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Chapter 3.

Gas — liquefaction system
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3.1 System performance parameters

= Gas — liquefaction systems

The systems that can produce low temperatures
required for liquefaction.

= System performance parameters

. Work required _ w
Unit mass of gas compressed T m
. Work required _ W
Unit mass of gas liquefied a mpg
* Liquefiecd fraction of the total flow of gas =y = —Wf
. . Theoretical work w;
o Figure of Merit(FoM) = = —— (0~1)

Actual work w
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3.1 System performance parameters

+ Additional performance parameters

e Compressor adiabatic efficiency

e Expander adiabatic efficiency

e Compressor mechanical efficiency
 Expander mechanical efficiency

* HX effectiveness

 Pressure drop

* Heat transfer to the system
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3.2 Thermodynamically ideal cycle (Liquefaction system - open cycle)

P
[

1 2 /| /

1-2: Isothermal compression

P2
7 T y

— f 2-f: Isentropic expansion(expander)
I In this case, P, =70 ~ 80 Gpa for N,
my

(too high!)
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3.2 Thermodynamically ideal cycle (Liquefaction system - open cycle)

= Apply 15t and 2" laws of thermodynamics to the system

15t law of thermodynamics:

0 W, z ‘(h+v2+gz) z '(h+v2+gz)
net net 29 9 29 9c

outlets inlets
- Qnet — Whet = Z mh — z mh
outlets inlets

- Qr — W; = mi(hs—hy) = —m(hy—hy)
(W; = W, —W,)
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3.2 Thermodynamically ideal cycle (Liquefaction system - open cycle)

= Apply 15t and 2" laws of thermodynamics to the system

274 [aw of thermodynamics:
oq
ds = 7)

- 6q=T-ds

rev,ideal

- QR =mT(S; —51) = —mT1(51 - Sf)
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3.2 Thermodynamically ideal cycle (Liquefaction system - open cycle)

= Apply 1t and 2" [aws of thermodynamics to the system

From 15t and 274 laws of thermodynamics,
Qr — W; = m(h;—hy) = —ti(hy—hs) - 1st law

Qr = mTy(S, — Sy) = —mTy(Sy — Sf) - 2nd law

w; NN (7
= = =Ti(S1-Sp) = (k1 —hy) = m;

*m=ms — liquid yield y=m=1

m
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3.2 Thermodynamically ideal cycle (Liquefaction system - open cycle)

Table 3.1. Ideal-work requirements for liquefaction of gases beginning at 300 K (80°F)
and 101.3 kPa (14.7 psia)

Ideal Work of
Normal Boiling Liquefaction,
Point — Wiy

Gas K ‘R kKl/kg Btu/lb,,
Helium-3 3.19 5.74 8178 3516
Helium-4 4.21 7.58 6819 2931
Hydrogen, H, 20.27 36.5 12019 5167
Neon, Ne 27.09 48.8 1335 574
Nitrogen, N, 77.36 139.2 768.1 330.2
Air 78.8 142 738.9 317.7
Carbon monoxide, CO 81.6 146.9 768.6 330.4
Argon, A 87.28 157.1 478.6 205.7
Oxygen, O, 90.18 162.3 635.6 273.3
Methane, CH, 111.7 201.1 1091 469
Ethane, C,H, 184.5 332.1 353.1 151.8
Propane, C;Hg 231.1 416.0 140.4 60.4

Ammonia, NH; 239.8 431.6 359.1 154.4
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3.3 Joule — Thomson effect (Expansion device — valve)

= Expansion valve

15t Jlaw of thermodynamics:

Qr — W. Z ‘<h+v2+gz> Z '<h+v +gz>
_— = m —_— —_— m —_—
RS 29c  9e 29:  9e

outlets inlets

- 0=mhy—hy)

- hy; = hy
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3.3 Joule — Thomson effect (Expansion device — valve)

= Joule - Thomson coefficient

oT
Wyt = 9P
h

— Change in temperature due to a change in pressure at constant enthalpy

(Slope of isenthalpic line)
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3.3 Joule — Thomson effect (Expansion device — valve)

= Joule - Thomson coefficient

oT
HT = 3p
h

— Slope of isenthalpic line

Inversion
curve

Temperature
decrease

Temperature T'

Temperature
increase

Pressure p
Isenthalpic expansion of a real gas.
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3.3 Joule — Thomson effect (Expansion device — valve)

T :\\\\¥ constant enthalpy
;‘\e
,z’h" —
7 T
— -
Py«~P, P,’<P; P

P,<P, :Temperature | if Pressure | - > 0

P,'<P," :Temperature 1 if Pressure | - wr< 0
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3.3 Joule — Thomson effect (Expansion device — valve)

= Joule — Thomson coefficient

9T\ T\ ah
“”_aph_ on) aP)

from basic thermodynamics (Van Wylen and Sonntag, 1976),
. av)
v — —
aT p

6h> c 6h> T av>
_ — = P S =V — —_
oT o doP . oT o

oh oh
dh=—)| dT +— ) dP = CpdT + dP
P T

~ T oP
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3.3 Joule — Thomson effect (Expansion device — valve)

= Joule - Thomson coefficient

9T\ T\ ah
“”_aph_ on) P

1 Tav) ‘
=—|T—| —v
Cp| OT p
For an ideal gas,

017) R v
aTP P T

) -0
_— — vl =
aT /),

1

.U]T=C_P
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3.3 Joule — Thomson effect (Expansion device — valve)

= Joule — Thomson coefficient
from h =u+ Pv,

_ 1
.U]T—CP

av 1 |\ou d(Pv)
Tsr) ~¥|=~¢ep). t ap
P P T T

pv
{pressure) (specific volume)

Variation of the product Pv

with pressure and temperature for a real gas.




Cryogenic Engineering, 2015 Fall Semester

3.3 Joule — Thomson effect (Expansion device — valve)

= Van der Waals gas

Equation of state (EOS)

(P+%)(v—b)=RT

= Joule — Thomson coefficient for van der Waals gas

_ (2a/RT)Y(1 =b/v)* b
HIT = o1 = (2a/vRT)(1 — b/v)?

for large value of the specific volume,

_ 1 (2a b
M =, \RT
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3.3 Joule — Thomson effect (Expansion device — valve)

= Inversion curve for van der Waals gas

The inversion curve is represented by all points at which the Joule-Thomson
coefficient is zero.

_ (2a/RTYA-b/v)>’=b B
Kir = Cp[1 — (2a/vRT)(1 — b/v)? 0~ 2a/RDA =b/v)* b =0

= Inversion temperature for van der Waals gas
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3.3 Joule — Thomson effect (Expansion device — valve)

Table 3.2. Maximum inversion

temperature
2 _
T — Z_a 1 _é Maximum
" bR v Inversion
Temperature
Gas K ‘R
Helium-4 45 81
2a Hydrogen 205 369
Ti,max = b_R < Tyoom * He,H,,Ne Neon 250 450
Nitrogen 621 [118
Air 603 1085
. Carbon monoxide 652 1174
q
Canno’F produce low T with Argon 294 1429
expansion valve alone. Oxygen 761 1370
(Require expander, turbine) Methane 939 1690
Carbon dioxide 1500 2700
Ammonia 1994 3590
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3.4 Adiabatic expansion

= Work producing device : expansion engine (turbine)

Adiabatic Expansion : Most effective means of lowering T of the gas
(*% Adiabatic + Reversible = Isentropic!)

Problem : 2 Phase Mixture in an expander!

