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Chapter 1. Introduction

CIHAPTER 1
INTRODUCTION
1.1 BACKGROUND OF THE 5TUDY

CFCs and HCFCs, which arc thermodynamically superior and  safe
refrigerants, have been used widely as working fluids for refrigerator and
air conditioner since the 1930s. But nowadays these refrigerants are so
called  ‘greenhouse gases' | artificial substances have a higher ozone
depletion  potentiallODP)  and  global  warming  potentiallGWP).  Ozone
depletion was (o be suppressed by the international agreement of Montreal
Protocol and the cure for global warming was prepared by Kyoto protocol.
The heart of the Montreal Protocol is restricting the production  and
consumption of ozone depletion substances. The regulation prohibiting the
use of CFCs as refrigerants by industrialized nations is currently in effect,
and guidelines for phasing out HCFCs as refrigerants in the future have
already been agreed upon by many nations. This has prompted researchers
worldwide 1o 1nvestigate the feasibility of natural refrigerants in novel
refrigeration cveles.

The desceription ‘natural’ implies their presence in the environment form
hiological and geological sources. In other words, the natural refrigerants
are  naturally  occurring  substances,  namely, carbon  dioxide(COy),
nitrogen(Na), helium(He), and water(H»Q) represent a further  ‘natural’
alternative. These  natural  refrigeranls have a  zero  ozone  depletion

potential (ODPY, and most of them also have zero GWDP. However, some of
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them are flammable and/or toxic.

Among these natural refrigerants, CO» is nol a new refrigerant and has
a successtul history of the use as a refrigerant. It has many advantages as
a working fluid. Namely, the most relevant characteristics of C(O» are no
toxicity, inflammability, no ODP and no GWP, if CO: 1s recovered, and
cconomical efficiency. Morcover, because CO» has the high VCR{(volumetric
capacity for refrigerants) and working pressure, it is possible to make a
syslem compact.'”

Recent rescarch on CO» has been focused on the development of a
supercritical cyele. Most of the recent investigations of CO» as working
fluid have included a thermodynamic analysis of supercritical cycle.
However, relatively  few  study have been performed to measure heat
transfer coetficient and pressure drop during cvaporation and heat rejection
of CO. While a great deal of rescarch has been conducted to determine
the heat transfer cocfficient and pressure drop during evaporation and
condensation of fluorocarbon refrigerant, comparatively few investigations
have  been  performed  for  COs Thercfore, more comprehensive  and
hundamental  study  for major components is required Lo develop  the
cnhanced refrigeration svstem. Especially, 1o design heat exchanger for COs
during evaporation and cooling process, the basic data for heat transfer
ind pressure drop characteristics of CO. are necessary. The purpose of
this study is to offer the heat transfer and pressure drop characteristics

during evaporation and cooling of CO..
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1.2 CHARACTERISTICS OF CO:

This section deals with the propertics of CO- which are of importance
for the system design, especiallyv for heat transfer and pressure drop
calculations.  Additionally, a companison of CO. with the R-12, R 22,

R-134a, R-717, R 290 and R-410A is presented.

1.2.1 Critical point of CO:

Critical point is a state at which it is impossible to distinguish certainly
liquid phase from gas phase and is defined as liquid -like state or gas like
state. Namely, no liquefaction will take place above its supercrilical region
and no gas will be formed ahove its critical point. The region where
pressure and lemperature are higher than the critical values can be defined
as the supercritical point, and the region where pressure and iemperature
are lower than the critical values can be defined as the subcritical point

Fig. 1.1 depicts pressure and temperature diagram for critical point and
triple point of CO.. As can be seen from this figure, a refrigerator and air
conditioner using CO-> will always operate close to the critical point.
Outside the saturation hine no phase change can he observed, the fluid
hecomes  single -phase and  any  limits  between hquid  and  vapor  arce
arbitrary. The region where pressure and temperature arc higher than the

critical values can be defined as the superceritical region.
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Fig. 1.1 Pressurc and temperaturc diagram for critical point

and triple point of CQ..

1.2.2 Thermophysical properties of CO-

The thermophysical properties of COs are, of course, extremely important
in determining the heat transfer and pressure drop during the cooling and
cvaporation  process  of  CO.  They can be wusually classified as
thermodynamic properties  and transporl  properties. The main
thermodynamic  propertics include density, specific heat. enthalpy and
entropy. The main transport properties include thermal conductivity and
VISCOSILY.

