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Nomenclature

A . area (m?)

C : specific heat ratio

G, : specific heat (J/kgK)

D : diameter (m)

f . fin, friction factor

G : mas flux (kg/m’s)

h : heat transfer coefficient (17/m’K), enthalpy
k : thermal conductivity ( W/mK)

L : length (m)

m . refrigerant mass flow rate (kg/s)

N : revolutions per minute of compressor
NTU : number of transfer units

Nu : Nusselt number

P : Pressure (kPa)

Pr : Prandtl number

Q : heat capacity (kW)

Rp : compressor ratio

Ry : total resistance

Re : Reynolds number

S . entropy

S . height of slit (m)

S : width of slit (m)

T : temperature (C)

Ve : compressor displacement (m?®/s)

UA : Overall heat transfer coefficient ( W/ K)
W : Compressor work (kW)

x : vapor quality

: number of piston

_12_



Greeks

. density (kg/m®)

: specific volume (m3/kg)

n : efficiency

7, : isentropic efficiency
My : volumetric efficiency
€ . effectiveness

o : surface tension (N/m)
i : viscosity

Subscripts

air : air

b : evaluated at the bulk temperature
c : critical point

cas : cascade heat exchanger
f : fluid, fin

g : gas

HTC : high temperature cycle
i . inlet

1 : liquid

LTC . low temperature cycle
max : maximum

min : minimum

OPT : optimal temperature

0 : outlet

p : pitch

ref . refrigerant

S : single phase, surface
suc : suction

tp : two phase
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ABSTRACT

Performance analysis of cascade refrigeration cycle using

various refrigerants according to operating condition

Ryu, Ji-ho
Advisor : Prof. Cho, Hong-hyun, Ph.D.
Department of Mechanical Engineering,

Graduate School of Chosun University

The evaporating temperature which required for the low temperature
freezing system is -50C ~-30C range. Since it is difficult to keep the required
capacity in a cabinet, it is advantageous to design the system by using
cascade refrigeration system. Besides the research is needed to use carbon
dioxide and ammonia because it is environment-friendly working fluid and
has a high possibility for performance improvement. To investigate of
performance characteristics of the R744-R717 cascade refrigeration system, the
theoretical model was developed and performance analyzed according to
cascade heat exchanger operating temperature.

As a result, optimal cascade R744 condensing temperature was -5C and
maximum COP was 1.13 when the temperature difference of cascade heat
exchanger was 5C. Besides the research is needed to use R744 and R1234yf
because it is environment-friendly refrigerant and has a high possibility for
performance improvement. Especially, the R1234yf may be wused without
changing the R134a system.

As well, to investigate of performance characteristics of the R744-R1234yf
and R744-R134a cascade refrigeration system, the theoretical model was
developed and the performance analyzed according to cascade heat exchanger

operating temperature. Maximum COP of R744-R1234yf system was 2.15 when



the evaporation temperature of R1234yf was -10C. The other system was
2.64 when the evaporation temperature of R134a was -15T. In addition, the
performance analysis of internal heat exchanger which is attached to the
R744-R717 cascade refrigeration system operated with cascade condensing
temperature. To compare the performance of cascade cycle with/without the
internal heat exchanger, the operating condition was set to the optimal
condition which has the maximum COP of the cascade cycle without internal
heat exchanger. As a result, cooling capacity and COP increased by 2.16%
and 1.85%, respectively, when the internal heat exchanger was attached into a
low-temperature cycle. Besides, those increased by 2.62% and 1.69%,
respectively when the internal heat exchanger attached both high- and

low-temperature cycle.
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Table 2.1 Specification of condenser

Parameter Specification
Diameter of outer tube (m) 0.0127
Diameter of inner tube (m) 0.0109

Tube thickness (m) 0.000889

Length (m) 2.5

Tube materials Copper
Number of tube 4
Number of row 2
Number of heat exchanger 4
Fin material Al
Fin shape Slit
Fin pitch (m) 0.004
Fin thickness (m) 0.00025
Number of slit 10
Slit height (m) 0.0008
Slit width (m) 0.001
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A Apo]F o] FF7]= Fin-tube u$H7|® ¥ WFo 32+ AEfAe W

=3 &Jst7] 9135le] e-NTU(effectiveness-number of transfer units)*d
AbEslG o, dfae Al fE8E= HU dAGH AA| dAGE]
UEbd Ao m v 4 2-8)3 Zol yekd = vk & AFAAME eyre

