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Experimental Study on the System Performance Characteristics of

2 kW Class Reverse Brayton Refrigeration System

Keun Tae Lee

Department of Refrigeration and Air Conditioning Engineering,
Graduate School

Pukyong National University

Abstract

With increased commercialization of high-temperature superconducting(HTS)
power cables cooled using liquid nitrogen and the use of liquefied natural gas
as fuel, the need for large-capacity refrigeration systems is gradually
increasing. Among the many refrigeration system, there is a significant interest
in reverse Brayton refrigeration system, which have demonstrated excellent
energy efficiency and cooling power while requiring less installation space and
long maintenance cycles. Hence, significant research and development on the
process and thermodynamics of reverse Brayton refrigeration system has been

carried out, but experimental research for reverse Brayton refrigeration system
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is more required.

In this paper, the effect of main components and pressures on the
performance and exergy characteristics of reverse Brayton refrigeration system
with neon as a refrigerant was analyzed by using the HYSYS software. as a
result, The effectiveness of heat exchanger is most important parameter to
increase performance and exergy efficiency.

Based on the performance and exergy efficiency analysis, the thermodynamic
design of a reverse Brayton refrigeration system with a cooling power of 2
kW class at 77 K has been performed. The proposed refrigeration system uses
a cryogenic turbo-expander, scroll compressor, and plate-type heat exchanger
unlike conventional reverse Brayton refrigeration system. This study also
described the performance test conducted on the fabricated system.

When operating the 77 K for target temperature, it took 5.5 hours to cool
down due to the thermal mass of the plate-type heat exchangers. The
isentropic efficiency of the cryogenic turbo-expander was measured to be 86
%, which is higher than the design specification. The effectiveness of the
plate-type heat exchanger and the flow rate and operating pressure of the
refrigerant were found to be lower than the design specification.

As a results of comparing the performance of the reverse Brayton
refrigeration system while changing the target temperature from 77 K to 120
K, it could be confirmed that the system is operated stably, the refrigerant
flow rate is decreased, the inlet pressure of cryogenic turbo expander is
decreased by about 2 ~ 3%, and the buffer tank pressure is increased. The
plate-type heat exchanger effectiveness of high pressure is decreased and the

plate-type heat exchanger effectiveness of low pressure is increased according



to the target temperature increasing.

Consequently, the cooling power of the fabricated reverse Brayton
refrigeration system was measured to be 1.23 kW at 77 K and 1.64 kW at
110K. In the future, we expect to achieve the targeted cooling power through
further improvements of the scroll compressor and plate-type heat exchanger.
In addition, faster commercialization of HTS power cables and more efficient

storage of liquefied natural gas will be realized.

_Vi_



List of figures

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

1.1 Outlook for energy consumption

1.2 Schematics of superconducting and

conventional cable
1.3 Regulations of IMO
1.4 Expansion of ECA

1.5 Superconducting cable system of LS Cable &

System corp.

1.6 Operation and order of LNG fueled propulsion
ship

1.7 Operation and order of LNG bunkering ship

1.8 Reverse brayton refrigeration system of Air
Liquide corp.
1.9 Reverse brayton refrigeration system of Taiyo

Nippon Sanso corp.
1.10 Comparison of gaseous and liquid hydrogen
1.11 Patent application status
1.12 Outline of this study
2.1 Cryogenics region

2.2 T-s diagram of reverse Brayton cycle

- vii -

11

11

12

16



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

3.1

3.2

3.3

3.4

Schematic diagram of reverse Brayton

refrigeration system
Cryogenic turbo expander
Cryogenic heat exchanger

Plate-type heat exchanger assembly diagram of

SWEP corp.

Cold box of Linde corp.

