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Thermodynamics Test May 26th 2023
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←− Please enter you student
number, and write your name above.

NAME, First Name :

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Duration : 2 h - All documents and all calculators authorised - No computer or tablet, no wifi no 4/5G

Difluoromethane (CH2F2) : thermodynamic data
Gaseous mass specific heat at constant volume : C̄V (CH2F2) = 0.7056 J/(gK)
Gaseous mass specific heat at constant pressure : C̄P (CH2F2) = 0.8654 J/(gK)
Liquid mass specific heat : C̄(CH2F2) = 2.05 J/(gK)
Enthalpy of vaporisation at Tvap,2 = 29 °C : ∆vapH302(CH2F2) = 21 kJ/mol
Enthalpy of vaporisation at Tvap,1 = −19 °C : ∆vapH254(CH2F2) = 19.8 kJ/mol
Vapor pressure at Tvap,2 = 29 °C : P ∗

CH2F2
= 20 bar

Vapor pressure at Tvap,1 = −19 °C : P ∗
CH2F2

= 4 bar
Molar mass : MCH2F2 = 52 g/mol

1 Heat pump for house heating (12 pts)
Nowadays, the need to reduce the global energy consumption

is pushing towards new habits in our everyday life. Among them,
the use of heat pumps instead of electric radiators for heating
of buildings is largely widespread. Let’s have a closer look on
how a typical heat pump for the heating of an average apart-
ment (around 90 m2) is made and works. The heat pump cycle is
schematised in the picture and is composed of :

— an adiabatic compressor (1) ;
— two heat exchangers (2, 4) ;
— an adiabatic irreversible expansion valve (Ẇs = 0).
The fluid employed is difluoromethane (CH2F2, commercial

name R32). It starts the cycle in state A as a gas at 4 bar (mass flowrate ṁ(CH2F2) = 121 kg/h) and,
after the compression and the successive heat exchange with the apartment (hot source) it arrives to
the state C as a liquid. After the expansion, the fluid is in state D as saturated liquid 1 and it goes
back to state A by exchanging heat with the external air (cold source). By using the available data
in the entire exercise and by clearly explicating your reasoning :

1. A liquid that is about to vaporise (vapour and liquid are at equilibrium).

y Pour votre examen, imprimez de préférence les documents compilés
à l’aide de auto-multiple-choice.
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Question 1 Give the literal expression of temperature T rev
B as function of PB, PA, TA, C̄V (CH2F2)

and C̄P (CH2F2) considering a reversible compression Vide 0 1 2

Adiabatic reversible compression (first principle) : PAV
γ
A =

PBV
γ
B leading to : P 1−γ

A T γA = P 1−γ
B T γB leading to :

T rev
B = TA

(
PA
PB

) C̄V (CH2F2)

C̄P (CH2F2)
−1

(1 pts)

Question 2 What is the numerical value of T rev
B (in °C) ?

0 1 2 3 4 5 6 7 8 9

0 1 2 3 4 5 6 7 8 9

Question 3 Considering from now on that the compression is irreversible and that T irrev
B =

TB = 170 °C, give the literal expression of the power Ẇs(AB) transferred during the compression as a
function of data given in the text.

Vide 0 1 2

In open systems in steady-state conditions with ∆sĖ
M
p = 0 and

∆sĖ
M
k = 0, the first law is ∆sḢ = Q̇ + Ẇs. So in the adiabatic

compressor the work is Ẇs(AB) = ∆sḢ(AB), leading to :
Ẇs(AB) = ṁ(CH2F2)C̄P (CH2F2)(TB − TA) . (1 pts)

Question 4 What is the numerical value of Ẇs(AB) (kW) ?

+

−

0 1 2 3 4 5 6 7 8 9
.

0 1 2 3 4 5 6 7 8 9

y Pour votre examen, imprimez de préférence les documents compilés
à l’aide de auto-multiple-choice.
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Question 5 Give the literal expression of the rate of heat exchanged Q̇hot with the hot source
between states B and C as a function of data given in the text.