T PH PL

T (Isothermal)

H (Isenthalpic)

S (Isentropic)

S
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3.4 Adiabatic expansion

= [sentropic expansion coefficient, pus
<6T) (6T> (63) T (av>
‘us = _— = — —_ | —
oP) ds) \oP),.  C,\aT),
Cp = oh = 90 =TdS
P a_T - a_T rQ -
P P
, : J" os\ _ 0V
Maxwell’s Relation (aP)T = (aT)p
(0T

ory _ _(op
IV as ).,
S

.
(2]

\ Op

05\ _ (&
'\al_"r T_ _aT.V
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3.4 Adiabatic expansion

= [sentropic expansion coefficient, ps

<6T) (6T> (65) T (017)
”S — — = -_ R — —
op) .~ "\as) \op), ", \o1),

: .. 1/0v T
Volume expansion coefficient g = —| — =—pfv
v\J b Cp
For Ideal gas : (0_1;) _R_v _Y
Pv = RT o), P T Co
For Van der Waals gas : v(l— g)
a - 2a b\*
(P +5)(w—b) = RT ot - (orr) (1-3)
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3.4 Adiabatic expansion

= Methods of cooling

- External work method :
energy is removed as external work

- Internal work method (Expansion Valve) :
do not remove energy from gas
but moves molecules farther apart

eoul National Universi
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Liguefaction systems for gases

= A big purpose for learning cryogenic systems!
(Korea’s energy supply is heavily dependent on imports by ship!)

\
N\ )
3.9 Claude
3.5 Linde-Hampson 3.10 Kapitza
3.11 Heylandt
J _J
N\ [ )
3.6 Precooled Linde 3.7 Linde dual-P
3.8 Cascade 3.12 Claude dual-P
3.13 LNG (Cascade) '
AN J
3.14 Comparison of Liquefaction Systems
y

\_ _J

( For Ne, H2, He)
3.15 Linde
3.16 Claude
3.17 He system
3.19 Collins He system

N

3.18 Ortho-para H2
Conversion
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3.4 Adiabatic expansion

Why H2, He, Ne is special?

T.
Inversion Temperature -
= boundary of semicircle of figure 3.2 (h=c)
Maximum >
Gas Inversion P
Temperature (K) Figure 3.2
[He] Helium-4 45 (Chapter 3.3)
Very Low! |[H2] Hydrogen 205
[Ne] Neon 250
[N2] Nitrogen 621
[N2+0O2] Air 603
[CO] Carbon monoxide 652
[Ar] Argon 794
[O2] Oxygen 761
[CH4] Methane 939
[CO2] Carbon Dioxide 1500
[NH3] Ammonia 1994
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3.4 Adiabatic expansion

Why H2, He, Ne is special?

In semicircle, WT>0

= Isenthalpic expansion (J-T Valve) is cooling! A
\f-)\
Out of semicircle, uT<0 (h=c)
= Isenthalpic expansion (J-T valve) is heating!
>
P
= We cannot make liquid by J-T valve! Case of H2, He, Ne
= To make liquid, we must applicate expander or dual- (Circle is very small)

pressure or pre-cooling.
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3.5 Simple Linde-Hampson System

= History

The most simple gas liquifaction/seperation system.

This system is based on the Joule-Thomson effect.

Chapter 3.3. When a (non-ideal) gas expands, it will cold down (below
inverseion temperature). This is why our whistle is colder than our body
temperature!

William Hampson and Carl von Linde
independently filed for patent
of the cycle in 1895.
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3.5 Simple Linde-Hampson System

= History

Brother founds He founds himself

_#SIEMENS A lritte

Enhance from Siemens cycle(1857) to Linde-Hampson cycle(1895)

B B

A : Compression A : Compression

B : Cooling B : Cooling

C : Cooling (HX) C : Cooling (HX)

D : Expansion D : Joule-Thompson Orfice

C : Heating (HX) (Reservoir + Expansion Valve)

C : Heating (HX)
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3.5 Simple Linde-Hampson System

= History

Siemens cycle has poor efficiency and is only efficient for high temperature
gases. But Linde-Hampson cycle can easily collect liquid and cool
dramatically.

Heike Kamerlingh Onnes made ‘liquid helium’ (1908)
by this Linde-Hampson system and found ‘super-conductivity’.

And He got Nobel prize in Physics (1913)!
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3.5 Simple Linde-Hampson System

= Diagram

Makeup
gas Compressor Heat exchanger
. Q*R 9/
PR A B Y AT ok T g s ~ Control Volume
o ® ® N
= e '
_ :® ANt ;
I Jouler
i Thomsgn
_ R Y valy
| Hi—rm . 4
T I a’( £ A / I
. ! '
W I @& j@ '
I ; |
< | = |
: Liguid—"1 —“i_iqt:lid T @ :
| reservoir o
S A
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3.5 Simple Linde-Hampson System

= Diagram

Normal room : T1=300K, P1=1bar
Liquid N2 : Ta=77K

Constant T : Isothermal
Constant P : Isobaric
Constant h : Isenthalpic
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3.5 Simple Linde-Hampson System

= Diagram Another form of diagrams
s T T T EEEET N
[ 1
compressor | ’ I
1 bar I e
mf o 300 K @_ Xz —
I exchanger I 3
m : 4 Mullis{:{gc I
B ! I compressor|
IR . Wy
(= = R counterflow | 1 S i
I | heat exchanger : [ !
e —— I
: = — I I 0 | Makeup
I 1 1 - | gas
| | Regenerator
Control : a1 ale L |5 L :
Volume | ' : s I
| | Vapor
| B I
: | | & recirculated I Control
| | i : Vol
[ olume
: - reservoir I |
|
|

/
\

. = = - ———/
’
:[m—f el e B
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3.5 Simple Linde-Hampson System

= Diagram

Assumption
- Reversible pressure drop
- No heat inleak
(Reversible isothermal process in compressor)
- 100% effective heat exchanger

(mass of sat. gas)

lit =
Quality x (total mass)

(% Volume of gas is very larger than liquid)
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3.5 Simple Linde-Hampson System

= Questions

Q1. We can choose P2 in the system. Which is best P2?

Makeu
P Compressor

gas press
S LA
i

T m

tih, N

\

o

-—m = omm o)

At control volume, 1mh, = (1h — ms)hy + ik,

mf_hl—hz
m  hy— ks

Liquid yield y =

: Fraction of gas flow that is liquefied
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3.5 Simple Linde-Hampson System

= Questions
dy
Best P2 is — =
est P2 is 3P, 0
o dh,
—> (h1, hfis fixed value) —= =0
0P,
s oh
a_P = _.u]TCP

—> (Cr is positive number) p;r =0

T ~.(0)

Wt is slope at T-P diagram.
So, semicirle in T-P graph means best P2!

(Inversion Curve) (Chapter 3.3) P
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3.5 Simple Linde-Hampson System

= Questions

Q2. How much works do we need for running this system?

“ Ll o 5 At compressor, Qg — W = m(hy, — hy)
@ ILVAY_[ Joule-
I (ii=riy) ;”“'s:“ B .
T ® o >:< QR — mTl(Sl - SZ)

W—T h h
o 1(s1 —s2) — (y 2)

W W k-

Ty (51 — 52) — (hy — hy)]

nis my hy — hz)[
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3.5 Simple Linde-Hampson System

= Questions

Q3. What will happen in real system without assumption?

Reversible pressure drop
- P2 will be lower.

No heat inleak
Reversible isothermal process in compressor
= Qelec Will be added. And y will be lower.

mhy + Qerec = (1 — 1y )Ry + ThRg
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3.5 Simple Linde-Hampson System

= Questions

100% effective heat exchanger
— Temperature difference at both side will be lower.
To keep temperature difference, we need input more pump work.
(To enlarge mass flow rate)

100C > 0°C 100C > 50C
40TC <€ 0C 20C <€ 0C

n = 100% n =50%
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3.5 Simple Linde-Hampson System

= |t’s not for Ne/H2/He! ——> | We will learn later... (Chapter 3.15~3.19)

Gas M.LT. (K)
[He] Helium-4 45
Reason 1. [H2] Hydrogen 205
[Ne] Neon 250

Maximum inversion temp. << room temp.
— Their expansion = heating!

— Gas in HX warmed rather than cooled!