Vacuum pumping system

Heat transfer vs. pressure for vacuum

insulation

Thermal conductivity as a function of

temperature for a variety engineering materials

Reverse Brayton cycle implemented by
HYSYS program

Exergy efficiency and EDF of reverse Brayton
cycle according to cryogenic turbo expander
efficiency

Exergy efficiency and EDF of reverse Brayton

cycle according to compressor efficiency

Exergy efficiency and EDF of reverse Brayton

cycle according to low pressure

- viii -

23

29

31

33

35

35

37

40

50

55

57

59



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.5

3.6

4.1

4.2

4.3

4.4

4.5

5.1

5.2

5.3

5.4

5.5

Exergy efficiency and EDF of reverse Brayton

cycle according to high pressure

Exergy efficiency and EDF of reverse Brayton

cycle according to heat exchanger effectiveness

Performance of reverse Brayton cycle
according to cryogenic turbo expander

efficiency

Performance of reverse Brayton cycle

according to compressor efficiency

Performance of reverse Brayton cycle

according to low pressure

Performance of reverse Brayton cycle

according to high pressure

Performance of reverse Brayton cycle

according to heat exchanger effectiveness

Main equipments of reverse Brayton

refrigeration system

Schematic diagram of reverse Brayton

refrigeration system
Constructed pressure regulating system
Test of cryogenic turbo expander

Operating results of cryogenic turbo expander

_iX_

61

63

69

72

75

78

81

90

92

93

94

96



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.6

5.7

5.8

5.9

6.1

6.2

6.3

6.4

6.5

6.6

6.7

Cold box of reverse Brayton refrigeration

system

Constructed reverse Brayton refrigeration
system
Measuring sensor for reverse Brayton

refrigeration system

Monitoring system for reverse Brayton

refrigeration system

Measurement results of cool down for reverse

Brayton refrigeration system
Measurement results for the plate-type heat

exchanger

Measurement results of cryogenic turbo

expander

Measurement results of reverse Brayton

refrigeration system

Temperature of reverse Brayton refrigeration

system

Pressure of reverse Brayton refrigeration
system

Inlet & outlet pressure of compressor and
cryogenic turbo expander according to target

temperature



Fig.

Fig.

Fig.

Fig.

Fig.

6.8

6.9

6.10

6.11

6.12

Mass flow rate and buffer tank pressure

according to target temperature

Inlet & outlet temperature of each plate-type

heat exchanger according to target temperature

Mass flow rate and differential pressure of
high & low pressure side for plate-type heat

exchanger according to target temperature

Plate-type heat exchanger effectiveness of high
& low pressure side according to target

temperature
Cooling power, cryogenic turbo expander shaft
power and COP,, . according to target

carno

temperature

_Xi_



List of tables

Table 1.1

Table 2.1

Table 2.2

Table 3.1

Table 3.2

Table 3.3

Table 4.1

Table 5.1

Table 5.2

Table 5.3

Comparison by natural gas liquefaction

process
Cryogenic fluids
Comparison by heat exchanger type

Balance equation of exergy loss for each

component of reverse Brayton cycle

Balance equation of exergy destruction factor

for each component of reverse Brayton cycle

Exergy analysis range of reverse Brayton

cycle

Performance analysis range of reverse Brayton

cycle

Design parameter of reverse Brayton

refrigeration system

Each node value for reverse Brayton

refrigeration system

Designed value for reverse Brayton

refrigeration system

- Xii -

10

27

32

51

52

53

66

&5

86

86



Table 5.4 Main equipment specification of reverse

Brayton refrigeration system

Table 6.1 Temperature difference between inlet & outlet

plate-type heat exchanger

- Xiii -



Nomenclatures

Ccop
ex

EDF
ECB

HX

VReal
Vldeal

Measure of the attractive forces between the molecules

Area

Covolume occupied by the molecules
Coefficient of performance

Exergy

Exergy destruction factor

Eddy current breaker

Enthalpy

Heat exchanger

Thermal conductivity

Length, distance between the surface
Logarithmic mean temperature difference
Mass flowrate

Number

Pressure

Heat transfer rate, power
Revolutions per minute

Universal gas constant

Entropy

Temperature

Volume

Real volume

Ideal volume

- Xiv -

m2

kW, kW/kg

kJ/kg

W/m:K

kg/s

MPa, kPa
kW, W



W Work kW
Z Compressibility factor -

oP

" Horizontal inflection at the critical point in the first variation

( Horizontal inflection at the critical point in the second variation

Greek symbols

A Difference r
o General temperature dependent term -
€ Emissivity .
€n Heat exchanger effectiveness -
n Efficiency o

