wapspl.

with ; are functions of 4; only. By inverting (p1p?, popl, p3p?) to 1,0, 0%, we get
that 7 (Q) can be expressed in terms of I, 9,0 with coefficients depending on Q.

3. Case 2, A; # Ay = A3: We have

I=pipl +(p2rh +p3ph)
Q= Mp1pt +Xa(papd + papl)
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Since A # A, we can invert (p; p]T, )22 pg +p3 p3T ) to I, Q. Next, the spectral mapping
theorem gives

A

T(Q) = mpip + Wepaps + Uap3ps -

We claim that g, = p3. From 7(0Q0T) = 0T (Q)OT and taking O = [p1, p2, p3),
wee see that O can diagonalize Q as well as T(Q). Since in the subspace spanned
by p» and p3, the matrix B is 4,1, we get T(Q) also has the form pl. This shows
Uz = 3. This leads to

7(0) = Bo(Q)I + B1(Q)0.

. Case 3, A; = A, = A3: In this case, we have 7(Q) = Bo(Q)I.

It remains to show that 3;(Q) are indeed functions of the invariants of Q. For case
1, from the independence of I, Q, 0% and T(0QO0") = OT (Q)O, we can choose O
to diagonalize Q, then 3;(Q) = B;(0Q0T) = B;(diag(Q)). This leads to f3; are only
functions of the three principal invariants. The proofs for the other two cases are
similar.

[

Homework Show that the second Piola stress ¥ := F~!P has the following representa-

tion:

Z(C) = ’J/()(lc)l—{- 11 (1c)C+ }/2(1C)C2

where C = FTF, the right Cauchy-Green deformation tensor.

10.1.4 Representation of isotropic hyper-elastic stress

The goal of this subsection is to have representation of Cauchy stress in terms of invariants
of F. Firs, we have an important property of the hyper-elastic materials.

Proposition 10.8. The Cauchy stress o of hyper-elastic material is symmetric.

Proof.

1. The potential energy function W for a hyper-elastic material satisfies the
frame-indifference hypothesis: W(OF) = W (F) for all O € O(3). This implies the
potential W can be expressed in terms of FT F:

W(F)=W(0S,) =W(S,):=W(C), C=F'F=s
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2. The Cauchy stress can be expressed as

i —10W
o;j=J 'PLF,=1J laF&Fé
LW 3y oW AUE)
9Cp, dFi, * ° 9Cs, OF fe
oW /. . .
— 7 T (6785, Fr+ 8% 8, F) ) F)
acﬁy( poty ﬁ)
oW -
— g1 J i)
e (P +FF)
ow
=2J"' = —FiF]
! dCg, " P
1 W —~—FjF; =0
dCyp P

Here, we have used symmetry of C = FTF.
O]

Remark The symmetry of the Cauchy stress for hyper-elastic materials is a consequence
of hyper-elasticity and frame-indifference. The is to compare with the symmetry property
derived from the principle of conservation of angular momentum.

Proposition 10.9. For isotropic hyper-elastic material, 6 can also be represented in terms

of B:
o =2J""WgB. (10.10)
Proof. Recall B¥ = Fé‘Fg We have
. OW(FFT) . 9B . OFiF;
Py =Wgi = —( . ) = Wpkt —— = Wpu BB
a dF}, dF}, dF},
= WBM (51k6aﬁFl§ + 5516606[3> = WBifFé +WBkiF§
— 2WBikF(IX{

Here, we have used symmetries of B = FF T and Wg. Thus,

6" = J T \PLF) = 20 W FAF) = 207 "W BY.
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Proposition 10.10. The stored energy W (F') of an isotropic hyper-elastic material satisfies
W(F)=W((FFT)).
Proof. 1. Recall isotropicity: W(FO) = W (F) for all O € O(3).
2. LetF = OnAOKI be the singular value decomposition of F, then
W(F) =W (0pA0%) = W(A).
There is a 1-1 correspondence between {1(F)} and {1(FFT)}, thus we can express
W(F) =W (u(B),12(B), 13(B)),
where B=FFT.

Homework Check (11.7]).

Theorem 10.9 (Representation of stress). Let us denote the invariants y(B) by Ir. The
Cauchy stress for an isotropic hyper-elastic material with restoration energy function W (I, I, 13)
is given by

2 _
6 =—— (LWil+ (W, +11W,)B—W,B?) (10.11)
vh
Another Finger’s formula is
2 _
6=—= (LW, +BLWp)I+W,B—LEW,B"). (10.12)
vh

Proof. 1. We use 6 = 2J"'W;pB.

2. The formula W in terms of I,1», 15 is given by the second Finger’s formula below
with Q replaced by B.
o =2J""WsB
=27 Y [(Wy, + W) —W,B+LEWL,B~'|B
=2J Wi+ (Wy, +1W,)B—W,,B?

3. J = /I3 because I; = det(FFT) = J?.

4. The first Finger’s formula can be obtained by the second Finger’s formula and the
Caley-Hamilton formula
BB '=B>— B+l
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Proposition 10.11 (Finger’s formula). Let W be a smooth function of 11(Q),12(Q) and
13(Q), where Q is a 3 x 3 matrix. Then

WQ = [Wll + 51 (Q)ng + lZ(Q)W/l3]I
— Wy, + 1 (Q)W,,] Q" + Wi, (QT)%. (10.13)

It can also be expressed as
Wo = [Wy, + 11(Q)W, ]I =W, 0T +13(Q)W,,0 T (10.14)
Proof. 1. W(11(Q),12(0),13(Q))o = Yi_y Wy [k(Q)]o
2. [11(Q)]p = I. This is because 1;(Q) =I:Q, where A: B :=Y; ;a;;b;j.

3. In general, we can show that [1;(Q")]p = n(QT)"~!. To show this, let us check the
case of n = 2.

Su(Q*)=48(1:0%) =2I:(Q-80) =20:80=20":80".

4. By direct computation, we get

6. We arrive

Wo =Wy, [11(Q)]lo + Wi, [12(Q)]o + Wi [13(Q)]o
= Wy, I+ W, [11(Q)] — Q"]+ Wy [1(Q)T — 1 () Q" + ()]
= [Wll +1 (Q>le + l2<Q)Wl3][ - [le +1 (Q)Wl3]QT + Wl3 (QT)Z

7. The second Finger’s formula can be obtained by

[lS(Q)]Q = lz(Q)]_ ll(Q)QT + (QT)2
= (1(Q)Q" — 1 (Q)(Q")* +(Q)*) (07!
=u(Q)(@")™!
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In the last step, the Caley-Hamilton formula:
0+ uQ@’ -~ 0 +ul=0,

1s used.
]

Representation of the second Piola stress We can also have the representation of the
second Piola stress as the follows. Recall that the second Piola stress is defined as

r=JF 'oF T,
With the representation of o, we get
=2 (yo(C)C '+ i (O)I+ w2 (C)C) . (10.15)

where
Vo=5LWg, wyi=Wp+LW,, y=-Wp. (10.16)

Note that 1(C) = 1(B). Using the Caley-Hamilton theorem, we have
B(CO)C ' =C*—1(C)C+1(O)I

Plug this into the above representation formula and abbreviate 1, (C) by [;, we get

) (%(C2 LCHBI) -yl + l,l/zC)
I I
=2 (V’l +@) 1+2 (Wz— @> c+2¥c
I I3 I
=2 (Wl +1C+nC?). (10.17)
The first Piola stress is represented as
P=FX (10.18)

with X represented by (10.13)) or (10.17).

10.1.5 Small strain limits

From frame-indifference and isotropic properties, we can treat the second Piola stress as a
function of C = FTF. That is £ = ¥(C). The small strain is to study ¥(C) for C ~ I.

ICialet V. I, pp. 155
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Theorem 10.10. For an isotropic elastic material, by normalizing i(l ) =0, the second
Piola stress tensor has the following representation:

Y(C) = A(trE)I +2uE +o(E). (10.19)

Here, A and | are called the Lamé moduli, E = % (C—1I). The potential W has the follow-
ing representation:

W(E) = %(trE)2+utr(E2)+0(E2), (10.20)
or
W(E)=W(li,h,13) = u(l —3)+ A+ou h =32 —H -3 10E>. 1021

3
where I are invariants of C.

Proof. 1. We want to expand X in terms of E. Recall that
2 =2(wC ' +yil+ ().
The terms C and C~! are expanded in E as

C=I+2E+0(E), C'=I-2E.

2. The coefficients Yy, ¥1, W, can be expanded in E as
Yo = I3W13 = (1 + ZIF(E))W13 + O(E)
Y = W]l -|-11W12 = W]l +W12(3 + ZZ‘I’(E)) +0(E)
Yo = _le

where we have used the expansion of invariants /1, I, /3 in terms of E, which is shown
in the next item.

3. Expand the invariants:
L(C)=trC=3+2tr(E)

L(C)= ! ((trC)2 —trCz) =3+4tr(E)+o(E)

2
1 1 1
L(C) = g(trC)3 — ErrCn»C2 + 5n»c3

=142tr(E)+o(E).
Here, we have used
trC =3+2tr(E)
trC* =3+ 4tr(E) + o(E)
trC* =3461r(E) +o(E).
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4. Thus,

L=2((1+2r(E))W(I —2E)+ Wy, +W,(3+2tr(E))) —W,(I+2E))
=2[(Wy, +2W i, + W) + (Wi, +2W,) tr(E)] I — 4(W, + Wi,)E +o(E)

Since X(0) = 0 when there is no strain (i.e. E = 0), we get
W[l + 2W12 -I-WI3 =0, (10.22)

and
Y= [2 (W12 —|—2W13) tr(E)] I—4(W12 +W]3)E—|—0(E).

5. Let us call o o -
2(Wh+2Wp) =LA, —2(W,+Wp)=pu

or

WIZZ___,I'La W13:

> +

Y

Wo— 2y W=tk
2 2

we then get
L=A(trE)I+2uUE +o(E).

Remark In the linear elasticity theory, we use the infinitesimal strain

1
e:= 5 (uX +u§),

which satisfies
e=FE+o(E).

In the above stress-strain relation for infinitesimal strain, we can replace E by e.
O

10.2 Elastic Models

To establish mathematical models for hyperelastic materials, there are two requirements
that the stored energy W should satisfy:

e W —>wasJ—0,
» WrF satisfies strong ellipticity condition.

These are the theme of this subsection. We start from the ellipticity condition, which is
equivalent to the hyperbolicity condition for the time-dependent elasticity equation.
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10.2.1 Hyperbolicity for isotropic materials

175

Below, we want to find the condition on W (I}, I, I3) which is equivalent to the hyperbolicity
of W(F). let I, = 1(FTF), p = 1,2,3 be the three invariants of F F. The restored energy

W is a function of I, 1,13. We have

81 dl,
oF
Recall 1, has the following expression: let C = F TR,
e I;(C)=Tr(C),
« L(C) =% (Tr(C)?—Tr(C?)),
* L(C) =det(C) = J? = L(TrC)* — 1(TrC) (TrC?) + X(TrC3).
o J=det(F),
Lemma 10.7. We have the following formulae for I,:
al,
— =2F
JdF ’
8[2
= 2I|F}, — 2FLFAF},
8Fa 1 BT B
oLz
OF}
%1
aF&aF[{
0%l
8F[{ IF,,

L 2 (N 1\ B 2 (=N -1\ B
- - =4J° (F \F - —2J°(F (F .
=R 2R (),

=22 (F !

1

= 2018185 + 4FLF] ~ 2 (STFLFS + Sup FyF] + FyFd)

Proof. 1. From I;(C) = F,F,, we get I, = 2F.

2. From 81, =2F, we get —1— = 25”3043

8 8F1

3. by =i p— 120 9C _op p  C(F 4 FT) = 2, F — 2CF.

(10.23)

(10.24)

(10.25)

(10.26)

(10.27)

(10.28)

(10.29)
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4. From Iz = J?, we get % = 2J% =2J (F’l)l(.x. Here, we have used

8] . —_T\1 . -1 o
BF&— (F )a_J(F )i
We also have
2 F1H)?
Pharsr el
8Fﬁ18F& : aF[;
JFk
a2 (F P () — 22 (P L (Y)Y
l 8FB/ l

Separable case Let us assume W is separable. This means that

I*wW

——— =0, if :
a1, p#4

Effect of ; Suppose W is only a function of I;. We have

*W (L)

Toml = 2W 11,8 84p +4W 1 1,1, FGFj- (10.30)
ﬁ (04

The hyperbolicity condition for W reads

iiap aFlgaF&

Using (10.30), this condition is

EieinnP >o.

o = 2 2
W EP NP +4W] (E'+E2+E) (' +n%+1P) >0 (10.31)
By choosing & # 0 but E! + E2 + E3 = 0, we see that a necessary condition for (10.31)) is
W} > 0. (1032)

We note that ) s
(E'+&E2+&7) <3E)?, (n'+n*+n’) <3nf
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Then a necessary and sufficient condition for hyperbolicity (10.31)) is
W;>0 and W,—18W]|>0. (10.33)

Examples of W:

e Wi %11. Wll = %1 > 0. Thus, this model is hyperbolic.

« Wi =412 + uly. In this model, W, = Al + u; W) = A. The hyperbolicity W —
/!

18|W1| is equivalent to AI; + u — 184 > 0. Need Double Check.
Effect of , TO BE CONTINUED

Effect of Is Physically, we are not allow the density p — oo, which is equivalent to the
specific volume V — 0, or equivalently, J — 0, or /3 — 0. This means that the stored energy
should satisty

W — oo as I3 — 0.

One example is the y-law
= 1-7)/2
W)= 172y,
Y—1
Another is the Log law
— d
Ws(l) =clh — 5 log(13).

TO BE Continued for hyperbolicity in terms of /.

10.2.2 Linear materials

When FTF = I, then F is a rotation. In this situation, there is no elastic deformation
(stretching or shrinking). When FTF ~ I, then the material has small deformation, or
equivalently, the strain is small. Recall

F=uy+1,

1 1 !
E:=5(C=1) =5 ((ux+D)" (ux +1) = 1) = 2 (ux +uy +uyux).

The infinitesimal strain theory is to study elastic motions when |ux | is small. The infinites-
imal strain is defined to be

(ux +uy). (10.34)

| =

€=
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The linear model has the Piola stress being linear in e.

ow
Py = oF; = (Ae)ix = ajjueji,
where )
I°W
aiix ‘= ——=——=).
ijkl aF]laFIk ( )
The equation of motion is
) 3 92uk
.l _ . -
pott = ,; M OXTaXT
.]7 "W

Property of a;
Proposition 10.12. The coefficients a; i := %(1 ) has the following symmetries:
® Qjjkl = Aklij
® Aijkl = Qijik
® dijkl = 4djikl
* Pj="Pj
*w I*w

Proof. 1. a;ji = ay;j is due to GFOFF = GFFOFT"
J J

2. We note that ¥ = FP = P+ o(e). Further, P(I) =0,
1
P(C) = QA(C—I) +o(e)=Ae+o(e).

Here, C=FTF,e= % (F+FT) -1 Thus,

oP;
e

Since C is symmetric, this shows a; i = a; .
3. We have
Ajjil = Aklij = Akl ji = Ajikl -

This shows the third equality.
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4. The last equality is due to the fact that P,;(C) = X;;(C) 4 o(e) and X is symmetric.
O

Thus, the constitutive law for the linear elastic model is
1
W(e) = E(Ae,e>, P = Ae.
The total number of coefficients of a; j;; are (6+1)-3=21. E|

Linear isotropic material When a linear elastic material is also isotropic, that is FT F ~
I, then W has the expansion: (Theorem[10.10)

W(E) = %(TrE)z +uTr(E*) +o(E).

Note that

E= %(C—I) = = (ux + (ux)") + (ux)" (ux) = e +o(e)

| =

and
P=FY=XYX+o(e).

Thus, from Theorem [10.10, we have

W= %(Tr(e))eruT r(e?), (10.35)
P= /lTr(e)I+2,ue, P,'j = 7L(e11 +exn —}—633)5,'1' +2[.L€,'j. (10.36)

That is,
aijir = A0 + 1 (8181 + 8 ) - (10.37)

There are only two physical parameters y and A in this expression. Let us study their
physical meaning. Consider a simple deformation: we stretch the material in X; direction,
it results in elongation in X; direction and shrinking in X, and X3 directions. The strain in
X direction is e;q. The ratio »
11

E =
el

(10.38)

2From a;ji; = ajis, we get number of independent (ij)’s is 6 (i.e. (ij) = (11),(21),(22),(31 .
Similarly, from a;ji; = a;jix, we see possible independent (kI)’s are also (11),(21),(22),(31),(32),(33).
From a;ji; = ay;j, we get independent (i, kl) are

N
—
[\
—
—
W
w
=
~

(11,11),(11,21),(11,22),(11,31),(11,32),(11,33),(21,21),(21,22), ..., (33,33).

The total number of these listis 6 +5+---+1 =21.
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is called the Young modulus. (Modulus means a ratio between stress and strain.) The
shrinking of the material can be measured by

yo— 248 (10.39)
€11 €11

This parameter is called the Poisson ratio. From (10.36), we get
Pi=A (611 — 2V811) +2ueq;
0=A2 (611 — 2\/6’11) —2“\/611.
We can express A and u in terms of E and v, and vice versa:
Ev E

A=Trvi=ay) * a0 (10.40)
n(3A +2u) A
E=——7—- =—. 10.41
A+u T2+ (10.41)
The inversion of (10.36) reads
1 A

In terms of E and v, it reads

1

el = E(P“ — V(P +P33))
1

exn = E(Pzz—V(P33 +Pi1))
1

€3 =% (P33 — V(P11 +P))

1 .
eij = mpip i J.

Another parameters are the shear modulus and bulk modulus. Let us decompose e into

1 1
e=(e— §Tr(e)l) + §Tr(e)1 =eP +e’,

Then P can be expressed as
P =2ue” + (31 42u)e’.
PP =2peP
PS=(3A+2u)ed

We call u the shear modulus and K := A + % u the bulk modulus.
A Table of average values of these physical parameters for common materials can be

fund in [Cialet pp. 129].
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Hookean model The Hookean law is
H : H
W(F)=—=Y |Fi]?==tr(FTF), H>0.
( ) 2 ;;, ’ a’ 2 r( )7
This gives P, = HF},. The equation of motion is
po(X)Xx=Vx-P, or p())'C'i = 8XaP(§C = 8XaH<9Xaxi = HZ&;%axi.
o

This is the standard wave equation. This is equivalent to the above linear isotropic model
withuy=Hand A = —H .

10.2.3 St. Venant-Kirchhoff Model

The model is express as

Y = A(TrE)+2uE, E=~-(C—I).

| =

or
W= %(TrE)z +uTr(E?).

It is the simplest nonlinear elastic model. Its linearization, which replaces

1

1
E= E(FTF —I) == (Vxu+(Vxu)" +Vyu'Vyu) by e= 5 (Vxu+(Vxu)'),

| =

is the linear isotropic model we have seen earlier. Note that the St. Venant-Kirchhoff model
is not polyconvex, which is a condition for existence and uniqueness for steady state prob-
lems.

St. Venant-Kirchhoff model can be expressed in terms of the invariants [ = 1;(C) as

_ A A
W(l,h) = §112+% (I} =25 +25) —9 (§+%) ,

10.2.4 Fluid-solid model

When W = W3(13), this is a simple compressible fluid model. Recall I3 = det(FTF) = J>.
Given pg, we define p such that pJ = pg. Thus, we can view I3 as a function of p:

2
Po
L= () .
: <p>
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The Cauchy stress is (I1.1T)

2
6= ——LW,I=—p(p)l.

N/

A particular example is the y-law simple gas, where

Wlls) = Egh 07y,

Y
p=—2/LWi,=uly " = (pﬂo) .

10.2.5 Ogden models

Ogden proposed a class of models which are polyconvex and satisfies growth conditions.
Let y; are singular values of F', the Ogden model reads:

W =W +W,+Ws,

3

M
= Y ai (uf + " + 5 - 3)
i=1

N

Wy:=Y b ((HzﬁB)ﬁi + ()P + ()P — 3)
i=1

W3 = W3(‘LL1,LL2‘U3), W3(I3) —oasls > 0+.

Examples of W3 are

Wslls) =SB0y,

— d
W3 (13) = CI3 — 5 lIlI3

Special cases are

* neo-Hookean model:

(h—3)+Ws(ly) = £ (11—3)+l(13_k—1) : =L

W= 2 k 2

Here, we normalize W so that W(3,3,1) = 0. The term I; gives the Hookean elastic
model, whereas W3(I3) gives the compressible fluid model.
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* Mooney-Rivlin compressible solid
W= C1 (11 — 3) —l—Cz(Iz - 3) +W3([3).

¢ Knowles solid

W = %[(11 —3)W () + (L —3)Wa(l3) + W3(13)]

For more models, see Drozdov (pp. 103-118).

10.3 Appendix

Here, we review some notations in matrix theory. Let A = (4;;) be an n x n matrix in C".
We recall the following notations.

* Minor: the minor of A is defined to be (A;;), where A;; is the determinant of the
matrix which eliminate row i and column j from A;

* Cofactor: Cof (A) := ((—1)"/A;) is called the cofactor of A,
+ Adjugate of A is defined to be adj(A) := (CofA)7,
* An important property of adjugate of A is

Aadj(A) = adj(A)A = det(A)I.

Thus,
adj(A) = det(A)A™!, Cof(A)=det(A)A™T

Theorem 10.11 (Caley-Hamilton). Let ps(A) := det(Al — A) be the characteristic poly-
nomial of A. Then ps(A) = 0.

Proof. 1. We use the adjugate matrix property. The adjugate matrix adj(M) of a matrix
M is defined to be the transpose of the cofactor matrix of M. The i-j entry of the
cofactor matrix M;; is the determinant of the (n— 1) x (n — 1) matrix which eliminate
the ith row and jth column of the matrix M. The adjugate matrix has the following
property:

adj(M)-M =M-adj(M) = det(M)I,,.

