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Nomenclature

A : Nozzle cross section (m?)

G, : Flow coefficient of nozzle

COP : Coefficient of performance

D : Diameter (m)

h, : Velocity head at the front end of nozzle (kPa)
Q : Air volume (m?/s)

P : Atmospheric pressure at nozzle (kPa)
Re . Reynolds number

% . Velocity of flow (m/s)

v : Specific volume of air (m®/kg)

T : Absolute humidity (kg/kg’)

Greek

v : Kinematic viscosity (m?/s)
Subscripts

c . Refrigeration cycle

n . Nozzle entrance
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SUMMARY

Existing cooling technologies are dominated by vapor compression
technology, but there are efficiency limitations. The technology using waste
heat or absorption technology has problems such as installation space and
maintenance due to its large scale and complexity. Converging—diverging
nozzle 1is manufactured to increase the cooling effect by using the
phenomenon in which the temperature decreases as the fluid passes through
the nozzle. The refrigeration system using converging-diverging nozzles has
fewer parts compared to existing technologies, the safety of the device is
improved, and energy efficiency can be increased by improving the efficiency
of the heat exchanger and reducing the power consumption of the
COMPressor.

In this study, a converging—diverging nozzle is attached to the inlet of the
evaporator to improve the cycle efficiency of the refrigeration system by
simultaneously realizing evaporation and expansion of the refrigerant. The
preliminary research for the manufacture of nozzles simulates a change in the
length of a converging part, when the length of a converging part is 10 mm,
the section that has a cooling effect on the diverging part was the longest.
Based on the simulation results, a converging—-diverging nozzle with a length
of 10 mm, a nozzle diameter of 1 mm is fabricated.

Before implementing the refrigeration system, the cooling effect according to
the temperature, pressure and flow rate at the nozzle inlet is investigated
using air as the working fluid. It is found that the temperature of the air that
passes through the converging part rapidly decreases, that heat exchange

takes place towards the rear end of the nozzle, the temperature of the air is

- viii -



gradually compensated. In addition, as the air pressure and flow rate in the
nozzle increase, the cooling area and cooling effect within the diverging part
i1s increased. When the air pressure and flow rate are 7 bar and 50 LPM, the
cooling effect occurs up to about 15 mm from the inlet of the diverging part.
It is found that the flow rate of air passing through the converging part has
the most influence on the cooling effect and cooling area in the diverging
part.

Through previous research that prove the cooling effect of a single nozzle,
five converging-diverging nozzles are manufactured, using R-134a refrigerant,
the cooling effect and COP are identified. In all experiments except for the
case when mass flow rate is 11.3 g/s, the temperature difference at inlet and
outlet of the nozzles are increased as the refrigerant and nozzles are used
less. When using one nozzle, the COP are increased until mass flow rate is
21.1 g/s and then decrease, showing a maximum performance of 4.34.

Nozzles are attached to the inlet of the evaporator to obtain a COP. The
COP is increased with the increase of air flow and internal temperature of the
chamber. It is found that the COP is decreased as the cross-sectional area of
the nozzles are increased and the amount of mass flow rate is greater than

13.5 g/s.
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Table 1 Flow coefficient of the nozzle( ()

Reynolds number( Ze)

Flow coefficient(C))

50,000 0.97
100,000 0.97
150,000 0.98
200,000 0.98
250,000 0.99
300,000 0.99
400,000 0.99
500,000 0.99

600+
500-

400

300

200

100+

-
S5 Pa

-~ 0970

Cd

o] 2 4

RellP

09951400 D

0990

0980+

-
-
~
-

0960+

300

010

200 R

0.08

100, 076
20

60
L 40 0.047

30 4
20

A A A

AFSETC

Fig. 3 Calculation chart to determine the flow coefficient of a nozzle
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(c) Compressor

Fig. 6 Experimental equipments for measure the cooling effect

according to the cross—sectional area of the nozzles
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(b) Mass flow sensor(Air)

Fig. 9 Measuring device provided to measure the cooling effect of a diverging part
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Table 2 Specification of measurement device(Working fluid: Air)

Sensor Specification
Type T-type
Temperature Range -200~400C
Accuracy *1~3 %
Thickness 0.32 mm
Manufacture Daho
Model PA-21Y
Pressure Range 0~16 bar
Accuracy £0.25% FS
Output 4~20 mA
Type Watt Transducer
Manufacture Light Star
Model KTG-12625
Watt transducer Load 0~500 <
Accuracy £0.25%
Source AC 90~260 V + 10%(50/60 Hz)
Output DC 4~20 mA 21(+), 22(-)
Manufacture Suto
Range 0~50 LPM
Accuracy + (3.0% of reading + 0.3% FS)
Air mass flow rate Pressure 16 bar
Connection 8 mm
Power 24 VDC
Output 4~20 mA
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(a) Temperature sensor (b) Pressure sensor

