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Abstract

The working fluid CO2 has been much promoted in recent years due to its environmental friendly and
low critical point. Supercritical CO2 has high heat transfer efficiency, which is used to utilize in the
system for high efficiency in term of power generation and heat generation. Moreover, the property of
CO2 below triple point is utilized in the cooking purposed. The current developments of CO2 applications
are reported and discussed in this paper.
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ABSTRACT

The working fluid CO2 has been much promoted in recent
years due to its environmental friendly and low eritical point.
Supereritical COz has high heat transfer efficiency, which is
used to utilize in the system for high el
power generation and heat generation. Moreover, the property
of €Oz below triple point is utilized in the cooling purposed.
The current developments of CO; applications are reported and
discussed in this paper.

INTRODUCTION

To deal with the Global warming and climate change
erisis, which have been a great concern in our human history.
the prime importance is the greenhouse gas reduction with the
highest efforts in technology. The 1997 Kyoto Protocol, the
world’s first climate change treaty, the Hydrofluorocarbons
(HFCs) had been recommended and widely used in previous
decades as a working fuid in the industries, instead of other
chemical working fluid. due to its no effect to the Ozone Layer
Depletion (zero ODPY. However, HFCs has very high Impact
on Global Warming Potential (high GWP), which directly
causes global warming cri

In 2015, the 214 session ol the Confierence of the Parties
(COP), so called “Paris Agreement™, also suggests reducing the
carbon emission at the carliest and handle the increasing of
global average temperature to well below 2 °C, To achieve the
objective, the natural working fluid such as carbon dioxide (R~
744 or CO2), which is also listed in the required collective
control in the Kyoto Protocol has recommended to utilize and
use instead of HFCs due to the reasons that CO; itsell is
environmentally friendly. which is 0 and 1 of ODP and GWP,
respectively [1].

The critical pressure and critical temperature of CO; are
7.38 MPa and 31.1 °C, respectively, which are very much
lower than other working fluids as well. So, COz can become as
supercritical state casily to use in high efficiency power
production cycle. Besides of high pressure and temperature
supereritical state, which is used in the power generation cycle,
it is mentioned here that a dry ice solid-gas state of COs is ulso
interesting phase for use in a refrigeration system. The

ney in term of

refrigeration system can advise a cryogenic temperature helow
the CO: riple point temperature of -56.6 °C and pressure of
0.518 MPa. the detail of CO: phase is shown in Fig, | as the
Mailler (P-h) diagram [2]. Also, CO; is classified as non-
flammable, non<toxic working Muid and chemical inactive,
which are safe to human health and the environment, From
these reasons, many attempts have been made to replace
ordinary working fluids 1o CO: in energy conversion cycle, in
which the Rankine cycle system, solar heat collector and heat
pump system, will be introduced and reviewed in this paper.
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SUPERCRITICAL CO; SOLAR RANKINE CYCLE
SYSTEM

The ideal Rankine cycle is a practical model of energy
conversion from heat to mechanical work. The Rankine cycle
gains greater thermal efficiency, in which the cycle provides
two phase changes in the cycle process. By taking an account in
the environmental pollution, the working fluid CO; has
received considerable attention to be used in Rankine cycle due
to its unique property as the state of supercritical. The
supercritical CO2 solar Rankine cycle system (SRCS), which
utilizes solar energy as an input energy and CO; as a natural
working fluid for the purpose of electric and thermal energy
generation has been invented [3].

efffe
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Svstem Configuration

SRCS consists of main five components and processes, as
shown in Fig. 2 and Fig. 3, respectively. The evacuated solar
collector, contained CO2 inside, is installed at high pressure
side of Rankine cycle, 5 = 1, to absorb the heat from the sun,
in which CO2 is heated by solar energy and turns to a
supercritical state. The expanded supercritical CO2 drives a
turbine and generate electric energy, 1 < 2. After leaving
turbine, due to the remaining thermal energy, CO2 is passed
through the heat exchanger units, 2 = 3, and heat energy is
supplied to appliances on hot water supply. CO2 is further
cooled to liquid state in the condenser, 3 = 4. Lastly,
mechanical feed pump feeds CO2 back to CO2/methanol heat
exchanger with the high-pressure state, 4 = 5, and the cycle
recommences. It can be seen that in the cycle process of SRCS
both eleciric and heat encrgies are generated with high
efficiency and environmentally friendly manner, because of
unique properties of supercritical CO2.