Mean free path -

o Stefan-Boltzmann constant, 5.67 x 10® W/m*> - K* -
8] Specific volume m’
w Acentic factor -
Subscripts

ac Aftercooler

c Cooling, Critical

carnot Carnot cycle

cond Conduction

- XV -



comp Compressor

exp Cryogenic turbo expander

h High side pressure and temperature
1 Low side pressure and temperature
loss Loss

0 Ambient

r Reduced

th Thermal

rad Radiation

rev Reversible

real Real

rbrs Reverse Brayton refrigeration system
sh Shaft power

theo Theory

1 Compressor inlet

2 Compressor outlet

3 Aftercooler outlet

4 Cryogenic turbo expander inlet
5 Cryogenic turbo expander outlet
6 Load heat exchanger outlet

- Xvi -



1.1 4 u A

Aol wHoE AY Fa% 7§43 F45m glov] oF e 9

P

A Aol Lol s Aui[1-2]. T3 AAA 7 A= Aste] A
b3S (NOx) ¥ 8H2F8lE (SFOx) wWiE TFAI7F 3kl u
2R HAA7t20 oy H|Fo] F713kal 9lom Fig. 1.13 Zo] 2035
=

ek
fr
I
&
rlot
o,

dol AAztzzt Af Bgos Fo oUAYeR g @ Ao A

o

Billion toe
18 - ; 50%
» Renewables* :
LM mHydro
14 L Nuclear 40%
1% mCoal
H Gas 30%
10 + mOil

20%

! Renewables*

10% | ;
Hydro :
Nuclear

0%
1965 1975 1985 1995 2005 2015 2025 2035 1965 1975 1985 1995 2005 2015 2025 2035

*Renewables includes wind. solar. geothermal. biomass. and biofuels

Fig. 1.1 Outlook for energy consumption



A
o

=
L

Fol A AbE-= 1w 7]

°

o] NEFEE Fig 1.20]1 YRR AT

=

Aol &

A 42 77 K (-196 C)°]

% o N H 2w o 4 T AT S
—_ —_ ~ —_ e iy o
o H;! »AE XE HE OL N TR .,..E o m
_ Wr — T . ) ~ X . B
ZT ~ ps X = o- o Lf c
0 ] S -
oy 0w T g ox E s < -
27 i Eglwrpihw T 3 E 3
nw Py — o WR = N ®
Vﬂu = N nmm Wr - T T R
=g M Al X e 2o Wy ® 5
W ° o oF e o WL R = -
o P o R z
io = :.L ot - o_e h S
O W = o o g T R G od T -
ﬂmo s 1A_w ,OL ‘Ul X mnv o ﬁo .Z..* ﬂ_—lﬂ
oo R ol X B A~ = ~ &M
T R F R & o §
~X ) B
I B SRCAE S G ARC I R z
- T Y =5 o}/ LN 5 2
= oy X o~ VB TR . o > g £
v al g _ = _zT o~ X \Iyl o — < - 0 o = -
= X T s T o oo i e 3 EZT % B
G IR T = piaE, 5 & & = 2 %
I T N N T R - L O Wwwn v S
5 T £ mo = ,LM = # (CENNCS o B
- 0 ol Y oo _ =
E m ST Y & il < mo H—1t A <
CC R o R - ¥ Fagol Aﬁ & o
) ) —_— N ) oy =
ay = oM o TP oW g o R 2
LI G I TR o TR I T 8|
ﬁ@ﬂﬂ%@_zﬂﬂﬂ%ﬁﬂ g
] & ! A
WY mem e oM S oo o @
T oo W W B 4w A" F E oW R

Fig. 1.2 Schematics of superconducting and conventional cable

(a) Schematics of superconducting cable (b) Schematics of conventional cable



A AAAez di7] g ede]l A wel =AsAI T (IMO,
International Maritime Organization)ol] 2]3ll Fig. 1.33} o] =A| wj7]7}2~
Mz A7 2011398 Fsks o] Fabsh=E 20203FH 3.5 %l 0.5
%I TFAIE AL A aakskE S 2011 ] 201630 80 %74 fHESkAl H
7] =3 Hu ol fH TA SR Fig. 149 o] Auk wj7|7ks AR Y
(ECA, Emission Control Area)e] Suj¥ i U= HAAX] A= e o
gtom Fuk vAWAE 2022974 50% FHEshs A v 7] 7k St A 7E
AT oleld FA= 98te] F& (HFO, Heavy Fuel Oil) 5 715 3
A AeE diAsH] 9 X3H A5 =2 A LNG (Liquefied Natural Gas)7}F
Zhgdkal glom old wel LNGE d5E FXlste AR 87 343}
A 7 Ao g I ok FAlY]l LNG 553 Aute] A&