Figure 3.6
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3.5 Simple Linde-Hampson System

" It’s not for Ne/H2/He! ——> | We will learn later... (Chapter 3.15~3.19)

|
Reason 2. : y = “h— h |

Liquid yield(y) is negative. (h1 < h2)

— Even if we could attain low
temperature, no gas would be liquefied.

Figure 3.7
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3.6 Precooled Linde-Hampson system

0.30
\ \ Fluid: NZ
0.25

\
= \ \ \ * Itis apparent that the performance
€ \ \ ‘?%\ 2. of a Linde-Hampson system could
£ ' o0 \/ o,
. A g"’ % be improved if the gas entered the

0.10 \ \
0.05 \

7z

\ heat exchanger at a temperature
lower than ambient temperature

\

\_

/

0100 150 200 250 300 350
Temperature at 2, Tz , K

Liquid yield versus compressor temperature
for a Linde-Hampson system
using nitrogen as the working fluid
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3.6 Precooled Linde-Hampson system
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3.6 Precooled Linde-Hampson system

-
¥
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3.6 Precooled Linde-Hampson system

= Liquid yield

Applying the First Law for steady flow to the heat exchanger,
the two liquid receivers, and the two expansion valves.

mh, +m.h, =(m-rm,)h, +mh, +mh,

m, _h,=h,  h,=h,

a

m h,—h,  h—h,

r=m./m

r is the refrigerant mass flow rate ratio
m, is the mass flow rate of the auxiliary refrigerant
m is the total mass flow rate through the high pressure compressor
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3.6 Precooled Linde-Hampson system

= Liquid yield

The second term of liquid yield represents the improvement
in liquid yield that is obtained through the use of precooling.

m, _h,=h,  h,=h,

m h,—h, h—h,
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3.6 Precooled Linde-Hampson system

= Limit of the liquid yield 1

From the Second Law of Thermodynamics, T5 and T cannot

be lower than the boiling point of the auxiliary refrigerant at

point d
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3.6 Precooled Linde-Hampson system

= Limit of the liquid yield 1

: The maximum liquid yield

With a suitable value of the refrigerant flow-rate ratio r, liquid yield
could have a value of 1, which means 100 percent for the liquid yield.
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3.6 Precooled Linde-Hampson system

= Limit of the liquid yield 1

: The maximum liquid yield

Refrigerant

e e ot e e ) e S —

Boiling point

&
&=
&
i
R

Temperature T

Entropy s

Precooled Linde-Hampson cycle

h; and hg are taken at the temperature of
the boiling refrigerant at point d)
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3.6 Precooled Linde-Hampson system

= Limit of the liquid yield 2

. {"Eyf_ o If the refrigerant flow rate ratio were
i 7""@ too large, the liquid at point d would
: F not be completely vaporized, and
) v,c,a*““_. | —.,,— liquid would enter the refrigerant
o compressor.

DU 0.1 0.2
m,

m

Liquid yield versus refrigerant flow rate ratio
for the precooled Linde-Hampson system
using nitrogen as the working fluid
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3.6 Precooled Linde-Hampson system

=" The work requirement

 If the main compressor is reversible and isothermal and the auxiliary
compressor is reversible and adiabatic.

e The last term represents the additional work requirement for the auxiliary
compressor. (usually on the order of 10 percent of the total work)

W
Ele(sl—sz)—(hl—hz)H(hb -h,)
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3.6 Precooled Linde-Hampson system

=" The work requirement

4000

FLUID:| N

\\ The increase in liquid yield more than
3000 ’\\
: N offsets the additional work requirement,
£ Ko | \
S 2000 however, so that the work requirement
S
3

per unit mass of gas liquefied is actually

1000

less for the precooled system than for

the simple system.

o

o] 05 J0 15 .20
r=m,/m

Work required to liquefy a unit mass of
nitrogen in a precooled Linde-Hampson system
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3.7 Linde dual-pressure cycle

Make-up Low-pressure
gas  compressor
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3.7 Collins helium-liquefaction system

=
i
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3.7 Linde dual-pressure cycle

= Liquid yield

Applying the First Law for steady flow to the heat exchanger, the two liquid
receivers, and the two expansion valves.

h, =, h, +m;h, +(m -, -, )h,

y= .f:hl_hB_ihl_h
m h-h;, h-h

2

1 f 1 f

i =, /m

[ is the intermediate pressure stream flow rate ratio
m; is the mass flow rate of the intermediate pressure stream at point 8
m is the total mass flow rate through the high pressure compressor
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3.7 Linde dual-pressure cycle

= Liquid yield

e This modification reduces the liquid yield somewhat.

* The second term of liquid yield represents the reduction in the liquid
yield below that of the simple system because of splitting the flow at the
intermediate pressure liquid receiver.
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3.7 Linde dual-pressure cycle

=" The work requirement

Applying the First Law for steady flow to the two compressors.

(QRl_WC1)+(QR2 _WCZ): mh, _(m_mi)hl_mihz

QRl = _(m - mi)Tl(Sl _Sz)
QRZ =—MmT, (Sz _53)
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3.7 Linde dual-pressure cycle

= The work requirement

This modification reduces the total work required.

The work requirement is reduced below that of the simple system by the
amount given by the second bracketed term.

—ﬂ:[-ﬁ(&_33)_(h1_hs)]_i[Tl(Sl_SZ)_(hl_hZ)]

m




Cryogenic Engineering, 2015 Fall Semester

3.7 Linde dual-pressure cycle

2200

[Fwip: |aR

PI=I ATM Id

2000

|-"""'=-

1800

1600

1400 \\
1200 \

1000

-*Jm‘n,f , Btu/ib_ liquid

800

o 50 100 150 200
INT. PRESSURE, F"2  ATM

Work required to liquefy a unit mass of air
in the Linde dual-pressre system
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3.7 Linde dual-pressure cycle

= Optimal intermediate pressure

* As ‘Work required to liquefy a unit mass of air in the Linde dual-
pressure system’ shows, there is an optimum intermediate pressure p,
for a given intermediate stream mass flow rate ratio, which makes the
work requirements a minimum.

 Typical air liquefaction plants operate with i = 0.8, p;= 200atm,
p, between 40 and 50 atm.
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3.8 Cascade system

Loampling
malay

—
L™ "TYTe = h;f:u
—-ﬂ ANAN APNN
/] [l |
Lo =] HE:HN
. AN AANN
e A
]
L 4§
e d L]
T T— CH,
i VA Afdh
—LAAAN
L ’_|_l !
Mk FlIogen
L -

Fag. 116,  The cascade sysiem.

* The cascade system is an extension of the
precooled system

e There are refrigeration system chain of
ammonia — ethylene — methane -nitrogen

* From a thermodynamic point of view, the
cascade system in very desirable for
liquefaction because it approaches the ideal
reversible system more closely than any other
discussed thus farO

oul National Universit
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3.8 Cascade system

Ncomp
thghy + (1 = 1y Yy = ity + ) titi(hai — i) + titgn (Ao — hep) = 0
i=1
hy—hy, <o h;—h
Liquid yield : y =22—2+ " x—— i (i = hep)
h—hy hy — by n\ltbn ~ e
=1
n_comp
W = mil(hy = h) = Ty = Rl 4 ) i (hes = hg)
i=1
) n_comp
W
Power per mass flow : = [(hy — hy) — Ty (hy — hy)]hs + z x;(he; — hiyg)
i=1
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3.9 Claude system

In 1902 Claude devised what is now known
as the Claude system for liquefying air. The
system enabled the production of
industrial quantities of liquid nitrogen,

oxygen, and argon

[ .y ,-_.—_J“'Z‘- AR

Georges Claude(1870-1960)
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3.9 Claude system

©

Claude system
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3.9 Claude system




Cryogenic Engineering, 2015 Fall Semester

3.9 Claude system

= Valve VS Expansion engine or expander

e The expansion through an expansion valve is an irreversible process.

Thus if we wish to approach closer to the ideal performance, we must
seek a better process.