4 9% Agstel FIasith

+

. _ Qurc _ AA A (2-8)
are Qmax,HTC ?t]ﬂ% Oeﬂ%j%ao]:
1 2
€nre=1—exp ( G N TV exp(— Cyrd NTUSTE)—1) (2-9)

A SEFNY NTUyze 32 2 2-1008 F3 73 4 gloy, F2dAdG
Ag= A C-1)& &8t 78 5 vk
UA
NTUyre=F—— H;; (2-10)
1
UApre= 75— (2-11)
total, HTC

g 29§50 Al AR Q. et A 212)% 2ol e 4 9l
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Qmax,HTC = (mHTCcp,HTC)min(]Lorzd.in - jjcond,out) (2_12)

HTC — EHTC(TnHT()cp,HTC*)min(:Z—Lond.,in - T::ond,out) (2'13)
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e} 3412 Wang(2001)5-©]
st 37159] j-factor®} f-factors AM-&-3} 2‘:‘1 H) A Aol i eko] AR-E-
He tpgat gol AU

LY

j— factor :

0.9047 Re “

Ja Js —0.0305
fA P, Ss 00782
df P, Sh !

o for N, > 2andRed <700
j=j= is i (2-22)
_] fA ’ Ss ‘ J
1.0691 Re;} N7
df Sy

for Ny =1,20r N, > 2and Re,; > 700

0.0312
j, =—0.2555 —

—0.0487N, (2-23)
A
( dy )

P 2
jo = 0.9703 —0.0455 Rei 0. 4986(11’1? (2-24)
h
fa
= 0.2405—0.003Re + 5.5349| —— d (2-25)
f
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i, =—0.535+0.017 il
]47 . . Ph,

) 0.0107N,

o 1 N +24.2028 .
Re,, " Re, ' Re,

Jjs = 0.04115 4+ 5.5756

Je = 0.2646+1.0491(— |In——0.216{ —
Sh Sh Sh

j7 = 0.3749+0.0046 ,/Re, InRe, —0.0433,/Re,

Fanning friction factor f :

f=1.201 Re}}

f1=—0.1401 +0.25671n({;)+ 4.399
i
f 1772
1, =—0.383+0.79981n(d—A 42 577
1 w
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I3 :f1.7266*0.11021n(Red)f 1.4501(f—A) (2-33)
i df

Sh Sh
f1=0.4034—0.199

(2-34)

32.8057 0.2881 | 0.9583
- 2-
InRe, In v, + N1 (2-35)

f5 =—9.0566 1+ 0.6199 lnRed/ +

P, )

fo =—1.4994+ 1.209( )+ 1.4601 (2-36)

P, Sh
T3 I AE(fin efficiency)?} EW & &(surface efficiency)™ T2 o] Xd

.
o tanh (ml) _ Zha’w o Hﬁ
My = ml ’ UL kj‘ft ’ l= ) f2 (2'37)
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no=1-(1-n) (2-38)
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Table 2.2 Specification of the evaporator

Parameter Specification
Diameter of outer tube (m) 0.0127
Diameter of inner tube (m) 0.0109

Tube thickness (m) 0.000889

Length (m) 5

Tube materials Copper
Number of tube 4
Number of row 2
Number of heat exchanger 4
Fin material Al
Fin shape Slit
Fin pitch (m) 0.004
Fin thickness (m) 0.00025
Number of slit 10
Slit height (m) 0.0008
Slit width (m) 0.001
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Al 5 A 37X (Expansion device) 2

Mmrrc = f(pin.LT07 Aprres Ti,LTCa dy, pres dm,LTO’ Lires Pin, 1703 Pe. L7 TC.LTC)(Z'Sl)

m = cl(772)02(7r3)63(7r4)c*(7r5)85 (2-52)

c3 ¢y 5

ﬂ,LTC

dmﬁLTC Pi,rTc

(2-53)

) .
( Mmirc ) ( Lipe \*
At,m PLrcAPLTC A, L7C TCvLTU

do, LTC Pe, L1TC

o] 714 Z}z+e] AF4E Table 239 YEFUQATH

Table 2.3 Constants of expansion valve correlation in eq. (2-53) for

low-temperature cycle

Constant Value
c 1.17x10°
¢ —3.99x 10 ?
c3 —7.27x10 *
cy 3.86< 10!
cs —4.55 % 10"
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R A Aol ZellA BAHAAE ek s Al AFRH A Table

249 g ol g8t 4 (2-42)F T3] Atait

myre = f Pi, 570> Pout, HTC A, rres Lres Pi, 5rres Po, ares (2-55)
Ky HTC g, HTC) P, HTC Apgres Ty HTC