INGE 358l & & & LNG HAH Aue] o8& Frt F71d Ao

th7]1etel A eF 110K (-163°C)Sl LNGES A #&sl= LNG ¥ Auke g
of ti7]e] o3 AAH dAYS WA HH 2= Aste] LNGZF 7] 8hHH
BOG (Boil Off Gas)7} #Agtc), th=Fe] BOGE LNG A7 &3] Ul ¢
He A7 49 desS LNG A B2 7242 £AE o] Al
4 4 7] wWiEel LNG A7 ®=2e) vy 4HS FA187] $l@ BOG Hi
| 223lth BOGE 7|2 wiEshe 32 A 273 F49 el

e,
o

T Q7] wZoll 7F=AdA A (GCU : Gas Combustion Unit)E -85}
2748k 28y o]y e WHE ING 76 £88 AgAE ¥
oolyet dAA o m dquA &4 Aes ety Witel BOGE Al
Al A sk WRiol dAA Zhg s 9H9-10].

T BOG Alak Azgl FolM A BE& R W7 gl 58

=2
o
=
2
o
fr
-
X
S
i
0
o
=
o,
N
X
o
2
rlo

reverse Brayton = #-2 4



Wr — — -
— N in Global
-3} — N in ECA |
= "] e Sulur in Global
$ |woghhiste ] . Subur inGlobal (possiiiny)
" rr— — "
gl 144 /KW (44%n-0.29) Gicbal
2" = 1
k% il
= ]
B
[}
E ID;.
= |Globak45%
EY
—
& s
5 ¢
' 1
L
2 ECA1.5%
(3]
w
2|
D A
X00 2008 2010 W15 2020 2025 N30
Year

S

M Existing ECA

[ Potential future ECA
B EU sulfur directive

W Additional regulations

Fig. 1.4 Expansion of ECA

Sulfur Limit on fuel. %



IEA (Internat'(ma Ener A = = H oz & @)
1 1 gy Ag 7)1— = = 5 /\.u_7|' 7(]—‘— = = 7|—
cnc E T Py sl =
25

oo o oy &
1 ‘m” .OE
v O A R B
. o0 o SHE g~ T o
o T i Towog > i %
o ) Nl o E 5 ;
.- ﬁ § = = Mm M 43 w o 2 ma ~ o<
= o T o= B " A SR G .
@ oo oM 2 o o 8 T P g © o
I I S ] NI M
Al ﬂr :i - ﬁo ﬂw _él oa z_.o Wﬁ.“ :i ~ ,Nro ﬂww_ \Xl
g = o X %o g v T )
TR Jd & /B o e S
Tl = < —~ Wow ) o 2 = Nl
A s < g & m W ML oy
= X Jl_i il ﬂl z
_ 3 E ' N i - I
o o4 K O® = o of ] — L i
A W Rt o e o
o T o X N f g T o e = < Mo
2 %o NE - o oM BT g o
i o o U G T T\
N:! = " mn O T X = S & < i
iLiowag,ﬂa,_wimwbﬁ%l%aﬁ
4w Mo oF i T DR
~ o < -~ ) Nlo T o s ] o = o
émaﬁ%xéﬂ%HEmﬁ i 2 3
R I X = & 9 o "G £l
ajo . ol g A o 5 &= 2/ M
I A e
IR & o % Z 5 A R
< X — K 0 g A ) v
oR N =) : i : ;
o= q g T 20 B 5
L e 2 BE T S g @ @ oy 2T <
By s 5 a @ dm g 2 x WE e s
O ol N g Aoy RO 2 s ® ook
2o oo N N oy M g A z
W I A4 LI 15 ® 3 5T T
o ) o D —
gm@amgi%%@imowfi
amﬁqwqa@%Am@me%ﬂ
oo b ™ oy = = Z g = :
T o oo - W T oy T
= oo = &
Z Moo HoO® o

