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Exercise 1: Introduction and repetition

Tensor notation

Problem 1:
Write in Cartesian tensor notation:
a)

ρ
∂u

∂x
+ u

∂ρ

∂x
+ ρ

∂v

∂y
+ v

∂ρ

∂y
+ ρ

∂w

∂z
+ w

∂ρ

∂z
= 0

b)

εij =

{
2
3ε when i = j
0 otherwise

c)

Φ11 = −C2(P11 − 2
3P ) Φ12 = −C2P12

Φ22 = −C2(P22 − 2
3P ) Φ23 = −C2P23

Φ33 = −C2(P33 − 2
3P ) Φ13 = −C2P13

where P = 1
2 (P11 + P22 + P33)

Problem 2:
Write in normal notation:
a) The momentum equation

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = − ∂p

∂xi
+
∂τij
∂xj

+ ρfi

with the stress tensor

τij = µ

(
∂ui
∂xj

+
∂uj
∂xi

)
+ (µB − 2

3µ)
∂uk
∂xk

δij

b) The dissipation function

Φ = τij
∂ui
∂xj

Problem 3:
Show that

Cϕ =
∂

∂t
(ρϕ) +

∂

∂xj
(ρujϕ)

also can be formulated as

Cϕ = ρ
∂ϕ

∂t
+ ρuj

∂ϕ

∂xj

Are there assumptions that have to be made in doing this?

Problem 4:
Why do we use tensor notation?
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Basic equations

Problem 5:
In Thermodynamics you have learned that the 1st law can be formulated math-

ematically as

ṁin

(
h+ 1

2u
2 + gz

)
in
−ṁout

(
h+ 1

2u
2 + gz

)
out

+Q̇−Ẇ =
d

dt
(m · (e+ ekin + epot))cv

(1)
The notation is as in the textbook: u is velocity, e is internal energy.
In the textbook this equation is written on differential form, Eq. (A.42) p. 207:

∂

∂t
(ρet)+

∂

∂xj
(ρetuj) = − ∂qj

∂xj
+Q̇− ∂

∂xj
(puj)+

∂

∂xj
(τijui)+ρ

∑
k

Ykfk,i(ui+Vk,i),

(2)
where et = e+ 1

2uiui is (specific) internal energy and kinetic energy.
– What is the relation between the two equations? Which terms correspond to

each other?
Notice: The terms with gravitational acceleration are not straightforward to

reformulate. Do not spend much time on that part of the problem.

Problem 6:
Do as in Problem 5 with the mass balance (continuity equation) and the mass

balance for species k.

Hint for Problems 5-6: the solutions are found in books on fluid mechanics and
heat and mass transfer.

Thermodynamics and thermochemistry

Problems from Turns: “An introduction to combustion”:
2.2, 2.4, 2.8, 2.9, 2.11, 2.20
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