)
i {5l e
N D

i Lleciric Energy
w

b

Tvacuated solar collectar

()';h Turbin

— @

Heat exchanger

Hear enenry

Fig. 2 Schematic diagram on Supercritical Solar CO; Rankin
cycle system
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Fig. 3 Pressure-Enthalpy diagram of Supercritical Solar COs
Rankin cycle system

The evacuated tube solar collector is well designed to
cffectively absorb solar radiations (shown in Fig 4). The inside
tube coated with a selective solar absorber coating, which can
collect short wave radiation from sun and prevent the loss of
long wave radiation from tube [4].

Ariwlar space -

.
Ul envelaps @ 3% mm

Inner ghass urbe and selective custimy @ X7 o
N
Y Alminam fin 1217 m
Metal tube 1=36 m
Fig. 4 A sketch of the evacuated solar collector used in
Supercritical Solar CO; Rankin cycle system

In the SRCS, the feed pump work, the mass flow rate of
€Oz has much significant to the total power output, and the
total cycle efficiency of the cycle due to the high rate of energy
absorb in COx In this smdy, to enhance power output, the
relationship between mass flow rate and power generation was
investigated.

Svsten Evaluations

The amount of energy output at turbine (O and heat
exchanger (Qh) are estimated by equation (1) and (2),
respectively,

Q, =l ~h,) m
Q, =k, - h;) )
The total energy output (Q) can be obtained from equation (3),
2=0+0, 3)

by s is mass {low rate. The results of total energy output and
temperature at outlet of solar collector of the SRCS with two
different mass flow rates with approximately (.63 kW/m? of
solar radiation are shown at Fig. 5. It can be obviously seen that
total energy output increases with increasing of lemperature at
outlet of solar collector. In normal thermodynamic cycle, while
increase the mass flow rate of the working, the temperature gets
decrease. However, in SRCS, due to the unique properties of
COz, the temperature increases along with increasing of mass
flow rate of CO,. The reasons may be from the low specific
heat of COz in superciitical state in high mass flow rate
condition, which occurs due to the expanding of supercritical
€Oz in the limited space of the system (i.e. in evacuated solar
collector). In the same condition of solar radiation, the high
mass flow rate of CO: can induce high system efficiency
compared with low flow rate, in which can be confirmed by the
equations shown below,
The system efficiency (1) of the SRCS can be found from

equation (4),

_ U=h)=(h—h)

(h—hy) @

n
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and water flow evele. Liquid €O, absorbs heat [rom the sun, in

From experimental results of energy output shown in Fig. 5 which CO: is heated by solar energy and wms to a supercritical I
and calculated system efficieney from equation (4), it can be state, After leaving the solar collector, COz is passed through !
concluded that in the case of high flow rate condition, 0.63 the heat exchanger units and turns 1o a liquid CO2 The density .
kg/min, the values can be found much higher than low flow difference induces by large density difference in the system. H
rate, condition, 0.35 kg/min, which are 17.3% and 1.34 kW, The system can recover the solar heat without miechanical feed "
and 13.3% and 0.347 kW of cnergy output and system pump. In winter scason in Kyoto. Japan, the ambient B
cfficiency. respectively. It is obviously confirmed that higher temperature is around 10 ‘C which system cannot operate due =
mass flow rate gives higher energy output. In which, the to taking many time to absorb heat by COz. In this study. a
reasons may due to the higher energy collection in evacuate heater is installed before the solar collector o pre-heat CO..
solar collector part, h1-h3. Thus, the SRCS can produce higher R (S
energy by increasing mass flow rate. From the estimation of ; e
high mass flow rate. the amount of total energy can be
produced is 1.85 kW. Lot