=

=

J
#2159

d AC (LF) 229 kV

)

o

=
AolE 7les HistA =it

vt o 2 20168 Al A



AolE Wzt 7.5 kW (at 69 K) reverse Brayton =74 -5 7]

.
a-

%

<

=

™

Nlo
<

gl

ot} T3 AC 154 kV 3% ZAE 7 o]

)

—
fite)

o

1
W

=

N

H

gl

l

Fig. 1.5¢} #o] 2H % 7

) .o
T

Aol& Al

4=

%

=

&
)
o7

el
ﬁo
o
o}
nr

o]

(Pressure builder),

2 70} 7]
7.

o P4 o]

()3
H

Fo] WE 7] (Refrigeration system),

EIE

2]&

0]
s

3 (Circulation pump) &

3 3L
=]

SAL =%

o
Nlo

detA o]

s

)

)

o]

A2 @579 =Akst A

-
~—

3 A

g 9

AolE A" 383}

A=
skt

%

=

=

[ Brayton refrigeration system ]

Filter box

[ Pressure builder } [ Circulation pump ]

Y

Termination

"' { Superconductingcable J
LY

Joint

Termination

Fig. 1.5 Superconducting cable system of LS Cable & System corp.



1.1.2 LNG 93} 9+ 5

ILNG ##H¥ Muo 2= LNG % (Carrier), LNG ®# % (Bunkering),
LNG 99557 Al~® (FGSS, Fuel Gas Supply System) A4} 5o] it}

2
St WS FE7F BAEHY] "t HAVtAE dErt 160091 sk
722 (LNG)E d3tAlA LNG % Avrs S8 531 FA8 ¢3S
98l LNGE Autel] gAste] A8 F38h= Aute] Az
2018 7|=o 2 £3dE 1 9= LNG

ke 120 o)1 3 Mubol MFe AH oYM, dF-HtA, 3FshAE-eH
A, A, dad 5ol Uth LNG 9857 Ay 7%+ Fig 1.63 2o
202513744 of 2273 A= UFIF AWEHE o]E 7|WOE ING dEFX

Aubel Al TEE 3% 3W AR ASHI FF o B2 Fa7t oY

i,
=

Yearly development of LNG fuelled fleet
®In operation ®On order LNG ready

144 144 144 144 144

144
142
126 0 227
14
B0
33

34
EH 2| i

2000 2003 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

Fig. 1.6 Operation and order of LNG fueled propulsion ship[15]



a4 LNG 9 A

)
=

2}

hyA

3t LNG A" Auke Fig 1.73 2o]

S

= LNG ¥AH 2

o]

20201 °F 15% o]

7]

il

20231 223 o] WF

S

-

1

3

°

oﬂ§].

=

ol BOGE A

°

14%_

=

=

=

7=
352l

=

14070 A 20400 oF 350wt=Eo 2 F7lE Ao R 4

ok
2

A= BOG

IE15
=

el

203043 <)

LNG
?’E']:

1

Sl L
Rz

o

0

7
No

¢
o}

ol
e

~
ﬂouo

—

mo

o

olo

16

"

2
a3

1
10

P

&

o 3

Y ]

e

Yearly development of LNG bunker vessels
=In operation ®On order * Under discussion

27

Fig. 1.7 Operation and order of LNG bunkering ship[15]

2001

40
Fl
L]

o




sl7F wt7] wjiol Stirling ¥ GM

1
(Giord-McMahon) ¥&7]& o] &atfl oyt 2% Alo]E &3t dAdA =

E AF&3t™ dA| reverse Brayton =F A= W&
T e F&3tE AF AC 23 kV 50 MVA 1 km ZH %= Alol& A
gl A5S 919 AC 154 kV 600 MVA 1 km
kW reverse Brayton A= WE7IE AX|ste] A&l v aro A=
12 kV 72 MVA 2 km 2H % AolE A]~=" A 10 kW reverse Brayton
SA2 Ys7lE A8 Aot

BOGE INGZ A N3} st Aladlog J4 ZWHEAE Table 1.1}
o] gt Al WrlE A3 Cascade, Single Mixed refrigerant (SMR),
Propane Precooled Mixed Refrigerant (C3MR), Dual Mixed Refrigerant (DMR)
E AREghu16]. SHAINE S Adell A Aduk FA <)ol g Ade Astrb AL,