Vide 0 1 2 3

The gas cools down from TB to Tvap,2, becomes liquid and cools down
to TC . In heat exchangers the first law is Q̇ = ∆sḢ leading to :
Q̇hot = ṁ(CH2F2)C̄P (CH2F2) (Tvap,2 − TB)− ṁ(CH2F2)

MCH2F2
∆vapH302(CH2F2)+

+ṁ(CH2F2)C̄(CH2F2) (TC − Tvap,2) (1.5 pts) .

Question 6 What is the numerical value of Q̇hot (in kW) ?

+

−

0 1 2 3 4 5 6 7 8 9

0 1 2 3 4 5 6 7 8 9
.

0 1 2 3 4 5 6 7 8 9

Question 7 Give the literal expression of the rate of heat exchanged Q̇cold with the cold source
between states D and A as a function of data given in the text.

Vide 0 1 2

In statesD, the fluid is at vapour / liquid equilibrium and TD = Tvap,1
being PD = 4 bar. For heat exchangers Q̇ = ∆sḢ leading to :
Q̇cold =

ṁ(CH2F2)

MCH2F2
∆vapH254(CH2F2) + ṁ(CH2F2)C̄P (CH2F2) (TA − Tvap,1) (1 pts) .

Question 8 What is the numerical value of Q̇cold (in kW) ?

+

−

0 1 2 3 4 5 6 7 8 9

0 1 2 3 4 5 6 7 8 9
.

0 1 2 3 4 5 6 7 8 9

y Pour votre examen, imprimez de préférence les documents compilés
à l’aide de auto-multiple-choice.
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Question 9 Give the expression of the real coefficient of performance CoPreal of the heat pump.

Vide 0 1 2

For heat pumps : CoPreal = |Q̇hot|
Ẇs(AB)+Ẇs(CD)

. Being Ẇs(CD) nil,

CoPreal = −Q̇hot

Ẇs(AB)
with Q̇hot, Ẇs(AB) previously reported (1 pts) .

Question 10 What is the numerical value of CoPreal ?

0 1 2 3 4 5 6 7 8 9
.

0 1 2 3 4 5 6 7 8 9

0 1 2 3 4 5 6 7 8 9

Question 11 Give the literal expression of the rate of created entropy Ṡcre of the heat pump as
a function of data given in the text.

Vide 0 1 2 3 4

The system entropy variation over the cycle is nil leading to
Ṡcre = Ṡsys − Ṡex = −Ṡex with Ṡex = Q̇hot

Thot
+ Q̇cold

Tcold
leading to :

Ṡcre =
ṁ(CH2F2)C̄P (CH2F2)(Tvap,2−TB)−

ṁ(CH2F2)
MCH2F2

∆vapH302(CH2F2)

Thot
+

+
ṁ(CH2F2)C̄(CH2F2)(TC−Tvap,2)

Thot
+

ṁ(CH2F2)
MCH2F2

∆vapH254(CH2F2)+ṁ(CH2F2)C̄P (CH2F2)(TA−Tvap,1)
Tcold

(2 pts)

Question 12 What is the numerical value of Ṡcre (in J/(K s)) ?

+

−
0 1 2 3 4 5 6 7 8 9

0 1 2 3 4 5 6 7 8 9

Question 13 What is the created entropy rate of the expansion valve (more than one answer is
possible) ?

ṁ(CH2F2)C̄(CH2F2) ln(TD/TC)

ṁ(CH2F2)C̄P (CH2F2) ln(TD/TC)− (ṁ(CH2F2)/MCH2F2)R ln(PD/PC) Ṡex,CD

∆sṠCD

y Pour votre examen, imprimez de préférence les documents compilés
à l’aide de auto-multiple-choice.
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2 Specific heats in ideal gases (3 pts)

An ideal gas (closed system) goes from an initial state i (Pi, Ti, Vi) to a final state f (Pf , Tf , Vf ).

