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Stera A. Ammonia refrigerating plant on reefer ships.
Introduction to ammonia as a marine refrigerant. Lloyd’s
Register Technical Seminar, London; 1992.
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Z A CO2 Heat Pump Water Heater

Move ambient heat into Hot water.

Mixing Valve

Tank unit
= Compressor
100 to 120gal Evdporator
Ambient
4.5 to 6kW Heat ‘
Heat pump unit Expansion Valve Wr.:l’rer Pump

Source of the product picture: model# HE-K37AQS from Panasonic(Matsushita) online catalogue
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Table 1. Characteristics of some synthetic and natural refrigerants APP lied Thermal Fugiﬁearing Vol. 17, Nﬂ'. l. pp. 3“2' 1997
i Refrigerant R-12 (CFC)  R-22 (HCFC)  R-134a (HFC) R-717 (NH;)  R-744 (CO;)  R-290 (propane}  R-600 (bulane)  R-718 (H.0) R-728 (air)
Natural substance no no no yes yes yes yes yes yes -
oDp 09 0.05 0 0 0 o 0 1] o
owp* 3 .34 0.29 o Vg < 0.03 < 0.03 0 ]
Toxicity TLV {ppm, volumey 1000 500 1000 25 SO0 1000 100 no no
Flammability no no no yes 3nu 9?; IS;eIs 3?3 !mno
Critical point iemperat ' 115.5 96.2 1090.6 133 1.1 . 3 A -
CE::;:I ml pressure u(bT:r(]m 40.1 499 40.7 114.2 73.7 42.6 380 221.2 31.2
Normal boiling point ("C) -30 —40.8 =26 —-333 -84 —421 -04 100 no
Maximum refrigeration capacity at 0°C (kJ/m") 2733 4344 2864 4360 22 600 3888 1040 1340 —
*Ozone depletion potential —compared with R-11. Ammonia
*Global warming potential-—compared with R-11. 0
“Threshold limit value for exposure of 8 hiday, 40 hjweek, without any adverse effect. |_
“Fera effective GWP. because more than sufficient quantities of it can be recovered from waste gases. 5 R-22
“At 100°C, - - B2
=
=
2 i R-134a
Table 1 - Comparative refrigerant performance s /
2 -6
No. Name CoP g af
R-717 Amrmaonia 484 § "“[‘ R-502
R-290 Fropane 474 S
E-500 Butane 4 68 14 | l ! |
. -40 -10 -20 -10 o
R-22 Chlorodiflucromethane 4.65
R-134a Tetrafluoroethane 4.60 _ _ ~ Evaporating temperature (C) _
Fig. 2. Relative COP of an isentropic vapour compression cycle for different refrigerants [4].
R-407C R-32/R-125/R-134a (23/25/52) 451
E-410A R-32/R-125 (50/50) 441 4
R-404A R-125/R-143a/R-134a (44/52/4) 421 s
R-744 Carbon dioxide 2.96 . M
- R-22
(=)
Based upon a standard operating cycle of 258 K evaporating g’
1.5
temperature, 303K condensing temperature, 0 K subcooling and ,
0 K superheat. = 05
0 1 | 1 L | i | |
% 2 0 2z 4 5 s 10 12

{TEERNATIONAL JOURNAL OF REFRIGERATION 31 I2".l".l52

13

545-551

Brine inlet evap. temp. (°C)

Fig. 3. COP of a heat pump with R-22 and R-290, for different brine inlet evaporator temperatures [12].


http://www.nctu.edu.tw/

[ & 2 x4 K¢

National Chiao Txm_q Universirty

CO, £* R410A & R-407C 2z +* #i
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Table 1. Refrigerant characteristics
Refrigerant HFC Natural refrigerant
- R410A R407C R744(CO,)
: RAC P‘AL' Residential Water Heater
Practical examples PAC Chiller N . N
e N ) . . ‘ (Eco Cute) & Commercial
of commercialization Commercial Water Commercial Water _ _
) ] Water Heater
Heater Heater
ODP' 0 0 0
GWP* 1975 1652.5 1
Combustible No No No
Toxic Low Low Low
Pressure (MPa) (low/ high) 2.7/3.0 1.8/2.0 9.5/11
COPF cplllpal'ed to R410A) 100 95/100 60/30
(low/high)

Note: RAC= residential air-conditioning; PAC= packaged air-conditioning.
' Ozone depletion potential
> Global warming potentials are based on IPCC 2001.