Alz=gl A717F 2a 7h S, A5 7 A (Feed gas)] Aol ®W7shA] &
U= A wli#oll reverse Brayton =42 W5 7|7F tietow Huwka Q)

t}. Reverse Brayton =TA < W&7]+ =42 EXHIHH7] (Cryogenic turbo
expander), $¥5 7] (Compressor), &€ u3}t7] (Heat exchanger) ¥ Cold box 5

o) Fo 74 7712 TAAL,
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Table 1.1 Comparison by natural gas liquefaction process

Item Cascade SMR C3-MR DMR N2-Expander

Thermal efficiency High Medium High High Low

Equipment count High Low Medium | Medium Medium
Refrigerant storage Large Medium Large Medium None
Capital investment Medium Low Medium | Medium High
Offshore suitability Medium High Medium High High
Compactness Low Medium Low Medium High
Motion impacts Medium | Medium High Medium Low
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Table 2.1 Cryogenic fluids

Cryogen Boiling point, K Triple point, K
Krypton [Kr] 119.78 115.77
Methane [CH4] 11.67 90.69
Oxygen [02] 90.19 54.36
Argon [Ar] 87.30 83.81
Fluorine [F] 85.04 53.48
Carbon Monoxide [CO] 81.63 68.13
Air [0.76 N2 + 0.23 O2 + 0.01 Ar] 78.9 81.7 59.75
Nitrogen [N2] 77.36 63.15
Neon [Ne] 27.10 24.56
Hydrogen (normal) [H2] 20.39 13.96
Hydrogen (Para) [H2] 20.28 13.80
Helium-4 [He4] 4.230 -
Helium-3 [He3] 3.191 -
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(d) Plate-type heat exchanger[53]

Fig. 2.5 Cryogenic heat exchanger
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Table 2.2 Comparison by heat exchanger type

Type Content Price
Use at high temperature, cryogenic and
high pressure environment
Shell & Strengths Low pressure drop & low power loss
tube Possibility of low contamination
S High
heat Long-term reliability
exchanger Large size and high weight
Weaknesses | Low heat transfer efficiency
High price
Use at high temperature, medium (< 30
bar) environment
Strengths
Plate-fin High heat transfer compared to volume
heat Long-term reliability High
exchanger Not use at high pressure
Weaknesses | Possibility of high contamination high
High price
Use at high temperature, cryogenic and
Printed Strengths high pressure environment
circuit heat High heat transfer compared to volume Hgh
exchanger High pressure drop
Weaknesses
High price
Use at high temperature, medium (< 30
Plate-type
P Strengths bar) environment
heat ) ) Low
High heat transfer and efficiency
exchanger
Weaknesses | Not use at high pressure
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Table 3.1 Balance equation of exergy loss for each component of reverse

Brayton cycle

Equipment Exergy loss (Aex;,,,), kW

o)
Aewlvss-c =mx (exin o exou.t) o QC ~ (1 B _)

Load heat T
exchanger
(Qc::nlyi(hﬁ__h5)
1y
Aexioss.ac =mx (ewin oy exout) B QEEC x (1 - 7)
Aftercooler
QL(__ﬂl><(h3 h2)
n
Heat exchanger AeTioss iy = me X (ex; in T €Biout)
i=1
Aemloss.exp =mXx (exin r exout) rd H]exp
Cryogenic

turbo expander
W,

exrp

Aexloss-‘mmp =m X (exz’n o exo-uf) + I"memp

Compressor

W =mX (hy—hy)

comp

Exergy ex = (h—hy)+ Ty X (s —s¢)

hy : Enthalpy evaluated at ambient temperature, 27 °C
T, : Temperature evaluated at ambient temperature
s, : Entropy evaluated at ambient temperature

T : Each component outlet temperature
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Table 3.2 Balance equation of exergy destruction factor for each component of

reverse Brayton cycle

Equipment Exergy destruction factor (EDF)
Load heat N
exchanger w
Aft 1. EDF Aexloss7 ac
ercooler _
ac W
Aex, ..
Heat exchanger EDFyy = ZI(/)I; HX
Cryogenic A €Lipss exp
ED FeX b= WY Ay
turbo expander W
A €Lpss, comp
Compressor EDF,,, = S LA