Fig. 1.2 shows how the selected thermodynamic properties of COs, which
are calculated by REFPROP(version 6.02)%, change during the supercritical
gas cooling process. Fig. 1.2 (a) and (b) depict the variation of density and

specific heat with respect to refrigerant temperature. The density decreases
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rapidly with temperature near the critical point. The specific heal increases
extremely in the vicinity of critical point, and these enhancement is higher
as  gas cooling pressure increases. This rapid increase, which is only
observed near the critical poeint, is called a critical enhancement.”” The
region where the specific heat attains a maximum for a specified pressure
is called the pseudoeritical region or transposed critical region. The
temperature of these region is called the pseudocritical temperature.(’“

Fig. 1.2 (¢) and (d) display the vanation of thermal conductivity and
viscosity. The thermal conductivity increascs sharply near the critical point.
The crilical enhancement of the thermal conductivity 1s stronger than that
of the wviscosity. The critical enhancement of the thermal conductivity is
observed in a larger range of lemperatures and  pressures around  the
critical point, while the critical enhancement of the viscosity is confined to
a very small region around the critical [)oint.myJ As the pressure approaches
the critical temperature, these variations become severe. This results from

the fact that no boundary exists between the liquid and gas phasc.
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Variation of Prandtl number( Pr=c¢,z/ % with respect to pressure and
temperature in shown in Fig. 1.3, As one can sec, the Prandtl number has
4 maximum at the pseudocritical temperature. This is caused by the
maximum of the isobaric heat capacity. The dependence of the Prandtl
number on the temperature changes with pressure. In the supercritical
region, Prandll number becomes higher with system pressure, while the
maximum value decreases. This fact leads to a strongly varying local heat
transfer coefficient depending on (emperature and pressure. Therefore,
although no phase change takes place in the supercritical point, it has been
difficult to design a gas cooler and to predict a system performance in a
supereritical region. This is because no application of representative single
phase flow correlations which can describe the heat transfer characteristics
and pressure drop over a range of conditions.

The Prandtl number varies with pressure and temperature of supercritical
CO» near the critical region. Its variation also has a peak at the
pscudocritical temperature as for specific heat, and this peak increascs as
the pressurce approaches the critical point. The Prandtl number represents
the ratio between momentum  diffusivity and  thermal diffusivity and it
usually  relates  the relative thickness of velocity and thermal boundary
layers in the constant property case. For fluid flow with heal (ransfer in
the critical region, the Prandtl number is not constant, but varics with
temperature and pressure, which means that the ratio of diffusivities in
momentum and encrgy 1s locally different.

In case of mass flux of 200 kg/m™s, the Reynolds number( Re = G,.d;/ 1)
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wilth respect to temperature and pressure at the supereritical conditions 1s
shown in Fig. 1.4 As presented in Fig. 1.4, the Reynolds number at the
same  temperature increases  with  gas cooling pressure and it has a
maximum at the critical point. This means that the heal transfer cocfficient
has a peak at the pseudocritical point and 1t decrcases dramatically after
the crtical region.

Fig. 1.5 depicts the comparison of saturation lemperature of CO» with
that of some refrigerants with respect to refrigerant pressure. The CO-»
saturation pressure 1s about 4 to 12 times higher. For instance, the
saturation pressure at 0C 1s 3.49 MPa for CO», 0.8 MPa for R-410A and
0.3 to 05 MPa for the others. Fig. 1.6 represents the comparison of
volumelric capacity of CO; with that of some refrigerants. The volumetrie
capacity for refrigerant, VCR, 1s defined as the product of the enthalpy of
tolal evaporation and vapor density. For temperatures higher than 227, it
decreases strongly with temperature ; at the cnlical temperature 1t 1s zero
by definition. For temperature lower than 30T, a VCR of CO» is highest.
al 0, it has a value of 22650 kJ/m® for CO» and for the others it is
helow 6700 kj/m";. Therefore, duce to the advantageous properties of COo,

system components hecome compact.
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1.2.3 Comparison with other refrigerants

This scction gives comparisons of the characteristics and properties of
the CFC 12, the HCFC 22, the HFC 134a and the binary HFC blend
R 410A with the natural substances ammonia(R 717), propane(R 290) and
CO:(R 744). Some important data for the comparison can be found in
Table 1.1. The most relevant characteristics of  COz  are  non-toxic,
incombustible, no ODP, no GWDP and cheap. From a thermodynamic point
of view, the main differences to other refrigerants are the low critical
temperature and the high critical pressure.