* If the expansion engine is reversible and adiabatic, the expansion

process in isentropic, and a much lower temperature is attained than an
isenthalpic expansion.
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3.9 Claude system

= Why we can not eliminate the expansion valve?

The expansion valve could not be eliminated because of the problem of

two-phase flow within the engine cylinder or turbine blade flow passages.

oul National Universit
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3.9 Claude system
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3.9 Claude system

= Liquid yield

Applying the First Law for steady flow to the heat exchangers, the expansion
valve, and the liquid receiver as a unit, for no external heat transfer.

mh, +m.h, =(m-rm,)h, +m.h, +mh,

y:ri‘.]f :hl_h2+xh3_he
m h,—h, " h,—h

X=m,/m

x is the fraction of the total flow that passes through the expander
m, is the mass flow rate of fluid through expander
m is the total mass flow rate through the high pressure compressor
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3.9 Claude system

= Liquid yield

The second term of liquid yield represents the improvement in performance
over the simple Linde Hampson system.

oul National Universit
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3.9 Claude system

= The work requirement

The work requirement per unit mass compressed is exactly the same as
that for the Linde Hampson system if the expander work is not utilized to
help in the compression.

The work requirement per unit mass compressed for the Linde Hampson system
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3.9 Claude system

= The work requirement

If the expander work is used to aid in compression, then the net work
requirement is given by

WW, W,
m m m
W
e —x(h,—h
m X(3 e)
W
m° =(h,—h,)+T,(s,—5,)

The net work is given by
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3.9 Claude system

= The work requirement

The last term is the reduction in energy requirements due to the
utilization of the expander work output.
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3.9 Claude system

5000
=
s 4000
-4
.nE
< 3000
2
m
«~ 2000
‘E
My
b
1000
0 2 A .6 .B 1.0
X = Mg /m

Work required to liquefy a unit mass of air in the Claude system
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3.9 Claude system

= Smallest work requirement per unit mass liquefied

e There is a finite temperature at point 3 that will yield the smallest work
requirement per unit mass liquefied.

e As the high pressure is increased, the minimum work requirement per unit
mass liguefied decreases.
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3.10 Kapitza system

* Modified Claude system which
eliminate the third low temperature
heat exchanger

e A rotary expansion engine was used
instead of a reciprocating expander

e Kapitza system usually operated at
relatively low pressures-on the order
of 700kPa

Vo
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3.10 Kapitza system

mehs + (1 — My )hy — mhy + My (hg — he) =0

hy —h, h; — h,
+ x
hl—hf hl—hf

Liquid yield : y =

-W = m[(hy —hy) — Ty (hy — h1)]hf + 1y (he — h3)

W
Power per mass flow : — = [(hy — hy) — Ty (hy — hy)]hs + x(he — h3)
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3.11 Heylandt System

(Claude system has one more HX at here)

!

Expander
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3.11 Heylandt System

For a high pressure (Approximately 20 Mpa = 200 atm)
For an expansion-engine (flow-rate ratio of approximately 0.6)

The optimum value of T before expansion = near ambient T
— So, it can eliminate first HX in the Claude system by compressing!
(-~ Modified Claude system)

Advantage
— The lubrication problems in the expander are easy to solve!

(Because T of expander is very low)

*¥ Contribution of expander and expansion valve is nearly equal.
(At original Claude system, expander makes more contribution)
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3.12 Other liquefaction systems using expanders

Dual-pressure Claude System Linde Dual-pressure
g s ' (Chapter 3.7)

Heat g;cchangel'
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3.12 Other liquefaction systems using expanders

... It is simillar to the Linde dual-pressure system. (Chapter 3.7)
(A reservoir is replaced by expander and two HX)

Advantage
Gas through expander is compressed to some intermediate P.
— Work requirement per unit mass of gas ligefied is reduced.

% If nitrogen compressed from 1 atm to 35 atm, optimum performance is
attained when 75 percent of flow diverted through the expander.
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3.13 Liquefaction systems for LNG
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3.13 Liquefaction systems for LNG

= LNG liquefaction

Natural gas

* Made up of several components; methane, ethane, propane,
and nitrogen
(Condense at different temperature levels.)

e Require mixed refrigerant liquefaction system.




3.13 Liquefaction systems for LNG

= Mixed refrigerant cascade (MRC) system

Cryogenic Engineering, 2015 Fall Semester

Matural
gas feed

Compressor
AAA

s

U=.

|
==l i

T Separator

|
I]
LYY

Separator

AAAA
AAAA—
AAN

Pty

Refrigerant

siream

 Single compressor is used for circulating
the mixed refrigerant gas

* Natural gas feed to the MRC system at
3.9~5.3 MPa

e Not applicable for liquefaction of pure
gases or mixtures such as air
(only two components)
=
LNG w—odJ — =
Fig. 3.23. Mixed refrigerant cascade system used for liquefaction of natural gas.
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3.14 Comparison of liquefaction systems

Table 3.4. Comparison of liquefaction systems using 2ir as the working fluid with T} =
300 K (80°F) and p, = 101.3 kPa (1 atm or 14.7 psia)

- Work per unit
Liquid mass liguefied,
- - Wf m!
yiedy ——__— ~ _ Figure
Air liquefaction system =m/m kJ/kg Btu/lb, - of merit

1. Ideal reversible system 1.000 7389 3177 1.000

2. Linde-Hampson system, p; = 20.27 MPa 0.079 5739 2467 0.129
(200 atm), n. = 100%, ¢ = 1.0

3. Linde-Hampson system, p; = 20.27 MPa 0062 10573 4544 0.070
(200 atm), 7. = 70%, ¢ = 0.965

4

. Linde-Hampson system, observed ves 10 327 4440 0.070
(Ruhemann 1949)
5. Precooled Linde-Hampson system, p, = 0.158 2928 1259 0.251

20.27 MPa (200 atm), Ty = —35°C
(—3I1°F), n. = 100%, e = 1.0
6. Precooled Linde-Hampson system, p; = 0.143 4691 2017 0.158
20.27 MPa (200 atm), T; = —35°C
(=31°F), . = 70%, ¢ = 0.965

7. Precooled Linde-Hampson system, ves 5582 2400 0.129
observed (Ruhemann 1949)
8. Linde dual-pressure system, p; = 6.08 0.057 3056 1314 0.242

MPa (60 atm), p; = 20.27 MPa (200 atm),
i = 0.80, 5, = 100%, ¢ = 1.00
9. Linde dual-pressure system, p, = 6.08 0.039 6535 2809 0.113
MPa (60 atm), p; = 20.27 MPa (200 atm),
i = 0.80, 5, = 70%, ¢ = 0.965

10. Linde dual-pressure system, observed v 6350 2730 0.113
(Ruhemann 1949) .

11. Linde dual-pressure system, precooled to ces 3582 1540 0.201
—45°C (—50°F), observed (Ruhemann
1949)

12. Claude system, p, = 4.05 MPa (40 atm), x 0.262 815 350 0.907
= m/m = 0.70,n. = n, = 100%, ¢ = 1.00

13. Claude system, p; = 4.05 MPa (40 atm), x 0.198 1906 819 0.388
= me = 0-70’ Me = ?0%) Nd = 80%: ’Tc.m

= 90%, ¢ = 0.965 .
14. Claude system, observed (Ruhemann 1949) ves 3582 1540 0.201
15. Heylandt system, p, = 20.27 MPa (200 0.377 873 275 0.846
atm), x = 0.60, n. = . = 100%, ¢ = 1.00
16. Heylandt system, p, = 20.27 MPa (200 0.305 1839 791 0.402
atm), x = 0.60, n. = 70%, 1,y = 80%, 1,
= 90%, ¢ = 0.965
17. Heylandt system, observed (Ruhemann ‘na 3326 1430 0.216
1949) .
18. Cascade system, observed (Ball 1954) ves 3256 1400 0.221 J

eoul Nationa
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3.15 Precooled Linde-Hampson system for neon and hydrogen