— 2010 International Sympostum on Next-generation Air Conditioning and Refrigeration Technology.
17 — 19 February 2010, Tokvyo, Japan

The Development of Heat Pump Water Heaters Using CO, Refrigerant
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Mineral oil: Paraffins, naphthenics, aromatics and non-
hydrocarbons — normally for CFC, HCFC, and hydrocarbon

Synthetic oil: POE, PAG, PAO, AB — normally for HFC

20

1300

\\\

2\
h

- Minaral O
-®- Esler O

2

Water Content (PPM)
o
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F L
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. = |
0 24

Fig. 2 - Capacity of moisture absorption of ester and
mineral oils as a function of the time in open beaker.

Embraco (1996).
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causing better wetting (R-12)

2000

1500

1000

Heat Transfer Coefficient [ W m K ]

—-——= B -1_8% oll "'t
— C-31.B%ail
so0 F —-— D - 8.0% oil
Heat Flux =5 kW m
Mass Velocity = 54 kg €'m
1 I L
0 1 z 3 4

Evaporator Length [m]
Fig. 3 - Local heat transfer coefficient in function of the
evaporator length for complete evaporation at =15 °C,

21
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Oil has higher surface tension than refrigerant —

10— :
/ R-12
===Pure - R-12
— 8% R-1 2ol mlxtwre
| |
| |
)
L I 50°C
i in".
z
[1p]
T i
n‘ |
—-——-——-—-A{:-I-r
I| |
1 l I
f
|
[ |
1L R L P A
5n 100 150 200 750

Enthalpy [kJ kg']

Fig. 4 = Pressure-enthalpy chart showing the influence of
lubricant oil on the refrigeration cycle. Hughes et al. (1982).
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Z 07 - Ge200kg & 'n“:a*c SUS 168
th 0.6 ‘a -
“and SUS 369
0.5 . . ; ; ;
0 1 2 3 4 5

Oil Lubricant Concentration (%)

Fig. 6 - Heat transfer enhancement factor (EF) versus lubricant oil concentration, varying mass velocity and type of the oil
Data from Eckels et al. (1994).

ha

PF {Microfin / Smooth)

= Ok & m™ and L
kg s e and
oo kg &' and
—a . =200 kg = e and
[1X:] T T T T T

0.0 1.0 2.0 3.0 4.0 5.0

il Lubricant Concentration [%)

Fig. 7 = Pressure drop penalty factor (PF) wersus lubricant oil concentration, varying mass velocity and type of the oil. Data
from Eckels et al. (1994).
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h. Annular flow (A)
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~ possible enhancement effects caused by the foaming:

(1) a thin liquid film was created between the foam
and the heated surface which results in a very large
heat transfer coefficient; (2) secondary nucleation
caused by the bubble leaving the surface which

bursting into the neighboring liquid-vapor region.

Early transition to annular flow pattern for
refrigerant/oil mixture

Q’

6 °DDDL_)° \\ 5
- @lﬁgﬁ R N S I SRS Intermittently dry ﬂ
phase Ubb')’ Plug Slug Wavy b ¥ It Tube wall dry
liquid_| flow flow flow AHHUé‘Lr flow
x=0 - x=1

/E&/ﬁt’ﬁb '” EQHBE'—’T’*? ie ]

= Q) Surface Tension

’ —>» X 01l Concentration
Ac?
W =
[B-C(y - x)]

1
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International journal of Heat and Mass Transfer 52 (2009) 870-879
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Fig. 1. Effect of oil concentration on figy of CO,-PAG mixture (Dang et al. [32]) at

= 360 kg/m® 5, Tae =10 °C and g =9 kW/n?
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Fig. 5 = The lubricant oil effect on heat transfer coefficient
in flow boiling, according to the data of Chaddock and
Buzzard (1986) for the test conditions: G = 65kgs 'm 7,
a=563kWm ?and T... =9.5°C at several oil
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Fig. 3. Eect of oil concentration on hep (Zhao et al. [38]) at G=300kg'm® s,
Tar=10°Cand g =11 kW/m?,
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Fig. 9 - Flow pattern of CO-oil and heat transfer coefficient for 2 mm ID tube.

