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Abstract

Dry ice sublimation is a unique phase change phenomenon which occurs under -56 °C by absorbing a
great deal of heat quality under triple point temperature of -56 °C. With applying the dry ice sublimation,
CO2 refrigeration system can be achieved in a temperature lower than -56 °C. In the evaporation process
of actual refrigeration system, however, dry-ice blockage may be happen in an evaporator, which causes
a risk of system failure associated with vacuum pressure in a suction of a compressor. In this study, a
tapered evaporator/sublimator with a swirl promoter, which induced swirling flow of solid (dry ice)-gas
two-phase flow, is newly designed and constructed, and actually installed into a proposed CO2 ultra-low
temperature cascade refrigeration system. By means of the heat transfer of solid (dry ice) -gas two-phase
flow is investigated. Based on the measurement for heat transfer characteristics, it was verified that the
CO2 refrigeration system can operate continuously and stably without dry ice blockage in the
evaporator/sublimator. It was understood that dry ice particles are uniformly distributed along the inner
wall of the evaporator/sublimator by installing the swirl promoter, where the heat transfer coefficient is
largely improved.
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Experimental Investigation of an Effect of Dry Ice Solid-Gas
Two-Phase Flow in CO; Refrigeration System

Harhiko Yamasaki', Hiroshi Vamaguchi®, Takeshi Kaminura®, Kazuhiro Hattor® and Peter Neksi*
'Department of Mechanical Engineering, Osaka Prefecture University, 1-1 Gakuen-cho, Sakai,
5998331 Osaka. Japan

? Department of Mechanical Engineering, Doshisha University, 1-3 Tataramiyakodani, Kyotanabe.
610-0321 Eyoto, Japan

3 Mevekawa MEG. Co. Ltd . 3-14-15 Botan Kotodu, Tokyo 135-8482, Japan
45]IqTEl:EIEIngR.E'SEﬂ]th__ Sem Szlands vei 11, 7034 Trondheim Norway

Abstract:

Dry ice sublimation 15 a unigue phase change phenomencn which cceurs under -36 °C by
absorbing a great deal of heat quality inder tnple pomt temgperature of -36 *C. With applying the dry
ice sublmation, OO refrigeration system can be achieved in a tenperature lower than -36 *C. In the
evaporation process of actual refrigeration system, however, dry-ice blockage may be happen in an
evaporator, which causes a nsk of system failure associated with vacuwum pressure in a suction of a
compressol. In this study, a tapered evaporator/sublimator with a swirl promoter, which induced
swirling flow of solid (dry ice)-gas two-phase flow, is newly desisned and constmcted, and actually
installed mto a propesed CO, ultra-low temperature cascade refrigeration system. By means of the
heat transfer of solid (dry ice) -gas two-phase flow 15 investigated. Based on the measurement for
heat transfer charactemistics, it was verfied that the CO, refngeraton system can operate
contimcusly and stably without dry ice blockage in the evaporator'sublimator It was understood
that dry ice particles are uniformly distributed along the mmer wall of the evaperator/sublimator by
mstalling the swirl promoter, where the heat transfer coefficient is largely improved.

Introduction:

The usage of carbon dioxide (B-744) as a refigerant of heat pump system has been increased
substantially, which the green gas property 1s defined as datum by 0 and 1 of ODP and GWE.
respectability,. CO 15 also classified as non-flammable, non-toxic, chemdcally inactive, and
mexpensive as well. Also, OOz has great potential of heat transfer owing to the volmetric capacity
of CO; bemg 3 or 4 times higher than for other refrizerants available m the market Based on the
advantages owing to the reasons, CO: has recerved nouch attention i recent years in developmg