= st e Table 3.4. Comparison of
; — Wimy . . . .
ield
Ai liguefaction system TR o liguefaction systems using air as
e NN - ST theoworkmg fluid with T, =300 K
3. {inde Hampaoa systion, py = 2027MPa 002 10573 4344 007 (80°F) and p, = 101.3 kPa (1 atm
(200 atm), g, = 70%, « = 0.965 )
G e e e RER. or 14.7 psia)
5. Precooled Linde-Hampson system, py = 0.158 2928 1259 0.251

2027 MPa (200 atm), Ty = —35°C
(=31"F), . = 100%, ¢ = 1.0
6. Precooled Linde-Hampson system, py = 0143 469] 2017 0.158
20.27 MPa (200 atm), Ty = —35°C
{=31"F), 5. = 709%, ¢« = 0.965

7. Precooled Linde-Hampson system, e 5582 2400 0.129
observed (Ruhemann 1949)
8. Linde dual-pressure sysiem, py = 6.08 0.057 3056 1314 0.242

MPa (50 atm), p, = 20.27 MPa (200 aim),
i = 080, n = 100%, « = 1.00
9. Linde dual-pressure system, py = 6.08 0,039 6535 2809 0113
MPa (60 atm), p; = 20.27 MPa {200 sim),
i = D80, g, = T0%, « = 0.965

10. Linde dual-pressure system, observed 6350 2730 o3
{Ruhemann 1949)
11. Linde dual-pressure system, precooled to 3582 1540 0.201
1—-913'(3 (= 50°F), observed (Ruhemann
)

12. Claude system, p; = 4.05 MPa (40 atm), x 0.262 815 350 0.907
= pi S = 070, 5, = g, = 100%, ¢ = 1.00
13, Claude system, p; = 4.05 MPa (40 atm), x  0.198 1906 819 0.388

= 3%, ¢« = 0,965
14. Claude system, observed (Ruhemann 1949) i 3582 1 540 0.201
15. Heylandt system, p; = 20.27 MPa (200 0.377 873 75 0.846
atm), x = 0.60, g, = n, = [00%, ¢« = 1.00
16. Heylandt system, py = 20.27 MPa (200 0.305 1839 91 0.402
atm), x = 0.60, g, = T0%, 9y = B0%, v,
= 90%, ¢« = 0.965
17. Heylandt system, observed (Ruhemann 3326 1430 0216

1949)
18. Cascade system, observed (Ball 1954) e 3256 1400 0221
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3.15 Precooled Linde-Hampson system for neon and hydrogen

The Linde-Hampson system is quite desirable for small-scale liquefaction plants.

However, the basic Linde-Hampson system with no precooling would
not work for neon, hydrogen, or helium

Because the maximum inversion temperature for these gases is below
ambient temperature.
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3.15 Precooled Linde-Hampson system for neon and hydrogen

Heylandt air-separation system

a) Compressor stages,

b) Carbon dioxide and water removal,
c) Expander,

d) Main heat exchanger,

e) Optional external refrigerant stream,
f) J-T valves,

o f, g) Separation columns,

h) Comdenser-reboiler

GEIECIHEND
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3.15 Precooled Linde-Hampson system for neon and hydrogen
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3.15 Precooled Linde-Hampson system for neon and hydrogen

I '"Juum_c
eyt i

Diagram for the cascade for liquid gases from 1906
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3.15 Precooled Linde-Hampson system for neon and hydrogen
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3.15 Precooled Linde-Hampson system for neon and hydrogen

h7_h4

a h7_hf

0=, h,+(m—rh,)h, +mh, —m, h, —mh,

M, : the mass flow rate of liquid nitrogen boiled away
to precool the incoming hydrogen or neon
M :the mass flow rate of hydrogen or neon through

the compressor

m, :the mass flow rate of hydrogen or neon which is

liquefied
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3.15 Precooled Linde-Hampson system for neon and hydrogen

The nitrogen boil-off rate per unit mass of hydrogen or neon compressed
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3.15 Precooled Linde-Hampson system for neon and hydrogen

10.0

9.5

|
Fluid: hydrogen
Precoolant: LN,

|=|1 = 1 atm
TI = 294 K

Pk

P

20

zly, kg N::"kg H, liquefied

/r""
)
/

8.5
80

65 TO s
Bath temperatura, T* & Tr . K

80

Nitrogen boil-off per unit mass of
hydrogen produced for the
liguid-nitrogen-precooled Linde-
Hampson system as a function of
the liquid-nitrogen bath
temperature.
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3.15 Precooled Linde-Hampson system for neon and hydrogen

A

N

T

SR
A

{‘1'1 EE

Figura 4 - Hydrogen liquefier used by Travers. Credit: Ref. [27]. Figura G - Helium liquefier. Credit: Ref. [35],
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3.15 Precooled Linde-Hampson system for neon and hydrogen

LHZ - Tank System inner vessal
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3.15 Precooled Linde-Hampson system for neon and hydrogen
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3.15 Precooled Linde-Hampson system for neon and hydrogen

Created by NPO “GELIYMASH”,
liquefiers of helium with liquid
helium capacity of 700 I/h were
delivered to the biggest European
helium center - Orenburg Gas
Processing Plant.
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3.15 Precooled Linde-Hampson system for neon and hydrogen
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One of the latest cryogenic helium plants created by NPO “GELIYMASH” was delivered
to the Corporation “TVEL” in 2007 for testing superconducting elements that were
designed for the European international project of a thermonuclear reactor.
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3.16 Claude system for hydrogen or neon
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3.17 Helium-Refrigerated hydrogen-liquefaction system
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3.17 Helium-Refrigerated hydrogen-liquefaction system

An auxiliary helium-gas refrigerator can be used to condense hydrogen or neon

Liquid neon
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3.17 Helium-Refrigerated hydrogen-liquefaction system

= Advantage

 Relatively low pressures can be used
e The compressor size can be reduced
(although two compressors are required)
e The pipe thickness can be reduced
* The hydrogen or neon need be compressed only to a pressure high

enough to overcome the irreversible pressure drops through the

heat exchangers and piping in an actual system
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3.17 Helium-Refrigerated hydrogen-liquefaction system

Usually adequate for the hydrogen loop
Pressure : 300 kPa to 800 kPa

The system is relatively insensitive to the pressure level
of the helium refrigerator

Helium-gas pressure : 1 MPa
Work requirements to liquefied: 11000 kJ /kg
(approximately)

Figure of Merit: 0.11
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3.18 Ortho-para-hydrogen conversion in the liquefier

N.B.P. =20.3K
Types of hydrogen molecules
ortho — H, para — H,
(Spins aligned, high energy) (Spins aligned, high energy)

"X o) i,
(@) @), L @e)

Ortho-hydrogen Para-hydrogen
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3.18 Ortho-para-hydrogen conversion in the liquefier

ortho — H, - para — H, + Aa (heat of conversion)
70.3k] /kg
Latent heat 44.3k]/kg

At high temperature is a mixture of 75% ortho — H, and 25% para — H,

As temperature is cooled to the normal boiling point of hydrogen, the

ortho — H, concentration decreases from 75 to 0.2%
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3.18 Ortho-para-hydrogen conversion in the liquefier

The changeover from ortho — to para — hydrogen
involves a heat of conversion that is greater than the

heat of vaporization of para — hydrogen

Therefore serious boil-off losses will result unless

measures are taken to prevent it.
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3.18 Ortho-para-hydrogen conversion in the liquefier

A catalyst may be used to speed up the conversion
process, while the heat of conversion is absorbed in the
liquefaction system before the liquid is stored in the

liquid receiver.