Applying this property to M = AI, — A, we get

(AL, —A)-adj(AI— A) = det(AL, — A)1,,.
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2. The right-hand side is
det(A L, = Z A,

3. Notice that the adjugate matrix adj(AI — A) can be expressed as polynomial in A of
degree (n—1):

adj(AI— Z B
Thus, the left-hand side is
n—1
(AL —A)-adj(AI-A) = ) (AI-A)-B;A/
i=0

n—1
=A"B,_1+ Y A'(Bi_; —AB;) — AB,.
i=1

4. By comparing both polynomials, we obtain
L,=B, 1, c¢l,=B; 1—AB;,;1<i<n—1, c¢ol,=—ABy.

5. Multiply the above ith equation by A’ them sum over i from O to n, we obtain

n n—1
Y cA'=A"B,_1+ ) A'(Bi_; —AB;) —AB; =0.
i=0 i=1

]

Spectral properties of a matrix In order to characterize the response function of an
isotropic material, we review some spectral properties of 3 x 3 matrices Let us denote the
set of all 3 x 3 matrices by M3.

* Given a matrix A € M3, its characteristic polynomial is defined as
p(A) :=det(A—AI) = =A% + A2 — 1A + 13,

where the coefficients 11, 1», 13 are called the principal invariants of A, which are given
in terms of eigenvalues A1, 4>, A3 of A as below:

U=trA=M++M3 (10.43)
1= % ((trA)* —tr(A%)) = tr(CofA) = M2 + a3 + 3 A (10.44)
13 = detA = A 1 A3. (10.45)

We denote the set of these principal invariants of A by 14.
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* Animportant matrix theorem is the Caley-Hamilton Theorem, which states p(A) = 0.
That is,
—AP+ AP — LA+ 13T =0.

» Consequently, the matrix power A”, with p € Z and p > 0, or with p € Z and p < —1
if A is invertible, has the following representation:

AP = 0 ()] + a1 p(1a)A + 0z (14)A%,
where oy , are functions of principal invariants.

» Spectral mapping theorem: If B is a self-adjoint operator with eigenvalues/eigenvec-
tors A; and p;, i = 1,2,3. Let B(A) be a smooth function, then

3 T

B(B) =Y B(A)pip! .

1

1
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Chapter 11
Thermo-elasticity

Reference
 Jacob Lubliner, Plasticity Theory.
* Silhavy, The Mechanics and Thermodynamics of Continuous Media, 1997.

* Li, Tatsien and Tiehu Qin, Physics and PDEs, Vol.II. ,STAM.

11.1 Constitutive law
11.1.1 First law of thermo-elasticity
State variables

1. To describe a motion of an elastic material, we introduce the flow map ¢,, which
maps My to S.

2. The kinetic state variables are fields (¢(7,X), ¢(t,X),F(t,X)), or (x(¢,X),x(¢,X), g-;(t,X)).
3. In addition, there are thermo variables, which are (po(X),S(¢,X),T(¢,X)), which
are scalar fields. We should treat pp as a measure in the material space My and is

independent of time.

4. An adiabatic process is a motion ¢, which is so slow that no energy exchange occurs
internally or externally except the work done by the motion ¢;.

187
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Work and stored energy

1. Given a flow map x(X), consider a one-parameter family of flow map x*(X) with
x’(X) = x(X). The variation % ’520 x*(X) is called a variation of x(X). We denote it
by X. An infinitesimal variation of the deformation is denoted by F. If x*(X) is the
time-evolution flow maps x(s,X) with s being the time, we denote its variation by X.

2. When a material undergoes a deformation, a stress (called the first Piola stress) P is
induced in response to such a variation. The corresponding variation of work is

W="P:F.

3. A material is called hyper-elastic if the work done by the material is independent of
the path it deforms. We call such P conservative. This is equivalent to the existence
of a stored energy W (F') such that first Piola stress P is the derivative of W w.r.t. F
and W can be obtained from F through integration:

ow Foo,

4. The specific internal energy U (F) is defined to be
Po(X)U (F (X)) = W(F(X)).
Then the variation of internal energy is due to the variation of work, which is

poU = P:F. (11.1)

5. In Eulerian coordinate, we have
pU=o0c:&. (11.2)
Here, . '
o aUFj . 1 ax'  Ix/
Cu=Popge =2\ ow T ox
are the Cauchy stress and the pseudo-strain, respectively. Formula (11.2) is obtained

from (11.1) and the symmetry of o. EI

'We have used

iy ox ox ok X
fi= 2 X X 9% pk
® o 9xe  gxkdX*  Ixk “

and

O —pOUpi 0V X 0% 1 (0¥ oY
P =PoF e =P TG = Ok g = %Us \ 5 T ox
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Heat and first law of thermo-elasticity

1. The energy exchange of the material internally or externally is characterized by a
scalar quantity Q, called heat. And the variation of internal energy is then character-
ized by

poU = poQ +P: F. (11.3)

This is called the Gibbs relation.

2. An adiabatic process is a process with O = 0. When the stress P is conservative,
then an adiabatic process stays in a hyper-surface in the space {(U,F)}. It also
means that there exists an additive field S(U, F), called the entropy, and a scalar field
T(U,F) > 0, called absolute temperature, such that

o

O=TS.

The Gibbs relation is expressed as

poU = poTS+P:F. (11.4)

The local existence of S is a theorem, which can be derived from the assumption of
the existence of the restored energy W. E| Thus, the first law of thermo-elasticity
can be stated as: there exists an internal energy U (S, F') such that the Gibbs relation

(T1.4) holds.

3. The Gibbs relation can also be expressed in Eulerian coordinate. Let us still use
U (t,x) for the specific internal energy at (7,x). The Gibbs relation is

pU =pTS+o:&. (11.5)

Representation of stresses in terms of internal energy

1. We have seen from the existence of entropy function S(U,F). We can invert the
relation S <> U and use (S, F) as the independent state variables. A constitutive law
is a function

U=U(S,F)

which characterizes the internal energy U in terms of the state variables (S, F).

2. From the first law of thermodynamics (Gibbs relation), the constitutive law of two
thermo variables are derived:

2This is due to Carathéodory’s theory of geometric thermodynamics.
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* the stress is then given by P = po(Ur)s;

* the absolute temperature 7 = (Us)F.

. The function U should satisfy the frame indifference hypothesis U (S,OF ) = U (S, F)

for all O € O(3). This implies that U is a function of C = FT F and the Cauchy stress
o =2(Uc¢)sC is symmetric.

. If in addition, the material is isotropic, then U satisfies the property: U(S,FO) =

U(S,F) for all O € O(3). The frame-indifference and isotropy imply that U is a
function of the invariants I = ;(FT F), k = 1,2,3. That is,

US,F)=0U(S,I,,b,15).

. Using W = poU, the Piola stress can be represented as

U
P:pO <8_F) )
N

. By using poJ ! = p and 6 = J~!PFT, the Cauchy stress can be represented as:

. oU
o =pUrF", ol = _FJ. (11.6)
PUF PoFi"®
_ ; _ U
G:—p(F T)U(Ffl), Gij:—p(F I)ZOCW (117)
J
_ ; U _
o =—pUsp-r)(F "), Gl.]:—pW(F he, (11.8)
o
o =2pBU i —2ppt Y =FFT
=2pBUp, o©;=2pB SBi’ where B=FF". (11.9)
y ou .
ij i)
o'/ =2p aCaﬁFaFﬁ (11.10)

. Using the representation formulae (I0.1T) and (I0.12)), the Cauchy stress for an

isotropic hyper-elastic material with internal energy function U (S, 11,15,13) is given
by
o =2p [(BUL)I + (O, + 101,)B — U, B (11.11)

or
o =2p [(LU, + 10;,)I + 0, B—LU,B™ '] . (11.12)
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8. Using (10.15)) and (10.17), the Piola stress can be represented as

P =2poF (voC ™' + w1l + y,C)

with
vo=0hLU,, wi=U,+LU,, v=-U,
or
P =2poF (1l + 1C+ 1.C?)
with
?’OZII/HrW;—;Z, 4 lefz—wIL;l, 722%-

Summary The first law of thermo-elasticity is: there exists an internal energy U (S, F)
such that

p()(j :p()TS'—l—P:I%

where
U L Po U

T:Z%, = 8F

In Eulerian coordinate, it reads

pU =pTS+o0:&.

The stability conditions are
* Urr is strongly elliptic, that is

XU ...
mé &'nang >0,

e Ugs >0

First law of thermo-elasticity in terms of free energy In elasticity, it is customary
to express constitutive law in terms of temperature 7' and strain. We thus introduce the
Helmbholtz free energy

¥Y:=U-TS.
and treat (T, F) as the independent state variables. The first law of thermo-elasticity be-
comes: there exists a function W(7', F) such that

po¥ = —poST +P:E. (11.13)
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From this formula, we get

0¥ ¥
S:_<8_T)F’ P=po (8—F)T. (11.14)

We can also express this first law of thermodynamics in Eulerian coordinate:

p¥ = —pST +0:8. (11.15)

Representation of stresses in terms of the Helmholtz free energy

1. The free energy ¥ should satisfy the following condition: Frame indifference W(7', OF ) =
W(T,F). This implies ¥ is a function of C = FT F, and the Cauchy stress Gis sym-
metric.

2. If in addition, the material is isotropic, then W should satisfy W(7,FO) = ¥(T,F)
for all O € O(3). This implies

¥ =\(T,I;,h,13), where I} = 1(C).

3. The representation of stress is the same as that expressions in terms of internal energy
U ¥
U. We only need to replace (ﬁ>s by (ﬁ> .

Stability condition
* Wrr satisfies the strong ellipticity condition

e Wrr <0

11.1.2 Second Law of Thermo-elasticity

1. The second law of thermo-elasticity characterizes irreversible process of a deforma-
tion process. It postulates that there exists a heat flux Q(7, VT, F) and a heat source
r such that

- Q por
Vi [=) =% >0 .
P0S + Vy <T) =0 (11.16)

This is called the Clausius-Duhem inequality. The integral form of the Clausius-
Duhem inequality is
d Q -N Por

= X)SEX)dX > — | ——dSo+ [ 2ax.
dt/gopo()( ) st [ B
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2. The above Clausius-Duhem inequality can be expressed in Eulerian coordinate:

pS‘+vX-<%)—p7rzo. (11.17)

Here, the heat fluxes in Lagrangian and Eulerian coordinates are related by
q=J"'QFT.

The integral form is

d q-v pr
2| psa +/ 94 s —/ PT x>0, 11.18
dt /Q(;)p X sony T ' Jany T X ( )

Here Q(r) = ¢;(Qo). The terms — [55) 42 dS; is the rate of entropy increase from
heat flux. The term fsz(t) pTr is rate of entropy production from heat source.

11.1.3 Entropy production

The constitutive law is postulate by: there exists function U(S, F) such that the specific
internal energy U = U (S, F). From variational approach and the Euler-Lagrange transfor-
mation formula, we can get the same equation of motion

(pv)+V-(pvw)=V.o

with stress
oU

P OFL
Note that the Cauchy stress ¢ is symmetric. By multiplying the equation of motion by v
and using

G,‘j = Fojc--
(V.o)-v=V-(ov)—0-Vv=V.(0ov)—0:¢&,
we get the equation for the kinetic energy density E; = %]V\zz
o/(pEy)+V-[(pEI—0) -v|=—0:&.

Here, € = % (VV + (VV)T) is the rate of strain. The term o : € is the rate of work done by
the elastic material. Next, the energy equation reads

a(gtE)+V-[(pEI—G)-V]:—V~q. (11.19)
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where the energy density E := %|V’2 + U, and q is the heat flux. Subtract the kinetic energy

equation from this energy equation, we get an equation for the internal energy

pU=0:6-V-q.

(11.20)

Here, U := (9, +v-V)U. This means that the increase of the internal energy is due to the

work done by the elastic material and the source from heat diffusion.

On the other hand, differentiate U = U (S, F') in time (with fixed X) and use the first law

of thermodynamics, we get
pU =pTS+o0:&.

Putting (T1.20) and (I1.21) together, we get an equation for entropy

PS.:—?, or pS+V-<%> —

q-VT
e

Adding S(p; + V- (pv)) = 0, we get entropy production equation

1
% (pS)+V - (pSV) + V- (%) — 754 VT.

Its integral form reads

d q-n 1
— Sd +/ —a’S:—/ —q-VTdx.
dt /Q(:)p * o) T Q1) 21 *

Thus, the Clausius-Duhem inequality (IT.18) with r = 0 is equivalent to

q-VT <0.

It means that the heat can only flow from high temperature to low temperature.
We can also write entropy production in Lagrange coordinate as

. V40 . Q Q- VyT
pOS:_%7 or POS+VX (T):_ T2X )

where the Lagrangian heat flux Q is (2.15)
Q=Jqr T

The integral form of entropy production in Lagrangian coordinate is

d QN 1
4 de+/ QN s :—/ —_Q-VTdxX.
7 /QOPO ba, T 0 o T2Q

(11.21)

(11.22)

(11.23)

(11.24)

(11.25)
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Summary

* The first law of thermo dynamics postulates there exists a function U (S, F') such that:
pU = pTS+ o: €. Then the following equations are equivalent:

Conservation of energy (I1.19) < Internal energy equation (I1.20) < Entropy equation (11.22).

* The second law of thermodynamics postulates there exists a function Q(7,VxT,F)
(or q in Eulerian frame) such that

Clausius-Duhem inequality < q-VT <0< Q-VxT <0.

¢ The relations
U=U(S,F), Q=Q(T,VT,F)

are called the kinematic constitutive law and the caloric constitutive law of the thermo-
elastic material. One can also use (7, F) as the state variables. In this circumstance,
the constitutive laws are given by

¥ =Y(T,F), Q=Q(T,VxT,F).

11.2 Linear thermo elasticity

11.2.1 Constitutive laws

Kinematic constitutive law Let us consider a linear elastic material which is in natural
steady state at temperature 7. This means the stress

P(Ty,I) =0.
Let us expand W near this natural state in 0 :=7T — Ty and F —I:
1 1
Y(T,F)=Y(Ty,I)+Y¥YFr (F —I)—FE‘PFF (F=I)(F—-1)+Ypr (F—1) 9+51PTT92+/’1.0.Z‘.
where all Taylor coefficients are evaluated at (7p,/). Let us call
po¥rr(To. D) = aiju, Po¥rr(To.l)=G=(gij), pPo¥rr(To,l)=—a.
The term (F —1 )’j = % As we have seen in the theory of linear elasticity, a; ji; satisfies

Ajjkl = Alij = Qijlk-
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From these symmetries, the quadratic term becomes

Z ou' du here 1 (8ui N auj>
Aijkl 7 3wl — Gijki€ijekl,  Where ejj = — | = ]
7 oXToX! 2\0X/  9X'
The second Piola stress is
¥
LijRPij=pogr = Y aijuex + 8ij6-
J k,l
From the symmetry of X, we obtain g;; is also symmetric, thus g; ]% =gi J% and
ou'

Zgij—. = Zgijeij =G:e.

70X
Dropping high-order terms, ¥ can be approximated as

1 a o
po¥ = §<Ae,e> +(G:e)b6 — 59 .
for F' ~ I. The kinematic constitutive laws are
* The Piola stress:
3
P(G,e):Ae+G6, Pij: Z a,-jklekl+g,-j9. (11.26)
ki=1
* The entropy S:
¥ ¥
S=—po===—pPo=7=—-G:e+ab. 11.27
Po PooT Poso +a ( )

Caloric constitutive law  The caloric constitutive law is Q = Q(T,VxT,e). Let us expand
it around (T,VT,F) ~ (Ty,0,1):

Q=0Q(T7,0,1) —KVxT +h.o.t.
When VxT = 0, there is no heat flux. || Thus,
Q(T7 071) - 07

and dropping h.o.t., we get
Q= —KVyT. (11.28)

From Q- VxT <0, we get a condition for K:
K;i®;0; > 0 for any vector ® = (G)i)?zl.

3This can be obtained from the second law. In fact, let f(A) := Q(T,AVxT,F). From hypothesis of the
second law, we get A f(A) <0 for all A € R. This implies £(0) = 0.
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11.2.2 The full set of equations

Momentum equation The equation of motion is

duk 3 00

3
T— P — i—. 11.29

Energy equation Recall the energy equation in terms of entropy and the heat flux as:

: \%
poS:—%Q. (11.30)
It can be approximated by
: VxQ
S=——"7"+—
Po T >

Plug (11.27)) and (11.28)) into this linear energy equation, we get

. . 1
poS=—-G:é+ab = ?Vx-<VX9).
0

or
Toa® = Vyx - (KVx0) +ThG:é.

The energy equation for 6 is given by

R T 926 3 0%u'
0= 7 & i axiax t L 8 giaxi (1130

The conditions for the coefficients are
* Qjjkl = Aklij = Qijlk— Akjils
* 8ij = &ji
T
e K+K" >0,

e a>0.
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Energy dissipation Multiplying (11.29) by ', then integrating over the whole material
domain €, assuming no boundary contribution from integration-by-part, we get

d 1 d%uk 8u 26 8u
E/Qo Epo ; jax = / Z S OXTOXT ot o / Z"g”(?XJ a4
__/ Z “8_uk82u’ ‘|’/Z 89814
T Jay &, OxT G10X 8ii9x7 ar

_d lZ 3 du dX—i—/Z (968u
Tt Jo,2 B\ 9xT T 8XJ $ii5x7 a1 ¢

Multiplying (11.31) by 0, integrating over £y, we get

d a 1 02u!
“920x = — [ OoVy-KVy0 / 0 ux.
dt Jo, 2 Ty Joy, X RVXOF Qoiz;’g” droXJ

Adding these two equations together, we get
d / 1
dr po

This shows energy dissipation law.

ou' dut ) 1 00 00
+ 2, gy gxr a0 ) X == Jou 7o L5 3x7 ax1

dul?
ot

(11.32)

11.2.3 Stability Analysis

We look for solution of the form:
u =Elexp(i(X-n—2Ar)),i=1,2,3,
0 = @exp(1(X -1 —A1)).

The system is called stable if
Im(A) <0.

We would like to investigate the stability condition in terms of the coefficients a;j;, K, G, a.

Plug these expressions into (I1.29) and (IT.37):

_p())'zgi_ Zal]kln n €k+2g1]nn <
Jok,l

. 1 ~ i
Jsl

irj
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In matrix form, it is

Tt s ] [8]

The characteristic equation is

nei2 i A(N) — poA 2l —1G
Ozdet[A(n) poA2I iGn }:d [(n) Po iGn

~AGM)T EK(n)—iad 0 A(GN)T (A~ poA?) ™" (—iGn) + £K(n) —iak
This leads to
det (A(n) — poA?I) =0, (11.33)
and
A(Gn)" (A(n) — p0,121)‘1 (—1Gn) + TLOK(n) —ial = 0. (11.34)

From hyperbolicity condition of g; j;, the matrix A(n) is symmetric positive definite. Thus,
it has the following eigenvalues and eigenvectors:

A(n)ép:po/llggpv A‘p>07 p=123.
The corresponding solutions for thermo elasticity are pure elastic waves, which include
« forward waves: u= ¢ ,exp (i(X -1 —A,t)),6,=0,p=1,2,3
* backward waves: u =& ,exp (i(X -n +24yt)),0, =0,p=1,2,3.

The other family of solutions are obtained by solving equation (11.34)). Let (lpz, Ep)s P =
1,2,3 be the eigen-expansion of A(1]). We expand Gn in {& ,} as

3
Gn = Z gpS, Whereg,=Gn-& .
p=1

The term \
-1 -1
(Gm)T (A(m)—por’l)  Gn=Y (po(A;—2%) g
p=1
Equation (11.34) becomes
3 2
Pog .K(n)
ALYy 2P . 11.35
“ El(ag—zz) " (11.35)

Here, K(1) =Y ; K;im;m > 0. After rescaling, this equation is equivalent to

3 1 1
ak+i+ Y by (Ap—x+zp+x> =0,

p=1

where the coefficients b, A, are positive.
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Proposition 11.13. The root of the equation satisfies Im(A) < 0 if and only ifa > 0.
Proof. TO BE COMPLETED. O
With this A, we find the corresponding vector (£, ®) by solving
A(N) — poA*IE —1GNO = 0.

We set O as a free parameter and find the solution . This thermo-elastic has negative
Im(A). It decays to zero as t — oo.

Remarks

1. The condition
Yrr <0 (11.36)

is called the thermo stability condition. Indeed,

C(*¥\ _(9S\ _1(dQ
or% ). \oT)p T\OT ),
Here, dQ = TdS is the heat added to the system. Thus, the physical meaning of

<g_£T2)F is the heat capacity of the material at constant deformation. The parameter a

I

0%y
a:=—pPo==>-
Po572
2. The thermo stability condition can also expressed in terms of U as
aT 1
Uss)p=|=2] = > 0. (11.37)
) G
T

4. For polytropic gases,

A(S S-S,
T = (T)VVH, U=cT, AS)=e o .

Thus,
S=So+c,In(RTV 1),
¥=U-TS=c,T—T (So+c,In(RTV ")),
¥ IS ¢
= =2>0.
oT> 0T T
See also (1.24).
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11.3 Equations for Nonlinear Thermo-elasticity

11.3.1 Lagrangian formulation

The full set of equations are the equation of motion (9.36) + energy equation (I1.30):
poV:VX-P (1138)

Here, pg is a prescribed initial density field. The unknowns are (v,F,T). The energy
equation can also be expressed as

, ov  VxQ
7= — RARERAS.S 4
PoST PoSF X T

Since F is the differential of the flow map: F, = fx—x;, it should satisfy the compatibility

condition
Vy x FT =0.

The constitutive laws are given by the two relations

Y=Y (T,F)
o 11.39

Q= Q(T,VxT,F). (11.39)

From ¥, the Piola stress and the entropy are obtained:

I¥ 0¥
P:p()a—F, S:_a_T

There are 9 equations for F, three equations for v and one equation for 7.

Hyperbolicity The system is called hyperbolic if

2
Po a.‘Pj g6/ nP >0, forall & = (&',&%,6)" £0and n = (n', 0%, n%)" £0.
OFLIF]
Thermo stability

22
0o <—) <0. (11.40)
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Second law of thermodynamics The heat flux should satisfy the requirement of the sec-

ond law of thermodynamics:
Q- VxT <0.