Question 14 By calculating its variation of internal energy and enthalpy due to the transformation
from state i to state f , demonstrate the relationship γ− 1 = R

C̄Vm
with γ the heat capacity ratio and

C̄Vm the molar specific heat at constant volume.

Vide 0 1 2 3 4 5 6

The variation of internal energy and enthalpy of the ideal gas are
respectively ∆tU = nC̄Vm(Tf − Ti) (0.5 pts) and ∆tH = nC̄Pm(Tf −
Ti) (0.5 pts) . According to the enthalpy definition, we have ∆tH =

∆tU+∆t(PV ) (0.5 pts) which for an ideal gas becomes ∆tH = ∆tU+

∆t(nRT ) (0.5 pts) leading to nC̄Pm(Tf − Ti) = nC̄Vm(Tf − Ti) +
nR(Tf − Ti). By simplifiyng n and (Tf − Ti) we obtain the Meyer
relationship C̄Pm− C̄Vm = R (0.5 pts) which, dividing both members
by C̄Vm leads to the wanted relation (0.5 pts) .

3 Energy consumption drop by electrification of cars (5 pts)

“[Final energy] is the form of energy that we directly
use for our needs, such as lighting or heating. It is di-
rectly usable without any additional transformation,
unlike primary energy (for example, crude oil) that
needs to be converted into secondary energy (such
as gasoline derived from oil), which in turn needs to
be converted into final energy (such as propulsion
from gasoline to make the vehicle move). There-
fore, from a physical perspective, using energy in
the form of electricity rather than in the form of
heat reduces our final consumption.
For example, the efficiency of an electric vehicle’s
motor is around 85%, meaning it converts 85%
of the electricity stored in its battery into directly
usable energy for propulsion. In contrast, the effi-
ciency is at best only 30% for a thermal vehicle. Ba-
sed on these assumptions, if all individual vehicles of
the future became electric vehicles, we would save
nearly 8% of the final energy consumption !
From N. Goldberg, Le Monde (may 3rd 2023)
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Final energy consumption in France in 2020
(source : Minist. Trans. Ecol.). In 2020, road
accounted for 80% of transport sector consump-
tion. Cars accounted for 60% of road transport
consumption.

Device Efficiceny
Electric engine 0.85± 0.05
Gasoline engine 0.25± 0.05

Electric power plant∗ 0.40± 0.02
Current transportation 0.90± 0.05

Battery 0.88± 0.02
Efficiency of various devices. ∗ : from gasoline
(sources : wiki, sciendo.com, worldbank.org)

y Pour votre examen, imprimez de préférence les documents compilés
à l’aide de auto-multiple-choice.
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Question 15 Is N. Goldberg right when stating that replacing all cars by elec-
tric cars would save 8% of the final energy consumption ? What about primary
energy if electricity were generated only by gasoline in electric power plants ?

Vide Faux 1 2 3 4 5 6 7 8 9 10

:::::::
Own

::::::
the

::::::::::::
problem

::
: We are given (undefined variables) the fraction

of road over total transportation consumption : froad, the fraction of
personal car (PC) over road transportation consumption : fPC, the
efficiency of electric engine : ηelec, the efficiency of gasoline engine :
ηgas, the efficiency of electric power plant : ηpower, the efficiency of
electricity transportation : ηtrans, the efficiency of batteries : ηbat, the
consumption of primary energy due to PCs : EP

PC, the consumption of
final energy due to PCs : EPC, the mechanical work of all PCs :WPC,
and the total consumption of final energy : ETot. Note that prime (’)
stands for new values when replacing all cars by electric cars (1 pts) .
:::::::::::::::
Resolution

:::::::::::::
strategy

::
: (i) For final energy, we are going to calculate

the new final energy for PCs and compare the new total final energy
to the actual total final energy. (ii) For the primary energy, we are
going to compare the primary energy of electric and gasoline cars :