"Corresponding author:
E-mail: hvamasakiime osakafitu ac jp (H. Yamasaka)
Tel/Fax- +81-74-254.0733
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energy conversion systems (Aroz et al., 2008; Austm and Sumathy, 2011; Cechinato et al., 2003;
Chen and Zhang, 2014; Chen and Cu, 2003; Girotto et al., 2004; Huang et al.. 2007; Kim et al.,
2004; Kim et al., 2009; Liac and Zhao, 2002; L et al., 2012; Lorentzen 1994; Neksa et al., 1998;
Fieberer, 2003; Sarkar et al.. 2006; Stene, 2003; Tanmmra et al . 2005; White ot al., 2002). For recent
years, many researchers have also camed out scientific mvestigations for CO; heat pump system
{Boccardi et al., 2017; Zhm et al., 2017; Yokoyama et al., 2018). To date, m the heat pump system
using COy as working flwd, the cooling temperature range 1s usually from -30.0 ~ 0 °C achieved by
the evaporation process since so far developed heat pump systems focus on mamly water heater with
high efficiency by franscmtical CO; operation. For the lugh teclnolegy mdustnal applicabions,
however, fishmg industry, omedical engineermg, food mdustry and efe., below -30.0 °C cooling
technology 15 nmch requored.

Based on above advantage and moreover to overcome techmical issues. a COp ultra-low
temperafure cascade refigeration system has been proposed (Yamaguchs et al., 2008; Yamaguch et
al, 200%). The refngeration system can achieve a low temperature below CO, mple point
temperature -56.6 °C at (.518 MPa by sufficiently expanding cooled hqud €O, mto the sohd-gas
two-phase flow, 1.e. o the region of the dry-ice formation. The refigeration system conposed of two
C0Oy refngeration compression cycles, namely ligh pressure cycle (HPC) and low pressure cycle
{LPC), each of which conposed of condensers, an expansion valve, an evaporator and a compressor.
The two OO0, refngeration conmpression cycles are ammangsd mn cascade through a bnne heat
exchanger chammel m order fo cool hgqmd CO; m IPC for formmg of dry-ice m the
evaporator/sublimator. A feasibility study of the system operation usmg CO, solid-gas two-phase
flow has been performed (Zhang et al. 2011), and the system has performed the capabiity of
achieving ultra-low temperature range of -60 ~ -62 °C at the sutable expermmental condiion. On the
confrary, when the system operates at lower femperature condiions (low condensation temperature
and low heating power imput) in the evaporate process, 1t has been found that dry-ice blockage
ocours n the evaporator/sublmator and makes the system operation faling (Yamaguchi ef al., 2011).
The dry-ice blockage 15 cansed that acoummlated dry ice particles (or dry-ice sedimentation) block
the cross section of the evaporator'sublimator. Due to the dry ice blockage, the vacium operation of
compressor i suction side follows and causes the system falure m IPC. In order to examine the
sedimentation of dry-ice phenomena a dry-ice observation system with visualization channels
modelling the evaporator/sublinator has been designed. constructed and fested (Yamaguchi ef al.,
2014). The dry-ice visualization test has qualitaively revealed that the geometnc configuration of
the mlet shape of the evaporator/sublimator strongly influences the flow behavior of the dry ice
sobid-gas two-phase flow mducing the sedimentafion phenomena. Furthermore, 1t revealed that the
sedimentation phenomenon is greatly eased when the shape of the mlet of evaporator/sublimator 15
changed from a sudden expansion channel to a tapered channel By using the shape of the inlet of
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evaporater/sublimator m the CO, cascade refngeration system the system has performed the
capability of achieving the ultra-low temperatmre of -66.3 *C, contimiously (Twamoto et al, 2015).
Based on the previously reported study (Yamasaki et al, 2017), in order to improve heat
transfer characteristics of COq solid-gas two-phase flow i the evaporator/sublimator, a tapered
chamme] with a swirl promoeter as an mlet channel of the evaporator'sublimator 15 modified m which
the swirling flow of CO» solid-gas two-phase flow is induced Beside the actual COy heat pump
system, In the present study, the dry-ice behavior is imvestigated by the observation system with a
new visualization channel (with a swirl promoter). By mducing the swirling flow of CO. solid-gas
two-phase mn the evaporator/sublinmtor, it 15 foumd that heat ransfer of OO, solid-gas two-phase
flow mereases due to wnformly dispersed the dry-ice particles m the whole region of the
evaporater/sublimator. Based on this research the evaporator/sublimator with a swirl promoter is
newly designed and constrocted, and actually mstalled into the existed CO: ultra-low temperature
cascade reffigeration system mives high heat tramsfer characteristics, improving the system

performance.