11.3.2 Eulerian formulation

In Eulerian formulation, we treat p as a new unknown and add the continuity equation.
However, this is redundant. So we add a constraint: pJ = pg. The full set of equations
include 9 equations for F~!, three equations for v, one continuity equation for p and one
energy equation for 7.

p +.axj(vjp) =0 o

8t(pv’) + axj (pvl\;]) — 8xj6l] +fl
AH(F 1%+ ((F—l)gcvf) _0

K(PE) + 0y (VPE —vi6V) + g/ =V'f'

(11.41)

where E is the specific total energy E = %|V|2 +U. We need the density constraint: pJ = po

and the compatibility condition
Vex F~T =0. (11.42)

The constitutive laws are either expressed in terms of (S, F) as
U=U(S,F), q=q(S,VxT,F),
or in terms of (7, F) as
Y =W(T,F), q=q(T,ViT,F),

where ¥ = U — ST is the Helmholtz energy. The unknowns are (v,F~!,p,T).

Stability conditions The constitutive equations should satisfy

* Hyperbolicity

PEL P
Bgigj 3
——n%nPE'ES >0, forall m, & e R\ {0},
aF&aF/;

or

U iy
aFé.caFﬁjn‘)‘n% E7>0, forall n,& € R3\ {0},

* Thermo stability W77 < 0 or Ugg > 0.

* Second law of thermodynamics q- V47T < 0.
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11.4 Thermo-elastic Models

11.4.1 neo-Hookean models

1. Blatz-Ko rubber [Blatz Ko, 1962]

2. Aluminum: a compressible neo-Hookean model for aluminum [Miller-Colella, 2001]

Mo [, /3 /”P(P’) /
U=7 (11 31 )+ N dp’,

12

P
where
/ p P\ P\
=pols~ 12, P :72(-—1>+172(——1) +40<——1).
P = pof3 () 0 0 0

po=2.7x10%kg/m?, uy=24.8GPa.

3. Copper [Miller 2004] The internal energy is decomposed into hydrostatic (H), thermo
(T), and shear (S) energies:

U=Uy(L)+Ur(S,)+Us(Il1,h,15),

Uy = —ﬁ (14 r(13,K")) exp (—r(B3,K"))

Ur =¢,1) {exp (S:SO) — 1] exp (_}’0 _;(13)) ,

) s B+ (1= i -3

where
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Chapter 12
Elastoplasticity
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12.1 Flow laws of elastoplasticity

12.1.1 Decomposition of Deformation

In the deformation of an elastoplastic material, the deformation gradient ' can be decom-
posed into elastic part and plastic part: (see Sec. 8.2.2 of Lubliner’s book)

F=FFP, Fi=(F)5(F")}.

The elastic part is reversible, while the plastic part, a result of dislocation of lattice, is
irreversible. The elastic part F¢ will relax to an equilibrium state, while F? follows a
dynamic flow law which depends on some internal variable &. This internal variable &
can be a scalar, a vector, or a tensor. It characterizes the restructure of the material, for

205
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instance, the work-hardening parameter. The dynamic law of F” and & are described by
the following ODEs

Fp:h(p7F7Fp7U7€)a
{ g :K(vaanaUaé)'

The functions 4 and K can be derived from the following postulates:
* A constitutive law for the internal energy: U = U(S,F*¢,¢&);

* Avyield surface f(o,x) =0, where ) := dU /d& is the internal force conjugate to the
internal variable &;

* The maximum plastic dissipation principle, which states that the flow rule of F” and
& are determined by maximizing the plastic dissipation.

The region
{(o,2)|f(0,x) <0}

is called elastic region, inside which, the material behaves purely elastically and F = F*.
As (0, x) reaches the boundary f(o,)) = 0, dislocation of lattice occurs and the material
behaves plastically. The system is irreversible. The increase of entropy § is characterized
by the power (rate) of plastic dissipation and power of thermal dissipation. The stress in this
plastic regime is obtained by the principle of maximal plastic dissipation. Let us explain
these in detail below.

12.1.2 Constitutive Law

The first hypothesis is: there exists a function U(S,F¢,&) such that the specific internal
energy satisfies

U =U(S,FE).

The reversible part of the internal energy depends only on F¢. The irreversible part of the
internal energy is characterized by the interval variables &.
There are three conjugate variables derived from U

* temperature T := (%—g)F .

* stress 0 :=p (g-g)séFT,

* internal force y :=p <’9—g>s pe'
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An example of such internal energy is a modified Mooney-Rivlin equation-of-state:

pU(S,Fe, &) :%S) (ln \/detC6>2 + %S)trCe

_H(S) ey, Po 1w
5 ln(detC)—l—ﬂOp (§+191€ ),

where C¢ := F¢(F¢)T is the elastic strain tensor, & is the work-hardening variable, and
U
— 02l (1_ *1915)
X=p FE 0 e

is the work-hardening modulus (or the internal force).

Below, we want to derive the dynamic equations for the thermodynamic variables: S,
FP? and &. The equation for S is equivalent to the energy equation. The equations for F”
and & will be derived from the maximum plasticity dissipation law.

Derivation of equation for S We recall the energy equation reads,
o(pE)+V-((pEI—0)v)=V-(xVT),

where £ = %|v[2 + U, the specific total energy. By multiplying momentum equation by v,
we can get the equation for the kinetic energy Ej := %]v\z

9(PEx) +V - [(PEd—0)-v]=—0:D,

where D = %(L—f— L"), L = Vv is the strain rate. By subtracting the kinetic energy equation
from the energy equation, we get the dynamic equation for the internal energy:

pU=0:D+V-(kVT). (12.1)

On the other hand, by differentiating U = U (S, F¢, &) in time with fixed material variable,
and treating F¢ = F(FP)~!, we get

. dU. U . JU . U .
U=—S+—-—: — FP+—-¢.
a5t ar T o T e s
Here, the partial derivatives g—g and % fix (S,&). Multiplying this equation by p, we get

) ) U . U . .
PU =pTS+poiFtpor i FP 41 E. (12.2)
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Using 6 = pUpFT, F = LF and the symmetry property of &, the term

aU.'_ aU. _ T.y _ ~.7 _ ~.
popiF=p—-iLF =pUrF':L=0:L=0:D.
The term
oU dF, oU oU 0
_ — = e p
P IFLy -P 8F” IF} <p aF;> IFly ((FYelF")er)
= 03 (F ") (F®)80x85y = 01 (F ) (F),,
= 6i;(F ) F((F") ™ ya
Thus,
aU Fp _ F—l ﬁFl Fp -1 FP _ F—l B Fi F F _ZT.LP
Pz ap = O T FP) el = (a7 Yyaklg) =717,
Ot
where

Y=F'oF, LF:=(FP)"'FP.
Equating (12.1) and (I2.2)), we get an evolution equation for the thermo variables:
pTS+XT 1P +x-E=V-(xVT).

The entropy production is

[ (2T:Lp+x-5'>+

1 1
oT —V- (KVT) = p_T (‘Pplast _'_lPtherm)

pT

The term ‘
W plas = —xlpp—y &

is called the power of plastic dissipation. The term
Yinerm :=V - (kVT)

is called the power of thermo dissipation.

12.1.3 Plastic yield surface
Our second postulate is: there exists a plastic yield function f(o, ) such that
* the material behaves elastically when f(o,x) <0,

* the material behaves plastically when f(c, ) = 0.
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Example The Mises-Huber constitute model is given by

f(o,%) = ||dev(o)]| - \E(Gy +x)- (12.3)

Here, dev(c):=0— %(trc)] is the deviatorial part of ¢, Oy is a constant yield stress param-

eter. During material deformation, when the deviatorial stress is greater than \/g (oy + %),

the material lattice is broken and the material undergoes a plastic deformation. The bro-
ken process is described by the internal variable £ and the plastic deformation FP. Their
dynamics are determined by maximum plastic dissipation law below.

12.1.4 Maximum Plastic Dissipation Law

Our third postulate is that: the dynamics of the plastic variables F? and & are determined
by
max W (2,2, L7, )
subject to the constraint
f(o,x) <0.
Recall
Wptas = —E" 1 LP — 1 -&,
and use method of Lagrange multiplier, we get the corresponding Euler-Lagrange equation

1S
0 d
aF <lPPlast + Cf) =0, ﬁ (\Pplast + Cf) =0.

Here, { is the Lagrange multiplier. Recall L” := (F?)~!FP, the Euler-Lagrange equations
are

: af
P _ CFP
PP =(FP o, (12.4)

. af
=, 12.5
=13 (12.5)
The Lagrange multiplier { should satisfy the KKT condition

£=0 (12.6)
£>0 (12.7)
Ef=0. (12.8)
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In addition, in the plastic regime (i.e. f = 0,{ > 0), it should satisfy the consistency
condition

{f=0 when f=0. (12.9)
It means that the material stays in plastic mode during f = 0 and this gives f = 0 in this
regime.



Chapter 13

*Geometric Elasticity

13.1 Geometric view of strain and stress

Let ¢ : My — M; C 8 be the flow map. We denote it by ¢, (X) = x(z,X). We will call My
the material space and M; the target space.

The material space has basis {dx« } in the tangent space TM and dual basis {dX*} in
the cotangent space T*My. We also assume My has a Riemannian metric: (0) g =

<axaaaXﬁ>’

The target space is a Cartesian space with metric (g;);;, basis {d,:} in TM; and dual
basis {dx'} in the cotangent space T"*M,.

The deformation gradient F is d¢,, which maps a tangent vector dy« in TMj to a
vector Féaxi in TM;. Thus, we say that F' is a TM;-valued 1-form in My, denoted
by Q! (My, TM,). This is equivalent to say F € I'(Hom(TMy, TM;)), the space of all
section maps from My to Hom(7My, TM;). Here, Hom(V, W) is the space of all linear
maps from vector space V to vector space W. Note that Hom(V,W) =V*®@W. Thus,
F can be treated as a section map from M to T*My®@ TM, with F (X ) € Ty (M) @ TeM,;
and x = x(1,X). E| F has the following representation

ax'

F(X)=F,(X)dX*®d., Fy:= xa

(13.1)

Inverse deformation gradient (F~!') which maps a vector d; in TM; to a vector
(F~1%0xa in TMy. Thus, (F~1)(x) € Tx(Mo) ® Ty M; with x = x(¢,X). The rep-

'In Marsden & Hughes’s book, F is called a two-point tensor of type [(1) (1)] .
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resentation of (F~!) is

(F)x) = ()50 .

* Right Cauchy-Green tensor: C = FTF.
F:TMy — TM,, F*:T*M, — T*M,

Using metric go and g;, we can identify T*M, to TMy and T*M; to TM,. Thus F*
induces
FT :TM, — TM,,

with .
(FT)¥ = (20)*P Ff(81)sj-

Define C = FTF, C: TMy — TM, with
C = CfdxP @ dxa
C = (20)*"Fy (21)iFp-
Note that

2ap = (80)asCh = Fal(2)ijF} = 0" (21)
is the pullback metric of g; in M.

* Left Cauchy-Green tensor B := FF T TM, — TM, is defined as
B =Bidx © 9,
B = Fi(FT)% = Fi(g0) P Ff (g .

* vdS$; is an Eulerian vector-valued 2-form on M;. Its pull-back by ¢; is ndSy, which
is a Lagrangian vector-valued 2-form on M. Indeed,

vdS, = (dx* Ndx®,dx> Ndx!, dx' Ndx®) = (xdx',+dx* +dx®) in Eulerian coordinate

ndSo = (dX> AdX?,dX> NdX ', dX' NdX?) = (xdX ', *dX?, xdX?) in Lagrangian coordinate.

The pull-back of vds; is
@} (vdS;) = JF~Tnds.
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* Piola stress: the first Piola stress P is defined so that it is paired with a deformation
gradient and form an energy density. That is ' /\ P(F)=W(F)[i. Since we express
F = F,dX®* ® d,;, P must have the form

P(F) = P*(F)(%dX*) @ dx'. (13.2)

This means that P € Q"' (My) ® T*M,, or covector-valued (n— 1)-form Q" (My, T*M,).
Recall that F is a vector-valued 1-form. The pairing of P and F is

W(F)fi :=F AP =F.P*dX%* A (xdX*)(d|dx") = F.P¥[1. (13.3)
Given an equation of state:
s(F) = [ WPk
M

define SE(F) oW oW
(F) _ — (xdX*)@dx', P*:=

POF) = =55 = JFi T OFL

* Cauchy stress. The Cauchy stress has the form
o= Gl-j (xdx!) @ dx'.
It is a covector-valued (n — 1)-form Q"~'(M;,T*M;). The pullback of o for the
(n— 1)-form part is the first Piola stress:
¢/ (o) = Gl'j @ (xdx’) @ dx'
= 6/J(F T)%(xdX*) @ dx'
= P*(xdX*) ®dx'
=P

* The second Piola stress is the pull-back of P to M. That is
Y:=F P

It is the Lagrangian covector-valued 2-form in Lagrangian coordinate. It is symmet-
ric.

13.2 Geometric Formulation of elasticity

The equations of elasticity consist of continuity equation, equation of motion (momentum
equation), energy equation (first law of thermodynamics), and an advection equation for
the deformation gradient. We will write them in the Language of differential forms. Recall
the following notations:
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* Let p; denote for p(¢,-) and y, be the volume form of M,. Sometimes, we neglect the
subscript 7.

s v =19, is the velocity. N = v;dx' is the momentum.
s 0= Gl-j(*dxj) ®dx' is the stress.

* ¢/ is the pull-back operator. d; is the time derivative with fixed material coordinate.
An important formula is

o = ¢ (d+24).

Continuity equation

(0 +24) (prts) = 0. (13.4)

Advection equation for deformation gradient ' Recall that

. , ox
F(X)=F,(X)dX*®d,, Fj:= xa (13.5)
The advection equation for F is
OF +v-VF =(Vv)-F
In term of Lie derivative, it is
(OF + 4 F =0.] (13.6)
This follows from
d i a
hF + L4 F = = (Fa(X)dX* © 9,i)
d [ . oxh
=— | FL(X)dX*® ——0
dt ( o(X) @ ox! XB)
ik i V' o
= 8,Fa +Vv 8xkFa —Fy, Ik dX%® 8x,-

Note that the pull-back is only for d,x.
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Advection of the left Cauchy-Green deformation tensor Define the left Cauchy-Green
tensor o
B(X) = F&Fojcaxi X 8x,-,

which is a tensor of type (2,0). The Lie derivative of a type (2,0) tensor A is given by

0 0 d d d d
_ ijy ¢ o 9 kj v it Y
LA = (LA )axi®a -+ A g(&k)®8xl+Aal®$(3f)
g v v\ d d
_ ij k ij _ Akj@Y il
(atA +v 0 AY —A B —A 8x‘3> 35 © 90

This is also known as the upper-convected derivative of the tensor A. Thus,

(0 +%)B=(d:+v-V)B—LB—BL" =0.

Equation of motion Let 1 = v;dx’ be the momentum 1-form. The Piola stress has the
form .
P(F)=P*(F)(xdX%)®dx". (13.7)

This means that P € Q" 1(M) ® T*M, or Q"' (M,T*M). The pairing of P and F is
W(F)fL:=F AP =FLP*dX%* A (xdX%*)(d,|dx') = FLP*[1. (13.8)

The equation of motion is

(0 + L) —d (%|v|2) = %*do. (13.9)

The connection between P and o is

*

P=g¢/0o.
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Chapter 14
*Hamiltonian Elasticity

Incomplete!
There are two formulations of Hamiltonian elasticity. One is in Lagrange frame of refer-
ence. The other is in Euler frame of reference. [

Let q(,X) be the flow map. The Lagrangian is defined to be

1
L(V7paS7F) = EP‘V|2_pU(SaF)

L= [ L4, 50

The momentum
0.7
p(X):= oy - Po(X)v(X).

The internal energy U depends on the conformation tensor
ij _ i g OB
¢/ = F&FBC0 .

Let us define

Then s and c¢ satisfy

ds+V-(vs) =0, Jc+Vx-(ve) = (V) —¢(VV) =0.

IReference: Beris and Edwards, Thermodynamics of Flowing Systems, pp. 113
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We recall the relations between other Eulerian variables (p,s,c,m) and the Lagrangian
variables (q, p) are

p(x)= [ polX)3(x—a(x))ax

s(x) = /Qoso(X)S(x—q(X))dX (14.1)
= [, pX)3(x—a(x))ax
And
() = [ S(x—y)e(y)dy

— [, 8- apla)e(5

dq
= %3@—MXM%@)%XWX

Wldx

A functional .% [q,p] can also be represented as a functional of [p,s, ¢, m] by

Fp,s,c,m] = F[q,p],
with variation

s (é%qﬁ_%p)
Q \ 0q )

8.7 8.7
/( 55+ o +6m5m)

In this expression, %‘; is a function of (p,s,c,m), hence a function of x. The variations of

p,s,c and m can be obtained by taking variations on the transformation formulae (14.1).
We get

o = —po(X)Vad(x - (X))

g_fl — 55(X) VxS (x — q(X))
(js_l:; — —p(X)Vy8(x—q(X))
om
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561 = [ ~3,5(x— a(x)3¢ po(X)el S) + 5(x— a(X))pu(x)8e dx.

0X

Recall that ¢/ = F’F[{ gﬁ aa;; %cgﬁ (X). With x = q(t,X), we have

Scl =

a6‘] ozﬁ a66] laﬁ afB ,ﬁa d k
sxapee + 5ypFach <5kF[§ &P+ 8/ Fjc >axa6q .

Thus,

A" N
I lj__
5qk axkg(x q( ))pOc

ox [6(X_q( ))pO(SkFJ ﬁ_|_6/ zﬁaﬂ

= b x—al)poct — 10 (30— a(X) polx) (8{FJes? + iyl ]
:—%6( a(X))poc —J aam [8(x—a(x))p (8" +8fc™)|.

Here, we have used

J i
gxo o = GumOm
The function .# maps (p,s,c,m) to R and .% = .% oq maps q to R. Therefore, %—‘f and

%; which are functions of X, can be expressed as

PL=J ol,=J 'P.FI.

m

OF o [ (3500, 088 07 b 0F o
oq “Jo,\ 8p 8q 85 8q  S¢c 8q Sm 8q
=I1+1.
8.7 8.7 8.7 8.7
I——/ <p0$+506—5—|—p()c5—c+p'5—)~VX5(X—q<X))dX
8.7 8.7 07
= [ (oo G oaw S e S 0.5 ) s(xax)
0.7 6c”
=" Josd 5q
8.7 0 S
— 1.mj J m
- [ S5 [a(x a(X))p <5kc +8lc )}dx
0F 8.7 8.7
5o ) = [ G (x—a)dx = 5 (a(x)

The Poisson bracket {.%,%} defined by

{%g}tz/ (SJ -6—g—8—g-5j)dx
Qg
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can be expressed in terms of (p,s,c,m) as

{7.9}={79}
—/QO/ d(x—q(X (poV %f+5ovx%+p0cvx%+p'vxg_f:) -%i
~5(x—q(x)) (povx‘;—f +sovx‘;—f+pocvx%—g+p-vxg—i) 7 ixax

om
SJ 0 N ;. %
o 1. mj J im e
/Qo/ dcii 8x’" 5 a(x))p <5kc ¢ )]dXSmkdX

5% d — > 0.7
i mj J im o7
/Qo/ Scii 8x’" 5X aX))p (5"6 + 3¢ >}dx5mkdx

We use (5.6) and a lemma below to get

8F 8.F SF\ 89
{%%}—/Q(pvxgﬂvxs—erm-VXﬁ).E

7 7 a

op 0s *Sm/) &m
+/ v, 07 8.7 6% XS% Sﬁdx
oc 6c Oom

0 867 i\ 09
mj J.im\ 9
+/ (8xm 6c’l> <6 + 9 ) Sdmk

() ) e

Here,

( 5%) ST ,-(8 6%_)532
m-Vy— |- =m' | — -

*Sm/) Sm ox/ Smi | Sm/

We need a lemma.

Lemma 14.8. It holds that

A O | 8x=a0))po(x)6 (x)w(a(X))dxdX = [ p(x)g(x)w(x)dx.

L Lo ~q(X)0(x))y(a(x))dxdX = - | Vug(x0()y(x)dx
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Proof. Lety = q(X). Then the above integral is

|| 86=v)po(a ) w(y)dxsa )y
= [ | sx=¥poy(y)dxay
= [ PEox)wx)dx.

L, L oIe)vaIs s —apnew]wlaw))axax = [ [ 0(Val8(x—y)0(]y(y)dxdy
—— [ [ Vo Is(x-y)olw(y)dxdy = - | Vio(x)8(xw(x)dx
QJQ Q

14.1 Poisson bracket formulation

Reference:

e Antony N. Beris and Brian J. Edwards, Poisson bracket formulation of viscoelastic
flow equations of differential type: A unified approach (1989).

* Miroslev Grmela, Hamiltonian Dynamics of Incompressible Elastic Fluids, Phys.
Lett A (1988).

Lagrangian formulation
1. The space we consider is

Q:={q:M — M is 1-1, onto and Lipschitz continuous. }

An element q € Q is called a flow map. Its gradient F := 1s called the deformation

gradient.
2. The Lagrangian L : TQ — R is defined by

dq
q, ﬁ?
where A is the Helmholtz energy per unit mass. It depends on 3—; through ¢, the
conformation tensor. A and c¢ are defined by

T
A(c) =E(c)—TS(¢), ¢:= §—§c (X) (%) = FeoFT.

8q)

—_ 2_
V)= plvl PA(5

L(
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Here, ¢o(X) is the initial conformation tensor. The function E is the internal energy
and S the entropy, both are per unit volume. They are modeled for different types of
materials. For example, in a simple dumbbell model,

E(¢) = 5nK(7r(c)

1
S(e) = EnkB Indet(c).

Here n is number density of polymer spring and K is the spring constant.

The action is defined as

Jq
S[q,aX,q /2 (q)la*dx - /A
= [ Spo(laPax— [ A(Feo")sax
Qo Q
=X[q] — |q,F]

Note that both ¢ and ¢y are symmetric. The variation of &/ w.r.t. q gives the stress
term:

8/ =8 | A(FeoFT)JdX
Q

o [A'(¢): ((8F)coF" + Feo(SFT))J+ASJT] dX

Let us assume the fluid is incompressible. We thus neglect 8J term. Since c¢ is

symmetric, A’(c) := a‘)A is also symmetric. Note that

(Feo(SFT)T = (8F)coFT .- ¢g is symmetric
We then get
A'(c): ((8F)eoF T +Feo(SFT)) =2A'(¢) : (8F)eoF .