Sl IR i e T TR B 7
s (003 kpgmin) -‘;“ Solar radiation
- Cilfes g, 3
"_«_:4‘ é ) . Coul watcr F
é E i Temparaure I b
s ES | Fressure | Thenmessatis ath
& E, l Mass flow rate |
2 g
% :‘% Fig. 6 Schematic of solar heat recovery system|6] 1
F
2 Resulis and discussions
a In the present study. the solar collector is set declined with F
e T N ¥ R T an angle of 30° with respect to the horizontal level. The
o e fhld] ) following items were mainly measured: the solar radiation, the 5
Fig. 5 Total energy output and temperaturc at outlet of solar CO» fuid pressures at the inlet and outlet of the solar collector, re
collector with difference mass flow rate (0.35 kg/min and 0.63 the CO; fluid temperatures at the inlet and outlet of the heat ]
kg/min) exchanger, the mass flow rates of COz fluid and water, and the a
» . ) o . ) . water temperature at the inlet and outlet of the solar collector. n
_ The efficiency of SRCS s obtained from cquation (4). The experimental result of amount of solar heat and mass a
which is about 35 %. while to compare the system efficiency flow rate of CO: was carried out from 8:00 to 16:00, shown in ic
with the ordinary photovoltaic system, which is around 20 % Fig. 7. In this experiment, CO; was heated by heater from 8:00 fe
|5]. It can be conc‘Iudcd here that SRCS shows much efficiency to 8:15. This is caused the mass flow rate of COa rapidly ]
and sustainability in energy production. increased from 8:00 to 8:15 before suflicient solar radiation is s
obtained. When solar radiation increases from 8:00 o 12:00. it st
SOLAR WATER HEATER is found that the mass flow rate of COz achieves more than 10 62

Since the amount of energy that used to supply hot water in ke/h. The mass flow rate of COz decreased after decreasing of c
our society is large. the solar water heater has been used and solar radiation (12:00 to 16:00) by CO: absorbing remained pk
studied extensively in the past time and has been put to heat in the solar collector. . .
practical use for many years. However, most of the solar water W] ca
heaters in the market use water as a working fluid, which has ; . e ) o
low specific heat capacity and result in low efficiency. Natural 1000 - Amount of solar radistion | ae
circulation model of heat recovery system using supercritical i Mass flow ke of CO, {15 &
€Oz was developed. as well as the thermal properties and flow ““U_' =
behaviors were  experimentally investigated. It is highly 600 d10 8
expected that the system provides a possibility to cireulate CO2 b |l &
without any mechanical pumps with the high heat recovery a00F =
elficiency achieved. In this system aiming to supply hot water 55 - 15 8
by exchanging the heat from high temperature COz to low | { =
lclllpk:l:alurc water in this :iyslit:m.‘ 0 };‘ ]'0 1'2 - lel T 0
Experimental set=up and principle Time [hh]

Fig, 6 shows the schematic diagram of solar heat recovery Fig. 7 Variations of the measured data with the test time, which k.

system. Solar heat recovery system is included with CO: closed
loop structure consisting of solar collector and heat exchanger,
and water opened loop structure consisting of heat exchanger

e

D3.2_2017.08 Test rig design for CO2 heat pump system
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Collected heat quantity in the solar collector and recovered
heat quantity by the water flow in the heat exchanger are shown
in Fig. 8. It is observed from Fig. 8, most of the time during the
test period, the collected heat quantity is relatively stable at a
value of 497 W and the value of the recovered heat quantity is
caleulated at 406 W. These values of the collected and
recovered heat quantity are the same as the average values in
summer season in Japan.

(W]
T T T I
|UUU|‘ = = = Amount of heat collection 7
F =T sss Amount of heat recovery
800 - 7
i |
600} s R )
400 y
1. R
I P
200 ¥ N
| | LI T
ol T B TR S
8 10 12 14 16

Time [hh)

Fig. 8 Variations of the performance parameters with the test
time, which include collected heat quantity and recovered heat
quantity

HEAT PUMP SYSTEM

The CO: ulra-low temperature cascade refrigeration
system with dry ice sublimation is composed of two CO»
refrigeration compression cyeles, namely high pressure cyele
(HPC) and low pressure cycle (LPC). cach of which is
composed of condensers, an expansion valve, an evaporator
and a compressor. The two CO» refrigeration cyeles are
arranged in cascade trough a brine channel in order Lo form dry
ice (solid-gas two-phase flow) in the evaporator of the LPC, A
feasibility study of the system operation bellows the COz triple-
point temperature of =56.6 °C has been performed [7]. and the
system has shown the capability of achieving continuous and
stable operation at a cryogenic temperature of approximately -
62°C at the suitable experimental condition, However, the dry
‘ee blockage is sometimes generated. The dry ice blockage is
phenomena that  accumulated dry ice particles (dry iec
sedimentation) block the cross section of the evaporator and
causes the vacuum operation behind the blockage in the
=vaporator. In this report, a tapered evaporator/sublimator is
sewly designed and installed into the existed COz ultra-low

tlemperature cascade refrigeration system in order to investigate
the heat transfer characteristies and s associated  system

performances. [8].
oy = Inverter Device

hemwcugils

Flow deaction
St

Fig. 10 Assembly of tapered evaporator (test section) [8]