Experiment:

The swirl promoter is designed and manunfachred in order to mprove the solid-gas two-phase
heat transfer i the evaporator'sublimator in IPC of the OOy ulira-low temperatme cascade
refrigeration system as shown m Fig 1. IPC mainly conposed of three condensers. an expansion
valve, an evaporator'sublimator (test section) and a compressor In order to obtam CO: solid-gas
two-phase flow in the evaporator/sublimator, it is necessary o condense gas CO; mto Bqud OO,
before entering the expansion valve. Three condensers arranged in series are designed to condense
gas COy by sufficiently cooling in stages. The first and second condensers are tube-in-tube heat
exchangers. The first condenser 15 cooled by hot water and the second condenser 13 cooled by cold
water from cooling tower. The third condenser 15 a plate-type heat exchanger which 15 cooled by the
brine connected with the evaporator of HPC. The expansion valve 13 a needle valve which 1s
mamually operated to give IPC at given condition. The compressor is a reciprocaling commpressor
(TC535004, produced by Dorn).

Fig 2 depicts the detailed confisuration diagram of the newly installed tapered
evaporater/sublimator with a swirl promoter m the [PC. The evaporator/sublimator 1s mamly
composed of a tapered chanmel heater, thermal insulafion and swirl promoter. The swirl promoter is
stamnless thin wire (of 1 mm diameter) boned along the imer wall of the tapered channel as depicted
in Fig. 3. The tapered channel is a copper-made honzontal placed circular pipe with the lensth of
5000 mm, the nner and outer diameters of 40 num and 45 mm respectively. The mlet of the circular
pipe is taperad from inlet of the pipe =0 mm to =200 mm The heater used to heat the pipe 1s a
silicon gum type heater, which is tansted around the pipe. The heater mput is controlled by an
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mverter deice. A thermal msulafion, which has a thickness of 150 mm, made of glass wool 15
converted outside the pipe.

As for the measurement system, as shown in Fig. 1, thermocouples are installed between the
compressor, first condenser, second condenser, third condenser, expamsion wvalve and
evaporator/sublinator, and pressure transmmtters are mstalled between the compressor and expansion
vilve m the IPC fo measure femperatires and pressures, with an accuracy of =0.1% for
temperature measurements and +0.2% for pressure measurements. In order to mvestigate the heat
transfer characteristics of solid-gas two-phase flow in the evaporator’sublimator of the IPC, four
pressure measurng point (denoted as Py — P Fig. 7) are arranged with uniformly distributed along
the upper wall of the evaporator/sublimator, and 15 thermocouples (denoted as I} — Ijs m Fg 2) are
positioned to measure wall temperatures of the cirenlar pipe.

In the present study, in order to mvestigate the heat fransfer of sohd-gas two-phase flow in the
evaporator/sublinator of LPC, the condensation temperature 15 set to be -20 °C by confrolling the
heat pump system of HPC. It is noted that there are enough reference data of heat fransfer
evaporator/sublinator at the condensation temperature of -20 "C (Yamaguchi et al | 20097, As with
the expansion valve, the opening of 25 mm is set when the opening ratio 1s 5/6. The heater mput 13
1800 W (2004 Wim®). The rotation speed of the compressor is set at 55 Hz controlled and
throughout the experiments.

O— Tempersme messiremen poam

O Fressile [LEISIEeeet poan

Evapoaicr ol HPC for e
(Drtval desscripniont in Rel [T Thied condemser

(R bade Tonf Bieis)

Cooling tower  Ciooled wale

Fig. 1 Arrangement of low pressure cycle (LPC) in experimental CO: ultra-low temperature cascade
refrigeration
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Fig 2 Assembly of tapered evaporator/'sublimator with the swirl promoter
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Fig. 3 Detail view of the inlet flow channe]

Results and discussion:

In order to prevent the dry-ice blockage and increase the heat transfer, m this study, the swirl
promoter 15 actually mstalled as explained above m the OO ultra-low temperature cascade heat
puny system, and the system operation and the heat transfer are tested. System operation without a
swirl promoter (onty tapered flow channel) 15 also tested for comparison.