S =2 / AL (8F) }CCSE(FT)ﬁJdX
—2/ Al]a - OF;JdX
-2 Z A’.. kEFjJ)5 idx
/Qo an ij€0 L'y q

d
=— —P-0qdX
Q, 0XK 4
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Here,
k. Al Kkl
P = 2A,-jco F;J
is the first Piola stress.

3. The variation of action gives
5l
08 = / (—pod+ VxP) - 6qdX dt
o 7
The corresponding Euler-Lagrange equation is
pod = VxP.
4. The corresponding Cauchy stress is
o=J"'PFT.
In component form, we get
' k k
Gij = Pl (F T) Jj
kl j
= 24"
=2A'c.
Note that both ¢, A" := a—*c‘ and o are symmetric. We have
o =2A"c=2cA.
In the case of viscosity, we add the rate-of-strain to the extra stress. Thus

o =2cA'+1, (Vv+(Vv)").

Hamiltonian Dynamics in Lagrangian coordinate

1. We can express the above Euler-Lagrange equation as a Hamiltonian equation. First,
let us take Legendre transform of ., which is equivalent to take Legendre transform
of L w.r.t. v. This defines the momentum

p(X) = 2% = po(X)v(x).

The Hamiltonian is then defined to be the Legendre transform of L. This gives

0 2
| ):ﬂ

H(qua_Xa 2p0

+A(c),

and 5 5
q . 9q
Hq, 8X’p] = /QOH(q, aX,p)dX.
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2. The Lagrangian dynamics is equivalent to the following Hamiltonian dynamics:

e
q__5p = Po
s

This equation can also be formulated in terms of Poisson bracket. Namely

qG=1{q, 70}, p={p, 1Y},

where the Poisson bracket is defined by

0F 09 09 dF
F Y= [ (5o Gs— 5 ) dX
{ } QO<8q8p aqf?p)

Hamiltonian dynamics in Eulerian variables

1. The Eulerian variables are (p,m,¢), where m = pv and ¢ = FegF 7 is the conforma-
tion tensor. The transformation between (q,p) and (p,m,c) is

p(x) = /Q PolX)3(x —a(x))ax

m(x) = | p(X)3(x—q(X))dX

Qg
dq dq .1
c(x) = ()G
Here, we have assumed that pg and ¢( are pregiven function on €.

2. Variations

Sp=— /Q PolX)VB(x—q(X))-Sa(X)dX

6m— [ (~pVx8(x—q(X)))- 8q+5(x~q(X))5pdX
Qo

For

its variation is
_ 984" 94 ¢, 94’ 94" 4
oxk oxt Xt axk

_a(éqm) ima_qj jma_qi kl
) ¢ ((6 axﬁ‘s axf)c

8¢ (q(X))
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Here, we have used CK = C**. Hence, for a functional .#[q,p] = .Z[p,m,¢] =
J F(p,m,c)dX, we have

0.7 0.
or
07 = (5<1(qur 5p>dX
/ ( +—5m+5i5c>
o
/ —po(X)Vy8(x— q(X)) - Sq(X) dX dx

Qo
G pVs3x - ax)) - Ba-+ 3(x - q(x))opax dx
JdF 9(6q™) (85q oq’ Ckg+85q g’ Cké) I

odc dxk \ oxk 9x! oX' oxk
JdF
:/ /(5(X—q(X))po(X)VXa_) dx- 8q(X)dX
Qo P
oF OF
+/QO/< Xam>'5‘l+a—m5(X—q(X))5pdde

OF dq’ 4, o (OF 3¢ o
/ {aX"<8c“J axt¢ J)+axf(acfa oxiC /)| 9a aX

57 OF JdF
e _/Qs(x—q(X)) {Po(X) <VX%> P (V EN -
9 ( OF dq’ o JF dq' c”‘])

Thus,

—9xk \ 9c%i 9x? dcie gx!
O = | S s dx = S
3. The inner product
o 66? fsf / [/ )(PO( )V 3—§+pVx§TI;> dx] g—st
_/QO aik (&aczj j)céjfckgj aa:a g;e )'aalfadx

JoF\ dG
_/( "a_) &md

ax’ 9c¢2i ¢ T 90 ) oma
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In the last step, we use the following lemma

Lemma 14.9.
JVXG = VXp,
where . .
c=J'PFT ol =J'PAF.
By setting
oF dq’
k. 99" ke
Fo = 5 eai gxt©
we get
: oF i . oF ;.
_ J ikl
G& = WFZ Fle = acajclj

Thus, the last term in the inner product formula is

_/i oF i, 9F i). 96 ,
00x \9c®i ¢ T e ) gma X

4. The Poisson bracket is

oF

aG

F IF\ G 9 [ F
F — —_— ) gx—- | = ij
(7.9 /Q<”V"ap+mv"am) T oy (acajc i

dcle
G

cJ')

" 9m®
oF

3G _ G\ OF 3 (3G .
_ _ _ ) _ L]
A (pv"ap +mv"am) T 7 (8c°‘jc i

Incomplete, some terms are missing.

__¢
dcl®

‘)

om¢

dx

dx



Chapter 15

Mathematical Theory for Simple
Elasticity

Simple elasticity only consider mechanical property of an elastic material, no thermody-
namics is under consideration. Mathematical theory for simple elasticity includes

* Initial boundary value problems: elastic wave theory

— Hyperbolicity and rank-1 convexity

— Linear elasticity

— Linear isotropic elasticity

— Nonlinear elasticity, hyperbolic conservation laws

» Steady state problems:

— non-uniqueness and uniqueness,

— poly-convexity, existence and uniqueness

* Stability and Bifurcation theory
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15.1 Linear Elasticity

15.1.1 Dynamics of linear elasticity

In simple elasticity, as assuming the strain e = % (VXu + (qu)T) being small, the equation
of motion can be approximated by

a2k

. u
<ol o -

poii' = %a,,kzaxjax,, i=1,23, XeQ, (15.1)

where the coefficients 2 ( )

W(l
ajip] = ———— 15.2
il IFIOF, (15.2)

satisfies

Qjjkl = Qijik = Aglij= il - (15.3)

The first equality is due to C = FTF being symmetric. The second equality is from
IPW(I) _ I*W(I)

IFTAFE ~ FfaF; The third equality is a consequence of the first two equalities.

15.1.2 Hyperbolicity of linear elasticity

We look for plane wave solution for equation 1D We plug the ansatz u = ‘g’ei(”'x —A1)
into (15.1) to get

3
por’éi= Y aju&nim. (15.4)
jkiI=1

Thus, equation (15.1)) supports plane wave solution in direction 1 if the 3 x 3 matrix
3
A(M)ie == (Y, aijumm)
Jil=1

has positive eigenvalue pyA? with eigenvector &.
Lemma 15.10. The matrix A(N)y. := Z;’ -1 aijklnjnl is symmetric.

This is due to a;j; = ay;; (hyper-elasticity) and

3 3 3 3
AMi=Y ajumim =Y, ajumni =Y, aunim =Y, ajunjm =AM)k-
Ji=1 ji=1 ji=1 Ji=1

Thus, A has real eigenvalues. To support plane wave solutions, we need A to be positive
definite. The definition of positivity of A is the follows.
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Definition 15.6 (Strong ellipticity). The 4-tensor (a;jx;) with symmetry property is
said to satisfy strong ellipticity condition if there exists a positive constant o such that for
any E € R3, n e R?,

Y aiju&i&enmi > alPnl. (15.5)

ijkl
From the above discussion, we have the following proposition.

Proposition 15.14. Strong ellipticity for the 4-tensor (a;ji;) is equivalent to the hyperbol-

icity of system .

Remarks

* Condition (I5.5)) is also called Legendre-Hadamard condition in Calculus of Varia-
tions.

* Let M, be the space of n x n matrices. Let W : M, — R. Such function W is called
rank-one convex if it is convex along all directions spanned by matrices of rank 1.
That is,

WAF+(1-2)G) <AW(F)+ (1 -A)W(G),

for all
F.GeM,, rank(F—-G)<I.

The matrix (§n;) := EnT is arank-1 matrix. Indeed, all rank-1 matrix has this form.

* W(F) := a;juF j’Flk is rank-1 convex < a; i, is strongly elliptic.

15.1.3 Energy law

We want to study how energy changes in time. From the symmetry property of a; i, we
have

Z oul Z duk
Aijkl yvr = L%kl 537
= X o X
The dynamic equation can be written as
o1 ou*  ou
poii' = 5;§ajaijkl (W + —an> :

In vector form, it reads

poit = 3 V5 [A (Vxu+ (Vxu)")] = Vi e (15.6)
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By multiplying by u then integrating in X, we get

d 1 . 1 .
z/go (5”0'“'2) = /Q 5 Vs [A(Vxu (Vxu)')] -adx

:_/Q %[A (Vxu+ (Vxu)")] - Vyuax

Note from a; j; = aji; we obtain

1 duyy duy \ du; B 1 du; duy dii; auj
EZaijkl(an‘f‘axl) an—ZiZal/kl<an+aX1 8Xj+(9Xi

ijkl ki

. d (1
= /Zaijklekléij = (Ae, &) = a7 <§(Ae,e)>

ijkl

The energy law reads
d 1 ’ d
— —~pPolu dx+— [ W(e)dx=0

W(e) i %(Ae,e}.

where

15.1.4 Dynamics of linear elasticity

Existence theory for linear elasticity with hyperbolicity condition The initial-boundary
value problem for linear elasticity is posed as the follows. The evolution equation is

2.k
: u
poii' =Y aiju=omor i=1,2,3, X € Q. (15.7)
I oxTox!

The boundary conditions are

— D
{ u(X) =h(X) on oI} 158

Y2 i i 2N = 1(X),i=1,2,3, on ITY

where Qg =TY U, N = (N!,N? N?) is the outer normal of I'). The initial conditions
are

u(0,X) =up(X), Jdu(0,X)=u;(X), XeQ. (15.9)
Standard semigroup theory gives L? existence theorem under the strong ellipticity condition
for (ai jkl)-
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Remarks

1. For the whole domain problem, one can write the equation as a first-order system

d |u 0 If|u i 9%uk
il =L of[d] o =Tewzom

The Fourier method gives a representation of the solution operator. From which,
one can perform [? estimate, or Strichartz estimates (LP-L9 estimates) to obtain L2
solution or a L? theory.

2. For bounded-domain problems, operator theory and Hilbert space method can be
applied.

15.1.5 Steady state problem for linear elasticity
Outline
* The steady state problem is the boundary value problem of
22k )
_jzk‘l,aijklm = po(X)bi(x(X)),i=1,2,3, X € Qq,
with boundary condition (I5.§). Here b is the body force.

* Stability condition = existence and uniqueness of steady state problem.

* The key step is the Korn’s inequality and Lax-Milgram Theorem is used for exis-
tence.

* The uniqueness follows from the fact that the solution which minimizes [ W (e)dX
is the trivial solution. This again follows from Korn’s inequality.

Ref. Cialet

Definition 15.7 (Stability). The 4-tensor (a;ji) is stable if there exists a positive constant
@ such that for any symmetric matrix (e;;), we have

Zaiﬂdeljekl > &Zeil. (15.10)
ijkl ki

Proposition 15.15. Assuming a; ;i satisfies
Ajjkl = Aklij = Qijik

then we have
Stability = Strong Ellipticity.
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Proof. Choose ey = %(ékm +&Mi). we get

aijrieijer = Zaz]kl &imj+&mi) (& + &)
ljkl
= Z a; &gk m

ijkl

=~
<

ij

Here, we used the symmetric property of a; j;:
Ajjkl = Ajikl = Aijik = Ajilk-

We also note that

Y leil” = %Z(ginj +&m)?
ij

ij

= _Z é ‘1‘25177 5177/)

= S (PP +E )
1
SIER .

v

If (ajju) satisfies stability condition, then

a
Y ai&&nim =Y aijueijen > aY ey 5|§|2|77|2-

ijkl ijkl k,l

Thus, it also satisfies strong ellipticity condition. ]

Remark The stability condition (15.10) is that

Zal]kleljekl Z

ijkl kl

holds for all matrix e € M,. The strong ellipticity condition is the same condition holds but
only for rank 1 matrices (i.e. EnT)

Theorem 15.12 (Korn’s inequality). Let u : Q — R? and e = 1(du/dX + (du/oX)T). It

holds that )
aui 2 1
/inj (an) dx§2/ Eij eijdx forall u€ Hy(Q).
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Proof. We have that

du;  du; 2

Zeu _Z(W—i_axl)
du; 2 du; du;
_5§<<ax.i) +8X18Xi)

We integrate this equality over Q. Note that
8ul~ 8uj . 8 8uj ‘ aZLtj
axioxi ~ axi\""axi )~ "oxiaxi

du; du; 8 8u] 82u
oXioxi  axi \"oxJ 8X’8XJ

, weget

we get
8u,~~ au] dX — aul%
o dXJ dX! o 0dXiodXJ

for u € H} (Q). Thus,

fgae = 32 ( () +dwow) o
() (25
I ERE

v

O

Existence theory with stability condition Stability condition gives existence and unique-
ness in H'!(Qg). Standard energy method can be applied to prove this result. The key step
is the Korn’s inequality.

15.2 Linear isotropic elasticity

15.2.1 Characteristic wave modes
For linear isotropic material

ajjr; = A8ij6 + 1(0iSj1 + 61 6jk), (15.11)
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the matrix A(n) is

AMi =Y aijumm = (A + p)nime+ |n|* .
ikl

The equation of motion reads
poii' = 1L Al + (A + )i (). (15.12)

To find the eigenvalues of A(7), using isotropy property, we may choose n = (0,0,1).
The eigenvalues of A(n) in direction 1 can be obtained by rotating (0,0,1) to . The
corresponding eigenvector is obtained by the same rotation. Now, for n = (0,0, 1),

0 00 1 00
A((0,0,1))=(A+u) {0 O Of+pn|0 I O
0 01 0 0 1
The eigenvalues are
poA? =p,i=1,2, poA?=2A+2u. (15.13)

The eigenvectors are the Cartesian unit vectors E, E> and Ej3.
* Longitudinal wave is the eigen-mode
E; ei(x3ﬂ3r)

The material oscillates in the direction of wave propagation (i.e. 1 = (0,0,1) and
E3=(0,0,1)). It is also called the primary wave, or the P-wave:.

* Transverse wave is the eigenmode
(v 3
Epe! M) =12

The material oscillates orthogonal to the direction of wave propagation (i.e. N =
(0,0,1), whereas E; = (1,0,0), E; = (0,0, 1)). It is also called the secondary wave,
or the S-wave.

Proposition 15.16. For linear isotropic elastic material, the strong ellipticity of
ajjk1 = A&k + (6 Sj1 + 0;10 k)

is equivalent to

A+2u>0, u>0. (15.14)
In terms of the Young modulus E and Poisson ratio v, we have
1
(/I>O,u>0)<:>(0<v<§,E>O):>(/l+2u>0,u>0). (15.15)

Proof. 1. (15.14) follows from (15.13).
2. (I5.13) follows from (10.40).
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15.2.2 Dynamics of linear isotropic elasticity

Equation (I5.12) in vector form reads
podtu=pAut(A+p)V(V-u).
Let us decompose the displacement u into
U=V-+Ww,

with
v=V¢p, V.w=0.
Such decomposition is called Hodge decomposition. [| With Hodge decomposition, the
equation becomes
P00 (Vo +W) =LA (Vo + W)+ (A+)V(V-VP) = LA (Vo + W)+ (A +p)VAG.
We get
P00 (VHW) = (A4+2U) AV+uUAW.

Note that the Hodge decomposition is preserved under the operations A and d7. Thus, we
obtain

P0dAV = (A+2u) AV, podPw=ulw. (15.16)

Thus, the longitudinal waves and transverse waves are decoupled. To solve the initial value

problem
u(()vX) = uO(X>7 atu(07X) =u (X)7 X e QO:

we perform Hodge decomposition for both up and u; as
Uy =VvVo+Wwy, U] =V]+W.

Then solve the initial value problems for both v and w separately.

Stability of linear isotropic material For linear isotropic material (15.11)),
(Ae,e) = A(Tre)* + pe: e
The stability condition in the off-diagonal component is

2 2
‘ueij 2 (Xel'j.

"When the domain is simply connected, we can have such decomposition. When the domain is multiple
connected, then u = v+ w -+ h The term h is a harmonic function, i.e. Ah = 0.
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The stability condition for the diagonal part is
Alers +exn +e33)? +2ue, > deg,k=1,2,3,
for some & > 0. Summing this equation over k = 1,2, 3, we get
30 (e11 +exn+e33)’ +2u(ef) + e+ e33) > @lef) + €3+ €3)
for any eq1,e22,e33. This is equivalent to
3A+2u >0.

Thus, the stability condition for linear isotropic material is

3A+2u>0, u>0. (15.17)

In terms of shear modulus ¢ and bulk modulus K = A + % U, stability condition reads
u>0, K>0. (15.18)
Let us summarize the stability and hyperbolicity conditions for linear isotropic materials

* Hyperbolicity: (A +2u >0, u >0) < u,K < E,v.

15.2.3 Steady state problem for linear isotropic material

Given a material in domain Q. Suppose the material has stored energy function W (X, F).
Let P = ‘3—‘}/ be the first Piola stress. The boundary-value problem for such simple elasticity
is to find solution x(X) which satisfies

—pr(X,X(X)) = p()(X)b(X(X)), X € Q,
x(X) =x0(X), X €T, (15.19)
P(X,x(X))-N(X) = to(X,x(X)), X € T.

Here, N is the outer normal of Iy, dQ¢ = I'p Uy, X is a prescribed Dirichlet and t is a
prescribed traction.
Cf. Cialet pp. 295

Theorem 15.13. Consider the boundary value problem for a linear isotropic material with
W(e) = ATr(e)? +2ue:e. We assume

u>0, A>0. (15.20)

Then for the body force b € L%3(Q0) and traction t € L*/3(Ty), there exists a unique
solution u in
V={veH (Q)):v=00nTp}
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15.3 Hyperbolic System of Nonlinear Elasticity in Lagrangian
Coordinate

15.4 Steady State Solutions of Nonlinear Elasticity

15.4.1 Displacement-traction problems

Given a material in domain Q. Suppose the material has stored energy function W (X, F).
Let P = ‘3—‘}/ be the first Piola stress. The boundary-value problem for such simple elasticity
is to find solution x(X) which satisfies

VP(X,X(X)) = po(X)b(x(X)), X € Do,
x(X) =x0(X), X €T, (15.21)
P(va(X))'N(X):tO(X7X(X>>7 X eln.

Here, N is the outer normal of I'y, dQ¢ = I'p Uy, X is a prescribed Dirichlet and t is a
prescribed traction.

Variation formulation of the steady-state problem See Cialet, Chapter 5.

15.4.2 Nonuniqueness

Ref. Cialet, Chapter 5.8.
* F. John’s example [John 1964]:
e Noll [1978]

* Buckling of a rod

15.4.3 Polyconvexity and uniqueness of steady state problems

Definition 15.8. Let M, be the space of all n x n matrices. A function W : M,, — R is
called polyconvex if W (F) can be expressed as a convex function of the determinants of the
submatrices of F.

Theorem 15.14 (Ball). If u"—u in W'P(Q), then M"—~M in LP/"™(Q), where M is the
determinant of any m x m submatrix of du/ox.

Theorem 15.15. If W (e) = %(Ae,e) is polyconvex, then W is strongly elliptic.
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In general, we have the following results:
polyconvexity = quasi-convexity = rank-1 convexity < Strong ellipticity

quasi-convexity < lower semi-continuity of the energy functional.

15.5 Stability of steady-state solution

TOBE CONTINUED

15.6 Incompressible elasticity

Consider incompressible linear simple elasticity

. dp %uk
2 f— .. —
Podi '+ S = ik G T
VX -u=0.
We look for solution of the form u' = Ele?XM=41) 1, — gel(XN—41)  Plyg these into the

equations, we obtain

&E-n=0.
Given 1 € R, we look for solutions (£,7) € C* x Cand A € C.

{ A(N)E = poA?E —imn

* Transverse wave: Given 11 € R\ {0}, we look for & € R? and £ L 7 such that
A(1)& = ApS. There are two such solutions, the transverse wave (§ ,,4,),p = 1,2.
The corresponding 7 = 0.

* Longitudinal wave goes to infinity.

TOBE CONTINUED



Chapter 16

Membrane and Shell

16.1 Membrane

16.1.1 Surface geometry

We assume X = (X', X?) be two dimensional and x = (x!,x?,x?) be three dimensional. The
deformation gradient F = dx/dX is a 3 x 2 matrix. The metric (dx,dx) in R? induces a
metric

Cov — Jx Ox
*f — oxe oxP
on the manifold £, = {x(z,-)}. That is,
(dx,dx) = (FdX,FdX) = (FTFdX,dX) =Y CopdX“dXP.
jk

The matrix C := FTF is called the first fundamental form of the surface X,. It is also the
Cauchy-Green tensor of the deformation x(X). The area spanned by the vectors dx/dX*
and 9x/0XP is

\/(9x/9X . ax/9X) (9x/0XP,dx/IXB) — (Ix/IX %, dx/IXP)? = \/det(FTF).

Thus, we define J = \/det(FTF). Then dS; = JdSy.

16.1.2 Energy law of membranes

We want to define an elastic energy W (F) on the manifold X,.

1. Frame-indifference and isotropicity conditions

239
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* Frame indifference condition reads
W(OF)=W(F), forallOe€ O(3).
* Isotropic condition is
W(FO;)=W(F), forall Oy € O(2).

2. Taking singular value decomposition of F, i.e. F = OaAOL, where Oy € O(3),
On € O(2) and A is a 3 x 2 matrix

A0
A= 0 A |,
0O O

we then have
W(F) = W(0nAOK) = W(A).

That is, W only depends on the singular values of F.

3. The singular values of F are the square roots of the eigenvalues of C := F! F. Thus,
the energy potential W can be expressed in terms of (F7 F);»:

W(C):=W(F)=W(), C=FTF.

