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Development of nonlinear characteristics analysis model of pressure

control valve for CO. refrigerant

Bo-Hyun Kim

Department of Mechanical System Engineering,

The Graduate School, Pukyong National University

Abstract

Recently, industrial system using natural refrigerants have been actually
researched. Among them, carbon dioxide is attracting attention due to
high stability through high pressure and low critical point. CO, refrigerant
can be widely used for controlling overall pressure and temperature
control.

In this paper, I will develop a simulation model of pressure control
valve for CO, refrigerant. This model is a model for a valve that
reflected the characteristics of CO, real gas. [ will analyze the
characteristics of valve according to the change of some parameters such
as diameter of orifice in the valve. Typically, I will analyze the response
characteristics of the valve according to changes in a diameter of orifice
at the piston of main valve and each areas of piston.

This paper is composed of 5 chapters, and the summary of each
chapter 1s as follows.

In chapter 2, the structure, operating principle, and refrigerant
characteristics of valve is studied. In order to develop simulation model
of valve, the structure such as flow path inside the valve and operation
principle of each part were confirmed.

In chapter 3, “Development of simulation model”, Simulation model is
developed using AMESIim based on valve structure and operating

principle. The cross sectional area of the main valve piston and valve

_iX_



plate were modeled and the initial pressure of each volume element was
set. The pressure of the inlet side of the valve and the top of the piston
was set to be applied. The initial equilibrium state was set by calculating
the initial spring force according to operating principle of the wvalve. The
refrigerant characteristics are based on the Van der Waals equation, not
the ideal gas equation. This equation helped to consider the interaction
between the gas molcules and the volume of the gas itself. This is to
obtain results closer to the experimental results. The response
characteristics of the wvalve according to the temperature change in the
volumetric element were Investigated according to the heat transfer
equation in AMESIim. The overall motion equation is presented. The
response characteristics of the valve according to the change of piston
diameter and spring stiffness are analyzed through simulation results. It
was confirmed that the displacement, temperature, pressure, and flow
rate of the valve were affected by the parameters change.

In chapter 4, experiment is conducted to verify the wvalidity of the
simulation model and the model was calibrated by comparing the
experiment results with the simulation results. Experiment was conducted
using compressed dry air instead COs refrigerant. The simulation model
was modified by considering added volume components and flow path
inside the valve. The trends of graphs of the experimental and simulation
results were similar. After the valve is closed, it can be confirmed that
the pressure inside the valve is balanced and maintained a constant

value.
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Fig. 2-2 Internal structure of pessure control valve

Table 2-1 Symbol of each part in valve

Symbol Parameter
Ay Area at the bottom of valve plate
A, Area at the top of piston
A, Area at the bottom of piston
Ay Area at the top of valve plate
D1 Pressure at the bottom of valve plate
D2 Pressure at the top of piston
D3 Pressure at the bottom of piston
Dy Pressure at the top of valve plate
M, Mass of moving object
k Spring stiffness
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3.4.1 A71A JeEA A (Van der Waals?4))

p= L (3-2)

p e, Re JAAS, Te X, Vi A4, s b ddams g4

ojtt, w2k~ e 2 VAEE AFA SR A= gholth T4

S =2 q 3640 [L*bar/mol’], b : 0.04267 [L/mol]e] A-&¥ T},

342 €444

Q: kth' S;Eh' (T’ext_Tw) (3_3)
Q= dRNLE, kv YA, S, @REUH, T, T,= 247 9
FeEoh Yotk 9 494 AMESIm WFolA A&5es dxdd
2 o] Qdewz, aun ex: SeuHz gy st

Aypy — Agpy+Apy— Aipy + Mg = ]\Jpsgxp +kz, (3-4)
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Fig. 3-2 Displacement of main valve by change of parameters
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Fig. 4-7 Comparison of experiment and simulation results at 0.4MPa
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Fig. 4-9 Comparison of experiment and simulation results at 0.3MPa
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Fig. 4-11 Comparison of experiment and simulation results at 0.2MPa
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Fig. 4-13 Comparison of experiment and simulation results at 0.1MPa

—— Displacement of valve]
— 0.0
IS
£
o -051
=
(]
=>
5 —1.01
c
g -1.57
©
Q
()
o —2.041
@
=
o5
T T T T T 1
0 5 10 15 20 25 30