W . Total cryogenic turbo expander work - Compressor work
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Table 3.3 Exergy analysis range of reverse Brayton cycle

Design parameter Values Step size

Working refrigerant, - Neon -

Cooling power, kW 2.1 -

Aftercooler outlet, K 308 -

Load heat exchanger outlet temperature, K 77 -
Expansion ratio, - 2 at steady state -

Compressor efficiency, % 65 ~ 90 5

Expander efficiency, % 65 ~ 90 5

Heat exchanger effectiveness, - 091 ~ 0.99 0.01
Aftercooler pressure drop, 0.03 -

Low side pressure drop of heat exchanger, MPa 0.03 -
High side pressure drop of heat exchanger, MPa 0.04 -
Pressure drop of load heat exchanger, MPa 0.03 -
High pressure, MPa 0.8 ~ 1.6 0.1

Low pressure, MPa 0.25 ~ 0.65 0.1
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exchanger effectiveness
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Table 4.1 Performance analysis range of reverse Brayton cycle

Design parameter Values Step size
Working refrigerant, - Neon -
Mass flow rate, kg/s 0.15 ~ 0.30 0.05
Aftercooler outlet, K 308 -
Load heat exchanger outlet temperature, K 77 -
Expansion ratio, - 2 -
Aftercooler pressure drop, kPa 30
Pressure drop of load heat exchanger, kPa 30
Compressor efficiency, % 50 ~ 100 5
Expander efficiency, % 51 ~ 96 5
Heat exchanger effectiveness, - 0.90 ~ 0.99 0.01
Low side pressure drop of heat exchanger, kPa 30 -
High side pressure drop of heat exchanger, kPa 40 -
High pressure, MPa 0.8 ~ 1.5 0.1
Low pressure, MPa 0.25 ~ 0.65 0.05
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Table 5.1 Designed parameters of reverse Brayton refrigeration system

Design parameters Value
Working refrigerant, - Neon
Aftercooler outlet temperature, K 300
Load heat exchanger outlet temperature, K 77
Cooling power, kW 2.1

High pressure, MPa 1.05

Low pressure, MPa 4.95
Compressor efficiency, % 75
Expander efficiency, % 78

Heat exchanger effectiveness, - 0.98
Expansion ratio, - 2
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Table 5.2 Each node value for reverse Brayton refrigeration system

Node Temperature, K Pressure, MPa
1 300.0 0.425
2 474.4 1.050
3 300.0 1.020
4 81.5 0.990
5 65.7 0.495
6 77.0 0.465

Table 5.3 Designed value for reverse Brayton refrigeration system

Items Values

Mass flowrate, kg/s 0.174
Compressor power, kW 31.3
Cryogenic turbo expander shaft power, kW 2.7
COP oo, %0 19.42
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Table 5.4 Main equipment specification of reverse Brayton refrigeration system

Items Values

- Helium scroll type with oil removal system
Compressor - Water cooling type

- Multi parallel connections

- Plate-type heat exchanger

- 3 EA serial connections

Total heat trasfer area,
Heat exchanger | Temperature, K 5
m
Heat exchanger
HX1 300 ~ 223 24.5
HX2 223 ~ 150 233
HX3 150 ~ 77 17.3

- Turbo type with ECB (Eddy Current Breaker)
Cryogenic - Static gas bearing for thrust and radial
turbo expander | - Isentropic efficiency : > 78 %

- Water cooling type

- Vacuum & Multi layer insulation
Cold box
- Size : ¢ 1,500 X 1,600
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(c) Installation of sensor (d) Construction of MLI

Fig. 5.6 Cold box of reverse Brayton refrigeration system
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(b) Compressor part

Fig. 5.7 Constructed reverse Brayton refrigeration system
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Table 6.1 Temperature difference between inlet & outlet plate-type heat

exchanger
Items Pressure Design, K Measure, K Difference, K
High 72.4 63.4 -9.0
HX 1
(300 ~ 220 K) Low 72.6 64.9 - 76
High 773 82.1 + 4.8
HX 2
(220 ~ 150 K) Low 777 80.5 + 28
High 67.5 68.6 + 1.1
HX 3
(150 ~ 80/ KJ Low 68.3 73.6 +53
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