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Exercise 1

a) Given the differential form of the 1st law of thermodynamics, du = T ds− p dv, and the

definition of the Helmholtz energy, a ≡ u− Ts, show that if T is constant, then

da

dv
= −p

b) Find an expression for the difference in Helmholtz energy between two isothermal states

for an ideal gas, i.e. ∆a∗ = a∗(T, v∗2)− a∗(T, v∗1).

c) The corresponding expression for the van der Waals equation of state is

∆a = a(T, v2)− a(T, v1) = R T ln

(

v1 − β

v2 − β

)

+ α

(

1

v1
−

1

v2

)

Find an expression for the residual function for a, which can be defined as:

(a∗ − a) =

∫

∞

v∗

R T

v
dv −

∫

∞

v

p dv

pr
es

su
re

volume

v v*

Hint: Group all the terms for the infinite volumes after integration.

Exercise 2

Figure 1 shows the isobaric phase diagram (T − x− y) for n-butane (nC4H10) and propane

(C3H8) at 7.5 bar. For some temperatures, a certain mixture would divide into two phases,

which could be separated as indicated below.

F, z

V, y

L, x



Exam: PET550, Process and Transport, August 20th 2015 Page 3 of 7

10

20

30

40

50

60

70

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T
em

pe
ra

tu
re

 [°
 C

]

Mole fraction of propane

saturated vapour

saturated liquid

Figure 1: Binary phase diagram (T − x− y) for n-butane and propane at p = 7.5 bar.

a) The mole fraction of propane in the liquid phase is 0.17, while nV = V/F = 70%. Use

the phase diagram to find the total mole fraction of propane in the feed.

b) Answer the following from the phase diagram in figure 1:

I: What are the boiling (bubble)- and condensation (dew) point temperatures

for the incoming stream ?

II: What state will it be in if the temperature is lowered to 40 ◦C ?

III: Will raising the pressure (at constant temperature) lead to more or less

liquid in the feed, and why ?

c)A distillation column is set to separate the two components; the top product (i.e. propane),

xD = 0.995, and the reflux ration R = L/D = 1.75. The equilibrium temperature at tray

no n is 30 ◦C.

D, xL, x

L  , xV    , yn+1 n+1 n n

D D

Tray no n
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I: What is the mole fraction in the vapour coming up from tray n+ 1 ?

II: What is the temperature at tray n+ 1 ?

It is assumed that the internal vapour- and liquid streams are equal in a column section (in

particular Ln = L).

Exercise 3

Considering only frictional pressure drop, and that the darcy friction factor and the pipe

line diameter are constants, the steady state pipe flow equation is reduced to:

−

dp

dL
=

1

2
fD

ρ u2

D
= K · ρ u2

a) With ρ u = ṁ/A, and ρ = p/zRT show that

dL = −

A2

K zRT ṁ2
· p dp

b) The following data are given for the problem:

Inlet pressure; p1 = 137 bar

Outlet pressure; p2 = 85 bar

Length of pipeline; L = 540 km

Cross sect. area; A = 0.46 m2

Gas gravity; γ = 0.63

Average z-factor; z̄ = 0.94

Average temperature: T̄ = 7.3 ◦C

Constant; K = 0.0065 m−1

How many kg per second of gas will flow through the pipeline ?

The Weymouth equation is normally chosen for this kind of problems, and gives the gas

flow in std. m3 per day. In the SI system of units the equation is:

q̇SC = 1.185 · 107 ·

(

TSC

pSC

)

·

√

(

p2
1
− p2

2

)

D5.333

γ L T̄ z̄

Since the constant is not dimensionless it is required that all the pressures are entered in

kPa, temperatures in K, length and diameter in m.

c) What is the gas flow for the problem in b in Sm3/d ? (The pipeline cross section is

circular)

d) What is the percent wise deviation between these two methods of calculation ?
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Exercise 4

Consider the propane precooling circuit of an LNG plant based on the APCI C3MR-concept,

depicted in Figure 2.

MR
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pp p
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123

c

Propane

Figure 2: 3-stage propane pre-cooling circuit of an APCI C3MR LNG plant

a) Answer the following from the logp - h diagram for propane

I: With the restriction that the pressure of the evaporation propane never can

drop below 1.1 bar, what is the minimum refrigerant temperature obtain-

able ?

II: Assuming that the condensation temperature can go up to +57 ◦C, what is

the maximum pressure in the propane condenser ?

III: Using the rule of thumb that the pressure ratios over the compressors should

be equal (i.e. p3/p2 = p2/p1, and so on), what is the intermediate pressure

levels, and associated evaporation temperatures ?

Consider the first refrigeration stage (i.e. low-pressure, LP level). The propane is at sat-

urated liquid state before the Joule-Thomson valve and leaves the evaporator as saturated

vapour.

b) What is the cold duty for a propane flow rate of 237 kg/s, and what is the work re-

quirement for the stage 1 compressor, when the isentropic efficiency, ηis = 0.85 ?

The natural gas passing through this refrigeration step ”uses” 9 % of the cold duty (the

rest goes to cool the mixed refrigerant). Being cooled down, the specific enthalpy of the

natural gas is reduced by ∆hNG = 59 kJ/kg.

c) What is the production capacity for this plant, in million tonnes per year (mtpa) ?

(assuming that all the gas is liquified)
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Attachment 1: Formulae and constants

Equation of state for ideal gas:

p(v, T ) =
R T

v

van der Waals’ equation of state:

p(v, T ) =
R T

v − β
−

α

v2

where:

α =
27

64
·

(R Tc)
2

pc

β =
1

8
·

R Tc

pc

Constants:

Universal gas constant: R0 = 8.3144 J/mole K

Absolute zero temperature (0 K): T0 = − 273.15 ◦C

Atmospheric pressure (1 atm): p0 = 1.01325 bar

Standard temperature: TSC = 15 ◦C= 288.15 K

Standard pressure: pSC = 1.01325 bar = 101.325 kPa

Molecular mass of air: Ma = 28.97 g/mole (≈ 29 g/mole)

Moles to std. m3: N
Sm

3 = 42300 kmole/106 Sm3

Conversion factors:

1 g = 0.001 kg

1 ton = 1000 kg

1 l = 0.001 m3

1 bar = 100000 N/m2 = 100 kPa = 0.1 MPa

For gas properties on mass basis, the gas constant depends on gas gravity:

R =
R0

M
=

R0

γ Ma
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Attachment 2: logp-h diagram for propane (for Exercise 4)