Fig. 9 and Fig. 10 depict the detailed schematic diagrams
of the LPC in the CO: ultra-low lemperature  cascade
refrigeration system and the tapered evaporator (lest section) in
the LPC. respectively. As shown in Fig. 9. the L.PC is mainly
composed ol three condensers, an expansion valve, an
evaporator (test section) and a compressor, and the detail
schematic diagram of the newly designed evaporator (the test
section) is depicted in Fig, 10. The evaporator is mainly
composed of'a tapered channel, heater and thermal insulation.

In this study, the system performance of the LPC is
focused that the following parameters are adjusted  and
considered in the present study: the opening ol the expansion
valve of 15 mm, the heating quantity of the heater of 1200 W

(1910 W/m? heat flux), the rotation speed of the compressor of

60 Mz and the condensation lemperature of =20 °C, 225 °C, -
30 °C. 1t should be noted that the condensation lemperature is
the COz temperature at the inlet of the expansion valve, which
is adjusted by controlling the lemperature of the third condenser
connected with the IPC. All measured data are ransferred into
computer through a signal distributor and data logger,

In the present study, the local heat transfer coeflicient
along the evaporator is investigated at various condensation
temperatures as shown in Fig. 11, the lateral axis shows the
position from the inlet of the evaporator and the longitudinal
axis represents the local heat transfer coeflicient. The local heat
transfer eoefficient can be caleulated by the equation (3):

[
h=g _!T 5)

I

where ¢ is the heat flux. 7y is the inner wall lemperature of the
tube and Tin is the CO- temperature in the evaporator. The CO»
temperature in the evaporator 7}, is estimated by the encrgy
balance between the inlet and outlet of the evaporator. As
shown in Fig. 11, the local heat transfer coefticient decreases
when the condensation temperature decreases that the local heat
transfer coefficient decreases in the range of 0-3000 mm, and
then increases in the range of 3000-4000 mm. while it
decreases in the range ol 4000-5000mm.
Results and Discussions

In the present study. as described in the previous section,
the newly designed tapered cvaporator/sublimator is actually
installed in the existed CO; ultra-low lemperature  cascade

D3.2_2017.08 Test rig design for CO2 heat pump system
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refrigeration system, and the heat transfer characteristics are
examined together with testing the system performance of the
CO: ultra-low temperature cascade refrigeration system.

Fig. 11 shows the local heat transfer coefficient in the
tapered evaporator/sublimator. As shown in Fig.7, the local
heat transfer coefficient decreases when the condensation
temperature decreases, which means that the refrigeration work
of the evaporator/sublimator decreases with the decreases of the
condensation temperature. With respect to the reason for the
variation of the heat transfer coefficient, it can be considercd
that the mass flow rate decreases with the decrease of the

W |
C temy e -20°C
A Lol iy e-25°C
Condensati e + 30
150 -

100 -

501 -

Local heat transter coefficient [WA(m? K))

3000 4000 5000
Distance x [mm]
Fig. 11 Calculated local heat transfer coefficient of CO3 flow at
various condensation temperatures along evaporator in the
LPC) (8]

1 1 " L
i 1000 2000

condensation temperature. According to the CO: Mollier
diagram as shown in Fig.1, when the condensation temperature
decreases along with the wet saturated steam curve, the
thermodynamic cycle of the LPC is shified toward lower
pressure and enthalpy side (this thermodynamic cycle variation
depending on the condensation temperature can be found in [9].