4. The energy W can be expressed in terms of principal invariants of F7 F: We define
W(l,L)=W(C)=W(F)

where

Examples

¢ Hookean law:

_ H H H
W(F)=W(,L) := h= Etr (FTF) = 2

2 3
Z ) 1yl
a=li=1
where H > 0 is a constant. The corresponding Piola stress is

aw

Fo = JF},

—HF,,0=1,2,i=1,2,3.
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¢ Minimal surface

W(F):=o0hL = oc+/det(C) = oy/det(FTF) = oJ.

Here, o is a constant, called the surface tension. The energy is

W(F)dX:/ oJdX = | odS;

Qo Qo Q

¢ Fabric:
W(F):=a(l; —2)*+b(vL—1)? =a(tr(FTF) —2)> + b(y/det(FTF) — 1)2.

Note that when F =1 (i.e. the membrane is at rest), we have ¢r(I) = 2 and det] = 1.
Another fabric model is to decompose C = FTF into a trace part and a trace-free
part. That is,

C= %ZI’(C)I-F (C - %tr(C)I)

The first part is related to the expansion or shrinking of the surface, while the second
is related to the distortion of the surface. We can design the energy to be

2

W(F) =a(tr(C) —2)>+b HC— %tr(C)I (16.1)

F

The norm here is the Frobenius norm. E]
Exercise Express (16.1)) in terms of /; and 1.

Piolastress P, =2L ;=123 a=1,.2.

T OFL’

Cauchy stress The Piola stress is convenient in the Lagrange coordinate system. In
Eulerian coordinate system, the corresponding stress is the Cauchy stress o.

c=J'pP.FT,

Since P32 - (FT)5x3, we have G353 matrix.

I'For membrane model, a reference book is: Statistical Mechanics of Membranes and Surfaces, 2nd edi-
tion, edited by D. Nelson, T. Piran and S. Weinberg (2004).
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16.1.3 Equation of Motion
Lagrange formulation

The action is
S[X]—/T L) ()2 —w (22 axar
~Jo Jy, 2P0 ! X

The variation of the action with respective to the membrane motion x(¢,X) gives the mo-
mentum equation. One can see the previous Euler-Lagrange equation is still the same:

ox
X)X(t,X)=Vx-P| ==
Pox)x(.X) = ViP5 )
where P =W'. Let v(z,X) := x(¢,X). The equation of motion becomes

{m@W@m = 5 Ph(F)

.. al
Fy = Gxe

Euler formulation

Let ¥, be the membrane at time #. We assume that there is an 1-1 and onto mapping x(z,X)
between X and X,. The Jacobian J # 0. The Cauchy stress o is pullback of the Piola stress
P by

03x3=J"'Pia- (F )ax3.

The equation of motion is
bv _ Vs, -0
p Dl, - Zt °

Here, Vy, - is the surface divergence on the surface X;.

Remarks

¢ If N is the normal of the membrane, we claim that - N = 0.

16.2 Shells

In membrane or fabric, the internal energy is only a function of F, which involves only
the first fundament form of the membrane. The stress only gives force in the tangential
directions of the membrane, which is intrinsic.

However, for shells, there is a bending energy, which gives a normal force. This in-
volves how the shell embedded into R3. This is extrinsic, which involves the second fun-
damental form of the surface. The plate is treated as a special case of shell.
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To see how this second fundamental form comes out, let us consider a shell with thick-
ness €. We extend the material domain to

i() =2y X (—8,8)

and
% = ¢i(Zo),
where
(ﬁt(X] ,XQ,X3) = f((X] ,XQ,X3) = X(Xl ,Xz) +X3N(X1 ,Xz),
Ix o Ox
N(Xl,Xz) X BXQ
155 < g1

The extended deformation gradient is

P Jx Jx 8XN+X8NX8N0
X~ \9x, 90Xy’ 70X P oxy
JdN JdN
= (F,N)+ [ X352, X3=—,0
X, 70Xy’
The Cauchy-Green tensor is
N 0 JdN 0 JdN JN JdN JN
o (FTF>2><2 0 <%7?}2> <%7?)§2> 0 ) <§7%> <%7%> 0
0 0 0 0 0

The term FTF = C is the first fundamental form of the surface X, while the matrix

is the second fundamental form of the surface ¥,. The eigenvalues/eigenvector of II with
respect to the first fundamental form are the principal curvatures and principal directions.
It is the eigenvalues of the shape operator

S:=cCc .

Let us denote them by k;, v;. The mean curvature H := (k] + k»)/2. The Gaussian cur-
vature is defined by K := Kk k3. An important fact found by Gauss is that K depends only
on the first fundamental form C. It is called an intrinsic quantity, while H depends how the
surface ¥, is embedded in R3. Tt is called an extrinsic quantity.
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Energy of a thin shell The energy W is a function of the invariants of F7 F. Let us write
the invariants of FT F by I, k = 1,2,3. One can show that

I = [ (FTF) 4+ X31,(S).
The energy can be decoupled into
W(F) = Wu(L(F'F), b(F'F)) + Wy (L (S), 12(5))-

The first one involves the stretching of the surface. It is called the membrane energy. The
second involves how the surface is embedded in the space. It is called the bending energy.

Models involves the second fundamental form
* Bending energy:
W= %/x%xgds
It can also be written as
W=2 / H* — %de

The Willmore energy is a penalized energy which is defined as

W:%/(KI—K2)2:2/(H2—K)

Since [ K =2my(X), the Gauss-Bonnet theorem, we have the energy is essential a
function of the mean curvature H.

¢ Vesicle model (Canham-Helfrich)

K

W(F) =2

(H —Hp)* + kK.

where H is the mean curvature and K the Gaussian curvature. In this formulation,
W depends on the second fundamental form of the surface, which, by the intrincit
property of surfaces, involves the derivative of F.
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Complex Fluids
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Chapter 17

Viscoelasticity
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17.1 Physical Phenomena of Viscoelastic media

Newtonian fluid model works remarkable well for fluids consisting of small molecules.
Such fluid flow does not change the microstructure of its constituents. However, fluids
with long flexible polymers behave very differently. The flow can alter microstructure of
the fluid’s constituents and the Newtonian fluid model is no longer valid. They can exhibit
both viscous and elastic phenomena. Below, we introduce typical phenomena and give a
definition of viscoelasticity. The main issue in this chapter is to characterize how materials
response to the flow motions.

17.1.1 Basic phenomena of viscoelastic flows: Creep and Relaxation

Creep phenomenon Consider a rod-shape specimen (a viscoelastic material) in rest state
(stress-free). Att > 0, we apply a tensile force to its two ends thus provide a stress oy
uniformly in time. We investigate the dynamics of its strain £(¢). If the specimen is an
elastic material, we will see that the strain £(¢) is a constant function &y in time. However,
for viscoelastic material, it is found that the strain €(¢) has an additional strain £(t) > &
which is an increasing function of . Such a phenomenon (growing of the additional strain
under a load uniformly in time) is called creep. The materials are classified as asymptotic
solids (resp. liquids) according to &(e0) = 0 (resp. &€(e0) # 0). They are also classified as
instantaneous elasticity (resp. liquid) based on £(0+) # O (resp. €(0+) = 0).

Relaxation phenomenon Consider another experiment, the rod-shape specimen is stretched
to & at t = 0 then stays as & for all later time. We then measure the corresponding stress
o(t). If it is a purely elastic material, then o () = oy for all later time. However, for an
inelastic material, o(¢) decreases monotonically and tends to 0. Such a phenomenon is
called relaxation.

Viscoelastic materials are materials that exhibits both creep and relaxation phenomena.
Or equivalently, they exhibit both elastic and viscous response to flow motions.

17.2 Spring-dashpot models

The elastic feature of rheology is modeled by spring, while its viscous feature is modeled
by dashpot. The material response to the fluid motion reads

* Elastic part: 0 = G¢

* Viscous part: ¢ = né,
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Figure 17.1:  Spring-Dashpot models. Maxwell model (left), Kelvin model

(right). Copied from https://www.researchgate.net/figure/
Simple-two-element-spring—-and-dashpot-models-of-linear-viscoelastic—-solids
figl_234027378

where o 1is the stress, €, the strain, € the strain rate, G the shear modulus, and 1 the
viscosity.

Two possible ways to combine these two effects: in series, or in parallel. The formal
leads to the Maxwell model. The latter gives the Kelvin-Voigat model. Below, let the
subscript s and d stand for spring and dashpot, respectively.

Maxwell Model The Maxwell model is a series connection of spring and dashpot. Thus,

E=¢g+€;, O=03=0y.

This gives
PP S |
= Cyg d — G .
Thus, we get
n. .
—G6+0="né.
geto=n

For short time, the first term on the LHS is more important, the material behaves elastically.
For long time, the second term is more important, the material behaves like a viscous liquid.
So it is used to model solid-like liquids. The ratio A := 1 /G is the relaxation time from
solid to fluid.

Kelvin-Voigat model The Kelvin-Voigat model is a parallel connection of spring and
dashpot. Thus,
E=€E,=¢€3, O0=0,+0y,.

This gives
o =Ge+néE.


https://www.researchgate.net/figure/Simple-two-element-spring-and-dashpot-models-of-linear-viscoelastic-solids-including_fig1_234027378
https://www.researchgate.net/figure/Simple-two-element-spring-and-dashpot-models-of-linear-viscoelastic-solids-including_fig1_234027378
https://www.researchgate.net/figure/Simple-two-element-spring-and-dashpot-models-of-linear-viscoelastic-solids-including_fig1_234027378
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Maxwell Kelvin

Strain g
Strain ¢

Time Time

Figure 17.2: Spring-Dashpot models. Copied from https://polymerdatabase.
com/polymer%20physics/Maxwell-Kelvin.html

For short time, the second term on RHS is more important. Thus, the material behaves like
a viscous liquid. For long time, the first term on the RHS is more important. The material
behaves like a solid. This model is used to model fluid-like solids.

17.3 Dumbbell Model
U

17.3.1 Model set up

1. In general, the fluids are composed of solvent and polymers. For melt polymer, it
only consists of polymers. Below, we shall discuss the latter case. But the theory can
be extended to fluids with polymer and solvent.

2. The microscopic analysis is a probability distribution analysis for polymer chains
inside a small box x+ dx. Inside the box, a polymer chain is modeled by a dumbbell,
which consists of two beads connected by a spring. The beads have mass m and
positions ry and ry. Here, r represents a relative position vector inside the box x + dx
with respective to x. We call the configuration space of r at x a Fibre space Fx. In the
present case, Fx = R3.

3. We assume the microscopic fluid inside the box follows the macroscopic fluid. Thus,
the fluid velocity at r in Fx is

v(t,x) 4+ Vv(t,x)r =v+Lr.

I'This part of note is mainly from Chapter 6 of Yn-Hwang Lin with some corrections, Polymer Viscoelas-
ticity, 2nd ed. Another nice reference is the book of Doi and Edwards.


https://polymerdatabase.com/polymer%20physics/Maxwell-Kelvin.html
https://polymerdatabase.com/polymer%20physics/Maxwell-Kelvin.html
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4. The interaction between the two beads is governed by a spring potential ®(ry,r;),
which is assumed to be a central potential (i.e. ®(|r; —ry|)). For example, the

Hookean potential is
3kT 2
b= W |r2 — r1| y
where R? denotes the mean-square distance between the two beads. The forces on

bead 1 and bead 2 respectively are
0P 0P

—— = —=— =—F.
81'1 ’ 81‘2

5. In addition, the beads are exerted by random forces from surroundings. Thus, r; and
rp are random variables. It is assumed that these two random forces are independent.

6. Let E(z,x,r],r7) be the probability density function (pdf) of the dumbbells. Letr, :=
(r;+ry)/2andr = (r, —r;)/2. Then the random variables r. and r are independent.
This implies that the probability density function X is separable. Namely,

E(t,x,r,12)dr dry, = q)(t,x,rc)f(t,x,r)23drcdr.

Here, ¢(z,x,r.) is the pdf of the centers of dumbbells, and f(z,x,r) is the pdf of
random variable r.

17.3.2 Smoluchowski equation

1. Dynamics of the dumbbell. From the above two forces, the beads satisfy the Langevin
equations:
. . . dB; .
m(l‘,‘ — V,‘) -+ C(I‘i — V,') = _Vr[q)+ OCE,Z =1,2.
Here, v; = v(z,x) + Lr; are the background flow velocity of the beads. Assuming
small inertia, we thus neglect the inertia term and get the equation, called the damped
Langevin equation

dB;
C(rl_vl):_vrzq)—i_ad_tl’ l:172 (171)

Here, { is the damping coefficient, B; are two independent Brownian motions. By the
fluctuation-dissipation theory, the random force and the friction are balanced. This
gives

OCZ = ZC kgT,
where kp is the Boltzmann constant and 7 is the temperature. Note that in this
damped dynamics of the dumbbell, it only involves damping, a central forcing and a
random forcing.
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2. Letr:=(rp—r;)/2andr.:= (r; +r2)/2. Assuming f and ® are functions of r = |r|,

we then get that the above two equations are equivalent to

o F 2kpT dB

I‘—Ll‘—l—z—F g g (17.2)
f. =v+Lr.4 /2T dB .
c= c ¢ aro

where B and B, are two independent Brownian motions. Note that the center of
mass follows the fluid flow without the internal forcing because the central forces are
cancelled at the center of mass.

With the diffusion term in (17.2), the polymer particles will diffuse from higher con-
centration region to lower concentration region. According to Fick’s law, the diffu-

sion velocity is EI
kT V f

T

Thus, the flux velocities of r. and r are

i p = v+ Lr, — LTl
) 1 ksT Viof (17.3)
rf =Lr— ZVIJI)— T 7o
. From the conservation of polymer particles, the equation for the pdf Z is governed
by:

=4+ 8r1 . (I"]JE,) + 8,.2 . (I"27f3) =0.
By changing variables from (ry,r;) to (r.,r), we get
E =0 - (F14E) = O, - (T2, 4E)

= —0 - (e fE) — 0 - (E£E).

Recall E is separable: E = @ (¢,x,r.)f(¢,X,r). We obtain
(9 (re) f(r))" = =0k, - (b r@(re) f(r)) — O (£ (re) f(r))
= ¢f+ (Pf = _arc ) (I"c,f‘l))f_ O (rff>¢
= (9+0k (ke s9)) f+ (f+0(Erf)) 9 =0.

By separating the variables r. and r, we get

O+ O, - (bc.;0) =0,
{ f+0k-(ipf)=0. (17.4)

The diffusion coefficient D = kzT /{ can also be obtained from equilibrium state where the drift and
diffusion are balanced and the distribution f obey the Gibbs distribution.
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5. To derive the equation for ¢, we plug (17.3) into the conservation laws (17.4) to get

kgT

= (Vx V)$———0r9.
C ¢
Thus, from (17.4), the equation for ¢ is
(8[+V‘VX)¢+(VXOV)¢—T8Q¢ =0. (17.5)

This is the Smoluchowski equation for r.. Note that the time derivative “dot” is the
material derivative d; + v - V. Let us integrate this equation in r. over the whole Fx,
call [¢(z,x,r.)dr. by n(t,x), which is the number of polymer particles in X + dx.
Then the equation for n(t,x,r.) is

on+v-Vyn+ (Vx-v)n=0.
This is the continuity equation for the polymer density p := mn(t,X,r).

6. To derive an equation for f(¢,x,r), using (17.3)), we get

ar'(l"ff):ar' <er+gf_k%arf)-

Plug it into (17.4)), we arrive at

F

atf+v-axf+ar-<er>:ar.( :

Ft ’%arf) . (17.6)

This is called the Smoluchowski equation for r. EI

17.3.3 Constitutive relation — Kramers formula

Constitutive Equation We shall derive a stress formula for the dumbbell model.

3If we define r = r, — ry, then we should get

A f+V-Ouf + - (LEf) = 05 - <_2;f+ ”‘Z&,f) .
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Figure 17.3: Copied from the book by Yn-Hwang Lin, Polymer Viscoelasticity.

1. We consider a plane dA C Fx through x with normal v pointing from — side to +
side. The polymer stress 0, contains two parts:

* 0, V: the tensile force from spring-connector;

. GZ - v: bead momentum across the surface.

2. Stress from spring-connector: We consider a box x + dx which has n polymer
particles. Assuming they are uniformly distributed in the box. EI Then, the side
length of the cube is n~1/3 and the cross-section dA = n~2/3. The probability that
the dumbbell with direction r will cross the plane dA is

Projection of ralong v |v-r|
side length o3

If the distribution of configuration r is f(z,x,r), then the above probability should be

Vx|
n-1/3

f(t,x,r)dr.

Now, suppose bead 2 is on (+) side. That is, r is on the same side of v. In this case,
|v-r| = v-r. The force on bead 2 is —F. The force exerted on the (+) side by the
spring is +F. Next, suppose bead 1 is on (+) side. That is, r is on the opposite side
of v. In this case, |V -r| = —v-r. The force on bead 1 is F. Thus, the force exerted
on the (+) side from the spring is —F. In both cases, the force exerted on the (+)
side from dumbbell connectors is

n1/3/v-rFf(t,r)dr.

4This argument may not need. We can still use the pdf ¢ for the center-of-mass to argue the whole thing.
The pdf ¢ is a Gaussian distribution.
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Dividing this by the area dA = n—2/3, we get the tensile force per unit area is

nv - /rFf(t,r) dr = n(rF).

Thus,

o), =n(rF).

3. Stress from momenta of dumbbell beads: The number of bead 1 passing through
a surface dA with normal v per unit time and per unit area is

n(ky—vy)-v
The momenta that bead 1 carries is
n[(k; —vy) - vlm(t; —vyp).
The probability distribution of '} — v; is a Gaussian

exp (—m|&, /24T)

60 = Fexp(mig paery VTN
because
) 2kT dB;
I—-vi=——
1 1 C dt 9

where B is the Brownian motion. The expectation of momentum flux is

nm/[m — V) (1 = V1) - V]E(f1) di1.

For the stress from momentum flux of bead 2, we can get similar formula. Thus, the
material responses to the momentum change is

G?, = —271// [m((f; —vy)(f; — V)] E(F)) di] = —2nkT1I.

4. Kramers formula for polymeric stress: Combining the formulae of o9, and GZ, we
get

0p = —2nkTI+n(rF). (17.7)

This is called the Kramers formula for the stress.
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5. Remark. In the next section, we shall derive the Kramers formula from micro dy-
namics. There, the Kramers formula reads 6, = —nkTI + n(rF). The discrepancy
is due to the following reason. Here, Gf) counts the randomness contribution from
both bead 1 and bead 2, equivalently, randomness of r and r.. In the next section,
we treat r as a random variable in an abstract Configuration space Fx, and thus ne-
glect the contribution of randomness of the centra r.. In fact, we should put in the
contribution of momentum change from the center-of-mass, or treat such kinds of
contribution in abstract way.

The second moment or the conformation tensor For the Hookean potential, the force

1S
3kT

F:Fr,

the Kramers formula (17.7)) involves to compute (rr). This quantity is called the confor-
mation tensor. We shall use the Smoluchowski equation to derive an evolution equation for
the conformation tensor.

1. Define the conformation tensor ¢ to be the second moment (rr)
c(t,x) := (rr)(¢,x) := /rrf(t,x,r) dr.
2. Derive an evolution equation for the conformation tensor ¢. We multiply (17.6) by

M := rr, then integrate it in r:

F kT

/rr[&,f—l—v-axf-l—&r-(er)]dr:/rr [8r-<—zf+ C&J)} dr  (17.8)

We use the following calculations:

/rratfdr = 0, (rr)
/l‘l‘(V-VXf)dl’ = v- Vx(rr)

/rrVr(er) dr = —L{rr) — (rr)L”

/ TV, - (%vrcp f) dr = —%((Vrcb)r)

/rrVr- (kBTTVrf> dr = 2k§TI,
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where the third equation in component form is
/rirjark(L;(rlf) dr = —/ <5iker§rlf+ 5kJ"iL5(rlf> dr
= —/ (Lfrlrjf—i—L{rirlf> dr

Finally, equation reads

3 (rr) +v- o (rr) — (Vv) - (rr) — (rr) - (Vv)T = ZkTT (1— —<rr>) :

In terms of the conformation tensor, it is

2kT 3
(1) =dic+v-dke—(Vv)-e—c- (vwv)! = = (1— ﬁc> : (17.9)
Here, we abbreviate the left-hand side of (17.9) by ¢(y), called the upper convected
derivative of the tensor ¢. Mathematically, it is the Lie derivative of the tensor c. It
is nothing but the time-derivative of the tensor ¢ with fixed Lagrangian coordinate X.
Thus, this evolution equation is a relaxation equation for ¢. It will relax to ‘”‘TTI as

t — oo, due to the damping, spring forcing and random forcing.

3. Kramers formula in terms of ¢. From |i , We can express 0 in terms of ¢:

3nkT
RZ

c. (17.10)

0p=—2nkTI+

The first term is from the random forcing to the two beads. The second is from the
connecting force between the two beads, which is deterministic. We can also express

it as
3nkT
RZ

0p,=-—nkTlI+71,, 7T,=-—nkTI+ c.

The first term is from the random forcing to the center-of-mass of the dumbbell,
whereas the second term is from the spring, which is also random.

Pressure and extra stress Sometimes, we separate pressure from the total stress. The
pressure is the stress at equilibrium. The rest is called an extra stress. E]

31t is not necessary to separate pressure from the stress. In fluids, the extra stress is only a function of
deviatoric strain. In that case, such decomposition is necessary. Such extra stress is also called the deviatoric
stress. In fluids, the trace of the deviatoric stress is zero.
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1. The polymer stress ¢, can be decomposed into
Cp=—ppl+1p,
where —p,/ is the stress at equilibrium, and 7, is the extra stress.

2. The equilibrium is the state where Vv = 0. At equilibrium, ¢(;) = 0, we obtain

R2
Coqg = —1. (17.11)
3
Thus,
3nkT
Opeq:=—ppl = —2nkTI+ Tceq = —nkTI.
Hence,

pp = nkT.
And the polymeric extra stress is

3nkT

Tp =0Op+ppl = —nkTI+ R

c. (17.12)

This is the Kramers formula for the extra stress.

Evolution equation for the extra stress Let us take the upper convected derivative on

(17.12) to get
B 3nkT

Tp(1) =~z )~ kTl (17.13)

Note that
~Iy = (0 +v-V)(=I) + (VI +I(VV) =Vv+ (V)" :=¢.