Fig 4 shows the measured pressure both at discharge and suchon compressor with the swarl
promoter installed. In the Fig. 4, the lateral axis shows the time vaniation. It is mentioned here that at
the beginning of experiments, the heat pump system as shown in Fig 1 is operated without the
heater input to the evaporatorsublimator in IPC m order to obtam sufficiently cooled CO: before
the expansion valve, and when the brine is fully coocled, the heat input to the evaporator/sublinmator
and this time point is set as the point of ongin of the experiment as shown time=0 min. As shown in
Fig. 4, the system the steady state after 10 min, and the time-average valves of the suction pressure is
taken as 0.44£0.02 MPa and the discharge pressure is taken as 2 04+ 0.07 MPa. It is confirmed that
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the pressure of evaporator/sublimator is below the CO, tniple pomt of 0.518 MPa. It should be noted
here that the oscillations of both of discharge and suction pressures are quite low compared with
previous stady (Yamaguchi et al, 2011) which used only sudden expansion chamnel (without the
swirl promoter) as the inlet shape of the evaporatorsublimator. It is venfied that the CO:
refingeration system with the swirl promoter could produce more stable operation than the previous
system. Fig. 5 shows average wall temperatures in the range of 0~-2000 mm (T;~T7) and 2000--3000
mm (Tz-~T15) of the evaporator'sublimator with the swirl promoter m L PC. Simmlarly after 10 muin, m
the range of 0~2000 mm (T;~I7) of the evaporator'sublimator in LPC, the average wall temperature
15 -39.1 +=025°C for 140 mn mdicating that the sublmation rate of dry ice 15 balanced with the
generation rate of dry ice. In the range of 2000~3000 mm (Tg~T;5) of the evaporator/sublimator in
LPC, the average wall temperature 15 -30.2 +£0.73 °C after 10 mun However, there 15 some
mtermittency of temperature vanations, n which the highest peak is appromately -26 °C. This 15
due to local pile up {or aggregation of dry ice particle) with which the smooth flow may have
disturbed. The average wall temperature m after 2000 mm of the evaporator/sublimator becomes 9
"C hugher than the temperature before 2000 mm of the evaporator/sublimator. It is considered that
the rate of sublimation decreases. when local dry ice sedimentation 15 occurred. The local dry ice
sedimentation may cause the accummlated dry ice particles on the bottom wall of take, preventing
active sublmation.

35p
3E
15E Dhscharge pressure

_ Tt /

9’—5 S

= “F 3
1;— Suction pressure -;

E ¥ E

(] ~S— 3
0 el 40 &0 8 W0 120 140

Tmoe [mm]

Fig. 4 Vanations of pressures with time wath swirl promoter
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Fig_ 5 Vanations of measured evaporating temperatures of LPC with time at tapered channel with
the swirl promoter.

Here, in order to show the advantage of using the swirl promoter in the evaporator/sublimator,
results of measwement without the swirl promoter 15 compared in Fig. 6 as a reference, where
measurements of evaporating pressure and average wall temperatures m the range of 0~2000 mm
(I1~15) and 2000~5000 mm (T3-Tys) of the evaporator/sublimator as displayed m the same
expermmental condition as Fig. 5. As shown in Fig. 6, the suction pressure rapidly decreases dunng
the time between 18 and 38 min The change of the suchon pressure 15 cansed by a large amoumt of
the dry ice accunmilation at the inlet small tube before the compressor (Fig. 2), blocking the gas CO:
flow. Average wall temperatures also dramatically change while suction pressure change. Focusmg
on the result of average temperature m the range of x=0 - 2000 mm of the evaporator/sublinmator, the
average temperatme decreases within 19 mm cansed by mereasing dry ice precipitaton from eases
generation of dry ice, and then temperature nses up. When dry ice precipitates to such an extent that
sublimation rate decreases and sedimentation of dry ice grows and eventually canses a blocking the
evaporator/sublimator. Since majonty of dry ice particles sublimated at the mlet part of the
evaporator/sublimator, gaseous phase with large agglomeration of dry ice flow mto the end part of
the evaporator'sublimator. This phenomena would cause the average wall temperature dramatically
mecreases dumng the tme range of 1924 min.
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Fig. 6 Vaniations of measured evaporating pressure and temperatures for only tapered channel
without swirl promoter