Resultantly, it can be concluded that the effective
evaporator temperature decreases with decrease of the
condensation temperature. This is due to the condensation
pressure which decreases along the saturated steam curve. The
lowest cryogenic refrigeration temperatare of -66.4 °C was

-achieved at the condensation temperature of -30 °C without the

system operation failed. From these results, it was found that
the heat teansfer in the evaporator was increased by covering
dry ice in inner wall of pipe in the evaporator.

CONCLUSIONS

(1)  The thermodynamic system analyses based on the
measured data show that the COz-based cycle can achieve
stable outputs of power efficiency of 17.3 % and energy
output of 1.34 kW. The study shows the potential of the
application of the COp-based cycle powered by solar
Energy.

(2) By installing the pre-heater in the solar water heater
system, even in winter season, this matural convection
flow is used to achieve solar to thermal convection
process. The measured data show that a recovered heat
quantity of 406 W can be abtained in the heat exchanger.

D3.2_2017.08 Test rig design for CO2 heat pump system

{3) With replacing the evaporator/sublimator from the
previous sudden expansion to the new tapered type, it is

found that the s¥stem has the capability of achieving the

ultra-low temperamure of -66.4 °C continuously the
achieved refriceration temperature with the tapered
evaporator/sublimator is 3.5 °C lower than that of the
sudden expansion evaporator/sublimator which is installed
in the previous system.
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CO, for various industrial applications 3

Industrial applications of CO; and scCO;

Spray drying
Dry ice blasting ‘ Cooling agent
Fortizer  —— (C(Q; — roamingagent
Py / |
Supercritical applications:

Supercritical Fluid Extraction (SFE)

Particles Trom Gas Saturated Solutions (PGSS)
Rapid Expansion of Supercritscal Sodution (RESS)
Supercritical Fluid Reaction (SFR)

Supercritical Fluid Chromatography (SFC)

COy s one of the so-called "natural” refigerants. a group that includes ammonia,
hydrocarbons such as propane and butane, and water Although CO; is necessary
for all fe on earth, 1t i1z also a greenhouse gas that can bring about
environmental changes if its atmospheric concentration changes.
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Why CO,? :

Advantage of CO, as working fluid
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Butmc R CH: 152 g Ad 2 ¥
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Sulfar Décxide RTE4 0 L57.5 3.4 BL L]

Ammooi RTLT MH 13239 123 Bl L] =L
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A pressure-temperature diagram :

1000

* the sublmation curve

* the fusion curve

* the vaporization curve _ 1004
* the triple point E,
 the critical point 5

The pressure and
temperature domains
superimposed on the

CO, phase diagram

with various 1
operations purposed.

Temperature (*C)
Pl 3. Shophend, B, & Woollin, P {2002, Jonm. Salection of materids for bigh presams 002

traencet. I T Toiedd Fstemsiinms! Fovmem of s Trpepnowising of 007 by Pineling, Nawesnls,

v v Doshisha University

Virial Coefficient of Carbon

Dioxide

Carbon Dioxide

299890
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* An equation of state exists relating pressure, molar or specific
volume, and temperatwe for any pure homogeneous fluid in
equilibrium states.

* An equation of state may be solved for any one of the three
quantities P, V', or T as a function of the other two.

ATy AT
* Example: a’r»'=fi | T +] ar | dP
8T, \éP)r
TER 1(er
Volume expansively: f=—| — | |Isothermal compressibility: & = ——! \}.
T EEyar). i viap ),
% = Gl — wadP

- For incompressible fluid, both f andxk are zero.

- For liquids [ is almost positive (iquid water between 0°C and 4°C is
an exception), and« is necessarily positive.

- At conditions not close to the critical point, i andx can be assumed
constant

hi—;=ﬁﬂl—1’:}—£(g -B)

v Doshisha University

Virial equation of state :

* PV along an isotherm:
« PV =a+bP+cP'=a(l+BP+CP'+D'P +.)
* The limiting vale of PI"as P —0for all the gases:
* (PV)=a=f(D)
* p;«'_]' —a=RT .with K as the proportionally constant.
* Assign the vale of 273.16 K to the temperature of the
triple point of water: (PV] = Rx273 16
* Ideal gas: -

* the pressure ~ (); the molecules are separated by infinite
distance; the intermolecular forces approaches zero.