(c) Mass flow sensor (d) Mass flow sensor

(Refrigerant) (Water)

Fig. 10 Measuring devices provided to measure the cooling effect according

to the cross-sectional area of the nozzles
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Table 3 Specification of measurement device(Working fluid: R-134a)

Sensor Specification
Standard 28G
Type T-type
Temperature Rang -200~400C
Accuracy +1~3%
Thickness 0.32 mm
Manufacture Setra
Model C206
Type Gage pressure
Pressure Range 0~10000 psig
Accuracy £0.13% FS
Output 4~20 mA
Excitation 24 VDC Only
Fluid Refrigerant
Refrigerant mass flow rate Nominal flow rate 50 kg/min
Accuracy +0.02%
Range 3~20 LPM
Accuracy +1%
Water flow rate Pressure 20 bar
Connection 1727
Power 24 VDC
Output 4~20 mA
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Fig. 12 Measure the cooling effect of a diverging part

_23_



st
Mass flow meter W l/l L @? 1 Mass flow meter

(Water) (Water)
oud E v Compressor L ¥ ﬂ gnd

Tank
(Heater)

"3

Chiller

1ISUIPUO))
Sub evaporator

(Refrlger;lntj_)|_
o
¥Ex
AC 1C 10
11T

Mass flow
meter

Y

?F

e

-0
=

-G

-0

-G

-G

Fig. 13 Schematic diagram of measure the cooling effect

according to the cross—sectional area of the nozzles

Fig. 14 Measure the cooling effect according to the

cross—sectional area of the nozzles

_24_



R .92 -
Mass flow meter <

O, (Water) I\I
2 Q Compressor

g Chamber
Chiller =
= ud
v
2
Air sampler
5 I
L
° Blower motor

AWAWAN

Nozzle
D40x2
O50x1

S>>

Cord tester

Mass flow me
(Refrigerant)
——
o

P

e

i
o

Fig. 15 Schematic diagram of measure the cooling effect when

nozzles are attached to the evaporator

Fig. 16 Measure the cooling effect when nozzles are

attached to the evaporator

_25_



Table 4 Test conditions of the experiments

1) Nozzle inlet temperature and pressure

Temperature(C) Pressure(bar)
25
30
1, 2,3, 4,5 6,7
35
40

2) Nozzle inlet temperature and air flow rate

Temperature(C) Air flow rate(LPM)
25
30
10, 30, 50
35
40
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Table 5 Test conditions of experiment test using plate heat exchanger

Cooling water Sub-evaporator 2" side Cross—sectional Mass flow
temperature(C) inlet temperature(C) area of nozzle(m’) rate(g/s)

11.3

15.5

5, 10, 15, 0.785, 1.571, 2.356, 185

> 20, 25, 30 3.142, 3.927 20.3

211

221

Table 6 Test conditions of experiment test using fin—-tube heat exchanger

Cooling Inside of

Cross—sectional Mass Cord tester
water chamber .
area of nozzle flow rate air flow rate
temperature temperature () (a/s) (CMIM)
m S
(C) (C) #
13.5, 7
0.785, 1.571,
35 22, 27, 32 14.4,
2.356
14.6 10

_27_



w
[N
0
olr

A=

ds7le B&2 A

—

T2 Yellz vk AsA4 COP(Coefficient of

Performance)+= F#o] AW HA A= AA 2740

>,
ne
rlo
to
Y
o
i
z,
1o,
oX,
off

2 A= Pl Fig. 179 2ol B8 (Aw)e &5 Wol A Ae(g)o 2y
B 92 F5stel 1 A0(q)0R BEFLE drwn 2 o FRE By

Foh (@) WE Atol 2o FeAFel COPE UEhith

Aw
1 2
—
Compressor Y
g2 —- Evaporator Condenser —» ql
A

i [ 3

Expansion valve

Fig. 17 Schematic diagram of refrigerator

_28_



04
N

LH Diverging part2|

=2

AT &%= 25C, 30T, 3
719] §#& 10 LPM, 30 LPM % 50 LPMO & W 3}A]

192, Diverging parttjell A ¢ ¥zt

°

e AR ALE
7 bar® WH3}A 7] a1,

=

=

l
=

[e)

e

SER RIS

p=h

4 bar, 5 bar, 6 bar

Ho
)
0
1o
i
ol

N
H

b et

S

B

]

<A

el
ool

fi%e)