Cy ¢ c s [ ¢
= ey (my)(m5) (my) (75) () (07) (2-56)
( Mmyrc ): 61(2%, HTC — Pi, HTC “ Pe,are — Po, HTC )CS (2-57)
At A PLrcAPrTe Pe,ure De, vre
( Lyre \"[ws wre\?  ®gre | po,HTC)CT
Ay mre Ky, orc l—2c yre Py, HTC

Table 2.4 Constants of expansion valve correlation in eq. (2-57) for

high-temperature cycle

Constant Value
¢y 7.2x10 2
¢ —9x10 2
e 4.06x 10!
¢y —1.49x10""
cs —9.9x10 2
Co —1.3x10 2
¢, 2.83x10° !
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A 6 A Ff2AE Aulgr|(Cascade heat exchanger)
=2

oA A A AAaAoE dusly]E AAA = YEAlo|FoA] HH
Ao ZgHi i o]F WA AudrE Hgaer Table 255 2 ATl
A A A¥ R744-R717, R134a, R1234yf 7]2~7)0 3] ¥
Wi gleh ol dA dudrs a2

_'C_lL
As AweL a—}oq Aqe Xi%}%‘}—t— Aoz ekt o)
%1—

Table 2.5 Specification of the cascade heat exchanger

Parameter Specification
Diameter of outer tube (m) 0.022
Diameter of inner tube (m) 0.016

Tube thickness (m) 0.003

Length (m) 20

Materials SUS304

Type of flow Counter flow
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A7 A B Edu¥7|(Internal heat exchanger) =

E
ATl AAG R dudrle ditdow S a e olTw 4
w ATelM AAE WE dugrle] AA

© 1 Table 2.6

Table 2.6 Specification of the internal heat exchanger
Parameter Specification
Diameter of outer tube (m) 0.022
Diameter of inner tube (m) 0.016
Tube thickness (m) 0.003
Length (m) 10
Materials SUS304
Type of flow Counter flow
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Input data
operating condition

!

Simulate compressor
at low temperature cycle

|

Simulate compressor
at high temperature cycle

!

Simulate condenser
at high temperature cycle

l
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at high temperature cycle

temperature
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Adjust low temperature
cycle condenser saturation
Adjust high temperature
cycle condenser saturation
temperature
Adjust high temperature
cycle evaporator saturation
Adjust low temperature
cycle evaporator saturation

Mass balance at high
temperature cycle

No

Simulate cascade
heat exchanger

nthalpy balanc®
at high temperature
cycle

Yes

Simulate EEV
at low temperature cycle

Mass balance at low
temperature cycle

Simulate evaporatar
at low temperature cycle

nthalpy balant®
at low temperature
cycle

Yes

Fig. 3.1 Flow chart for simulation of cascade refrigeration system

simulation
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Fig. 3.2 Flow chart the simulation of cascade refrigeration system

with an internal heat exchanger

_34_



A 2 A Aol sy

AzAl= WAt E2 1 57|, Ad FH7], HAzaAcs dudr]o
s wel ek 2 A ApolF o WEE, hEV] AfFH, COP7} all
s walst, 53] 7F wo) sl BAEAC we g & wg &
Hol7] il 7Héﬂl°lE WEAtelZe]  AsEo £ R744-R717

R744-R134a, R744-R1234yf * .

oA HA o A E 3] flete] Y 52X 30C~50T, ALyt
SH2LE —15T~5T, AY SFLEE -10T~10T, AW FH¢ers= -50T~-3
To WelollA 5C HF o= HstAIA 7HH Aealidls F3siglon

35 #st7] S8l A EF AR Sl 9Aste] AeS 2k

5C, -15CE AR o) 1k 5719 §7|&5%=9 A
TNEEE 7 2 ms, 1 misE AASY AEEds sl 2
AAE FaAol= WEArtolZe] 7ZF oA 9 14 7S Table 3.1

xﬂ
Lo
oX,
ofr
I
El
i
4
o
_O|L
32
ui

25
=

_35_



Table 3.1 Operating condition of cascade refrigeration system

Parameter Value

T, 17¢(C) -50, -45, -40, -35, -30*
Te r7c(C) -10, -5*, 0, 5, 10

Tp 5rc(C) -15, -10*, -5, 0, 5
Te.gre(C) 30, 35%, 40, 45, 50

Tp 45 (C) -15

T 4i(C) 25

Case 1 Basic cycle without THX
Case 11 [HX in low temperature cycle
Case lll

[HX in both cycle

_36_
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