-
= |

27316 - molK

) 83 144 cmi bar

vy Doshisha University
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Virial equation of state (cont.) 0

* C0O; compressible factor calculated from the Angus EOS
(Angus et al. 1976)

The compreszibility facter for CO, was caleulated from the state equation;
i which Z({Angus EOS) is given as

‘< i L
z=l+£22aj{i_1) G-V

£ A
#.= 468 kg'm® and T, = 304.2E., which are OO, critical density and eritical pressure, respectively,
Coefhicients for a;

El ovEaemT LSDGONTS  AMSSTIN OITEMESTS  ASTEGT QETLASEIM O lEisEm
BN cesemia 1pssen 5 O IS SSESEQT  ISEMEMTS G SSEIET o
Bl cvsmses  lmesae SslEmST GElIses aSTes Lo a
[l cocssmom LTEONSAL GILLsRS GERSes Smlsmnn o S ST a
Bl cesssom o iavasas T.smamLAL EELGEIS  -2ADSERT -2 STRALD a
Bl s LT . ETos I0SSTIL RITERSEE [ [
Bl owmsan mGeoTL SSRGSl [ [ []
Bl comsioss  omce GLESNE -LEsa [ [ [
Bl cosmess psowmaz oEassT a o o o
EN cousam Qesamss 00SSESSGT a o [ o

Thmedymamie ekl Pesjom (1076 Sricrmaiiona] Themmadymanis Takler of the Fluid Sisie Cambon Diszide,
P73 5 Asgua B Ammecog, &K M de Rouck (Bdx ) PFogexo pea : Doshisha University

CO, Properties 10

In comparizon, the Angus EOS has more advantages compared with Peng-Fobinzen EOS in
accuracy torepresent measured CO; data.

2 4 T T T T T T
18 .
— (=l 8
=18 Hy =
~ 0 5E
L H Fo e
§12 N E‘::
g == df
5"‘"“‘“““"“‘“&-’5—- :E"
Dan é.% G
Eos = g oap
02 [ e———T L mF
o [
] m 40 &0 0 100
Pressure, P [MPa)]
The compressibiiiy facer (& af varbuswerking Thermopiysical propery of CO; at 2. 0MPa
Jiuids with pressure.
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CO, Thermophysical Property 11
CO,(R744]
Mlolscnler wedght 4401 E
Thsrmal conductiviny - =80T 2 10-2 [Wm- K]
Viscodty t = 1473 10-5 [Pa-s] A P.=738
Heat cagacity D p=M3 [ K)) g
Deasity 2= 15358 eg'm3] =
Spacific rasio 13 =197 [ E
Prand somber TPe=0THE[-]
Sobbmation temperatons I =17 K]
(= stenderd conditions 101 3kP2, 193 13K
F.=I31E
0k Criticzl point 0 Triple point
P.—7 38Nz P.=0513MPz
E=314% o= —566T

CO, is a good refrigerant
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CO; Research for Energy Conversion 12
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CO, a Working Fluid, an Application of
Heat Pump with Dry ice Sublimation

¥ommakd, H, ¥eeguchi H, Bosec, K, & Mooz, 7 £2013) Exposmrsnsl Obarrretion ef OO0
Dy Beborier = FropocscoSubEmesee. Enorgy Provediz fi= P &' J 'hi‘;hﬂ [.Ini\"l:hjl."l

Application on Heat pump system 14

Refrigeration cycle

KH,'RI3 Cavcads rafrigsrating sysism

100, Cancade refrigersing nrsism

Refriperation temnperaturs - -30¢ ~ -30¢ Rafrigeration temperaturs : -60¢ - 83¢
Food industry r - - a. I
. L

bepswrarw japmaiunan
eepemadd
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CO, Cascade Heat Pump System 15
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Motivation 18

Elocking Phenomena in the Evaporator
= amenaan ol Dol Trady on TymeT
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l Taoerad BvagaracarSubimans:, Procesding o | R
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imstration of dry e particle bohurviour and dry-scc sodimontstion imsidc e ovaporstor uldbmator

@

Installing a swirl promoter in the Evaperator

Diry-ice

Dry-ice-Gas tow-phase flow

Swirl promaoter
I Praventbloclazs phenomens and inerease haat transfer in theevapomter I . o )
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Set-up of visualization experiment 17