Time [sec]

Fig. 4-14 Simuation result of main valve displacement at 0.1MPa

_28_



—— Errot]

T T T 1
15 20 25 30

Time [sec]

T
10

Fig. 4-15 Error of experiment and simulation results

Fig. 4-139]

=
=

271980l 01MPa we] A% Azl ABH oA AT

77t (a), ()2 LhEFY

49

£ Fig. 4-14°] e

¢ ag=

51!
=

WL ws A

A
e

i+

1

o
o
o
Ton

i

0
o
o
e

|

—~
fiie)

To-

ﬁo

Hol 4.4%-°] .

-
-

]_

o1

.

4.42 1%

_Zr!

A3

ul
=

AHA7F 2F 0.04dbarFH  0.06bar”7FA]

9]

==
"o

T
T
il
|
=

I

ol Y =7 wEolth

_29_



AS5%F 42 E

3l g ol

tel CO.

83

AL

o
=

AMESIm

To-

bl ohgat g

5]

ato] e

ok
2

o

f

Al 27l

v o2 AMESIim

=

Fick wlQ

S

gojd wds 7ie

ato] AlE

g

Kol
=

=]
s

Z

q

ol 7]

o] old Van der Waals?S A&

1

o]t} AMESim

13
k=]

bick stebulEle] watol whet

1 wys

AE 53

Gl

o] A

=]
k=3

]

A

_
"o

AlEe o]
A3 Aol AEdeld AdE v

1
)

Al 47l A

&tttk COy

LR

o)
2ds

EolA

SEI

_30_



7t A

=
-

3

9

[e)
é"a‘

/1%_16

Ao,

O
o

of

o7

o =
S %

Sk
=]

TFE3ke] AL oF 0.04bartE 0.06bar7hA] Y

2ol we} 3HE

o}
H

Hl =
T -

o A 17}

=
=

Fgud Wy g

o] ¥ =7] wZoltt o

‘ﬂl

Nr

o
o

oj

P e e

5

Ex)

=
=

2ol 0.07bar

_31_



A3 73

(1) J. Pettersen, “An Efficient New Automobile Air-Conditioning System
Based on CO Vapor Compression”, ASHRAE Transactions, Vol.100,
Pt.2, pp.657-665, 1994.

(2) N. Stulgies et al., “Developing Flow Correlations for Different Valve
Geometries Using Reference Media for R-744", HVAC&R RE-SEARCH,
Vol.14, No.3, pp.417-433, 2008.

(3) M. S. Kim, “Heat Pump and Refrigeration Systems Using Natural
Refrigerants”, Magazine of the SAREK, Vol.26, No.3, pp.171-182, 1997.
(4) M. A. Saad, Compressible Fluid Flow, Prentice Hall, Inc., New
Jersey, 1993.

(5) S. H. Han and J. S. Jang, “Design of a Robust Controller for a
Watertight Damper Driving System”, Journal of Drive and Control,
Vol.14, No.2, pp.45-51, 2017.

(6) S. H. Han, S. W. Ji and J. S. Jang, “Effect of Control Valve Flow
Rates Characteristics on the Performance of an Air Spring”, Journal of
Drive and Control, Vol.13, No.3, pp.8-14, 2016.

(7) J. D. van der Waals, On the Continuity of the Gaseous and Liquid
States, Dover Publications, Inc., New York, 2004.

(8) C. T. Lee, "A Study on the Optimal Design of Automotive Gas
Spring”, Journal of Drive and Control, Vol.14, No.4, pp.45-50, 2017.

(9) ASNI/ISA-75.02, “Control Valve Capacity Test Procedures”, 2008,

International Society of Automation(ISA).

_32_



(10) Anthony Exposito, “Fluid Power with Applications 7 edition”,
Pearson.

(11 #&9, “F71% "B FFALA" 2006, =gto]B-HEE, 3(2),
20-25.

(12) ZAd, #Ad€, 2007, “&71 Wre FF54d ASW7, =dkolB-A
E & 4(3), 28-32.

(13) J. S. Jang, “Analysis of Dynamic Characteristics of Pneumatic
Driving Solenoid Valve”, 2011, KSPE Fall Conference.