At 70 K : 55 to 60% para — hydrogen
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3.18 Ortho-para-hydrogen conversion in the liquefier

The changeover from ortho — to para — hydrogen
involves a heat of conversion that is greater than the

heat of vaporization of para — hydrogen

Therefore serious boil-off losses will result unless

measures are taken to prevent it.
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3.18 Ortho-para-hydrogen conversion in the liquefier
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3.18 Ortho-para-hydrogen conversion in the liquefier

= Two possible arrangements for ortho-para conversion

In the first arrangement, the hydrogen is passed through the catalyst in
the liguid-nitrogen bath, expanded through the expansion valve into the
liquid receiver, and drawn through a catalyst bed before passing into a
storage vessel. The hydrogen that is evaporated due to the heat of

conversion flows back through the heat exchanger and furnishes

additional refrigeration to the incoming stream
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3.18 Ortho-para-hydrogen conversion in the liquefier

The second arrangement is similar to the first one, except that the
high-pressure stream is divided into two parts before the expansion
valve. One part is expanded through an expansion valve and flows
though a catalyst bed immersed in a liquid-hydrogen bath. The other
part of the high-pressure stream is expanded through another

expansion valve into the liquid receiver to furnish refrigeration for the

catalyst bed.
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3.18 Ortho-para-hydrogen conversion in the liquefier

= Catalysts

HO

Fe— OH

HO \\

hydrous ferric oxide Nickel-based catalyst
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3.18 Ortho-para-hydrogen conversion in the liquefier

= Catalysts
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3.19 Collins helium-liquefaction system

Helium ? It is one of the most difficult gases to liquefy!

e Different type He liquefaction system
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3.19 Collins helium-liquefaction system

Helium ? It is one of the most difficult gases to liquefy!

e Different type He liquefaction system

PSI He liguefier(University of Florida)
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3.19 Collins helium-liquefaction system

Samuel C. Collins (MIT) designed
Helium liquefier (1952)

It is an extension of the Claude system
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3.19 Collins helium-liquefaction system
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3.19 Collins helium-liquefaction system
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3.19 Collins helium-liquefaction system

= Liquid yield

Consisting of all components except the helium compressor and the expansion engines

hy — hy Ah,, Ah,,
Y ik T =k 2hi—h,

X1 = Mg, [T
Xy = Mg, /M
Ah,,= enthalpy change of fluid passing through expander 1
Ah,,= enthalpy change of fluid passing through expander 2
Me,, Mg, = mass flow rates of fluid through expander 1 and 2, respectively
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3.19 Collins helium-liquefaction system

= Liquid yield

For more than two engines?

— Additional term similar to the second term for each expander

would be added!
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3.19 Collins helium-liquefaction system

= Increase the Collins liquefier performance?

e By using liquid-nitrogen precooling bath
— Cool-down time would be reduced from 4h to 2h

— Liquid yield can be tripled

But,
Pre coolant bath is not required because it doesn’t depent solely on
the Joule-Thomson effect!
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3.20 Simon helium-liquefaction system

= System Characteristics

e Liguefy small quantities of helium

* Not operate as a steady-flow system

* It produces helium in a batch process
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3.20 Simon helium-liquefaction system

Helium
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3.20 Simon helium-liquefaction system

Temperature T
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3.20 Simon helium-liquefaction system

= Simon helium-liquefaction system process

Process 1-2 : Helium gas is introduced into the heavy-wall container.
(Pressure : 10~15 Mpa, Ambient temperature)

Process 2-3 : e Liquid Nitrogen is introduced into the enclosing bath.
e Cools the entire container and contents (77K)
e Vacuum space is filled with helium gas.
(act as heat transfer medium)

e At the completion of the process, inner vessel is
thermally isolated
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3.20 Simon helium-liquefaction system

= Simon helium-liquefaction system process

Process 3-4 : Liquid hydrogen is introduced into the upper part of the inner
container. Inner container and contents are further cooled to
liquid-hydrogen temperature. (20.4K)

Process 4-5 : e The pressure above the liquid hydrogen is reduced to
approximately 0.23kPa.
e Liquid hydrogen boils as the pressure is lowered until
the hydrogen solidifies.
e At the end of the process, the solid hydrogen is at approximately
10K.
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3.20 Simon helium-liquefaction system

= Simon helium-liquefaction system process

Process 5-6 : ® The pressure of the gaseous helium is reduced to atmosphere
pressure by allowing the helium to be released to a gas holder
external to the system.

e The helium that finally remians in the inner container does work
against the helium gas that is discharged.

e The discharged gas removes energy from the system, thereby
lowering the temperature of the remaining helium.

e At the end of this process, 75~100% is liquid helium.
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3.20 Simon helium-liquefaction system

If heat is transferred reversibly,

dQ = m, T.ds, = m.c.dT,

m, = mass of container
T, = container temperature
c. = container specific heat
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3.20 Simon helium-liquefaction system

Substituting the Debye expression for the container specific heat,

, dT,
ds, = 233.78R.T,> —<
Op

Integration,
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3.20 Simon helium-liquefaction system

There is no external heat transfer from the surroundings to the inner vessel,

(mg —ms)ss — 0 = (MgSg — M5Ss) + mcAs,

mg = total mass of helium in the vessel after expansion
ms = total mass of helium in the vessel before the expansion
Ss, Sg = Specific entropy values at points 5 and 6, respectively
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3.20 Simon helium-liquefaction system

There is no external heat transfer from the surroundings to the inner vessel,
(Mg — ms)ss — 0 = (MgSg — M5S5) + MAs,

mg = total mass of helium in the vessel after expansion
ms = total mass of helium in the vessel before the expansion
St, Sg = Specific entropy values at points 5 and 6, respectively

Solving for sg,
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3.20 Simon helium-liquefaction system

Write the entropy s¢ in terms of the liquid yield

y = mg/meg,

Se =ysr+ (1 —y)s,

Sy = entropy of the saturated liquid at the final condition
sy = entropy of the saturated vapor at the final condition
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3.20 Simon helium-liquefaction system

We can solve for the liquid yield,
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3.20 Simon helium-liquefaction system

The helium specific volume,

Ve = yVr+ (1 —y)vy = vy — y(vg — vf) =V /mg

V = container internal volume
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3.20 Simon helium-liquefaction system

Fraction volume that is filled with liquid helium,

Vr vy _YVr
%4 MgVg Vg

Substituting for the specific volume v, we can obtain,
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3.21 Type of heat exchagners

Single tube Linde exchanger

High pressure stream for inner circle
because of its high density

High-pressure stream

Low-pressure stream

Multiple tube Linde exchanger

For multi heat exchanging
ex) Linde dual pressure system

Single tube Linde exchanger
with a wire spacer

wire spacer causes turbulent flow
which increases heat exchange rate
while also increases pressure drop

\ L
LA
W | eSS

Bundle type heat exchanger

bundle of circular tube with an
ensure of good thermal contact
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3.21 Type of heat exchangers

= Giauque Hampson exchanger

The heat exchanger which consists of
helixes of small diameter tubes
through which the high pressure stream

flows.
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3.21 Type of heat exchangers

= Types of Heat Exchangers

1. Plate and Frame Exchangers
2. Spiral Heat Exchangers

3. Plate-Fin Heat Exchangers
4. Air coolers

5. Double Pipe Exchangers

6. Shell and Tube Exchangers
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3.21 Type of heat exchangers

1.Plate and Frame Exchangers

Support Inspection Roller Movable
Column Cover Assembly | Cover Gaskot Carrying Bar

Plate Pack
— Stud Bolt
Support Fixed Cover
Foot “3
Qe 0
Guide Bar \ L
Tightening '
Nut ‘ ﬁ
Lock
Washer
Courtesy of

Tighlening Bearing Frame Fool
Alfa Laval Inc. Bolt Box Shroud
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3.21 Type of heat exchangers

2. Spiral Heat Exchangers

‘ HOT FLUID IN

COLD FLUID OUT

COLD FLUID IN [
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3.21 Type of heat exchangers

