Energy and Enthalpy Equations

1 Introduction

1.1 Energy

In the context of fluid dynamics, energy can be described in several forms: kinetic,
potential, and internal energy. These forms are generally associated with the motion
of the fluid, the position of the fluid, and the temperature and pressure of the fluid
respectively. They all contribute to the total energy of a fluid system.

1. Kinetic Energy: This is associated with the motion of the fluid. For a small

1
fluid element, the kinetic energy is given by 3 pv?, where p is the fluid density and
v is the fluid velocity.

2. Potential Energy: This is related to the position of the fluid in a gravitational
field (or any other potential field). For a fluid element at height h above some
reference point, the potential energy is given by pgh, where g is the acceleration
due to gravity.

3. Internal Energy: This is associated with the temperature and pressure of the
fluid, which account for the random motion and interaction of the individual
molecules. It can include thermal energy, which is associated with the temperature
of the fluid, and energy associated with the fluid’s pressure.

1.2 Enthalpy

In fluid dynamics, enthalpy is a thermodynamic property of a fluid that is particu-
larly important when analyzing flowing fluids, especially in the context of open systems
like turbines, compressors, and nozzles. Enthalpy is a combined measure of the internal
energy of a fluid and the work done by the fluid as it displaces its surroundings.

1.3 Material Volume
The volume occupied by the same body of fluid at all times.

2 Energy Equations

In this scenario, we ignore the potential energy, just focus on the internal and kinetic
energy, then the total energy per mass could be expressed as:
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1
ot = € + = S U (1)
Based on the first thermodynamics law:
detot = 5W + 5@ (2)
Integrate over material volume:
1
Bu= [ ple+ ju-wav Q
0 2
Take the time derivative to get the material derivative:
dEtot De D 1
= — —(zu-u)|dV 4
o /V(t TR (4)

The work is caused by the forces, including body force:

/ p(f -u) dV:/ pu; fi AV (5)
V(t) V(t)

Also surface force (Based on the definition, we define the second letter as the force
direction. Before we already use i as the force direction.):

/ TjiTjU; dA = / ai<7'ﬂul) dV (6)
A(t) V(t) 9T

Q is the heat quantity, can be expressed using Fourier’s Law of Heat Conduc-
tion:

q=—kVT (7)

Several important things:

1. q here is the heat flux, with the unit as W/m?. The unit of heat is Joule (.J), the

unit of power is Watt (W = J/s), flux is always per unit time per unit area, so
1

5-m?2

2. k here is the heat conductivity, with the unit as W/(m - K)

3. VT is the gradient of the temperature, which is a vector with unit as %

4. Negative sign means that the heat flows down the temperature gradient.

For the surface, the unit vector n always represent the outward direction, so the
heat transfer into the system:

/ —qndA = / V- (kVT)dV = / —k:a—T)dV (8)
A(t) 895, ox;

Therefore, we get the total energy equation:
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De D 1 0 o , JdT
/V(t) [PE + PE@E ‘)] dV = /V(t) [pui fi + a—xj(Tjiuz') + a—xi(k?axi)] v (9)
De D 1 0 o , 0T
— + p—(zww;) = pu;ifi + =—(7ju;) + =—(k 10
P o7 + Py (uin) = puif; 6)xj(ﬂ )+ 50 kg (10)
The Kinetic energy equation could be obtained from NS equation:
Dui 8’7']'2‘
=pfi + =2 11
D’U,Z' aTji
Ui—— = pU; f; + U; 12
PU; Dt pu; fi Z@SUj (12)
D(juu;) 9, du;
P Dt P zfz 85(:]( 7t z) ﬂ@azj ( )
Then, we can get the internal energy equation:
De De n D (1 ) D (1 ) (14)
S0 A TR YA R TA S
= k + Tjim— 15
Recall the definition of strain rate tensor and rotation rate tensor:
1 Ou; Ouy
Sy ==(z—=+=2) =5 16
K 2(8xj 8:62') I (16)
1, 0u; Ou;
Rij == ——L) =Ry 17
" 2 (631:] 8:131 ) I ( )
Then:
8UZ'
i 75i(Sij + Rij) (18)
Because 7;; and S;; are symmetric, R;; is asymmetric:
ou
Tjia_lf = T}iSij = TijSij (19)
J
2
TipSis = Sig|=p0iy + 25y — 5 1Ad]
= —PSi; + 2555 — gﬂASz“ (20)
= —PA 25,5y — 3
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If we define @ as:

1
® = 2(5;;S;; — §A2) (21)
The internal energy for Newtonian fluid could also expressed as:
De o . oT
— = —PA S+ —(k— 22
"D o -(kg ) (22)
De

Some remarks:

1. —PA represents the work done by pressure
2. ud represents the generation of heat by viscosity

3. %(l{g—;) represents the heat transport by conduction

If we define d;; as the deviatoric (anisotropic) part of S;;, then:

1
Sij = dij + §A5@J (24)
di; = 0 (25)
Therefore:
1 1
Sy = (dij + 5 80)(dij + 5 Ad)
2 1
- dijdij + gAde5Z] + §A25ij5ij
5 1 (26)
1
= d;id;; + = A\?
=] + 3
Therefore, we can prove that
P = 2dzydzy >0 (27)

Notice that the term pu® appears on the RHS of the internal energy equation, and
—u® appears on the RHS of kinetic energy equation, meaning that flow is converting
KE into heat by viscosity.
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3 Enthalpy Equation

3.1 Derivation

Based on the definition of enthalpy:

P
h=e+ — (28)
p
Using chain rule:
1 P
dh = de + (=)dP — (—)dp (29)
P P
Transfer to the material derivative:
Dh  De n DP PDp (30)
Dt =Dt T Dt~ Dt
Using the internal energy equation:
Dh _ | P _ Py
pﬁ——PA%—uCD—i-V (kVT) + Dt~ 5Dt -
_ 1Dp . Dp
=—-P(V+ th)+u<I>+V (kVT) + Dt
From continuity:
dp
— : =0 32
5 TV (ou) (32)
dp
5 T4 (Vo) +p(V-u)=0 (33)
10p 1
T Zu- (Y V - =0 34
p8t+pu( p)+ (V- u) (34)
1 Dp
A Vou=0 35
Dl +V-u (35)
1 Dp
P A=0 36
D + (36)
Finally, we get the Enthalpy equation:
h DP
— =u®+ V.- (AVT) + — 37
P =M+ V- (RVT) + — (37)
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3.2 Order of Magnitude Analysis
Some basic dimensions:
1. poo, tty Usoy L
2. Pressure difference: po,U%
3. Stagnation temperature difference: (AT)
4. Time: L/Uy

From thermodynamics:

dh = C,dT (38)

Therefore the Convection term:

Dh poon(AT)O

39
Dt & LU (39)
Compressibility term:
DP  p U2 10
XX
Dt = LU 40)
Conduction term:
k(AT)
V- (kVT) x % (41)
Viscous Dissipation term:
U2
p® = p(2d;;d;;) o ML—OQO (42)

3.3 Non-dimensional Parameters

Prandtl Number is defined as the ratio of momentum to thermal diffusivities:

v 1C,
pCyp
Reynolds Number is defined as the ratio of momentum forces to viscous forces:
UxL
Re — Porx™ (44)
14
From previous section:
Conduction % B k (45)
Convection ~ P=Cp(AT)o PoocUscCpL
L/Uw

Also:
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11k p »
PrRe  puC,peUsl  psUsC,L
Therefore:
1 1 Conduction
= (47)

PrRe  Convection
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