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Optimization study on refrigerant charging amount of ultra-low temperature
refrigerator using mixed refrigerant

Chan-Ho Choi

Department of Refrigeration and Air-Conditioning Engineering, The Graduate School,

Pukyong National University

Abstract

Semiconductors, representing primary export of South Korea, are set to further expand their
industry, reaching an estimated market size of $564 billion by 2024. The growing
semiconductor market anticipates an increased demand for ultra-low temperature
refrigeration, a crucial element in semiconductor production processes. Ultra-low
temperature refrigeration plays a vital role throughout various stages of semiconductor
manufacturing. Specifically, it is utilized to dissipate the cutting heat generated during wafer
fabrication, a process known for inducing tool wear and contributing to soldering phenomena.
Moreover, in the etching process, excess material post-photo processing is removed,
generating additional heat. Recognizing the impact of this heat on semiconductor defect rates,
refrigeration becomes essential. Additionally, it finds applications in post-processing stages
for reliability testing. Beyond semiconductors, there is a rising demand for ultra-low
temperature refrigeration in diverse fields, including frozen food preservation, vaccine
storage, and the BOG liquefaction process. This study focuses on analyzing the performance
characteristics of an ultra-low temperature chiller utilizing the cascade MR-Joule-Thomson
cycle. Also, the composition of mixed refrigerant is based on minimum compressor
displacement for compactness purposes. The study presents a comprehensive analysis about
the refrigeration system performance variations with respect to refrigerant charge quantity
within the same composition. First, when more refrigerant was added, the pressure where the

mixed refrigerant discharge increased, but the temperature went down. This happened

Vi



because, in the limited space, there was more refrigerant, making the whole system's pressure
go up. The drop in discharge temperature when adding refrigerant could be explained by the
suction pressure going up more than the discharge pressure, showing that the compression
ratio went down. Additionally, the research showed that adding more refrigerant made
cooling capacity big. This is because the amount of refrigerant circulating increased, which
happened because of the higher suction pressure when adding more refrigerant, making the
refrigerant specific volume less on the suction side. The study also found that adding more
refrigerant reduced cooling time needed to reach the target temperature. This happened
because, with more refrigerant, there was low quality of intermediate heat exchanger outlet
and the evaporator inlet temperature needed for the brine to reach the target temperature went
up. But experiments with 14.18% charge level caused the system to shut down unexpectedly
because the pressure exceeded 30 bar. So, it is suggested that the optimal charge level is
between 13-14%. These findings give useful insights into how refrigerant charging amount
affects cryogenic refrigeration systems, helping to figure out the optimal refrigerant charging

amount.
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J-T
HX
LH.X
COP
GWP
ODP
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Nomenclatures

: Mixed refrigerant
: Joule-Thomson

: Heat exchanger

: Intermediate heat exchanger
: Coefficient of performance
: Global warming potential

: Ozone depletion potential

: Refrigerant

: Heat capacity

: Mass flow rate

: Specific heat

: Temperature

: Temperature difference

Greek symbols

p : Density of fluid
\Y : Volumetric flow rate
Subscript
p : Constant pressure
in : Inlet
out :Outlet
h : High stage

[kg/s]
[J/kgK]
[°C]
[°C]

[kg/m?]
[L/min]
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PCW inlet PCW outlet

Expansion v/v

A

Coolant { g" Coolant
Evaporator )
outlet inlet

Figure 1 Schematic diagram of cascade MR J-T cycle

P (Pressure)

A

Qc

?

Qe

h (Enthalpy)

Figure 2 P-h diagram of cascade MR J-T cycle
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Table 1 Simulation conditions for performance comparision with respect to

cycle figuration

Parameter Value Unit
Cooling water inlet temperature - °C
Condensation temperature - °C
Condensation pressure - bar
Mass flow rate - ka/s
Degree of superheat - °C
High stage evaporation temperature - °C
High stage refrigerant R1 -
Low stage refrigerant R2, R3, R4 -

RI~4& T €] $578 Eahel, A4 A1

&AW 82 AR =9



PCW inlet PCW outlet

L |

3
Condenser
|
2
Qil separator
IHX 1
7
Compressor
4
Accumulator

5 6 |
Coolant Evaporator Coolant

outlet inlet

Figure 3 Schematic diagram of single MR J-T cycle

PCW inlet PCW outlet

Condenser

Receiver Oil separator Compressor

Expansion v/v

Accumulator
Cascade HX-1

Receiver

Expansion v/v Compressor

Receiver

Evaporator
Coolant Coolant

outlet inlet

Figure 4 Schematic diagram of triple cascade J-T cycle
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Table 2 Specification of refrigerants [9]
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Table 3 Simulation conditions

Parameter Value Unit
Cooling water inlet temperature - °C
Condensation temperature - °C
High stage evaporation temperature - °C
Low stage condensation pressure - bar
Degree of superheat - °C
High stage refrigerant R1 -
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Table 4 Performance comparision of original, modified MR

Original MR Modified MR Unit
Composition - - -
Dew point - - °oC
displacemnt : : m*/h
dilgg;,;csetﬁwgeent - y m?/h

A2 A T A W8-S AR 2

P (Pressure)

A

Ah

h (Enthalpy)

Figure 5 P-h diagram of modified cascade MR J-T cycle
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Figure 6 Experimental apparatus
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Table 5 Experimental conditions

Parameter Value Unit
Cooling water inlet temperature - °C
Cooling water volume flow - L/min
Brine volume flow - L/min
High stage evaporation temperature - °C
Compressors discharge pressure constraint - bar
Compressors discharge temperature constraint - °C
Compressor_L suction pressure constraint - bar
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Table 6 Specification of brine

Thermal
o Specific heat
Temperature [K] Density [kg/m3] conductivity
[J/kg*K]
[Wim«K]
A A A F- A W8> AA; ]
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3.3.1 Charge level 72+ 4

22 2730l S el
charge levelo] 2= 219 5 £418190th o] A Atuict WE A A A
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Charge level (%)

_ Refrigerant charge amount (kg) x 100 (4)

Experimental appratus volume (m3) x Liquid den51ty( )
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Table 7 Concentration of mixed refrigerants with respect to charge level

R2 R3 R4 RS

7.74%

9.03%

10.31% - - - -

12.89%

14.18%

R2~5 WS FHE E5he, A4 AL B A 8 A £

23



B!

=

=

=~

2 E oA charge leveld] W& A8 A3}
]

7l B

71 A, BElRl v 2k

o}
H

d] Figure 7-=

1

Figure 79} 82 % 7| charge level 7.74% & wj2] Zshlin] A3 Az}

Eh

Tk
0

.EH
N

o
0|

1

o] 3 Figure 8
7IHEo 2 3.2

7152 2 charge level ol w}

B

o}

Njo

o A 4

S|
=

=
=

°
pul

b Elo] ¥

oltt. o] 2]

E% g9 aox

=
<5

22!

X
=

|

o

a}

gl

e

o)
fite)

™

710 EE

‘1

oA g
oJ t}, g v

T
a
YA

T
18

-

1

=
=

|

B

93l B% L5 ey

T

™A, Figure 9

1

o
H

o

oy

A<l

o Al~"e] A

7] Wl

=
]

¥ A A oM g ol

2

6L]:7<

ECRIE L=

24

Yol S el wt

v

o

g
o

-

Figure 10
Figure 11



Figure 7 Temperature experimental results of charge level 7.74%
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Figure 8 Pressure experimental results of charge level 7.74%
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Figure 17 Compressor discharge and suction pressure of charge level 14.18%
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