1C0, bomb
2 Pressure control valve
3 Pressure gauge
4 MNozzl=
T 5 Swirl promoter
3 6 Expanding chammal
"n 8 High speed camera
S Computer
13 10 Pump
1 11 Flow mater
12 Watertank

2] 4
@ A
I 13 Heater

Sl ]
/-Im.___

n g
L
= f\/ II|,/" W _”
Detailview of the inlet flow : W .

channel and expanding channel ket Bow chamel Espanding chanil |
100 155

¢ Temperateremeasurement points
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Visualization results 13
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Visualization results at P = 1.0 MPa 18
{a}x = 450 mm, [h) &= 225 s, (&1 x = 3250 gram,

wilhsouit profiuscr ittt promoter withoul promeoter

Wb = 4500, )z = 2250 mmy, (b= 3250 nm,
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i
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Visualization results at P = 1.5 MPa 20

| — L
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el = 1250 mm, idpx = 3250 mm,
with puierslcr i e i

v Doshisha University

D3.2_2017.08 Test rig design for CO2 heat pump system

Page 22 of 28



CENTRE FOR
ENVIRONMENT:
FRIENDLY ENERCY

@® HighEFF

Measurement result of the heat absorbed 21

A =

ELLH

200 b | Pragtical condition _|

Heat absorbed [W]

= =g = without swirl promaser |

100 = .
eyl swar] promoler

i 1 i
08 [ 1.2 1.4
Pressure [ MPa]

Heat absorbed at various pressure conditions.
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Heat transfer coefficient in the heat pump system
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Caloulztad local hest transfer coefficient of C0;
Flow with and without swirl promoter long
evaporatonsublimator in the hest pump system

v Doshisha University

D3.2_2017.08 Test rig design for CO2 heat pump system Page 23 of 28



CENTRE FOR
ENVIRONMENT:
FRIENDLY ENERCY
RESEARCH

@® HighEFF

The Ressarch Councl of Norway

Solar Water Heater using
Supercritical CO, as a
Working Fluid

wr Doshisha University

Backgmund 24

Carbon dioxidz (CO.)

Critical pressure .38 MPa  Critical temperatere 31.0°C

= =
'_ii_['__i' T o .
= _ mamf
i g
: :
H a
o = xawml
'\-\.\_\_\_\_\_
= = = = L3
Zek i [ _ Temgar s ['C]
Maollisr dizgram (Prezssure — Enthalpy) Variztion of C0. propertizs 2t 8 Lz

¥ By using OO, as a workmg fluid i the solar heat recovery svstem OOy natwral circvlation at low
temperature (at 31 0FC ) canbe achisved due to the C0, phase chanze

#  The efficiency of the sydem can be improved by increasing the heat transfer eficieney in the

phasze change process.
| Hirgh efficiency heat recoveryand heat transferare possible to opemte withoot mechameal fe=d prmp |
FROBATH vI31 v Doshisha University
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Background (cont.) %

Critical pressure znd temperature of 00 znd H0 ™

P [MP=] T [K]

o0 T3k 3041 0Oy can be realized in a ambient temperaturs with
HO 111 5471 a relatively low pressure condition

0 mezimuem  temperatuge in diffrence phaze state condition

DPrzzzure Maximmmn S0: temperatuge
Phaz=
e PPz ]
Liguit to Superoiticzl FEE] 554
Liguid to Ga= 542 408
o I"_' H & ‘\ \\x\f\'““ # Phas= state change from liguid to zas also can be
- \ induead natvral convection and colleet heat
I, €O, maximum temperatureis decreases due to using
. heat as boiling latentheat when phase statz changs
! from ligmd to gas
‘ | Svpereritical state is suitabls for water heatersyvstam
PROPATH v13.1 v Doshisha University
Experimental setup and principle 2

Zaolar heat recoveny system

To develop high efficiency solar heat recovery systemand investizate
thermo-flud chamctenstic of supercritical OO0,
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Experimental method and conditions 7
Exzparimentz] conditions of the syzEm
Mz flow sate of water [k @ oo Exparimentz] glare
Filling amount of OOs ] S Dioshishs Univ, Kyotansbe cify
Collector tilt angle ] 30 Kyoto, lapan (E135.5, N34.5)