By eliminating ¢y from (17.13) and (17.9), we get

STP(I) + Tp = npé, (1714)
where )
CR

S = m, T’p = nkTs. (1715)

It means that the stress will relax to the strain rate £ with relaxation time s. Here, 1), is the
polymer viscosity.
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17.4 Micro Model

Fibre space We introduce a fibre space Fx which describes all possible micro configura-
tions at a position x. The element in the fiber space is denoted by r. It represents a micro
structure at X. For instance, it is the generalized coordinate of a polymer. In the dumbbell
model, the polymer is modeled by a dumbbell with two beads connected by a spring. And
r represents the end-to-end vector of the dumbbell. The fibre bundle UycqFx forms the
configuration space.

Fibre Dynamics We associate r a potential function ®(r), representing interaction po-
tential of polymers. For instance,

3T

B(r) = 25 vl

is the Hookean model, where R? is the mean square distance of the dumbbell. In this micro
configuration space, r satisfies the Langevin equation:

dB
mit+ i+ Ve ® = oc%.

Here, m is the mass, { is the damping coefficient, B is the Brownian motion, and « is the
strength of the random force. According to the fluctuation-dissipation theorem, the strength
of the random force and the friction are balanced. This gives

a? =2CkgT,
where kp is the Boltzmann constant and 7 is the temperature. In the small inertia limit (i.e.

mfi is small), this equation is reduced to the damped Langevin equation:

1 kT
dr:—ZVrd)(r)dt—i— kg

This stochastic differential equation models the fiber dynamics.

dB. (17.16)

Microscopic pdf and its dynamics The microscopic state is described by a probability
distribution function (pdf) f(¢,r) of the random variable r(¢) of (17.16). ﬁ By applying
Ito’s formula to (17.16), the pdf f satisfies the Fokker-Planck equation:

F Ve [ (V)] = P A . (17.17)

6f(t,r) dr is the probability that r(¢) of (17.16)) lies in rdr.
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This is also known as the Kolmogorov forward equation. Its derivation is shown in the
Appendix. Note that [ fdr = const. We also note that this equation can be written as the
following conservative transport equation

f—i—Vr-(fo) =0, (17.18)
where v
Vpi= —é (VrCIH—kBT }f> = —%Vr (®+kpTInf). (17.19)

The first term —V @ is called the drift velocity, while the second term —kBT% is called
the diffusion velocity. The dynamics of the particle is a competition between the drift and
the diffusion.

Free energy Let us define the Helmholtz free energy density
A(f) :=Df +kgT fnf,
the specific Helmholtz energy (per unit mass)
() = [A()dr.

and the chemical potential

¥4
n:=— :Af = kBT (lnf—l— 1) + P,
of
Then the flux velocity v is
1 1
Vii= —eru = —erAf. (17.20)

Dissipation of free energy By multiplying the Fokker-Planck equation (17.18]) (17.20)

by Ay
b (-5 ()
then integrating in r over the fibre space,
/Aff— %Afvr (fVeAy) dr=0.
Using integration-by-part, one can show that the dynamics is a dissipation process:
& [Adr == [ fviaPar =~ [ fuPar <o,

which means that the free energy decreases in time, and dissipates to 0 as t — oo, Ast — oo,
f — feq- The state f,, is called an equilibrium state.
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Equilibrium distribution At equilibrium, A(f,,) = 0, that is
kpT fog I fog +Pfog = 0.

Solving this equation, we get an explicit form of fe,:

feq(r) = C exp (~D(x) /ksT).
where C is a normalization constant. C = [exp (—®(r)/kgT) dr.

Theorem 17.16. When ® is strictly convex and ®(r) — oo as r — oo, then f(t) — foq as
t — oo exponentially fast.

At equilibrium, it is a state that the diffusion of r is balanced with the drift term V®.
The pdf f,, is called the Gibbs distribution.

17.5 Micro-Macro model

17.5.1 Smoluchowski equation

Configuration Space and Fibre bundle Consider a region © in R? and a fiber bundle
with base space Q. The fiber represents some micro configuration. The micro variable is
denoted by r at time ¢ and by R at time 0.

Deformation of micro configuration As the micro dynamics is embedded in a macro
flow, it is assumed that the dynamics of the micro configuration follows the macroscopic
deformation. That is,

r:FRzﬁ(t X)R* (17.21)
axo b . .
Here, R is the Lagrangian coordinate of the micro state variable. The volume form of the
microscopic space satisfies

dr = JdR.

Probability distribution function The dynamics of the micro structure is described by

(17.16).
1 2kpT dB
r=Lr— V.o — . 17.22
r=Lr 7 (r)+4/ T ar ( )

We assume that the microscopic random variable r is independent of the macroscopic vari-
able x. This implies that the probability distribution function (pdf) of the polymer at x+ dx
is

ny(t,x)dxf(t,x,r)dr,
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where 7, is the number of polymers in X +dx and f(z,X,r) is the microscopic probability
density function for r with [ fdr = 1. The polymer density is

pp(t,x) = mny(t,x), mis the polymer mass.

Smoluchowski equation The Fokker-Planck equation (or the Kolmogorov forward equa-
tion) for the p.d.f. f(z,x,r) corresponding to the dynamics (17.22) in the background flow
v(t,x) is modified from (17.17). It is

1
f[(VrCP)HkBTVrf]. (17.23)
This equation is also called the Smoluchowski equation. This equation describes the dy-

namics of spatial dependent micro configuration. This micro dynamics depends on the
macro fluid dynamics, which will be derived by variational approach below.

Of+v-Vxf+Ve-(Lrf) =V,

17.5.2 Derivation of stress from kinetic dynamics — Lagrangian ap-
proach

The trajectory of a parcel of polymer with initial position (X,R) is (x(7,X),r(¢,X,R)),
where r(¢,X,R) = F(t,X)R. The equation of motion of polymers will be derived by taking
variation of action with respect to the path x. The action is defined to be

8[x] = —%[x,

//ptx )= |v(t,x)[*dxdt

// p(t,x)A(f(z,x,r))drdxdt,
%[ | :=TS[x]+ [x ]

* Note that we assume the system is adiabatic. That is, S[x(¢,X)] is constant along
a flow path. In the variation velow, the term 7'S makes no contribution. Thus, the
variation of .7 — % is the same as that of .7 — 7.

¢ Another case is that if we consider the isothermal case. In this case, we use Helmholtz
free energy. The temperature of fluid parcel remains constant during fluid motion.

We take variation of 8 with respect to flow path x(-). We claim that the corresponding
Euler-Lagrange equation (i.e. 08[x] = 0) has the form

p(dv+v-Vv)=Vyx-0, (17.24)
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where o is given by

6/ =p / r/(0uAy)f dr (17.25)

We show this result in the following calculations.

1. We denote the variation of the flow map x by X. |Z] The variation of kinetic energy
with respect to the flow path x is

5.4 [x] = —/()T/po(X)X(X,t) XdX dt.

Here, we have taken integration by part for the ¢-integration and used x(0) = x(7') =
0.

2. Next, we compute f . Note that the variation of F is F , which is g—; From r = FR,
we get the variation of dynamic variable r(¢) satisfying

t=FR=FF'r.
Conservation of micro particles reads
f+Ve-(Rf)=0. (17.26)
Combine these two formulae, the variation of f satisfies
f=—Ve (FF'rf).

3. Let us compute the variation of the Helmholtz energy

T
g%[x]:/o /QR3p(t,x)A(f(t,X,r))drdxdt

_ /OT/QOpO(X)/RSA(f(t,x(t,X),r))drdth.

Here, we have used dx = JdX and pJ = pg. We take variation of .7 with respect to

Suppose x(+) is perturbed by an one-parameter family of path x¢(¢). Then X denotes the time derivative,
while x denotes the derivative with respective to €. In our earlier notation, X(¢) = 6x(¢).
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the flow map x(-):

§./[x] ://pO(X)a/A(f)drdXdz
://pO(X) (/Affdr) dx di
_ _/ po(X) (/Aer-(ﬁ‘Flrf)dr) dX dr
://pO(X) (/ (VrAf)-(ﬁFlrf)dr) dx di
= /[ potx) (/ (VrAf)-(g—;o;Flrf)dr) dX dt

:_// [VX- (po(x)/(VrAf)(Flrf)dr)] XdX dt

o
- =_Vy-
5X X P>

Thus,

where

P(t.X) 1= polX) [ (VeA )P~ xfdr = po(X) [ (VoA R JAR,

P = po / OiARP fIdR,

and f is evaluated at (¢,x(¢,X), F(¢,X)R). This is the Kramers formula for the Piola
stress.

4. The Euler-Lagrange equation is
po(X)X—Vx-P=0 (in Lagrangian coordinate)
pv—Vx-0 =0 (in Eulerian coordinate)
where

g lppT _ j—lpigj
oc:=J PF' =J PBFB

=J 'py / (A f)RP deRFg
=p / (9A f)Fl{Rﬁ fJdR

=p /(ariAf)rjfdr.
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6l —p / v (Buy) fdr (17.27)

This formula is called the Irving-Kirkwood formula or the Kramers formula for the
Cauchy stress.

Remarks
* WhenA(f) =®(r)f+kgT fInf,

Af = <I>+kBT(lnf—|— 1),

and
a"f:p/rfa,[cb( )+ Tkp(Inf +1)] fdr

—p / (K@ f + Thprif1) dr

—p / (XD, f — Thyd'if) dr

= p{(0u®)r/) — pTkpS"
Thus,

o = p{(Ve®) ®r) — pkpTI, (17.28)
where

(Vi®@r) = / (r/9.®(r)) £ (1) dr.

* The term —pkpTI is due to the term kgT f In f in the free energy A(f). It is the
energy from random motion of r(r). It creates this isotropic stress, which we may
classify it as a pressure.

o At equilibrium, that is, the right-hand side of is zero. In this case, we may
show that the resulting stress is isotropic. This is the static pressure term. However,
it is not necessary to decompose the polymeric stress into isotropic part and extra
stress, unless the latter depends only on the deviatoric strain.

¢ When ®(r) is a central-force potential, that is, ®(r) = ®(|r|), then o is symmetric.



266 CHAPTER 17. VISCOELASTICITY

17.5.3 Derivation of stress from kinetic dynamics — Eulerian approach

This variational approach is taken in the Eulerian frame of reference. The variations of
paths cause constraints on the density and the pdf f. Such constrained variation is called
dynamically accessible variation.

1. Let f(¢,x,r) be the p.d.f. of polymer particles per unit mass. p(¢,x)f(z,x,r) be the
p.d.f. of polymer particles per unit volume. Define the specific Helmholtz energy to
be

A3 = [ADdr, A(f) = D@1 x1)+keT S In .

The term ®(r) f(¢,x,r) represents the internal energy. The term —kpT f In f is the
energy due to the randomness of the polymer particles at temperature 7. The internal
energy is

U=A+TS[x].

2. Define the action

sip.svl= [ (ép\vrz—pﬁm) dxdr

77?7 Note that the variation of the term 7'S is zero under the adiabatic assumption
or isothermal assumption. Thus, we shall only consider the variation of the kinetic
energy and the Helmholtz energy.

3. Given a flow map x(¢,X), which is the integral curve of the vector field v(¢,x), and
given a pseudo-velocity field w(z,x), we consider the following one-parameter family
of flow maps x°(¢,X) satisfying

x°(1,X) = w(s,x*(1,X)), x°(1,X) =x(t,X).
This is a perturbation of x(z,X) in direction w(¢,X).
4. Let f*(¢,x,r) be defined such that its pullback by the flow x°(¢,-) is fo(X,R), where

x=x(1,X), %R =r.

From conservations of polymer particles in macro and micro scales, p® and f* satisfy
sp° + Vx - (wp®) =0, (17.29)

Ouf* + W Vo f* + Vi (Vew)rf*) = 0. (17.30)
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The second equation is from
f + V- (i.f ) =

andr = FR,
£ =FF 'r = Vywr.

The term dyp* and d; f* are the dynamically accessible variations §p and J f.

5. Now we take variation of .27 with respect to v in direction w with p and f satisfying

the constraints (17.29),(17.30).
S/p(t,x) (/A(f(t,x,r))dr) dx:/(5p)Adx+/p(5A)dx:1+n.

I:/ﬁpAdx: —/(VX-(pw))Adx:/pVXA-wdx.
zzz/p(aA)dx:/pg—?afdx
= [ [ Arl=w-Vuf = Ve (Vawrs) drdx
—/p{ /AfVder W—I-/ ViAyr) - (Vxw rfdr} dx

/pV </Adr) Wdx — /V { /VAf rfdr} - wdx
/dxp/dr —A 04 (Oiw'r’)) /dx <p/dr(8riAf)rjwi) ,

and the term

Here,

VA = VX/A(r,f(t,x,r))dr: /AfVder.

‘We obtain

S/ZII/pA[f]dxdt:—/ttl/Vx- [p/(VrAf)rfdr] wdxdt
—/ttl/vx-o-wdxdr

c= p/(VrAf)rfdr. (17.31)

where
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6. Thus, the Euler-Lagrange equation is
p(d;+v-Vv)=V.0o
Formula (17.31) is called the Kramers formula, or the Irving-Kirkwood formula, or

the virial stress.

17.5.4 The full set of micro-macro equations

Compressible Viscoelastic flow The full set of micro-macro model for polymeric fluid
flow is a differential-integral equation. They include the macroscopic equations

a,p+Vx-(pv)=0. (17.32)
p (3, v+vVyv) = Vi -0, (17.33)
the microscopic equation
1
Of+v-Vyf+Vy-(Vvrf)=V [(Ve®@)f + kT Vyf]. (17.34)

r'Z

and the coupling between micro and macro dynamics is through

G = —pkpTI+p(rVe®), where (1)) := /(-)fdr. (17.35)

Incompressible viscoelastic flow ﬁln this model, we assume the polymer is in a sol-
vent which is a Newtonian flow with viscosity 1. The incompressibility introduces the
Lagrangian multiplier p. The model reads

P(OV+V-VV)+Vp=nAv+V-1

V-v=0
T =n,(—kTI+E[r; 2F(r;)]) (17.36)
v, +v-Vardt = ((Vev)r: - 2F(v) ) di + [4Law,

Here n), is the polymer concentration, which is constant in this model. The density is
assumed to be a constant. Otherwise, we should add the continuity and treat p as an
unknown.

8Ref. C. Le Bris, T. Lelievre, Micro-macro models for viscoelastic fluids: modelling, mathematics and
numerics.
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The non-dimensional model is

Re(dv+v-Vv)+Vp=(1—€)Av+V-71

V.v=0

T= & (—kTI+E[r, @ F(r,))) (17.37)
dr,+v-Vyrydt = ((Viv)r, — ﬁF(r,))dt—k\/LerdW,

The parameters are

PUL 2V,
L n

where Re is the Renolds number and We is the Weisenberg number,

Re =

e L= %T the characteristic length scale

A= % the relaxation time for polymer chain,

Np = npkT A the polymer viscosity

H the Hookean parameter with V = JH|r|?
* F(r) = r in non-dimensional Hookean model.

The stochastic equation is equivalent to the Fokker-Planck equation. Thus, alternative equa-
tions are

Re(v+Vv-Vv)+Vp=(1—€)Av+V.1

V.v=0

T =5 (=1 + [(r; ®F(r;)) fdr)
hf+v-Vyf+Vy-((VxV)rf) = Vy- <2W6F( )f)"‘zweA e

(17.38)

Energy dissipation The dissipation of energy is

jt/ { pv +(/ 7f1nf+d>fdr)]

—//3f|Vru|2drdx§0.
QJR

17.6 Macro models — moment expansion

The above micro-macro model is still difficult to solve because f(z,x,r) involves 7 vari-
ables. Instead, a macroscopic average over the microscopic equation is introduced. To
compute the stress, we need to find (rV,®(r)). The simplest case is ® is quadratic. This
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leads to compute (rr), the second moment of the pdf f(z,x,r), called the conformation
tensor. We will discuss below. In general, we will have moment expansion for ® and result
in moment equations from the Smoluchowski equations. A closure problem is encountered
in general. We will leave such theory in the theory of liquid crystals in later chapter. ﬂ

Conformation tensor Let us define the conformation tensor as
c:= /rrf(t,x,r)dr = (rr).

It represents the second moment of the micro configuration of the polymeric structure. By

Taking [ rr(17.23) dr, we obtain

¢ +v-Vie—(Vv)-c—c- (Vv) = é [2kpTI —2((V ®)r)]. (17.39)

In the above formula, we have used the following calculations:
/rra,fdr = 0, (rr)
/rr(v -Vxf)dr =v-Vi(rr)

/rrV,r (Vyvrf)dr = —Vyev- (rr) — (rr) - (Vyv)?

[rve <%vrq> f) dr = —%<(vrq>)r>

/rrVr- (%Vﬁ‘) dr = ZkgTI.

In component form, the third equation is

/”irjark(Lfrlf) dr = —/ <5iker5<rlf‘|‘ 5k]”iL;<rlf) dr

= —/ <Lfrlrjf+L{rirlf) dr
=—Le—clL!.

oWiki, Sir Sam Edwards, “Edwards worked in the theoretical study of complex materials, such as poly-
mers, gels, colloids and similar systems. His seminal paper[2] came in 1965 which ”in one stroke founded
the modern quantitative understanding of polymer matter.”[1] Pierre-Gilles de Gennes notably extended Ed-
wards’s 1965 seminal work, ultimately leading to de Gennes’s 1991 Nobel Prize in Physics. The Doi-Edwards
theory of polymer melt viscoelasticity originated from an initial publication of Edwards in 1967,[3] was ex-
panded upon by de Gennes in 1971, and was subsequently formalized through a series of publications between
Edwards and Masao Doi in the late 1970s”
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We abbreviate by

2T = 2
¢y = gl—z<(Vr<I>)r>. (17.40)

where the notation
cy:=¢+v-Vxe—(Vv)-c—ec- (vv)T,

is called the upper-convected derivative of the tensor c¢. It is indeed the Lie derivative of the
tensor c.

Hookean potential From ®(r) = 3kzT |r|?>/2R?, we obtain

(VeD)r) = 3%%

Plug this into (17.40) and (17.35]), we obtain the evolution equation of the conformation

tensor c:
2kpT 3

The Kramers formula for the Hookean potential is

3kgT
Pe. (17.42)

0 = —pksTI+p=

We can eliminate ¢ to get an evolution equation for o

3kgT
(1) = —PksTl1) +p—p7—cq)
3kpT 2kgT 3
T B B
:pkBT(VV+(VV) )—I—p R2 T(I_ﬁc)
6kgT
T B

This is the evolution equation for o. It is precisely the Maxwell model.

17.7 Non-isothermal Viscoelasticity
The internal energy consists of heat and work:

dU = dQ+dW = @dS + dW,
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where O is the temperature and S the entropy. We assume the energy input from external

world is
dQ=cd®

Here, c is heat capacity. Then we have

OdS =cd®

S-S
@zexp( - 0).

Appendix: Kolmogorov forward equation

This leads to

Suppose X; is a time-dependent random variable satisfying
dXt = a(t,Xt)dt +b(t,Xt)dB

Here, B is a Brownian motion.



Chapter 18

Two Phase Flows

18.1 Two-fluid model

18.1.1 Inviscid flows

Consider two simple fluids occupied region Q;, i = 1,2 connected by an interface I';. In
Q;, the fluid is governed by

Vovi=0 inQ
Pi(Ahvi+Vi-Vvi)+Vp; =0 l

Here, we assume that the p; are constants. On the boundary I}, the divergence free condi-
tion (V- v; = 0) leads to
[v]-v=0 onT},

where [v] := v, — v and v is the normal of I';. This implies that the motion of the interface,
which can be characterized by its normal velocity v, = v, v, satifies
Vp=Vi-V=Vy-V.
For force balance on the interface, we have
plv=0-v

where o is the stress on the surface. If the surface is infinitesimal thin, then 6 = cHV ® V.
Here, H is the mean curvature of the surface.

Given v,, we can solve (v;, p;) on domains €; with boundary conditions: v; -V = v,
on the boundary dQ;. On the interface I';, we need two conditions to move the interface.
The interface normal velocity v, in turn, is determined by the other interface condition:
[p] =oH.

273
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18.1.2 Viscous flows

Now we consider two viscous flows occupy two domains €; and is connected by an inter-
face I';. The governed equations in each region €; are the Navier-Stokes equation:

Vovi=0 in Q;
Pi(0rvi+vi-Vv))+Vp, =V -u;Vv;. l

On the boundary I';, due to viscosity, we should impose the condition
[v] = 0.
This leads to
Vi=V2 =YV,

where v is the surface velocity. From momentum equation, the surface force due to an
elastic material on I'; is cHV (assume the elastic material is inviscid), o is the surface
tension and H is the mean curvature of the surface. Let 7; := W;Vv; — p;l be the stress
tensor of the fluid i in region ;. Then the force balance law on the interface is

[7]-v=0Hv.

If v is given, then the condition v; = v and N-S equation can determine the flow in ;.
On the other hand, there are three conditions in [t]- v = cHV to determine the interfacial
velocity v.

18.2 Phase field models based on labeled order parameter
— Allan-Cahn Model

18.2.1 Order parameter and free energy

In fluid system, we may encounter two different kinds of fluids in a fluid system. For
example, oil and water, water and gas, or even have more compositions. We may use a
label function to indicate which material it is at a position X. Such a label function is
called order parameter in physics literature. For instance, in a water-oil system, we may
use ¢(z,x) = 1 for water and ¢ (¢,x) = —1 for oil at (¢,x).

Types of order parameters There are two types of order parameters.

* labeled order parameter: ¢ is a phase label of the fluids. In this case, ¢ convects
with the fluid flow. That is
a9+v-Vo =0.
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This is equivalent to

¢(I>X(l7X)) = ¢O(X>'

* Concentration order parameter: ¢ dx is a conservative measure. For instance, ¢ is
mass, concentration, etc. In this case, ¢ satisfies

AP+ V- (vp) =

which yields
¢ (,x(1,X))J(1,X) = do(X).