PAG type oll

Oil layer effect mainly @ 1~3%
Higher mass flux cause considerably degradation
(droplet vs. film)

INTERNATIONAL JOURNAL OF REFRIGERATION 31 (2008) r1265-1272
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Lad

— 18000
2
1600+ b * 3% W%
£
= 14000 PP
§ 12000 | P=8MPa
— -1 -1
S 0000 L G = 800 kgm s
= g=12kWm?
£ 8000 +
1
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Fig. 10 - Flow pattern of CO,—oil (40 °C) and heat transfer
coefficient for 6 mm ID tube.
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Fig. 2 - Enlarged view of cross-sectional shape of grooved
b 20000 P=8MPa tube.
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Fig. 7 - Change in « with T, at different x values.
Fig. 8 - Comparison between the « values obtained for the
grooved tube and smooth tube at G = 800 kgm 2 s~ .

Less effect of oil for microfin helps to
break up the oil film 26
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T=45°C T 50°C Fig. 4 - Classification of flow pattemn. M: mist flow; AD

annular-dispersed flow; A: annular flow; W: wavy flow;
Fig. 6 - Comparison of flow pattern atdifferenttemperaturefor6 mmIDtube;d = 6 mm,P = 8 MPa,G = 200 kgm 253, x = 1%. LT varmeres. die ~d fow

C [Oilfiim }

e — P=8MPa,x=1% P=8MPa.x=5% P=10MPa,x=5% e —
Fig. 5 - Flow visualization of CO, with entrained PAG oil;d = 2 mm, G = 800kgm2s~2,
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CO, & R-134a )% st it 2.1t i

I
Owing to the higher average temperature of A
heat rejection, and the larger throttling 3731(100°) SN
loss, the theoretical cycle work for CO, A
increases compared to a conventional I K S A

-heat rejection
loss

refrigerant as R-134a as indicated.

313
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—_— COy
seeeee HCFC 22

Relative COP [
in
T
P

Increase in
t throttling loss

0.0 L I 1 1
20 2 3 35 40 45 50 35 60 ﬂ -
Min heat rejection temperature [*C] S' kJ;K
Fig.23. Relative change in cooling COP for R-22, R-134a and CO: Fig. 21. Comparison of thermodynamic cycles for R-134a and CO
at varying refrigerant exit temperature from condenser/gas cooler in temperature —entropy diagrams, showing additional thermodyn
(i.£. minimum heat rejection temperature ). Evaporating temperature ) . o ] -
0°C. Reference point: 40 °C exit temperature. Based on ideal cvele amic losses for the CO; cycle when assuming equal evaporating
calculations without suboooling or superheating. —[en.perﬂmm- and equi][ munimwm heat I'E'j.?i'.“l'.i.ﬂﬂ [empem[ure. —

Prog. in Energy & Combustion
Sci, 2004, 30:119-174.
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Fig. 22. Relative change in heating capacity (left) and heating COF (right) for B-22, R-134a and CO- at varying evaporating temperature, for a
condenser/gas cooler exit temperature of 40 °C. Reference point: 0 °C evaporating temperature. Results for CO» are shown at COP-opti mum
high-side pressure, and with relative data for other high-side pressures. Based on ideal cvele calculations without subcooling or superheating.
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2.0 T T T T 7 T 15T T 1 1 1
T, = 95°C o T, = 50°C
10—
1 osk
N N T ool L Lo 1 |
B 100 120 140D 180 [711] EBO 100 120 140 160

High side Pressura [bar]