Exzparimentz]l conditions of the weather

Dtz Averzpe awbient | Maximum ambisnt | Average solar Cooling water
[reat/month'dzy] | temperature [2] | temperaturs [7] radiztion [W) temparaturs [42]
D17/ 10426 143 114 570 (226 pl]
Evaluation mathod

7. [ke'h):Mz=s fow rate of C0:
Amount of hest coltection [W]  ©, = G, *{h. - &) . [[11;;11]]:11255 flow rzte ofwater

Amount of nestrecovery [W] D= Goweg(T —To) | | e [%E]:00; enthalpy efcollzctor inkst

: o -0 Baz [1kE): 00 enthalpy of collactor outlst
e T, [K]:Water temuperatuse of hast snchzngsr inlat
Hezt racovery eficiency [-] =80, T [EL): Water temperztuge of hest enchanger ontlst
g [IE - kg)) Spacific heat of 00

2 [W]: Amount of solar radiation

Properties
The propertiss is czloulated weing FROPATH v13.1

v Doshisha University

Expeﬁmental results 28

| Autmmn(2017/1026) |

% T T o hilasE ot e of OO
& 1l Solar radistion i
o 3
= E
= lop E
2 w0l
£ 1T7%
E oIt E
= e
z
=0 ¥ T o
Time [

Miass flow rate of CO, start ériving after experiment is startzd
Maximum mass flow rate of OO, 15 14. 2 kg'h when culmination time

Mlass flow rate of CO, increases with increasing solar radiation and stops when sun starts satting

| 0, natural circulation is induced by solar radiation
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Experimental results (cont.)

100 — ; ; ; ; 1 T T TETETE
—_— C‘}:M“E _I_..‘I '|'|'|'l.
——o— 0, temperaturs of collector infst R

— ¥ —=— 0. temperzture of collector outist 7 —
- i i i an _—
i m: { { e . &5 i H l|I ||::l\ 1mEe T
| NER—) *
= L g \.,‘.&
£ Al S DU -ttt B
B T 83 £ s
i I A 1 &
E : | | s &

pic] S R 15
. 1 1 1 11
] Il L l L 1
- L] 1 |E) JE] =t

Time [ni Ty [y
000, state is liquid state (tempemture and pressure are 17.5C and 5.3 MES)

300, phase statechanss state is liguid state to zas state

2@ OOy pressure increases and C0, phass statechanss become liquid to supercritical

-

The pressurs reaches mavirmm valve of 2.7
The temperatureof collector outlat reaches mawimmm value of 53,7

After 16:00 when the sun start sethng, the temperatinres and pressures poes down with
changing the phase intothe initial state of gas-liquid two-phass
v Doshisha University

Discussion

30
Heat collectionand recovery Temperaturs
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Az so0on as the expenment starts, the collected and the recoverad heat quantitiss are zero
After OOy is driven, both ofthe quantibies rapidlyinersass

Heat coliscien Heat secovery M teemperatnne [+2)
afficenay afficiency
[*] [3] o0, Water
00 3.9 524 §3.3 459 |
Flat plasm 16 M6 Flat plat= coll=ctor

# Heaat collectionefficiency and heat recovery efficiency of 3-C0, collector arshigher than flat

plate collactor

¥ Maximum water temperature of 8-C0, collectoris lower than flat plate collector, however OO0,
temperature is higher thanwater temperaturein flat plate collactor
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Conclusions a1

_ Heat pump system

Using the state an ultra low temperature refrigeration could be possible in a closed heat pump

cyele. The development can achieve further ultra-low temperature system. a swirl promoter is

newly installed at inlet of the evaporator/zublimator, by can the results be obtained;

+ The dry-ice particles flow into downstream without sedimentation near inlet.

+ The heat transfer is increased.

+ The dry-ice particles cover with the inner pipe compared with in the case of without swirl
promoter, dry-ice particles are formed sedimentation like snow ball and it flows inte
downstream with rotation.

Solar water heater

The cross pessudo-critical cyele can be achieved by natural circulation of CO: for absorption

of solar thermal energy. A state of art technology has been propesed and designed as 2 new

type of sclar water heater Some representative performance results are presented together

with the results concludad;

+ The natural circulation can be achieved, and circulate COy in the system without using
mechanical feed pump.

* Heat recovery efficiency of the system is found to be higher than ordinary flat plate
collactor

v Doshisha University
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