Free energy One can associate ¢ with a free energy .% defined by

0= [ 10.vo)ax= [ ZIVoP+ W (9)dx

The energy density W is called a bulk energy density. A natural choice of W is a double
well potential with minima at —1 and 1. For example, W(¢) = %(({)2 — 1)2. The energy
IV¢|? is the surface energy. It means that same phase material likes to group together. It
costs some energy by putting materials with different phase together. When ¢ tends to an
equilibrium with 1 and —1 on the two sides of an interface, V@ becomes the delta function
on the interface and .7 [¢] measures surface energy.

Chemical potential The variation of free energy .# w.r.t. ¢ is called the chemical poten-
tial
07 af Jdf
H= 50 Ve 96 (18.1)

18.2.2 Variation of free energy w.r.t. flow motion

Dynamically accessible variations Given a flow map x(¢,X) and an arbitrarily vector
field w(x):
w:M—TM

We define a perturbation of x in the direction w as the following flow maps

axs(t,X) =w(x'(t,X)), x°(t,X)=x(t,X). (18.2)
The quantity
sx(o.x) == 0K wixo.x)

is called a variation of x, or a pseudo-velocity.
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The Eulerian variable ¢ has a constraint
a9+v-Vo =0.

That is,

(P(t?X(taX)) - ¢0(X>
Given an arbitrarily vector field w, we consider the perturbation of x(¢,-) in the direction
w. We define a one-parameter family of function ¢* by

¢S(t7xs(lax)) = ¢0(X)'
Then the variation 5
0¢ := a—|,7x¢s(t,xs(t,X)) ats =0,
s
is called a dynamically accessible variation of ¢. It satisfies

ds0+w-Vo =0.

Variation of free energy .7 w.r.t. flow motion The variation of .%# at a flow map x along
the tangent direction w is a Frechet derivative of .% along x*:

_ 8.F 99"
OF W = 5o os

= u(=w-V9)
= _‘uV(P W

Equation of Motion The action is defined to be
S = [ [ 3P0 (0.0~ 1(6.90) (10, X)) X)X,
The potential energy is indeed the functional
F(9)= [ F(0(1:%).V6(.x))dx.

The variation of action w.r.t. flow motion gives

Dv 0T af df
Por =MV H=5r ="V oy T as
This together with
atd)—f—V'V(]):O?

dp+V-(pv)=0,
give the set of equations for (p, ¢,v).
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Conservation of energy We multiply momentum equation by v then integrate in X and
int to get

d (1 07 d7

E/§p|v|2a,'x: /,uv-Vq)dx: —/,uc?,q)dx: — Wﬂtq)dx: -

That is
d

d 1
S ([ phPacs [ (6.50)ax) <o

This is the conservation of total energy. It also shows that the force uV¢ is the opposite
force of the convection of ¢.

Dissipation of the velocity One can add dissipation term in the momentum equation:

Dv
~ —uv V.

where

2
T=V (VV-l—(VV)T—gV-VI) +AV .-V,

is the viscous stress. It will dissipate the kinetic energy.

Dissipation of order parameter The order parameter has a tendency to move from high
potential energy to low potential energy. For Allan-Cahn model, it is simply defined by

07

The dissipation of energy can be obtained by multiplying momentum equation by v, multi-
plying advection equation by t, then adding them together:

D
(pgj-v—uV¢-V)+(u6’t¢+qu¢) =v-V.o—p*.

This gives

The viscous dissipation becomes

—0-Vv=—v|Vv+ (VW 2= A|V.-v]%
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18.3 Phase field models based on conservative order pa-
rameter — Cahn-Hilliard model

18.3.1 Variation of free energy w.r.t. predomain

For ¢ being a concentration such that ¢ dx is invariant along the fluid flow, we design
one-parameter flow maps x*(¢,X) such that

¢°(1,x°(1,X))J* (1, X) = ¢o(X).

where J*(¢,X) = det (%) As in the previous perturbation, we define w(t,x(7,X)) =

0x(t,X). Then by differentiate the above conservation formula ¢ (z,x°(¢,X))J* = ¢o(X) in
s, we get

30° + V- (wg*) = 0.
The variation of % w.r.t. X° is

0F 0¢°
00 ds

— [ 1=V (ow))dx
= /q&Vu-wdx

0F - w =

Conserved order parameter In the case
8f¢ +V (¢V) = 07
The force from the convection becomes
Dv
— =—0Vu.

This together with
at‘P"‘V ((PV) 207

dp+V-(pv) =0

give a set of equations for (p,¢,v).
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Conservation of energy For the energy equation, we multiply the above equation by v,
take integration by part:

d 1
E/Ep|v|2dx:—/¢)Vu.vdx:/uV-(g])V)afx

0.7 A7
—— [nagax—- To dax=-"

We also get same result of conservation of energy:

d 1
o [ 5P+ £(6,99)dx=0.

Dissipation
1. Cahn-Hilliard defines the dissipation flux to be
—mVU,
where m is called the mobility. The evolution equation for ¢ is
a0+ V-(vp)=V-(mVpu).
This is the Cahn-Hilliard equation. The total order parameter is conserved.

2. For Cahn-Hilliard equation, the energy dissipation is

dé&
o= —T-Vv—m|Vul*.

18.4 Interface structure

18.4.1 Limiting behaviors of the interfacial layers
Interface energy In this section, we shall study the limit of various free energy. We are

particularly interested in the kinetic energy part, which is related to the geometry of the
interface.

F(9]= [ £(V9,0)dx
1. Let
F(V6.0) = SV + W(9)dx
where W is a double well potential. As € — 0, ¢ — £1. The interface energy tends

to
Z (9] = 00| (1)]-

where oy is a constant.
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2. Mean curvature:

77 1 / 2 2
T (re——w d %/ H2dS.
/Q(t) 2 ( ’ n? (d))) = Jrw

3. Gaussian curvature:

|- / Ny
/Q(l) (n o~ oW (¢)) W'(6)dx ~ /r(t)KdS.

Bulk energy The bulk energy also has many choices.

1. Binary system: Consider a binary system with two components A and B with con-
centration uy and up, where us +up = 1. The bulk energy is

W (up) = taua + upup + RT (upInug + uplnup) + Quaup.

Here, ua,up are the chemical potential of components A and B, R the molar gas
constant, 7' the temperature, o the repulsion parameter between A and B.

2. Nernst-Plank-Poisson model: Consider binary charge system. Let p and n are re-
spectively the concentration of positive and negative charges. The bulk energy is

1
W(p,n) = /§2p10gp+n10gn+ 5 (n=p)V[n—pldx

where V[n — p] is the potential induced by n— p, i.e. e AV =n—p.

18.4.2 Structure of one dimensional interface

Allen-Cahn interface The order parameter satisfies

where 1
7 = [SIVeP+W(9)ax

W)= (6>~ 1)%

The interface is assumed to be steady, so ¢, = 0. Thus, we want to solve

Ao —W' () =0.
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Multiplying ¢ on both sides, we get

d (1 p

— |z =W =0.

We look for ¢ which connecting the two equilibria 41 at x = F-o0 and with ¢’(£e0) = 0.
Thus, the interface we look for satisfies

1
59"~ W(9)=0
2
We can solve this ODE:
0 =\2W (18.3)
By separation of variable
d
¢ dx
2W(9)
When W(¢) = 1(¢* —1)2, we get
2d
0 =+d
1—¢2

Integrate this, we get

1 1
x+C = /—+—d¢

l—¢ 1+¢
1
— ln‘ﬂ
1—¢
Thus, let £ = ¢*+C We have
1
ﬂ:ig‘
1—
Or : :
—1 +1
= ,orp =————.
’ §+1 ’ —&+1

For the first solution, we have ¢ (+e0) = £1, whereas the second solution satisfies @ (d-o0) =
F1. In general, ¢ can be expressed as A + Btanh(x+C).
Let us put the scale back. We consider the energy to be

F¥01= [ SIVO°P + LW (9°)dx
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This gives the traveling wave equation
1
eNPF — EW’(¢8) =0.

Taking ¢¢(x) = ¢(x/€), we get the rescaled equation. Notice that in .%, the energy for the
traveling wave solution ¢°¢ is
FE[9¢] = F 9] = op.

This is the interface energy in the normal direction of an interface. In multi-dimension, the
interface energy is the integration of this value over the whole surface.

Remark. Let us consider a general double well potential W which has two stable equilibria
¢, and @,. Suppose W(¢@,) # W(¢@). In this case, we don’t have a standing interface.
Instead, we have a traveling wave ¢ ((x —ct)/¢€), where c is the speed of the traveling wave.
Plug this ansatz into equation §.% /8¢ = 0, we get

—cd' — AN +W'(¢) =0.

Cahn-Hilliard interface The Cahn-Hilliard equation is

50"
0 =~V (mVp), u = —%.

Again, we look for steady interface. This leads to

m(¢)Vu=C,

or C
YR ne)

We assume for the moment that the mobility is independent of ¢. Then we get
U = o for all x.

Or
—¢" +W'(¢) = 1o.
We look for solution with ¢(d-o0) = +1 and ¢’(F-o0) = 0. Multiplying this equation by ¢’,

we get
d 1

Using the far field condition, we get

—%¢’2 +W(9)—pop =W(1)— uo.
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Or

Thus,
o' =+(W(¢)—W(1)—po(¢p—1))"/2.

In order to have ¢’(do0) = 0, we see that F(1) = 0, we also need to require F(—1) = 0.
This leads to
W(=1) =W(1) = po(=1-1) =0,

which implies

o= (W(1) —w(-1))/2 = 2= HB)
Pa — P

Here, ¢, and ¢, are the two equilibra of the double well potential W. Thus, the only
addimisible chemical potential connecting two equilibra is the relative energy difference
between them. With this choice of chemical potential, we see the interface equation is the
same as the Allen-Cahn interface equation. Thus, the structure is the same.

Cahn-Hilliard Traveling wave with nonzero speed Suppose the speed is ¢, then we
look for traveling wave solution ¢ (x — ct). In this case, the

Combustion front In reaction-diffusion equation
ur = Nu+ f(u)

where f(u) has two equilibra u, and uy,.
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Appendix A

Notations

Coordinates and flow map
* X Lagrange coordinate
* x Eulerian coordinate

* ¢(X)=x(t,X) the flow map

u = x — X displacement

* v=x(t,X) = u velocity

Strain
e F = a v+ Deformation gradient (for the use in Lagrangian coordinate)
» C = FTF: Left Cauchy-Green strain

o (F 1= %—’;: inverse deformation gradient (for the use in Eulerian coordinate)

B = FFT: Right Cauchy-Green strain

e E= % (F +FT) —I: Green-St. Venant strain.
¢ % <g— ‘3—) strain
* (ew) = % (a—”k + %) Infinitesimal strain

285
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Strain-rate
e D=1 (Vv+(Vv)T): rate-of-strain, strain-rate tensor
* ¥=2D = ¢ : rate-of-strain
e S=1(Vv—(Vv)T): Spin tensor

s 0=2S=Vv—(Vv): vorticity tensor.

Stress
* P: First Piola stress
* X: Second Piola stress
e 0: Cauchy stress

e 7: deviatoric stress



Appendix B

Surface Theory

B.1 Maetric, area and first fundamental form

Deformation and parametrization Let X — x be a mapping from Xy C R? to a surface
¥ C R3. Let Fi, = dx' /0X* be its differential. For a vector field in TX with v =1v%d /X%,
the differential F maps it to w = Wia%‘ with

i_ i
w = F v,

We denote this by w = Fv.

First fundamental form. The image of £y by the map ¢; is in R?, which is called the
ambient space. The space R? has a Euclidean inner product structure (-, -). We also call it a
metric structure. The mapping x(-) and the metric (-, -) in the ambient space induce an inner
product on the tangent space of X (denoted by TX). Namely, given any vy,v, € TXo, we
define the inner product of v; and v, by

(vi,v2) := (Fv1,Fvy) = (FTFvy,vy).
Here, (-, -) is the inner product in the ambient Euclidean space. When we use the basis ag—a

in TX, the metric has the following representation:

(Vi,V2) = gapv{Vh

where

Jx Jx
8ap = <W’W) = (FTF)aﬁ,
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In the language of differential geometry, we express the metric (-,-) in the ambient Eu-
clidean space by . .
gE = 5,~jdx‘ ®dx’.
The metric g in X is
g = gopdX” 2dxP.

This metric g is called the first fundamental form for the X-coordinate system on X. It
is used to measure distance, angle and area on the surface X. The length of a vector v is
measured by (v, v), the angle between two unit vectors v; and v; is (vi,vz). Thus, a curve
{X(1)|0 <t <1} on Xy has length

/o1 \/gaﬁ (X ()X % (1) XP (t)dt.

This is indeed the arc length of the curve x(X(¢)) in R3.
The area spaned by two vectors vi and v; is

Vv - (v2,%2) = (v1,v2)2 = T [val.

Here, J = y/detg is the Jacobian of the map x(-). Thus, the area element on ¥ under the
metric g is
dA = JdX,dX,.

B.2 Second fundamental form and intrinsic properties

The normal of X is
ox Jx

__oxI X ox?
T d
I15%r < 2z
This normal N maps X to S2. Its differential dN maps TXg to the tangent of S2, which can
be identified to be TX. This is because
0= d(N,N)(v) = 2(dN(v),N),
that is, for v € TX(, we have dN(v) L N. Hence, we can identify dN(v) € TX. In particular,

AN(3/OX %) = i(—Na €T

We define the second fundamental form /I = (Lqp) of X to be

I JON Ox
b~ \oxa 9xB )
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One can immediately see that

Lap = (8, =2%
B =\ oxagxB )

Given a curve C: x(X (1)), —€ <t < € on Xy, we parametrize C by its arc length s. We have
(N(s),x'(s)) = 0. Hence, (N(s),x"(s)) = —(N'(s),x(s)). Therefore,

H(X'(0)) = —LapX'*(0)X"P(0)
B IN _,u IX _,8
= (SreX 0 e 0)
= —(N'(0),x(0)) = (N(0),x"(0)) = (N, kn) = k.

Here, k is the curvature of the curve C and n is its normal. Thus, the second fundamental
measures the curvature of curves on the surface passing through at the same point. The
eigenvalue of /I w.r.t. the first fundamental form g is called the principal curvature of the
surface. If we define

W:=g 'L,

called Weingarten matrix, then the eigenvalues of W are the principal curvatures, its trace
is called the mean curvature H and its determinant is called the Gaussian curvature K.

B.2.1 Surface energy

e Membrane
¢ Plate

* Shell
Bending, twist, Willmott energy.
Reference

1. Elasticity of cell membranes

2.


https://en.wikipedia.org/wiki/Elasticity_of_cell_membranes
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B.3 Vector, co-vector and tensor fields

Vector A vector on TX has the form v =v%d /dX%. Its image under x(-) is w =w'd /9x’
with
w' = Fp?.

That is, w = F'v.

For any w € TX, we can find a unique v € TX such that Fv = w. To find v in terms of
W, We use

Féw‘ = FéF(;
In matrix form, it is
(FTF)v=FTw
Thus,
v=(FTF)"'FTw.

We denote F* = (FTF)~'FT, the pseudo-inverse of F. The mapping FF is the projection
from R to the tangent plane of TX.

Co-vector On T*%, we define dX® such that dX%(d/0XP) = 3[‘)3‘. A co-vector v* =
v, dX® is defined on T*X. From Riesz representation theorem, there exists a unique v €
TX, such that

v'(d/9X%) = (v,d/dX?*).

That is, vy, = gaﬁvﬁ. This leads to

v = gaﬁvE’

where
g = (g7

A one-form ® = w;dx’ in T*X can be pull back by

ax!
a).

i SyadX® = oiFedX®

or in matrix form, F’ @.

Given a one-form w;dx’, the vector @ = (@) is a co-vector. In the two form vidx!dx*,
the vecor (V;) is also treated as a covector. Therefore, we can pull back them by F7v.

If v is a unit covector in X and n be the normalized pull back of v under F, then

n=J'FTy.
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Tensor A tensor P on Xy maps a co-vector n € T*X to a vector in R?. P can be rep-
resented as P'* and Pn = P'%nyd /dx' If n is the pullback (with normalization) of a unit
co-vector v € T*E, then n = J'FTv. Let T be the tensor which maps a co-vector Vv to a
vector in TX. TV can be represented as 7/n;0 /dx;. If

Tv = Pn,

then we have the relation
T=J'PFT.

For hyper-elastic material, P = W/(F).
Alternatively, we can define the tensor 2 on X, which maps n € T*% to TX and the
tensor P = FP. In this formulation,

FPFT —JT

In the case of hyper-elastic material, P = W'(FTF).

B.4 Gradient and Divergence

Scalar field A scalar field ¢y defined on Xy can be push forward to a scalar field defined
on X by

()= o(X) if x=x(X).

Alternatively, we can use delta function to express ¢:
o(x)= | 9o(X)d(x—x(X))dX
0

Physical quantities such as density is treated as a scalar field on X. The gradient of a scalar
field is defined by the differential of ¢p:

do = Vxdo(X)-dX.

Thus, Vx¢g is a co-vector. It is defined to be the co-vector such that it represents the
direction derivative:

dgo(v) = (Vxo,v).
Here, the meaning of (-, -) is the bilinear functional between vector and co-vector, which is
defined so that (dX%*,d/dXP) = 6[‘;‘. We can also define the gradient Vi ¢ to be

do(w) = (V.,w)
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for any vector w € TX. Since v=F Tw, we obtain
T
(VX¢7W) = (VX(vaFTW) - (FT VX¢07W)

Hence,
Vi = (F7) ' Vx .

This is the definition of V¢ on X. Since FT (F')" = I, we then get
Vx (PO = FTVX¢-

Thus, the co-vector Vx @ is the pullback of Vx¢.



Appendix C

Tensor Calculus

C.1 Some tensor notations

We shall use matrix to represent rank 2 tensors and matrix algebra for tensor algebra.
* Arank 1 tensor is a vector, such as the velocity field v, the outer normals v, n.

* A rank 2 tensor is a matrix, for example, the stress tensor o, 1.

Tensor product vw := v'w/.

Scalar product v-w = viw/, - v = O';Vj, A-B :Ai-B,](.

Scalar product of rank 2 tensors A:B = A;;B;;.

» Nabla operator V:
oV
.

(V)= 3

ov/

V N — =

VT o

For an m x 3 matrix-valued function F = (F,53,53),

0F;
V- Fi=—"1

oxJ

which is an m-vector.

VT — dF; 9% 9% 9F3 9%, IF,
T\ o2 9x379x3  oxlax! 9x2 )’

which is again an m X 3 matrix-valued function.

293
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» Note that for v being a 3 x 1 vector, f a scalar function, we have

(v-V)f=(Vf)-v=Viaf
For w being an m x 1 vector, we have

(v-V)w=(Vw)-v=v;0w'"

* In the tensor community, V is treated as a column vetor and Vv is defined to be Qxivj ,
which is different from us. Some people uses v® V to stand for dV'. (e.g. Vlado A.
Lubarda). We will only use Vv to stand for d,;v' and V-F = d,;F.

Theorem 3.17 (Divergence theorem). Let F : Q(C R3) — R™ x R3 be a vector field. Then

/ 3’”~vdS:/V-ff’dx.
aQ Q

Here, dQ denotes for the boundary of Q, dS is the surface element, and v is the outer
normal of Q.

C.2 Tensors in Euler and Lagrange coordinates

C.2.1 Eulerian and Lagrangian coordinates

Let M be the initial configuration and M be the current configuration at time 7. X be the co-
ordinate on M and x be the coordinate on M C R”. We first make a table of correspondence
of notations between vector calculus and differential geometry. The notation of vector
calculus we use is from the book: Aleksey Drozdov, Finite Elasticity and Viscoelasticity
(1996) and Mechanics of Viscoelastic Solids (1998).

Let x(z,X) be the flow map. We also denote it by ¢; : M — M. We will neglect ¢ later in
the correspondence table when we have a fixed time 7. The reference configuration space
M is indeed identical to M except they use different coordinate system. Thus, d/dX" is a
tangent vector on M, which is realized as dx /09X in the Euclidean space. The metric of M
is induced by the imbedded metric in R”.
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Euler
Name Vector Calculus | Differential Geometry

basis in tangent space (vectors)
metric in tangent space

basis in cotangent space (co-vectors)
metric in cotangent space

e; = 0x/ox'
(ei-ej)=1
e',e'ej=0;
gl =e-el =81

/0%
8ij = <8/8xi,8/8xj> = 6,'j
dx', (dx',0/0x7) = §,
gl = (dxl,dx/) = &'

contravariant component (vector) v =1le; v=1'9/dx

covariant component (co-vector) N = nie n = nidx’

Music notation Vi = glly; v=v =V

Tensor product V{V2 Vi ® Vo

Lagrange

Name Vector Calculus | Differential Geometry

tangent basis

cotangent basis

duality

deformation gradient
metric in tangent space
metric in cotangent space
contravariant component
covariant component
Music notation

Tensor product

Zo = 0x/dX*
g* =9dX%*/ox
8 gy = 3
81,82,83] =F
(Ga-8p)=F'F
gaﬁ — g .gﬁ
7d=q%8a
d=qa8”

q* :gaBCIoc
q19>

C.2.2 Coordinate systems and bases

9/9X®
dx®

(dx®,9/0xP) = 8§
de

gap := (0/0X%,0/dXF)
g% = (dx*, dxP)

G=q%d/IX*®
q= Qaan
Gg=q =¢

q1 @G>

* The configuration space M is in the Euclidean space. We use natural basis {e;} for
TM. We also treat T*M = TM and use {e'} as the basis in 7*M. In the language of

differential geometry,

€

T oxi

J el = dx'.

* In TM, we can have another frame, the Lagrangian frame:

8a =

In DG,

dx!

m@i = Féei.




296 APPENDIX C. TENSOR CALCULUS
The inner product of g and gg is induced by the Euclidean space TM. Thus

a8 =y FoFger-er = Y FuFj = gap-
k k

* Similarly, in 7*M, the corresponding Lagrangian frame is

& =Fe

Since Fé = axﬁ , we get ;
(F7)y =—>7-
‘We have
Go- 8 =8
and 5
0X%oX
7% 3P = (F~ .
£ ( Z oxk axk
In Differential Geometry,
* Deformation gradient:
(Fla=Fo=Fa (F =257
(FT)* = Fy = 3 (F )y =(F e

(F'F)op = (FT){F§ = FaFg = 8o~ 8p-
(FFT)7 = Fo(F")§ = FoFy

C.2.3 Representation of vectors

* Euler coordinate For a vectorin v € TM = T*M, we can represent it as
v=1e = v

* Lagrange coordinate We can also represent v in Lagrange coordinate system, we
call it the pull-back of v and denote it by p. It is still the same vector, but in different
coordinate system. Thus,

ax!

i—axkka = v;FdX*.