(14) B. H. Kim, J. S. Jang, “Transient Response Analysis of a Control
Valve for CO, Refrigerant”, 2018, Journal of Drive and Control, Vol. 15,
No.4, pp.11-16.

(15) Y. K. Chung, S. H. Park, C. S. Jeong, Y. M. Jeong and S. Y.
Yang, “A Study on Modeling and Simulation of Hydraulic System for a
Wheel Loader using AMESIim”, 2010, f3 Al 2dsts] =55 #A|7H A
4% pp.1-8.

(16) T. H. Lim, J. W. Choi, S. Y. Yang, B. R. Lee, K. K. Ahn, “A
Study on Analysis of Main Control Valve for Hydraulic Excavator
using AMESIim”, 2003, &= 47| 783], pp.105-110

(17) MS TODAY 2014, “Hysteresis and dead band”.

(18) Yunus A. Cengel, John M. Cimbala,, “Fluid

Mechanics-Fundamentals and Applications”, McGrawHill, 2005.

_33_



| =)
T/

A. Parameters of simulation model

A.1 Parameters of simulation model for CO, refrigerant

Name Title Value Unit

o v (] piston
B4 pd piston diameter 79,992437 mm
HoH—{Cp [} rod diameter 14 mm
T v [ mass
M mass 0.71 kg
e angle inclination (+3--- -90 degree
*..min I'?w#r dgjspl?c--- Bzm mem
P = ®.max igher displac:-- mm
iyt f _@ vi coefficient of v-- 0 N/(m/s)
o A ¢ Coulomb fricti-— 0 N
Cp a it sd stiction force 0 N
v (] spring
sf0 spring force at-+ 28,035 N
sk spring stifiness 1, 75487 N/mm
) Cp v 3 valve_plate
0 dl piston diameter 49,951 mm
dd piston diameter 49,95 mm

orifice area pifd=1 1=11 mm==2

(@ ternperature 2BISK
@ pressure 51,013 barA
gas type index 1

@ temperature JI5 K

(& pressure 51,013 barA dead volume 0.135 L

gas lype index 1

dead volume 002277 L orifice area  pifd+2.3+2.3 mm=2

@ temperature 2315 K @

@ pressure 51,013 bard

gas type index |

dead volume 0.3L
@ temperature 29315 K
@ pressure 51.013 bara
gas type index 1
dead volume 03L
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A.2 Added parameters of simulation model for dry air

DRY
AlR,

@ temperature 293,15 K
() pressure & bar
gas type index 2

dead valume 002277 L

gas type index 2

diarneter of pipe

pipe lenath
® ternperature 293,16 K
() pressure 5 bar
aas type index Fa
wolume 38 L

® temperature
) pressure
gas type index
dead volurme

@ temperature
@ pressure
gas type index
dead volume

® temperature 293,18 K

(@ pressure 5 bar
gas type index 2
dead volume 0.5L
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B. Experimental equipment

B.1 Air tank

Table B-1 Specification of air tank

Name Air tank
Model No. VBAT 38
Capacity 0.038m?
Max pressure 1.0MPa
MFR SMC
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B.2 Regulator

Name

Table B-2 Specification of regulator

Regulator

Model No.

IR2020-02BG

Max support pressure

1.0MPa

Output pressure

0.006 ~ 0.8MPa

MFR

SMC
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B.3 Pressure control valve

Table B-3 Specification of pressure control valve

Name Pilot controlled servo valve
Model No. ICS 50-50D
Max pressure 52 bar g / 754 psi g
Temperature range -60 / +120C
MFR Danfoss

_38_



B.4 Pressure sensor

Table B-4 Specification of pressure sensor

Name Pressure sensor
Model No. PSES60-02
Pressure range 0 ~ 1MPa
Max pressure 1.5MPa
MFR SMC
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B.5 Proportional pressure control valve

Table B-5 Specification of proportional pressure control valve

Name Proportional pressure control valve
Model No. VEP 3121-2-03
Max pressure 1.0MPa
Power Amp model VEA 250
MFR SMC
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B.6 Load pressure tank

Table B-6 Specification of load pressure tank

Name Air receiver tank
Model No. KPBT-20L
Capacity 0.018m?
Design Pressure 0.97MPa
Design Temperature 75T
MFR G ool 2o 2
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