Fag. 17. Influence of varying high-=ide pressure on spec fic refni gerating capacity {gu ), specfic compressor work (w) and OOP in a tansonfical
00k cycle. The resulis ane hased on i sentopic compression., evaporating temperatme (Th = 5 "C) and a refmgarant ouflet emperatre (T ) from
the gas cooler of 35°C (left) and 50 "C (night).
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Fig. 2. Effect of internal superheating on the system COP.
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Fig. 3. T-s diagram of franscritical CO, system with internal
heat exchanger

Fig. 2. Layout of transcritical CO, system with internal heat
exchanger
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Fig. 5. Layout and p-h diagram of two-stage CO, system with Fig. 6. Schematic diagram of ejector-expansion transcritical

flash gas bypass refrigeration cycle
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Fig. 4. Layout and p-h diagram of transcritical CO; system
with expansion turbine

. |

1

1
4
. 5

Pressure (bar)

1

B
/’? L f—e—»

av
4 10 9

specific enthalpy (ki/Kg)

Fig. 7. p-h diagram of ejector-expansion refrigeration cycle
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Table 1 - Comparative refrigerant performance

MNo. Mame CoP
R-717 Ammonia 4.B4
R-290 Propane 474
R-600 Butane 4568
R-22 Chlorodiflucromethane 465
R-134a Tetrafluoroethane 460
R-407C R-32/R-125/R-134a (23/25/52) 451
R-410A R-32/R-125 (50/50) 441
R-404A R-125/R-143a/R-134a (44/52/4) 421
R-744 Carbon dioxide 296

Based upon a standard operating cycle of 258 K evaporating
temperature, 303K condensing temperature, 0 K subcooling and
0 K superheat.

CarbonDloxlde
GO C

T 0°C 15°C 35°

\

2x10"

100°C o

Pressure [MPa]

2x10° L
-200 -100

Enthalpy [kJ/kg]

from EES [Klein 2004]).
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COP [
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33 COP of single-stage cycle

32 | L I il
35 4 45 5 55 6 65 7 75

Y N T (-

L

8.5

Intermediate Pressure [MPa]

YRR TS T

9

9.5

Schematic of two-stage transcritical C (), cycle with intercoolin Figure 4. Two-stage transcritical CO, cycle with intercooling in a p-h diagram (properties

10

Figure 5. COP of the two-stage transcritical CO, cycle with intercooling versus intermedi-

ate pressure (properties from EES [Klein 2004]).
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FIGURE 1: Ranque-Hilsch Tube

Fig. 8 Schematic diagram of vortex tube-expansion CO,
refrigeration cycle

oY
o

| (%]
[ I == R
1 1 1

—
o
1

COP improvement (%)
— ]
= [==]

o
1

i HHH

IHX Turbine Two-stage PCE Ejector Vortex

o

Fig. 11. Comparison in term of COP improvement
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Fig. 9. p-h diagram of ejector-expansion refrigeration cycle
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Fig. 10. Layout and p-h diagram of refrigeration cycle with
parallel compression economization
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Table 2. Comparison of water heat exchanger
Former type New type
Spec Double tube Smooth tube (initial time) Dimple tube (latest)
CO, refrigerant yater piping
Outline of piping
shape
Leckage
detection
ditch
CcO,
Capacity ratio 1.00 0.89 0.89
Weight ratio 1.00 0.74 0.64
Performance 1.00 1.00 1.00
Co, Pipe wall CO,
Water / \
Water
\Water tube Dimple (a)Flow pattern
CO, refrigerant tube
Figure 3.

Improvement of a heat transfer rate of a water heat exchanger

Figure 4. Images around the dimple.

e & -

3 T T T T T 1
—0— SD tube
= —4— Inner grooved tube -
-+ =-=Smooth tube
2 - _
=
=
Z -
=
Z
]
0 . ] , | ] . |
0 2000 4000 6000 8000
Re
Figure 5.

Evaluation of the water heat exchanger

Flow direction

>

(b)Vortex structure
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Figure 8. Evaluation of system performance
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Figure 7. Schematic of transcritical CO, cycle with an ejector expansion device.

