NITROGEN LIQUEFIER

Statement

In order to produce 100 kg/h of liquid nitrogen from the gas at room conditions, a cascade of 5
compressors (with inter-cooling to the environment) is used to get the gas at 15 MPa, with compressor
isentropic efficiencies of 86%, followed by the liquefier itself, where the gas goes along a coil and
discharges through a valve to atmospheric pressure. Evaluate:

a)  Minimum required power (perfect path).

b)  Optimum intermediate pressures.

c)  Fraction of the gas stream that is liquefied.

d) Demanded power and exergy efficiency of the plant.

= Se desea obtener 100 kg/hora de nitrogeno liquido partiendo del gas en condiciones ambientes. Para
ello se va a utilizar una cascada de 5 compresores que elevaran la presion hasta 15 MPa con
rendimiento adiabatico 0,86 (con enfriamiento intermedio hasta la atmosfera), y el licuador
propiamente dicho, donde el nitr6geno pasa por un serpentin y descarga en una valvula hasta la presion
atmosférica. Se pide:

a)  Potencia minima necesaria (camino perfecto).

b)  Presiones intermedias Optimas.

c)  Fraccion de gasto licuado.

d)  Potencia necesaria y rendimiento exergético de la planta.

Solution

a)  Minimum required power (perfect path).
The liquid should be obtained at ambient pressure, to avoid the need of thick-wall containers on
this cryogenic installation. The minimum work required to pass nitrogen from ambient
conditions to cryogenic liquid at its normal boiling point is:

Ah=—c, (T,~T,)-h, =-1(288-77)-199 = 410 ki/kg
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ie. V\'/u'min =19.8 kW for the M, =100/3600=0.028 kg/s of liquid produced, where the perfect gas

model has been assumed up to cryogenic temperatures, with the room temperature thermal-
capacity-value. Most accurate data from the nitrogen p-h diagram below, gives
W, i =M, [ (=0, ) =T, (s, -5, ) | = (100/3600)[ (300+120) - 288(6.8-2.9) | =19.5 KW .

The theoretical path corresponding to this thermodynamic limit, the perfect path, would consist
of an isothermal compression, horizontally to the left from point A in Fig. 1 (where the classical
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Linde gas-liquefaction process is presented) up to the pressure of point corresponding to crossing
with the isentropic from DI (vertical from DI in Fig. 1).
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Fig. 1. Sketch of the components and the T-s diagram of the processes (Linde liquefaction).

Optimum intermediate pressures.

The intermediate pressure values (p1, pz, ps, p4) that minimise global compressor power needed,
may be guessed with the perfect gas model, which has a simple analytical solution; otherwise, a
multi-parametric trial and error optimisation is involved. Thence:
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b, =(p5" pL)* —— p, = {100,270, 740, 2000,5500,15000} kPa

i.e., with the perfect-gas model, each compressor is equally loaded, with the same pressure ratio
and same exit temperature (in the limit of inter-cooling down to ambient temperature, an
idealisation, of course, because it would require an infinite heat-exchange area). Figure 1
presents the components and processes involved.

Fixing the above pressure values, but using the real p-h diagram for N2, the multistage
compression process can be worked out as usual (first the isentropic compression is depicted,
and then the real final-enthalpy computed from the isentropic-efficiency definition), and is
shown in Fig. 2.



PRESION (MPa)

d)

FEHTA AL s AT b s EAT FLLE oo F P AT LEL |
o LT T AW TR A _“(";”"""'/F/
S A FIAA NN AR oot L
20 "1 y //, ( MM \ HA\E ‘ —':E:;; ft
il 98 W IR EARAR AL %%@g@*%
- / . t 518 5 10
10 ?V_Ei /8 PV PN R BT L e s
_,:,j./l SRR / ,\ YT EJ alis T"
o |[[MIROGENO i} 1 AP LAY CHENCN AT TENFTEERET L {2z
== s V- ] AL A o 4 dER-ENELLE- I ()
B , 1t f/ i\ \ = A2
2 TUSH T W% ) Ky/ :v} - - “ol” ':v 2ilEdlE ‘[E'
"/; B IV R % I './ v - i D‘; o ;}3” <=1 )= 0]
. i // | LTI £
= L &dp o T s ¥ o 6 O S o
04 fiv s UL 4 AT 1] |3
oz || |V LI WUHTTTERAT et
80 K ,/(7‘,’,’, 1T Uiy AEHCTCEE EEETE LA il
S]d VA / VIR * LECIAL LA EIH A e osd )
T WEHET LR FEERCLD L gt les e
004 /// T A -,f“,;/ Lk g§§§,§/$§_§ §"l“;l3
ST A ol 9% ;;,4-"‘3,§«‘3§:m,.__e-"r—‘ T L
002 71 / I /@v 93 ‘gl; B il ' : 2 !A/ N RE : ”l ) 4- :
[ Z IE baCad I Y | A I LD i ® 18
001 “A-LLEL L1 L bt t‘[ li\ll,,_"LATllAu l” mAP SR ||_ £ 5 G (R 3 ) 55 R
-160 ~100 150 200 250 3 350 400 450 500 550

FNTAIPIA (KJ/KQ)

Fig. 2. Sketch of the processes in p-h diagram for nitrogen.

Fraction of the gas stream that is liquefied.
The vapour mass fraction xp at point D in Figs. 1 and 2 is computed from the lever rule in the

two-phase system, ho=hpi+xo(hov—hoi), the energy balance from C to D, hc=hp, and the energy
balance at the liquefier-coil, xo(ha-hov)=hs—hc, or simply from the liquefier energy balance
he=(1—xp)hoi+xpha:

Xp = hB _hDI
hA o hD|

where it is clear that the perfect-gas model is not applicable (hs=ha would yield xp=1, i.e. no
liquid). With values from the nitrogen data in Fig. 2, ha=300 kJ/kg, hs=270 kJ/kg, hoi=—120
kJ/kg and hov=78 kJ/kg, what yields xp=0.93, whereas from more accurate tabulations one gets
ha=446.3 kJ/kg, hs=414.5 kJ/kg, hoi=25.67kJ/kg and hpv=223.2 kJ/kg, what yields xp=0.924.
Notice the difference in reference value from both sets of data.

Demanded power and exergy efficiency of the plant.
With the perfect-gas model, each compressor is equally loaded and the global power is five times
that of the first compressor. The gas flow-rate through the compressors is:
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M. = = =0.37 kg/s
¥ 1-x, 1-0.924
and the exit temperature:
4
T,=T,|1+:P 0 |_2gg|14+ 22000 | 399
e 0.86

what yields, with the perfect substance model:

W, =5m_.c, (T,~T,)=5-0.37-1(399 — 288) = 205 kW

gas—p

and an exergy efficiency of:

V.Vmi” _195_ 0.095
W 205

comp

=

Comments:
In practice, liquid nitrogen is not obtained from pure nitrogen gas but from air, by fractional distillation
of liquid air, which is obtained by a modification of this simple Linde gas-liquefaction process.
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