V=vidx'=v
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or its pull-back (same vector, but represented in Lagrange coordinate system)
p=pig"
Thus, .
pr = ViF}.
A vector p can be represented as
p= g = p'a
From . - .
§=g"g;, 8&=usig,
we get _ N .
p'=g"pi, pi=gijr’.

* Inner product: Suppose the pull-back of v and w are p and g, respectively. The inner
product of v and w is a scalar

NN S N SR
V-WI=Vviw =VW; = pdgi=Ppiq -

We have .
ej-e! =¢j-ej=¢e-e/ = 51/

Girg=gy &§=¢" zd=9.
C.2.4 Tensor
* The tensor product of p and g has the representation
pq = piq;g'g’.
Note that pg # gp.
* In Eulerian coordinate, a tensor 7' can be represented as
T = Ti-ieie_; = Ti_ieiej = Tfeiej = Tl-jeie_,-, I;j = T = T]? = le
Its pullback Q in the Lagrange coordinate system can be represented as
0=0,gs =058, = 05’ = 0/3's;.
The transformation of the coefficients is, for example,
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obtained by using g; = Fikek.
One can also check that

Qij = 0Mgug = Ql}gik = Qfgh.
The transpose of Q the above tensor Q is defined as

0" =0;ig'd) =0"2:3; = 0/gig/ = 0’3’
=038 =038 == 03,3 = 0/'3:.

* The inner product of tensor and vector is
Q-3=0i8'% 4% = Qud'g.
It can also be represented as
0-3=0/3';- a8 = dais’

One can check that

0-G=g-0" and (P-Q)T=0T.-PT.

For the first one, we have
0-G=0i2'¢ ¢'3 = 0ud"g,
G-0" =4d"a- 03,8 = 4" Qugi = Q- G.
For the second one,
P-Q="P;3' Oaig = Px0}g'g".
O'P" = 0[F &P’ = QiPug'E = (P- Q)"
One can also define

0*:=0-0, Q:=0-0*=0" Q,etc.

¢ Convolution
P:0="r;g'g 0" 515 :=P,;0".
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e The unit tensor
[=¢el = eiej = eiej =eje;j
=888 =58 =58 =88
One can show that for any tensor Q,
0-1=10=0.
e Atensor Q = Q,; jeiej is called isotropic if for every rotation R,
0 = Qij(Re')(Re’)

It can be shown that an isotropic 2-tensor has the form Q = o/. Similarly, a rank n
tensor Q;, . ;. e'"---e" is called isotropic if

Q=0i, i, (Re")---(Re™)
for any rotation R.
Homework: Show that an isotropic rank n tensor depends only n parameters.

Connections V operator (Connection)

* We define the nabla operator as

e . 0
Vi=e— =3"—.
‘o~ ax
We can think V is a vector. Its pullback is g’ &‘)9(,-.
* For a function f, its differential
df = fd i =Vf.dx
a f . df 9X! of
= dX' = - ——dx’ " -d
X 5x1 o Y = gxif X
Here, we treat dx as a vector: dx = dx'e;. The term V f 1s a vector
af af
\Y el = g’
J=94¢ = oxi®

We can change the type of V f as

afz_af z] af
Vi=ga¢ = ga%7ei=gy¢

d d
Vf= a){, (a){,g”> gj-
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* For a vector w = w'e; with pull-back 7 = ¢'g;,

Vw %eiwjej = %eiej
dw = dxa Lol = dxtey - a 9 gl = dx-Vw = (Vw)T - dx.
oxt ox
* For the pull-back g of the vector w, we have

0/ a5t
Vi=g5(08) = ¢ (af(,gquaf(,.),

The term gX, is a vector, it can be represented as
sk
98 _ g
8Xi o l]g :

Here, the coefficients Fﬁ‘j are called the Christoffel symbol of second kind. We denote

e 8 - ‘9‘11 k\ =j

Thus,
. dq dq;
Vg=9¢'— = F
q g&X’ (8X’ Gk
. - dx! .
Hence 9 9
_ _ _ oq k 949 _
dx-V§q=dX*g,- (g dX =d
x-Vq 8k (8imyy) =dX" 5 p =dg

We also have
dj=dx-Vj=(Vg)"-dx.

Similarly, we have

9 dg/ 9
Vi=2g55d8) =2 (a;](,gﬂr ka)g;),

Differentiate g - g’ = 5,5, we get

agk ;.
aXl o rilg]7

00 | i) sis
(axi +q %) g8

Thus,

<]
Qi
Il
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* Divergence: for a vector w and its pull-back g, the divergence

. 0 : aw'
V‘erlw'wjejzw.
9 . dq' .
Vi g=g'—— (¢/g;) = == +4'T"..
q g&Xl ((] g]) 8Xl+q (i
For a tensor Q,
20i; ;
Vie=gae

* Properties of V:
V(fif2) = (Vi) L2+ fi(VL2).
V(G1-32) = (Vq1)- @2+ q1- (V).
V(@9 =(V-0)d+0Q: (Vg

For a symmetric tensor Q, we have

V(0§ =(V-0)G+0:e(q), €@ :==(Vg+(VaT).

For any tensor P and Q,

!
2
V-(P-Q)=0Q"-(V-P)+P":.VQ.

C.2.5 Frame invariant Derivatives

Let us consider two observers in our Eulerian space. The first one is fixed. The correspond-
ing coordinate system is denoted by x. The second one moves with translation and rotation.
The latter one’s coordinate system is denoted by x’. We have

x =x;(t) +x-0(1),

where x|, is the translation and O(r) is the rotation.
The orthonormal bases in these two frames are related by

ei=1e;-0()=0"(1)-e.

In Lagrange coordinate system,

ox’ ox
_/ _us . va — 5.
gi(t)_ oXi oXi O(I) 8i 0(t>
and ) .
g(t)=g0@).

We are looking for those vectors and tensors that are invariant under this frame change.
Objective (Frame-invariant) tensors
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¢ Objective vector: A vector v in the old frame becomes a new vector v/ from the
observer’s point of view. A vector v is called objective if v/ = O - v. Let us present
v and v/ in coordinate system:

v=1le, V= vi/e§
Then objectivity of v is equivalent to v/ = W
In the Lagrange coordinate system, let g be the pull-back of v and ¢’ be the pull-back
of v'. The Lagrange frame from the new observer is

§i=280=0"3

The objectivity of g is

which is equivalent to

* Objective tensor: A tensor 7 is transformed to 7’ by the new observer. We want

TV =(T-v)
This means
T'-v-0=0"-(T-v).
Thus,
7' v=0"-T-v.o'=0"-T-0-v
This leads to

T'=0T.T.0.

One can show that this is equivalent to 7"/ = T/, For Lagrange frame, we have
similar result. Suppose Q is the pull-back of 7. Then Q is objective if

QIZOT'Q'O

Or equivalently,
0 J_ 0.
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C.2.6 Frame-invariant derivatives

* Characterization of rotation O(t). Since O(t) - OT (¢) = I, this leads to

dO _r
—-0 O-——=0.
dt - dt

Let us call O- ‘%T by Q(7). The above formulae are

doT’ do
—=0.0", —=-0-Q Qo'=-Q
dt dt

303

* Letv:= ‘3’; and v/ := %—’j’ be the velocities in the two frames, respectively. We have

Vv =0".Vv.0-Q, (VV)I=0".ww.0+Q.

Proof. We give proof in Eulerian coordinate system. You can try to prove it in La-

grangian coordinate system.

a/
V/:87);:X0+V~O—X~O-Q:X0+V'0—X/'Q-

We use this to get

1ot /
Vv —e’ﬁv _€lﬁ 0o-Q
.0
— 0" 0-Q=0"-Vv.0-Q
ox!
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g-V'vV=g-0-(0" - Vv.-0-Q)
—=G-Vv-0-G-0-Q
=0".g-vww—Qr.0".g

We get
q’V _ 67/ N 67/ Y
=0"(G—q-Vv)
In the last step, we have used Q + Q7 = 0. O

* Upper convected derivative of a tensor. Let Q be an objective tensor. Define
0V:=0-0-Vv—-Ww.Q
Then QY is also objective. That is
oV =0".0%.0.
Proof. Differentiate ' = O - Q- O in t with fixed X, we get
O=0"-0.0+0"-0-0+0"- Q-0
=Q.0"-0.0+0"-0-0-0"-0-0-Q
The term Q' - V'V is
Q-VvV=0"-0 (0" Vv-0-Q)
vyl g = (0" W' -0+Q)
Here, we have used Q7 = —Q. Putting the above calculations together, we get
V=0 -0 -Vv-vv'.Q
=0"-(0-0-Vv—-W'.0)-0
=0".0v.0.

* In a similar way, we define lower-convected time derivative as
04 :=0+0-Vv+ W' .Q.

It is also objective if Q is objective.
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* The upper-convected time derivative for contravariant component. Let Q = Q"¢;e j-

Then . .
A S

QV _ (Q'ij -0 R (0] 8xk> e;e;j

 If / is the identity tensor, then ¥ = —%.

e Let B=F - FT be the right Cauchy-Green strain tensor. Then BY = 0.

Proof. We have
Taking transpose, we get

GFT =FT . (vv)T.
Thus,

h(F-FT)=(9,F)-FT +F-(FT)=(Vv)-(F-FI)+(F-FT).(vv)T.
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Appendix D

Lie Derivatives

This subsection is mainly from
Albert Chern, Fluid Dynamics with Incompressible Schrodinger Flow, Doctoral Disserta-
tion, California Institute of Technology, 2017.

D.1 Basic notations
Manifolds, tangent space, and cotangent space

* Let M, be the region occupied by the fluid at time . We shall call it the configuration
space or configuration manifold. The initial manifold My will also be denoted by
M. The coordinate in M, denoted by X, is called Lagrangian coordinate, or the
material coordinate, while the coordinate in M;, denoted by x, is called the Eulerian
coordinate. Below, we shall use M for M, for some unspecified r and M for the initial
manifold.

* The tangent vector space of M at a point x € M is denoted by TxM. Its dual space
is called cotangent space, and is denoted by 7M. The sets TM := UxepyTxM and
T*M := Uxem Ty M are called the tangent and cotangent bundles of M, respectively.

* The tangent space has a basis {¢;|i = 1, ...,n}. We shall also denote e; by d,: or % for
reason explained later. Similarly, we shall use dy: for the basis in the initial tangent
space TM.

* A vector field is a map v : M — TM such that v(x) € TyM. A time-dependent vector
field v; is a vector field in TM;, which is also denoted as v(z,X).

307
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* Given a vector field v(z,x), its trajectories from an initial position X is x(¢,X) which
satisfies
x=v(t,x), x(0,X)=X.

A flow map @, : M — M, is a diffeomorphism with ¢,(X) := x(¢,X). The flow map
¢, satisfies

(1) Itis I-1 and onto;

(ii) It is Lipschitz continuous, so is its inverse. This means that dx/dX is well-
defined and bounded except on a low dimensional sub manifold.

Conversely, given such a flow map ¢;, we can define

v(t,x) = d(X), for x=¢(X).

* A tangent vector V; := v(t,-) 1= v;d; € TM;. In many situations, we will just write
V' instead v; if the parameter ¢ can be read from the text. That is,

Vy = Vlaxi.

Since we will fix 7, we will abbreviate v; by v in most of cases.

D.2 Pull-back and Push-forward Operators

Flow maps Let M be the initial configuration space (also called the reference space or the
material space) and M; be the configuration space at time ¢ (also called the world space).
Both have volume forms, which are fI and p, respectively. Let v(z,x) be a velocity field, or
a time-dependent vector field on a manifold M. Let x(z,X ) be the solution of the ODE:

x=v(,x), x(0,X)=X

We call ¢, (X) :=x(z,X) be the flow map generated by v. X is called the Lagrange coor-
dinate, while x the Eulerian coordinate. The flow map is a mapping from the Lagrangian
coordinate to the Eulerian coordinate.

Pullback Functions or differential forms in Eulerian coordinate can be transformed back
to the Lagrangian coordinate through the flow map. This is the pull-back operator. This is
to pullback a differential form from M; to M. Suppose we have an integral, say Je nidx’
on the manifold M, at time ¢., we want to pull it back to an integral at = 0 on M by the
change-of-variable x — X through the flow map ¢;. The answer is

ox!

. i_ a
Lmexax = [ 0 X(0,X)) S dX
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Here, Cy = ¢, | (C). We call
ox'
n(t7X(IaX))aXa

the pullback of 7;(¢,x)dx’. Note that the time here is fixed. We merely discuss the pullback
the differential forms via the map ¢, with fixed ¢.

dx*®

* f(t,x) is pulled back to @ (f)(t,X) := f(z,x(¢,X)).
» 11 = n;dx' is pulled back to

ox'(t,X)

a)(—aan.

@ (M)(1,X) := ni(t,x(t,X))

s The volume form u = dx' A --- Adx". Its pull back @i = J i, where J = det(d¢,).

* We want to compute the pullback of xdx/. Suppose ¢ (xdx/) is expressed by al, (xdX %),

we want to find the coefficient af,. Note that the two stars are different. One is in the
space of M the other is in M. Since dx/ Axdx/ = u = Jji and dXP A xdXP = 1, we

get
Jﬂéjl: = (Pt*usjl:

= @ (dx' A (xdx”))

=@ (dxi) Ao (*dxj)

— FgdX® naf(xdXP)

= Féaéﬁ.
Thus, o .

Foag =J8;.
This leads to ox@
a=JF T, d,=JF 1), =J ST
We obtain
* j —T\Jj o JX* o
O (xdx!) = (JF" )g(xdX%)=J (xdX%).

dx/
The general definition of pullback of a differential k-form o by a map ¢ is

O () (vi,...yvi) :i= 0t (d@(v1), ..y d@(vg)).- 4.1)

It is the following properties.
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* ¢*(f)=fogfor f € QM)
* o (aAB)= (9 a)A(¢"B).
* ¢*(da) =do*(a).

* o' (fa)=(¢*f)o a.

Push forward Push forward is to push vector fields in M to vector fields in M; by d¢;. It
is the dual operator of ¢;".

* The tangent < 9 ) on TM can be pushed forward to TM by

dX“
9\ ._ 9t 9
P\ 9xa ) T oxa@ gk

Note that “ ,
a o (9 8 N ax
PG ) = Gy g M) = Gxa
On the other hand,
0 N o oxt By _ oxt
(e 4¥) = Gxa oxp 4% = 3xa
We get that
0 0 N
<(pl*a)(_a7dx€> = <8X(x ) (Pt d'xé>

for bases in TM and T*M. Thus, ¢y, is the dual operator of ¢;".

 We can also pull forward a tangent from M to M by ¢, !

o\ axe 9 9
—1 ey~ v _ —T\i
(7). (axi> = o axa ~ F agya:

D.3 Lie Derivative for Differential Forms

Let us use the notations
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The Lie derivative is nothing but material derivative for differential forms. Let us consider
the following example. Let ¢; be the flow map from M to M;. Let us consider the integral

/ n;dx'
C(r)

where C(t) is a closed curve defined by C(r) = ¢,(C(0)). By changing variable from x to
X, the above integral is

ox!
(1, x(1,X dx“.
gy X0 S
Let us investigate the change of this integral with fixed X:

d . o va d( X (t,X)\ oa
dt/( )n,(r,x(t,X))axad /C(O) 7 <le(t,x(t,X))—aX(x ) dXx

ox oV oV
_/ {aﬁv V”’axa*"’ax }dxa /C()(a,+v V)n,dx +n,a ? dx*

. / (O + LN
Ct)

The notation v; simply stands for a vector field in M; with ¢ fixed. The Lie derivative for a
general differential form o in M; w.r.t. a vector field v; is defined to be the derivative of o
with fixed X. That is,

o (o) = @/ (9 + 4, 4.2)

If both o and v are independent of 7, then the Lie derivative .y ¢t is defined as

o (La) =dio/ (o).

We remark that in the time-dependent case, the Lie derivative .%,, only involves v(z,x) with
t fixed, although we use the flow map ¢; in its definition. Thus, %5, is the Lie derivative of
v, with ¢ fixed.

List of Lie derivatives for differential forms

¢ Lie derivative for scalar function:

d af .
497 1)(0.X) = X0, X) =+ Sd

= (8; +v- V)f = ((9, +$V;)f

Therefore, £, f =v-Vf.
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e Lie derivative for dx’

Ly(dx') = dy (g7 (dx')) (1, X)

_doxX(t,X) e OV 4
“a oxe T xe™
v 9X* . oV
= axe o & = gt

* For 1-form 1 = n;dx’, we have
dip; (m) = [di gy (mi)] d' +m; [d, 9 (dx')]
; av’
= (8tnk + Vjaxﬂ]k) dxk + njﬁdx

= (I +v-Vn+n-(Vv)") dx
=@ +24,)n.

* For volume form dx! A --- Adx", we have

dy @ (dx' A+ N dx") Za’x A (dy@r (dX)) - Adx"
— dl/\--~—.di---/\d”
Xi: * (3x’ x) *

= (V-v) (dx" A--- Ndx™)

* For n-form pdx' A --- Adx™:

(0p + (V-v)p)dx' A---Adx" = (9, + L) (pdx' A+ A dx")

dig; (pdx' A+ Ndx") =

* For 2-form
dy@f (dx' Ndx!) = (dy@f dx’) Adx! +dx' A (d @ dx?)
= %dx Adx! +dx' A (3:jdx€>
e Let

0= o'd?*Nd + ®2dx> Ndx! + @3 dx' A dx?.
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We have

di oo = (d;@; ") dx* Ndx® + (d; @} @*)dx® Ndx + (dyof 0 )dx! A dx?
+ 0'di@f (dx® Ndx) + 0*d, @) (dx® Ndx') + o3 d, @) (dx' N dx?)

B M o 28\/ 3(9\/ 3
= {(@—FV'V) + (a 5 ﬁ)_ = — aXS}dx Ndx
o' 33\/ 181}
{8,+v V (W—Fﬁ)—w ax3 }dx /\dx
ol 38\/ 18v3
{8,+VV <ﬁ+ﬁ)_ }dx /\dx
= (d+%,)o.

For each component, we have

0 ok ad
oxk axk  odxk

4o =00 +v
In vector calculus, we define ® = (@', @?, @*)”. In vector form, it is
diow=0,0+v-Vo+oV-v—(Vv)o
Alternative, the vorticity ® has another representation
O = o' (xdx").

One can use the Lie derivative for (xdx') to get the same formula.

* Let
o= GJ’:(*dxi) ® dx’
Then
di¢ o = (0, + %) (0)(xdx") @ dx’)
where

k i 3! . .
Zy0 = (k&ko +ngvk g)tkcj’?Jrcé%) (xdx' @ dx)



314 APPENDIX D. LIE DERIVATIVES

D.4 Lie derivatives for vectors and tensors
¢ Lie derivative for %
X

P L9
gvﬁ = dt(q)t (ﬁ))(t,X)

_ 4 X% o
T oxi 9X“
i 0
= d(FTYysos)
T T Ty O
_ —TNi (pT\B(p—T\¢ J
= (P ETRE T
_ 9xP avf 9x« 9
~ Jxl 9xB Jx! 9x
_ 9
 oxi ox!

Alternatively, we can use

i d _ i d i 0
Zy(dx ’E> = (L(dx'), E) + (dx 7$VW>

to obtain

d ._ , 0 iy — (9 OV OV
g ) = g B =~ 5R ) = o

(L

Hence, A
P o 9
Do T o on’

* Lie derivative for vector field A = Ai%.

N
LA = (LA 7= o

— (8,Ai+vk(9xkAi k9 ) —

+A*k g, (i)

d
oxk ) dxt
* The deformation gradient

, 0



D.4. LIE DERIVATIVES FOR VECTORS AND TENSORS 315

is a 2-point tensor. Its Lie derivative w.r.t. for the second argument == 1S

LF = (atFOi + k9 FL — FX §Vk> dX%® %

* The inverse deformation gradient

(FH=FMNH*—dd

L oxe

is a two-point tensor. Its Lie derivative w.r.t. the second argument is

_ B _ _ 3vi 0 i
A = (A + S ) S o

* Lie derivative for tensor of type (2,0). Let

0 0
ij Y o 7
A=A B - ® A
Then the Lie derivative of A is
0 0 0 0 0 0 0
l] kj il
LA = (LA )_8 l®_8 y +AY %, (8 k)®_8xj +A —axi®$v (—axg)
' v\ 0 0
ij k ij kj@Yv Al
(8,A +VduAY —A Ep A EN, ) W ® 347

This is also known as the upper-convected derivative of the tensor A.
* Lie derivative for tensor of type (1,1). Let
B=B0;®dx.
Then

LB = (LB))dg @dx! +BS.L, (94) @ dx) + BLdy @ 2, (dx‘ )

- (a,B;+vkakal — BX9uv + Bia,v )ax,- @ dxl.
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D.5 Interior Product and Cartan magic formula
* Extrusion of a set: Let Xy be a k-dimensional submanifold. Define X() by
(1) == ¢i(Xo)
and Extrusion of X(¢) by

Iy(t,t) = Uy, gzgzzfpz(zo)
The orientation of Ly(t1,;) is defined by

azv(tl,tz) = Z(tz) — Z(Z‘l) — (8Z)V(t1,t2).

* Interior product: For a k-form ¢, define

/Q(iva,S) — (@, Sy(01,12))

N

* When X is an n-dimensional submanifold:

d

e [ 2 ey _
E/z(,)f(t,x)d x_/z(t) 5 f(tx)d X+/az(t)f(t,x)v ndx (4.3)

This result is called the Reynolds transportation theorem.

e When X is a k-dimensional submanifold, & is a k-form.

d )
al — Zoa+ P
dt/ma /m ot A

d , :
= / — + lVdOC + / lva
(1) Ot oX(t)

0
= —oa+ivda+diya.
/E(t) ot v v

This shows Cartan’s magic formula

’.,2” =iyod+doliy.
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