Battery Combustion 
engine Wheels
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<latexit sha1_base64="46CUx4hTEmOiDGFXeVevaUgnKBY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJiLosSsFlBfuAJobJdNIOnZmEmYlQQt34K25cKOLWv3Dn3zhps9DWAxcO59zLvfeECaNKO863tbC4tLyyWlorr29sbm3bO7stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPhde63H4hUNBZ3epQQn6O+oBHFSBspsPfrQXLvcaQHkmecYhmPTzxYD3BgV5yqMwGcJ25BKqBAI7C/vF6MU06Exgwp1XWdRPsZkppiRsZlL1UkQXiI+qRrqECcKD+bfDCGR0bpwSiWpoSGE/X3RIa4UiMems78VjXr5eJ/XjfV0aWfUZGkmgg8XRSlDOoY5nHAHpUEazYyBGFJza0QD5BEWJvQyiYEd/bledI6rbrnVff2rFK7KuIogQNwCI6BCy5ADdyABmgCDB7BM3gFb9aT9WK9Wx/T1gWrmNkDf2B9/gAzFpa5</latexit>

Emicro
p , Ec

<latexit sha1_base64="c7aBySuHzlwpEm7GO1f0/hxJtK4=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoYxnRmEByhL3NXLJkd+/Y3RNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSgU31ve/vcLK6tr6RnGztLW9s7tX3j94NEmmGTZYIhLdiqhBwRU2LLcCW6lGKiOBzWh4M/WbT6gNT9SDHaUYStpXPOaMWifdN7uyW674VX8GskyCnFQgR71b/ur0EpZJVJYJakw78FMbjqm2nAmclDqZwZSyIe1j21FFJZpwPDt1Qk6c0iNxol0pS2bq74kxlcaMZOQ6JbUDs+hNxf+8dmbjq3DMVZpZVGy+KM4EsQmZ/k16XCOzYuQIZZq7WwkbUE2ZdemUXAjB4svL5PGsGlxUg7vzSu06j6MIR3AMpxDAJdTgFurQAAZ9eIZXePOE9+K9ex/z1oKXzxzCH3ifPzZSjcE=</latexit>

Wm
<latexit sha1_base64="Qzng76Idjc20Ila55tpxiXpKHH0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00O6zfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqlereveXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAnKo23</latexit>

Wc

<latexit sha1_base64="wcHHGyAeAwPZicrrEneyjqN6PVU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDrRWM2w==</latexit>

Q

(2 pts)
:::::::::::::::
Resolution

::
: (i) Final energy : for a given mechanical work :

WPC = ηgasEPC = ηelecE ′PC (1 pts) . We then have : E ′Tot =

(ETot− (1−froadfPC)EPC)+froadfPCE
′
PC, leading to : E ′Tot = (ETot−

(1−froadfPC)EPC)+froadfPCEPCη
gas/ηelec. The energy saving is then :

(ETot − E ′Tot)/ETot = froadfPCEPC/ETot(1− ηgas/ηelec) (1 pts) .
From the graph, we read ETot = 1550 Twh and EPC = 440 TWh

leading to (ETot − E ′Tot)/ETot = (10± 4)% . (1 pts)
(ii) Primary energy : for a given mechanical work : WPC =

ηpowerηtransηbatηelecE ′PPC = ηgasEP
PC, leading to energy savings :

(EP
Tot − E ′PTot)/E

P
Tot = 1− ηgas/(ηpowerηtransηbatηelec) (1 pts) leading

to : (EP
Tot − E ′PTot)/E

P
Tot = (0± 30)% (1 pts)

:::::::::::
Critical

::::::
look

::
: N. Goldberg is right concerning final energy, but as pri-

mary energy is concerned, the balance is nil (at least for the precision
of input data we have) (2 pts)

y Pour votre examen, imprimez de préférence les documents compilés
à l’aide de auto-multiple-choice.

y