=
N

]

o
|
o
Nd
il

o}
or
R
i
H

T
w
ol
=

T 30CY W 1 bar, 35CY o

1 bar 2 2 bar, 40CY w 1 bar, 2 bar % 3 bar 28] 3 35C % 40TC¥ w 10

i

Ho
WW

file)
;Iryl
o

il

f_["L

o]
H

Fig. 1844 217hA|&= 242t =&

719l ==& 25T, 307,

2 ¥ Diverging part®]

9

_‘?

o

] B

(<

7 AA

4% Diverging part W

1

=

k)

olt}. Converging part=
o] F7}

A

1)
Diverging part®]

}

°
gl

o] 7 bard Wl Diverging

N
No
!
3

7
;OL
N

wo
=K
X
B
N

5]
=

=
=

1

R

0C=2 1

i =

I3

=i
N

Converging partell A &

0.5 ~ 0.77]¥h)e|

PN
T

L
o] 1 bar?l A%9 #1728 m/s)3}

ol L% 30T

°

T¥ol S7FeE5 Diverging part®]

_29_

o]

o} &4 F7Hv}

5]
=

o
H

LFER A
el

o], Converging partZ

) <]

s}

[e)

15 0.7 ~ 17)¥hel

Fig. 239141 267 A= =& 47 &719 +%&5 25T, 30T, 35T

LrEbd 2

AR

part J7-o1AFEH °F 15 mm7HA] JZ
(3]

(311.7 m/s)

2}

=

=



WA el wolA L f#s 50 LPM7HAl S7FA A& 9 Diverging part §37-¢ll 4]
°F 16 mm7HA & 719 &% Aeprp A sl

=2We] 79 FEFS TR el yaas =28 Fkete AS & T
gk F71el f=o 10 LPM, 30 LPM % 50 LPM¥Y W x=%¢ Converging
partE T3t 719 #4545 474 9F 210 m/s, 630 m/s 2 1070 m/se]t}. o}
A frge]l 30 LPM 3 50 LPMY o] f&o] 5% 3t a3 & ATt
Fig. 27% =29 9T A] Diverging part7}A ¢ ¢t= wWslo] tha] el Ah.
=59 Y4+ Converging partE &3 =2 fF3Fo] 10 LPMY o) Z+7};
0.985 barell A 0.54 bar, fr¥°] 30 LPM%Y @ 3 barolA 0.63 bar 123 o]
50 LPM% @l 476 barelA 0.765 LPMo 2 Zastlth. =29 o5 i)
Converging part 9o ¢89S &7]9 &0 25%5 71t fdE= 71+
30 LPM % 50 LPM¢t A 5% 73121 10 LPMS Hu3tls o) 255d 4§
9] Diverging part Q7oA e ¢teo] 543] st A4S HIon, ot
ol 172 Diverging partu]¢] Wztg a2 o]oj X FU T},

A8 Ay =Z9¢ Converging partE E3sls= 37]9 &

%71% 4% Diverging part®] §TZHE Wzhol = Polsh Wz T} F7

1,
)
Lo
Olr

rl

ZEs 3 YAEAd Hg GFS AHom, B719 FEo] 225U A4S obS

_30_



45

Inlet pressure(bar)
—a—] o2
—A-3 4
40 —-5 6
7
O 35+
T
2
§30-
=
25+ S
“=n ———§3——1
v§g,, ?:j/ :J/x.
20 | | | | | | |
Inlet Converging part 0 5 15 25 30

Diverging part distance(mm)

Fig. 18 Variations of temperature in the nozzle according to the

pressure at the nozzle inlet(Inlet temperature: 25C)

45
Inlet pressure(bar)
—a—1 o2
— A3 4
40 | ; ;
7
35+
o
:
§30- 8
Q
H
P02 x/“ —3
25 ~ \%P\A é&— <
20 | 1 1 1 | \ .
Inlet Converging part 0 5 15 25 20
Diverging part distance(mm)

Fig. 19 Variations of temperature in the nozzle according to the

pressure at the nozzle inlet(Inlet temperature: 30C)

_3’]_



45

Inlet pressure(bar)
— A 3
4
40 + o5
6
7
O 35F o
P
—
g‘ 30 - \\6 ———4— —
&
25 +
20 1 1 1 1 1 1 1
Inlet Converging part 0 5 15 25 30

Diverging part distance(mm)
Fig. 20 Variations of temperature in the nozzle according to the

pressure at the nozzle inlet(Inlet temperature: 35C)

45
Inlet pressure(bar)
4
——5
0F @« 6
7
O 35+ ——=x
\0)/ V\{ 4 N/
g p——P
230t
&
25
20 1 1 1 1 1 1 1
Inlet Converging part 0 5 15 25 30
Diverging part distance(imm)

Fig. 21 Variations of temperature in the nozzle according to the

pressure at the nozzle inlet(Inlet temperature: 40C)

_32_



1600
1400
1200

1000

Fig.

