J. U. Keller CISME 05

Thermodynamics of Irreversible Processes (1)
Assignments
1. Elemental Applications of the Laws of Thermodynamics
1A Heat Transfer Experiment (J. B. Fourier)

Apply the 1* and 2™ Law of Thermodynamics to the heat transfer systems as shown
below. Give proof that a process during which the temperature difference |T2 —T1|

between the two systems would increase is not possible according to the 2" Law (2).

\/
¢ |
Initial temperatures (t=0) : Zo (T0, T20)
Final temperatures (t - o) : Z(T;=T,=T)
Heat capacities : MC; = mMyCy (1.0)
1" Law : Up + Up=U;+ U, (1.1)
CEOS : Ui=Up+cim (T-Ty),1=1,2 (1.2)
1
0, 1) — T= E(TOI +Toy) (1.3)
nd T
27" Law (1) : Si=Sjpt+cimy ln[—J (1.4)
Tio
2nd Law (2) TSI+ S>> S0+ Sao (15)
1
(3,4)—> E(TOI +T02)>‘/T01T02 (16)
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2" Law — Geometric Inequality

Generalization
4 (5) TiT, > TyoTyo (1.7)
— Process Zy —> Z not possible
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1B Gas Expansion Experiment (Gay-Lussac)

Apply the 1* and 2™ Law of Thermodynamics to the gas expansion system shown below.
Give proof that a gas contraction process during which the volume of the gas is decreasing
is not possible according to the 2™ Law (2).

Ty, oy Vo 0

o
=

P
<

Initial state (t=0) : Zo (To, po, Vo)

Final state (t - ) : Z(T,p, Vo+ V),V 20

Ideal gas :To=T (1.8)

1" Law : Up=U (1.9)

CEOS :U=Up+me, (T-Ty) (1.10)

2" Law (1) :S=Sp+mcy |In X +£ln v+ Vo (1.11)
Ty M Vo

2" Law (2) : $>8S, (1.12)

(8), (12) V>0 ... gas expansion (1.13)

Contraction processes (V < 0) are not possible according to (1.12).
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2. Adiabatic Flow of Ideal Gases

Natural gas (methane, CHy) is leaving a cavern in state Z (po = 100 bar, T, = 300 K,

wo =~ 0, k= 1,3, M =16 g/mol) to flow (stationary) through a gas pipeline with constant
diameter d = 2 m. The gas leaves the pipeline in state Z (p = 50 bar, T, w). The gas flow is
irreversible with (measured) flow coefficient LR = 78,15 t/s.

Calculate the temperature (T), the density (p), the velocity (w) and the mass flow (m) of
the gas in state (Z) for both, the ideal reversible flow and the irreversible flow.

S PO I_A—1
I |
] ]
L e o o = = = o4
Methane : M =16 g/mol, x=1,3, Ty(1 bar) =—161°C
Initial state : Zo (po =100 bar, To =300 K, m, Ay — o, wy=0)
Final state :Z(p=50bar, T=?, A=dn/4=3,14m* w=7?)
Mass flow m=AWw p = const (2.1)
p
THEOS =——, R=R/M 2.2
P=n T / (2.2)
CEOS h=ho +c, (T -Ty) (2.3)
K
c. =——R 2.4

Energy balance for adiabatic flow:

1 1
h, +—w’=h+—w?> 2.5
0t Wo 5 (2.5)
W():O
w2=2—"_R(T.-T 2.6
R (1,-T) 26)

Reversible Flow Approximation (RFA):

pT = =p, T,"* (2.7)
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k-1

Trev :TO [ £]
Po

Trey = 255,6 K = — 17,5°C

2) Prev = 37,61 kg/m?
(6) Wrey = 447,3 m/s = 1.610,3 km/h
(1) My = 3,14m? - 37,6 (kg/m?) - 447,3 (m/s) = 52,8 t/s

Irreversible Flow:

Process equation, 2" Law (2):

m=L(s—s0)>0 (2.8)
LR =78,15t/s (2.82)
Ideal gas:

T p
s—s,=c,In (—]—Rln (—j (2.9)

T, Po
(8, 9) T=TO(£ eLRj ) (2.10)

Po

A 2
6,1,2 n2=2-% (T -1) 22 2.11
612 e A @1

Numerical iteration

(10, 11, 8a) T=® (T)
T =@ (Ty)
T=limT,, To = Trey = 255,6 K (2.12)
N T =280,7 K = 7,6°C
(2) Pir = 34,24 kg/m?
(6) Wirr = 294,7 m/s = 1.060 km/h
(1) Mir = A Wirr Pirr = 3,14m? - 34,24 (kg/m®) - 294,7 (m/s) = 31,69 t/s
M < My !
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3. Air-Air Heat Pump Loss of Energy

A heat pump for air conditioning purposes is using ambient air at Tp = 10°C, po = 1 atm.
Part of the incoming air, namely my = 1,2 kg/s, is heated up at constant pressure (po) to
Ty = 60°C. Another part (m ¢) is cooled down to T¢ = 3°C. The isobaric specific heat of
the air is ¢, = 1 kJ/kg K.

A. The power supply of the heat pump is Wt = 10 kW. Calculate the mass flow (m ) serving

as heat source for the heat pump.
B. What is the loss of exergy (per unit of time) (P.x) during the heat pump process?

C. Consider the special case of a reversible heat pump. Calculate the mass flow (m ¢ rey) and
the power (W, __, ) needed to provide the air flow my = 1,2 kg/s at Ty; = 60°C.

eV

D. Consider the special case m ¢ = 0. What power supply (W, ») is needed in this case? How

large is the loss of exergy (Pex) in this case? How does one call a heating system of this
type?

W

t

m, = 1.2k)g/s
S 0o

InH mc > 2 TH . 60 C
10°C,p =1atm m, g
T =3°C

c
Balance equation(s) for stationary process(es):
A. Energy balance
> U=(r, +1.)h, -, h, -t h.+ W, =0 (3.1)
_ IhC:mH (hy—hy)—W, (32)
ho _hc
Air, CEOS h; = ho + ¢, (T; — To), 1i=CH (3.3)
.ty (T, -T,)-W,
(2,3) m. = L (3.4)
c,(T,-T.)
— m. = 7,15 kg/s
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B. Exergy balance

C.

> o

©)

(5b, 5a, 1)

E, =J,+P, =0
Jp=ti (e, —e.)+1y (e, —ey )+ W,

Pe=—Jg=-TyPs <0

ei:hi—ho—To (Si—So), i:H,C

P, =T, (th (8y =8, )+ (sc —so))

Ideal gas (p; = po, i = C,H)

(6,7)

T
$;—8,=c,In T
0

Pr=4,6 kW

Reversible Process:

(5b)

(6)

(D)

Electric Heater

(1)

(6), (12)
(7

Ps =0
PE =0
1TIC rev _mH SH SO
8o =S¢
_ In(T,/T,)
In(T,/T.)

m. ., = 7,80 kg/s

Wt rev

=ty hy, +1hc e —(thy, + 10, ), =545 kW

(m =0)
W, =i, (hy, —h, )=t ¢, (T, ~ T, )=60,24 kW

P =m, T, (SH _So)

. T,
=my T, c, In (T—Hj

0

=55,48 kW
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(3.5)

(3.5a)

(3.5b)

(3.5¢)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)