In order to mvestigate the detail heat transfer of sohid-gas two-phase flow, the vanations of
local pressures and temperatmes at elapsing time of 19, 21 and 23 mun (typical blocking time
progress) in case of using the tapered channel without the swirl promoter are shown in Fig. 7. At the
tme of 19 min as seen the local temperanures shghtly merease with oscillabon info the downward
direction. At this mstance the solid two-phase flow does not dismbute wmformly m the pipe,
although dry ice particles distnibute with a certain amount of sedimentation at the bottom of the pipe,
so that the measured temaperature tends to oscillate (Yamasaki et al., 2017). At the downstream since
the amoumnt of sublimation of dry ice decreases, the heat transfer decreases with temperatures shightly
mcreasing. At the time of 21 min, m the range of x=2000~3800 mm, it is similarly seen that the
temperature also mcreases. This is camsed that stromg large dry ice agglomeration is formed at
bottom wall in this range. When the large agglomerabon of dry ice 15 formed m the
evaporator/sublinstor, heat transfer 15 degraded as major amount of heat 15 transported by heat
conduction. Moregver, it is considersd that the large agglomeration blocks the evaporator/sublimator,
becanse of the pressure exceeds the sublimation pressure (0.318 MPa) of CO, as seen m Fig. 7T(b).
Once the dry 1ce blockage elininated from the evaporator/sublinemtor. the pressures decrease owing
to the fact of Joule-Thomson effect taking place as seen in Fig, 7(b) at the ime of 23 min  Affter the
blockage phenomena occurs, however, since the discharge amownt of CO, decreases, there is not
enough precipitation of dry ice, and solid-gas two-phase flow changes to single gaseous phase after
2000 nom, which leads that the local heat transfer coefficient decreases as shown im Fig. 7(a) at the
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Fig. 7 Vanaticns of measured (a) local temperatures and (b) local pressure at 19, 21, 23 min using
tapered chammel without swirl promoter
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Fig. 8 shows the vanations of measured temperature and pressure at 40, 80 and 120 mun in the
case of using the swil promoter. Measuremeent results of vanous local temperaftures and pressures m
the evaporator/sublimator at whole operation fime (140 mm) shows almost the same value, As
menfioned above i Fig. 4 and 3. by mstallme the swid promoter in the inlet chanmel of the
evaporator/sublimator, the system can be operated continuoushy and stably without dry ice blockage
n the evaporator/sublimator. As clearly shown m Fig. 8, the temperature imncreases from 0 to 2800
mm of the evaporator/sublimator with some degree of oscillation and after 2800 mm local pomt it
decreases, reaching -33 *C at 3000 nmm. It is nferesting to note that the temperature keeps almost
constant value of -35 °C unfl the local point of 4200 mm and at the end of the evaporator/sublimator,
temperature shzhfly imcreases. Here 1t 15 thought that the same amount of dry ice can be mduced to
the evaporator'sublimator as observed from pressures taking almost the same value which is lower
than CO, sublimation pressure of 0.518 MPa. The increasmg trend of temperatures in the range of 0
— 2800 mm 15 well kmown effect of developing the thermal boundary layer, indicating that the
temperature difference between the mner wall temperature and the OO, temperature becomes larger
dlong the evaporator'sublimator. The canse of large oscillation of the temperatures in the range of 0 —
2200 mm can be considered as the spiral trajectory of the dry ice swirling flow. Especially in the
entrance region of the evaporator'sublimator (0~1400 mm), the dry ice particles in the schid-gas
two-phase flow mduced by the swirl promoter flow prevals strong spiral trajectory motion This
trend 15 concervable from the previous visualization results (Yamasak: et al., 2017). After x=3000
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mum, the constant temperature is mamntamed by solid-gas two-phase flow distribution throughout the
pipe. After the sublimation, the femperature at x==4600 mm mecreases due to the dry ice passmg mio
the smgle gaseous phase.
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Fig. § Vanations of measured temperatures and pressures at 40, 80 and 120 min. in case of using the
swirl promoter.