42

Temperature(°C)
N (98] W W (O8]
~ S w ) O

)
=

21

Fig.

Velocity(ns)

T

'.
///
2
4
\\

*

S
T T

Inlet pressure(bar(a))
a1 —e—2
—A 3 4
——5 6

L 7

0 1 1 1 1

25 30 35 40
Nozzle Inlet Temperature(°C)

22 Variations of flow velocity in the converging part

according to the pressure at the nozzle inlet

Inlet iConverging Diverging Inlet flow rate(lpm)
part i pat : part = 10
B § —e—30
: : —A—50
a
B ttsi%E;;;‘*‘—j———- [ n n—*®
e, .2
: A A—
| | . | | | | |
Inlet Converging part 0 5 15 25 30
Diverging part distance(mm)

23 Variations of temperature in the nozzle according to the

flow rate(Inlet temperature: 25C)

_33_




Temperature(°C)
N (98} [98) (%] W N
~ [e) [US) (@) ) N

)
=

21

Fig.

21

Fig.

Inlet " Converging Diverging
part i pat © pat T 0 relipr)
L : —e— 30
—A—50

- \.k. x 7"?’
| | . | | | | |
Inlet Converging part 0 5 15 25 30

Diverging part distance(imm)

24 Variations of temperature in the nozzle according to the

flow rate(Inlet temperature: 30C)

Inlet  :Converging Diverging
bt e D Inlet ﬂ(;va rate(lpm)
- —A—50

| : ] : ] | | ] ]

Inlet Converging part 0 5 15 25 30
Diverging part distance(imm)

25 Variations of temperature in the nozzle according to the

flow rate(Inlet temperature: 35C)

_34_




Temperature(°C)
N 98] W
~ (e W

[\
=

21

Inlet :Converging Diverging
P L part - pan Inlet ﬂg\g rate(lpm)
i —A—50
B /o/°
: A
| : 1 é 1 | | | |
Inlet Converging part 0 5 15 25 30
Diverging part distance(mm)

Fig. 26 Variations of temperature in the nozzle according to the
flow rate(Inlet temperature: 40C)
6 Inlet  :Converging Divergin
: ging LIversing Inlet flow rate(lpm)
part © part part
—a— 10
5t —e— 30
—A—50
4L
£
5 3
£,
1+ A A A
[ ] [ ] [ ]
| n | |
0 1 1 1 1 1 1 1
Inlet Converging part 0 5 15 25 30
Diverging part distance(mm)
Fig. 27 Varations of pressure in the nozzle according to the flow rate

_35_




Fig. 28 Variation of the temperature of converging-diverging

nozzle captured by a thermal imaging camera
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sub-evaporator 2" side inlet temperature(at 3 nozzles)
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Fig. 43 Variations of COP according to mass flow rate of

sub-evaporator 2" side inlet temperature(at 4 nozzles)
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Fig. 44 Variations of COP according to mass flow rate of

sub-evaporator 2" side inlet temperature(at 5 nozzles)
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Table 7 Maximum and minimum of temperature difference according

to variations of mass flow rate

Mass flow rate(g/s) Minimum AT(TC) Maximum AT(C)
11.3 55 186
155 5.1 37.3
185 10.6 276
20.3 15.1 25.5
21.1 13.7 185
22.1 11.1 15.1

Table 8 Maximum and minimum of COP for variations of mass

flow rate
Mass flow rate(g/s) Minimum COP Maximum COP
11.3 0.25 2.91
15.5 1.1 291
185 2.3 3.4
20.3 3.19 4.05
21.1 3.97 4.34
22.1 2.37 2.68
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Fig. 45 Variations of COP according to mass flow rate
(Air flow rate: 7 CMM, Number of nozzle: 1)
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Fig. 46 Variation of COP according to mass flow rate
(Air flow rate: 7 CMM, Number of nozzles: 2)
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Table 9 Results of the 1% side cycle COP of the experimental conditions

Air flow rate Mass flow rate Number of

COP
(CMM) (g/s) nozzles

—_

2.15

135 1.86

1.73

2.08

7 14.4 1.83

1.69

1.98

14.6 1.83

1.59

2.99

13.5 2.25

1.96

2.28

10 14.4 2.12

1.90

2.26

14.6 2.08

WINN | HF WIN || WIN R [WINHWIN| | w| N

1.93
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