Figure 9. Relative system performances of various transcritical CO,cycles.
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2-stage cycle with gas Injection

(@Az3art 18 CO, k sirndf 2 — i s

Chamber control Data acquisition
% Temperature panel system
Pressure
& —] / 3.2
} — T Two-stage gas injection cycle
Outdoor ndoor ]
{_\‘:/_I\:{_\ chamber chamber R m—n | P .______——I
Internal 2.8 B
J U heat exchanger e
Outqoor @@ > a 0 —O- - -0
unit (@] e
Q O
£~ A
S y
% 3 A
) A A First-/second-stage
Compressor 2.0 Compressor frequency EEV opening
T —B— 30/30 Hz 30/M19%
Check valve : - = 40/40Hz 33/23%
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Fig. 1 - Schematic diagram of the experimental setup.

Fig. 3 - Variation of cooling COP with normalized charge.
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CO, # % # B - Microchannel
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Figure 10. Schematic makeup of a microchannel heat exchanger.
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ICMTS

To cases

From cases

Figure 1.3.2: Intermediate pressure control by ETS stepper motor valve

Systam Alr-cooled gas cooler | Alr-cooled gas cooler | Alr-cooled gas cooler
with 2 motor valve with 2 mechanical with additional
control valve COMPressor
Advantages Flexible systermn Simple to use High efficiency
Reduced energy
consumption
Limitations Efficiency is lower than | Only one set point Cost and complexity
that of the system with | availabla
parallel compression

i

Main compressor

Auxiliary
i ol Comprassor

To cases

]

From cases

()

Figure 1.3.4: Intermediate pressure control with an auxiliary compressor
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2.2 Standard cascade
heat exchanger

mmm HP vapour refrigerant
we HP liquid refrigerant
| P yapour refrigerant
| P liquid refrigerant

2.3 Cascade heat exchanger
with an infermediate
vessel

mmm HP vapour refrigerant
wes HP liquid refrigerant
mmm | P vapour refrigerant
mm | P liquid refrigerant

10 Tung University

From compressors

To LT cases

+ 2
i
i

Fig. 2.2.1: Cascade heat exchanger with direct discharge from the compressor

e From

condensers
AKS 11 AKS 33
From compressors
. AKPC 730
(optional)
AK-SC 255
To LT cases
NRy AKS 2050

Fig. 2.3.1. Cascade heat exchanger with pumped circulation

Cascade

2.2 Standard cascade
heat exchanger
(continued)

mmm HP vapour refrigerant
me HP liquid refrigerant
mmm | P vapour refrigerant
| P liquid refrigerant

24 Cascade heat exchanger
with secondary cooling

= HP vapour refrigerant
mem HP liquid refrigerant
mm | P vapour refrigerant

To HT cases

NS
Desuperheater

+40C +30°C

Fig. 2.2.2 Cascade heat exchanger with desuperheater

From HT cases
HT refrigerant
To HT cases
o
-
AB-OM
From compressors

To LT cases
a

e Y

Fig. 2.4.1: Brine cooled cascade heat exchanger

System DX DX with CO. vessal Secondary cooling -
Advantages Simple piping Mo need for Stable operation
equalisation line
Limitatlons Anequalisation linais  |Relatively complicated | Lower efficiency of the
required piping 2
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Fig. 19. Sysiem with in-line medinmpresare necei ver. Fig. ). System with mediume-pressure recei ver.

Fig. 18. System with kow-pressume neoei ver.
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Fig. 3.1.1: Pumped system Fig. 3.1.2: DX system Fig. 3.1.3: Combined system
System DX Pump Combined
Advantages Simple. Does not High efficiency; Efficiency provides
require pumps {0 can be pumipad 2 temperature levels
relatively large
distancas
Limitations Energy effidency is not | Relatively complex and | Relatively complex; The
optimal expensive; miost axpensive out of
Energy consumption the three alternatives
from the pump is often
very high for small
SYStems
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Short summary, conti..

|
5.3 ¥ CO, 4 soscs it Ban i 4im > Fpt L8 B & sandk
AR - ks d 2 3 o

expander, modified 2-stage system, work recovery with ejector
system, and intercooling system.

6.CO, s ¥ Lz B ecd > 2 5
2 *

L

Microchannel Heat exchanger, Microfin tube, vortex generator
(e.g. dimple).
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