The most important difference to other refrigerants is that the heat
rejection process occurs over the critical point. Furthermore, the saturation
temperature of CO» is about 4 to 12 times higher. Additionally, because of
the high operation pressure in a supcrcritical point, the design lechnique of
heat exchanger 15 required for the high pressure higher than 15 MPa.
However, because the CO: refrigerant density is higher as a operation
pressure increases, the volumetric flow rate of CO: is about one-third of
other refrigerants. In case of applving the conventional heat exchanger to a
small diameter tube, the heat transfer in a small diameter is improved.
Therefore, the main component of refrigeration and air conditioner can be

compact.

12
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i . . B - if3)
Iable 1.1 Characleristics and propertics of some refrigerants

R-410A
i R-12 | R-22 |R-134a .
Refrigerant o . HFC-H | R-717 | R-290 | R-744
CFC | HCFC | HFC
FC
. . . I e CILFC |CITEF/C .
Chemical Formula CCLE | CHCIE | Ny | Catle 1 CO»
- I HECEy L
B Eﬁi@,ﬁf}, ﬁul’)ﬁtflpga_‘_’_f_ N No | _N() No No Yes ‘res Yes
. onr 1.0 005 | 0 0 0 0 0
G o lQ()‘H, ) 7,100 1,600 13()()_ 1730 0 3 1{0)
R L 7,100 | 4200 | 3100 | 0 10)
TLV [ppm] 1,000 1.000 1,000 1,000 25 1,000 | 2,500
~ IDEHTppm] 150000 - | - ) 500 | 20,000 | 50,000
Maximum charge[vol %]] 4.0 4.2 0.44 55
per room volume [kg/m’] 0.2 | 015 _ 0.008 0.1
Flammable or explosive?| No | No | No | No o Yes | Yes | No
Toxic/irritation i . i i
. Yes Yes Yes No No N
dv(:‘(m wosition ,J,)r,(,’d,,u.(,'.! ¥4 L
Relative price
) 1 | 35 5 0.2 0.1 0.1
o 'ﬁeipl)r'()x1rrlz-1tel)*)7 N e
Molar mass (kg/kmol) | 12092 | 8648 110203 | 726 | 1703 | 441 | 4401
temperature o .
o 112.0 096.2 101.2 |72.5/84.9 1323 | 96.7 311
Critical | () R -
parameter | Pressure 416 | 199 | 407 | 405 | 1133 | 424 | 738
] {MP:a) L ) T
Normal boiling point [T]] -298 | -408 | -26.2 | -b27 | 333 | -42.1 | U85

TLY" Threshold Timit Value

The refrigeration concentration limit in air

or a normal 8 hour work day, will nol causc an adverse effect in most

people.

IDILH ™ Immediately Dangerous to life or Health Maximum level from

which once could escape within 30 minutes without impairing symptoms or

any irreversible health effects.

- 13
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1.3 REVIEW OF PREVIOUS WORKS

1.3.1 evaporation heat transfer and pressure drop

In the carly 1990's, rescarches on CO: have been focused on  the
development of a supercritical cyele. However, relatively few investigations
have been conducted on the in-tube heat transfer and pressure drop of
COo.

Kuo and Wang"” compared the measured evaporation heat transfer
coelficient for CO- in a smooth tube and micro-fin tube with inner
diameter tube of 952 mm. The cxpenments were conducted at the
evaporation temperature of 6 and 10T, mass flux of 100 to 300 kg/m-s
and heat flux of 6 o 14 kW/m". They showed that the heat transfer
coclficient i1s influenced by heat flux, mass flux and evaporation pressure.