3. Plate-Fin Heat Exchangers

Outside Sheet VERTICAL
' FLOW OF
‘L r‘:'ﬂ"ﬂ Sheel FLUID 2

: |  Bar

== Heal Tranfer Fin

i .'.'I.'.."_'___G_'"___.;Tumlng Distributor Fin
— Ponl
“==—=="Port Distributor Fin

—Nozzle

Stream
HORIZONTAL

FLOW OF
FLUID 1



http://www.enggcyclopedia.com/wp-content/uploads/2010/12/Plate-and-fin-type-exchanger.bmp
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3.21 Type of heat exchangers

4. Air coolers

FINNED |
TUBES
WITH HOT
FLUID —
FLOW OF
COOLING AIR
(FORCED DRAFT)
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3.21 Type of heat exchangers

5. Double Pipe Exchangers

helksid .
FLUID | IN "o Double-pipe heat exchanger

| -

r

tube-zide

FLUID 2 OUT fluid out

(=

FLUID2IN

tube-side
fluid in

]

FLUID 1 OUT ﬂ

shell-side
fluid out



http://www.enggcyclopedia.com/wp-content/uploads/2010/12/double-pipe-hairpin-type-heat-exchager-schematic.jpg
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3.21 Type of heat exchangers

6. Shell and Tube Exchangers

Straight-tube heat exchanger  stel-sit
|

(one pass tube-side)
tube sheet tube bundle with ﬂ tube sheet

straight tubes

I haffles l
shell-side

tube-side fluid out tube-side

fluid in fluid out



http://www.enggcyclopedia.com/wp-content/uploads/2010/12/shell-and-tube-exchanger.bmp
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3.22 Heat-transfer coefficients and friction factors

e Heat-transfer data are usually presented in terms of dimensionless moduli,
including the following parameters.

1. Prandtl number: Np, = ”Cp/kt

2. Nusselt number : Ny,, = the/kt

he
GCyp

2/3
)NP'r

3. Colburn J-factor : j; = (

DeG
U

4. Reynolds number : Np, =

GZ
2gpDe.

5. Friction factor : f = (ALp)(

)
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3.23 Fin effectiveness

= Fin effectiveness

actual Q f

Ng =

0 f when fin is maintained at T,
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3.23 Fin effectiveness

(For plate fin)

_ tanh(ML) y h\'?
ML ke
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3.23 Fin effectiveness

Ay = total surface area
Af = fin surface area
A, = primary surface area

No = surface ef fectiveness
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3.23 Surface effectiveness

m Surface effectiveness

no=1- (Af/Ao)(l - 77f)
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3.23 Fin effectiveness

= Overall heat transfer coefficient

1 1 t

Q = UA,, + +—+R

UA ~ A,h, A | kA
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3.24 Heat exchanger analysis method

(1, ) =N )

\7;}1,0 \:
mp

'_)‘\
mC

N et N i)

LMTD method e-NTU method

When inlet and outlet When inlet conditions and
temperatures are known mass flows are known
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3.24 LMTD method

Q — Ch(Th,i - Th,o) — Cc(Tc,o - Tc,i)
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3.24 LMTD method

dQ —_ _Cthh —_ _Cchc —_ UdAAT
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3.24 LMTD method

UdA UdA
d(AT) = dT), — dT, = —(——AT — AT)
Ch Cc
dar)y 1 1 _—
AT (Ch CC)
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3.24 LMTD method

UdA UdA
- d(AT) = dTy, — dT, = —(——AT — AT)
Ch Cc
d(AT) 1 1 -
- — = — —
AT (Ch CC)

A

L ((Amz) _ @0, - @n,

(AT), Q
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3.24 LMTD method

. In((AT),/(AT),)
~Tan, - @n, -

4 ) 4 )
co-flow counter flow
(AT)l — Th,i - Tc,i (AT)l — Th,i - Tc,o
(AT), =T,,—T (AT), =T, —T.;
\ 2 h,o C’Oj \ 2 h,o C,l)
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3.24 e-NTU method

qa Cc (Tc,o o Tc,i) . Ch (Th,i o Th,o)

€ = — —
Amax Cmin (Th,i o Tc,i) Cmin (Th,i o Tc,i)
UA
NTU =
min

Cmin = Cc for most cryonic system

(Tc,o _ Tc i) UA

€ = ’
(Thi —T¢;) Cc
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3.24 e-NTU method

(AT)Z UA CC Th,o _ Tc,i UA Cmin
- 1—— |- = exp( 1-— )
(AT)l CC Ch Th,i - Tc,o Cmin Cmax
1— Thi—Tho
Th,o - Tc,i _ Th,o - Tc,i _ Th,o - Th,i + Th,i - Tc,i _ Th,i - Tc,i _ 1- CRE _ exp(NTU(l —C )
Thi—Teo Thi—Tco Thi—Tei+Tei—Tep 1 — Teo = T 1- :
Thi—Tei

for counter flow when Cp,;, = Co €

1 —exp[-NTU(1 + C,)]

" 1—C,exp[—-NTU(1 — C,)]
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3.24 e-NTU method

Co-flow:

Counter-flow:

~ 1—exp[-NTU(1 + C;)]

© 1+C,
_ 1—exp[-NTU(1 + C,)]
© T 1= Cexp[—NTU(1 — C,)]
NTU
“T1+NTU ’

e=1—exp(—NTU)C, =0




Cryogenic Engineering, 2015 Fall Semester

3.24 e-NTU method

both unmixed:

e=1-— exp[(%) (NTU)®?2{exp[—C,.(NTU)®78] — 1}]

Mued r
Cinax Mixed:
(a) 1 -1
€ = - (1 —exp(—C, {1 —exp[—C,(NTU)]})
r

: A= Cin mixed:
D &M/ 9
” @rj—m AARAR e = (1 —exp(—C {1 —exp[-C.(NTU)]})
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3.25 Effect of € on system performance

= Simple Linde-Hampson System
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3.25 Effect of € on system performance

Linde-Hampson cycle with a heat
exchanger with an effectiveness less than
100 percent. Points 1, 2, 3, and 4 are the

state points for the ideal Linde-Hampson

Temperature T

system. Point 1’, 2, 3’, and 4’ are the
state points for the system with the less

effective heat exchanger.
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3.25 Effect of € on system performance

Mean specific heat

In Heat Exchanger

HX Effectiveness

C,=mC,, > C,=m(l-y)C,,
C.=2C

min C

C.(T,-T,) h.—h

g

E=

Coin(T,-T,)  hy=h

g
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3.25 Effect of € on system performance

" Liquid yield

B h,—h B hl_h2+(h'1_h1) .. !
— ﬁ - h, —h; +(h'1—h1) ( hl_hlz(l_g)(hl_hg))

:hl—h2+(1—s)(h1—hg) _ h-h,
h,—h; +(1-¢)(h,-h,) h,—h,

y

= liquid yield is decreased




Cryogenic Engineering, 2015 Fall Semester

3.25 Effect of € on system performance

0.10
0.08
/ The effect of heat-exchanger

0.06 7 effectiveness on the liquid yield for a

‘EH"'E / simple Linde-Hampson system using
=3 / nitrogen as the working fluid. P, =101.2
o /| kPa (1 atm); p, = 20.27 MPa (200 atm);
/ T, =300 K (80°F).
0.80 0.85 0.90 0.95 1.00

Exchanger effectiveness
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3.25 Effect of € on system performance

Ify=0

h,—h, _ 0.869

1 g

e =1-

HX is very critical in the liquefaction system

AW =i (h, —h,)

=r(1- ?,)(h1 — hg) : increased work
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3.26 Compressors and expanders

e There are two broad classes of compressors and expanders used in liqguefaction

systems

1.Reciprocating

Reciprocating Process Compressor Components

Compressor Inlet

INTEGRAL CYLINDER
HYDRAULICALLY-TENSIONED PLUG-TYPE WATER JACKET
FLANGED CROSSHEAD INLET UNLOADER
oM PORT-TYEE Suction Valves
INLET INLET UNLOADER

CONNECTING ROD

CYLINDER
FRAME HEAD

PARTITION
CYLINDER

PACKING

CRANKSHAFT

OIL SCRAPER PRESSURE
RINGS PACKING

CYLINDER
QUTER HEAD

PISTON
ROD NUT

N L

OIL SLINGERS
CYLINDER

SUPPORT

PISTON ROD SOLID OR HOLLOW
Pl

STONS™

DISCHARGE

FRAME OIL LEVEL
VALVES
COMPRESSOR

LUBRICATION SIGHT GLASS
OIL PUMP
DISCHARGE

Discharge Valves 5
Compressor Discharge

COMPRESSOR FRAME EXTENSION TWO-COMPARTMENT WATER-COOLED
FRAME AND CROSSHEAD DISTANCE PIECE COMPRESSOR CYLINDER
GUIDE
* ustraion shows hollw 00dala ird gision o1 top hen
and hotow atuminum piston o0 botom bl Sold

nodolariron pistons and stedl pistons, intogral with
piston 100, are 8is0 avalatie.