In order to discuss the heat tramsfer coefficient with and without the swirl promoter, the heat
transfer characteristics of the solid-gas two-phase flow mside of the evaporator/sublimater 15 studied
in details as shown i Fig. 9. In the figure, the lateral axis shows the position x from the inlet of the
evaporator/sublimator and the longitudina] axis represents the local heat transfer coefficient b, as
calculated by the following fornmla;

where g is the input heat flux, T is the mner wall temperature of the pipe and Iy is the CO;
temperafure m the evaporator'sublmator. The CO, temperature m the evaporator/'sublimator T;, 15
calculated from the measured pressure at the same positon by a Program Package for
Thermo-physical Properties of Fluids database 12.1 (PROPATH v12.1) (FROPATH GROUP, 2001)
and NIST Reference Fhuid Thermodynanucs and Transport Properties (REFPROP 8.0). As shown
Fig. 9. the local heat transfer coefficient at x=1000 nmm in the case of with swirl promoter is higher
than that m the case of without swirl promoter This 1s caused by mducmg a swilng flow that a
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large amoumt of dry ice parbicle may be dispersing along the mner wall of the pipe by absorbing
great deal of heat quality. In the range of x=1000 — 2000 mm both of the heat transfer coefficient
show decrease, indicating development of thermal boundary layer of gaseous phase along the wall.
In the case with of swirl promoter, 1t 15 nderstood that the heat transfer coefficient 15 mmcreased by
active sublimation heat transport by dry ice. In the case of without swirl promoter, the heat fransfer
coefficient tends to decreasing at x=3000 mm and then increasing at x=4000 mm  These trends can
be explained by the large agglomeration of dry ice being formed in the evaporator/sublimator, where
the heat transfer is degraded as the major heat is transported beat conduction. Furthermore, when the
sedimentation of dry ice that fills the bottom wall of the pipe oceurs, it is considersd that at this
condifion vapor layer 1s formed between the inmer wall and the sedimentation of dry ice, leading the
heat transfer coefficient firther deteriorating. At x=4000 nmm as shown m Fig. 9 in the case of with
swirl promoter, the solid-gas two-phase changes into the single gaseous phase, which leads that the
local heat tramsfer coefficient decreases along the evaporator length owmg to thick thernmal
boumdary developing, and the heat transfer coefficient increase. On the other hand. m the case of
without the swirl promoter, the heat transfer coefficient mereases at x=4000. This 15 caused of
mcrease in the heat transfer coefficient becanse the residual dry ice sedmentation flows from
upwind.
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Fig. 9 Heat transfer coefficient in case with and without the swirl promoter

Conclusion:
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In the present work, the tapered evaporator/'sublimator with a swirl promoter is newly
designed and constructed. and actually installed info the proposed CO; ultra-low temperature CO;
cascade refnigeration system. In order to mprove the heat transfer of selid-gas two-phase flow, the
heat transfer charactenistics of COs solid (dry ice)-gas two-phase flow in the evaporator/sublinator
are investigated.

By installmg the swirl promoter in the evaporator/sublimator, 1t is found that the system can be
operated stably and contimmuously owing to well developing the thenmal boundary layer with dry ice
sublimation And dry ice particles are wmiformly distibuted along the mmer wall of the
evaporator/sublinator by mstalling the swirl promoter, where the heat transfer coefficient 15 largely
Improved.
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