DRESSER-RAND.
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3.26 Compressors and expanders

2. Rotary

HOUSING

COMPRESSC0

AR [NLET AR OUT

SUDING YAKC
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3.26 Compressors and expanders

1-1. Reciprocating Compressor-IC engine type

INTAKE EAHALST
ValYE YALVE
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3.26 Compressors and expanders

1-2. Reciprocating Compressor-steam engine type

Plain Style Horizontal Gas Compressor (Reciprocating)

Riderring —
Inner oil wiper rings
- minimizes the amount
" of oil that reaches the
Self-lubricating piston / compression chamber.

and rider rings are made of *
PTFE to ensure a long service life.

s
Packing cartridge body holds the outer
packing and inner oil wiper rings.

~—Placement of valves
makes inspection and

~ maintenance simple.

Arugged, internally-ribbed crankcase design

that incorporates heavy-duty bearings and

four-bolt connecting rods.

~ Variable-clearance head
enables you to change

Adapter has one set

#

7 of segmented packing /
(Optional) Force-feed lubricator ~ and inner oil wiper rings | the capacity and
assures proper lubrication of cylinders / BHP requirements.
and packing as required. Each cylinder is hydrostatically tested to

1-1/2 times the rated working pressure for
maximum strength.

NOTE: A plain style compressor has one set of packing and no distance piece.
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3.26 Compressors and expanders

1-2. Reciprocating Expander

Fig. 3.43. Reciprocating expander (Worthington Corporation).
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3.26 Compressors and expanders

2-1. Rotary Compressor

Air discharge

Air inlet port
DOF' i e ¥ epn

—

Stator
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3.26 Compressors and expanders

2-2. Rotary Expander

Inlet guide vanes

Compressor
inlet

77/ I /7777, )\
(2

A \""'.“_ \i i 42
N \'4
NN

s
; \

Qil return
to sump

Fig. 3.44. Rotary expander (Worthington Corporation).

Q out

working

outlet

., chamber
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3.27 Losses for real machines

T Pz,
1. Isothermal efficiency of a compressor /' ,
P 4
/Zlg\ /)'1
(W /) TN
,.r] — T=c >‘1'
T=c M . .7
(W/m) _ P,_-~
indicated -
S
T )/
27
2. Adiabatic efficiency of an expander A o
P, /// \\ 1/
— g \ ///
. (hl h2)indicated >
nad T (h . h ) v/’ 1
1 2 Jad -1
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3.27 Losses for real machines

3. Mechanical efficiency of a compressor

W/ ) '
n — ( indicated __ 1— Wfriction
c,m . . ;
(W / m)actual Wactual T el lose Frictional losses
Loss
Incidence lossas
|
4. Mechanical efficiency of an expander o

Dependence of various losses with mass

H . . flow in a centrifugal compressor
(W) v gal comp

actual __ actual

Nem =

| (hl _ h2 )actual Wactual + Wf

riction
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3.27 Losses for real machines

5. Overall efficiency

Mo = N1=cNem - COMPressor

Mo =MNagMNerm - EXPander

oul National Universit
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3.27 Losses for real machines

The effect of inlet and exhaust valve

losses in an expander.

Enthalpy h

2 (isentropic)

Entropy s
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3.27 Losses for real machines

For reciprocating compressors and expanders, the following factors contribute

to the efficiency being less than 100 percent:

1. Inlet-valve and outlet-valve losses. Pressure drops occur across the inlet and

exhaust valves.

Ap :valve pressure drop

2
Apl _ KL Ly K, :loss coefficient
1
pl chRTl L :gasvelocity through the valve
T :absolute temperature of the gas at the
Apz _K Ug valve inlet
=K, =
P, 29 .RT, 1 :inlet valve

2 :exhaust valve
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3.27 Losses for real machines

e Work for adiabatic expansion
(the valve losses were the only irreversible losses)

, ( (y-2)/
-W _yRT, {p2(1+ Apzlpz)} e )
m  y-=11 p,(1+Ap,/p,)

N

'

.

 Work for an isothermal compressor
(the valve losses were the only irreversible losses)

W RTlln{pz(H Apzlpz)}

m pl (1 + Apllpl)
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3.27 Losses for real machines

2. Incomplete expansion. By shortening the cutoff, the friction losses are
reduced at the expense of the small amount of work output at the end of the

stroke.

3. Heat transfer.

Q_W:m(hz_hl)actua| or (hl_hz)actual :(W/m)_(Q/m)
Q/m
N, =1-
: (hl_hz)ad

4. Piston friction
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3.27 Losses for real machines

For rotary compressors and expanders, the following factors affect the efficiency:

1. Inlet losses. (Same as reciprocating compressor)

2. Disk friction.

D :the blade-tip diameter (radial-flow unit) or the
pitch-line or mean blade diameter (axial-flow unit)

W,/ D(U H, : the blade height

m
o —0.004—| —
Ah ad Hb Co U :the blade-tip speed (radial-flow unit) or
mean blade speed (axial-flow unit)

C0 — (ngAh ad )1/2
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3.27 Losses for real machines

3. Impellor losses. A function of the blade angles (inlet and exit), the velocity of
the fluid at the inlet and at the exit of the blade, and the type of unit

(impulse, reaction, axial-flow, or radial-flow).

4. Leaving loss. The leaving loss is the loss in energy due to the kinetic energy of

the outlet stream.
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3.28 Effect of compressor and expander efficiency on system performance

Enthalpy A

* Rotary-expander losses

Ah, =inlet loss

Ah, = loss due to heat inleak to the
gas in the cylinder and the frictional
heating effect

Ah; = exhaust valve losses

Ah, = leaving loss associated with the

kinetic energy of the leaving stream.
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3.28 Effect of compressor and expander efficiency on system performance

For compressor,

7 Qg
r:n l / l
1 >l 1 >
@ @
!
W
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3.28 Effect of compressor and expander efficiency on system performance

For expander,

T /)
- /A\ Pi/ y = h, —h, N h,—h,
-7 \\ //’/ h,—h; : h, —h;
w
b W W
——=——¢_x(h,=h
_- m m X( 3 e)xne,o
s Tl(sl_SZ)_(hl hz)
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3.28 Effect of compressor and expander efficiency on system performance

Temperature T'

Claude system with an expander
having an adiabatic efficiency less
than unity. The gas leaves the
expander at point €’ in this case,
instead of point e in the case of a

reversible expander. (See Fig.3.18.)
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3.29 Effect of heat transfer to the system

= What happens when heat is coming into system?

u
.
=
u
.
=
q = o= = = =y
.
J =
= u
m .
=

'
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3.29 Effect of heat transfer to the system

Q;, =(m—m, )h, +m.h, —rh,

=m(1-y)h, +myh, —mh,

The heat transfer rate per
h,—h m unit mass compressed is
) Y= 1 2 _ =i
h1 - hf hl - hf

the important parameter!
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