Yuan ot al™” present the comparison of the measured evaporation heat
transfer coefficient for CO: in a smooth tube with imner diameter of 6 mm.
The experimental conditions in their study are following range of variables
D the evaporalion temperature is 283 K, mass fluxes range from 160 to 320
kg ms, the heat fluxes vary from 10 to 20 kW/m® The evaporation heat
transfer coefficient increases with mass flux and heat flux of refrigerant
and decreases as vapor quality increases. Their experimental data showed
relativelv good  agreement  with  correlation  predicted by Gungor-
Winterton.” The deviation of experimental data and their correlation is less
than 10 %6

0

Hihara and Tanaka™ showed the boiling heal transfer coefficients and

pressure drops of CO» in a horizontally  smooth tube of whose nner
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diameter is 0.1 mm. Experimental conditions are as following ; evaporating
temperature 1s 15C, heat flux is between 9 and 36 KW/m", and mass flux
s from 360 to 1449 kg/mgs. The heal transfer coefficient 1s dependent on
heat flux but mass flow rate does not affect 1. The vapor quality at the
onset of drvout 1s a function of mass flow rale. In this experimental
conditions, the heat transfer coefficients did not agree with the existing
cquation because the effects of forced convective vaporization were little.
Moreover, the pressure drops were much lower than predicted results
using the experimental equation that has been gencrally used.

Choi et al'™" experimentally investigated the evaporation heat transfer
coefficient of CO» in a horizontally smooth tube, of whose inner diameter is
775 mm. Mass fluxes are controlled at 212, 318, 424 and 530 kg/mgs, heat
fluxes are adjusted at 12, 16, 20, 23 and 27 kW/m", and cvaporating
temperalure is regulated at 0, 3.4, 6.7 and 105 C. The evaporating heat
transfer coefficient increases with mass flux and heat flux, bul it decreases
with vapor quality. The measured cvaporation heat transfer coefficient at
the top, side and hottom of inside wall tube decreases as quality increases.
They explained that this is because of the small surface tension of vapor
phase of COs.

M experimentally investigated  the  boiling  heal  transfer

Aoki et al
coefficients and pressure drops for flow of CO: in a horizontal tube, of
which inner diameter is 1.0 mm. The experimental conditions are in the

following ranges : evaporation temperature is 0T, mass flux is from 100 to

S00 kg/mgs, heat flux is from 5 to 40 kKW/m", and the aquality 15 from 0.1
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to 0.8. As a result, the experimental values of the friclional pressure drop
are smaller than that given by Chisholm Larid's correlation. In the hoiling
heat transfer cocfficient of COs., the nucleate boiling is predominant when
the mass flux is low and the forced convection evaporation is predominant
when the mass flux is high. Thus it can be assumed that the mechanism
of boiling heat transfer of CO in a small ube is similar to that in a tube
of relatively large diameter.

Based on the experimental results of Bredesen ot al'™ Hwang and
Radermacher™  investigated  the applicability  of  six  commonly  used
empirical correlations  reported by Chen''*(1966), Bennett Chen'"(1980),
Gungor- Winterton  (1986),  Shah{1976), Schrock Grossman ™(1959)  and
Liu Winterton (1991). It was found that all the six corrclations had a large
deviation (from 80 to 20%) from the experiments. They proposed a new
empirical model which is the modificd Bennett Chen correlation for CQO.
flow boiling in horzontal smooth tubes. They claimed that the new
corrclation could predict the heat (ransfer cocfficients consistent  with
Bredesen’s results 1o withim a mean deviation of 149%.

If the previous studics are summarized, the researches on heat transfer
coctficient of CO» in evaporator are rare and sparse. The evaporation heat
transfer cocfficient of CO» in a horizontal wbe decreases with quality. This
results  from the low surface tension of CO. In comparison with the
existing  correlations, due o the activation of nuclecate boiling  and
suppression of convective boiling. Their experimental data has relatively

large deviation to the existing correlations for the cvaporation heat transfer

16
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and the pressure drop of CO..

Table 1.2 Preview study on CO» evaporator

Test tube T G
sat sl Qre
Author [Mate| d; t L Geomet
. : [MPa] | [kg/m?s] |[kW/m?] i
rial | imml] |[mm]} [m]
K & S.T.,
o 952 100~ 300 | 614
Wzmg o e B | M.T.
Yuan ¢t al.] Al b 10 160~3201 10~20 ST.
Hihara & 360, 720, 1 9, 18, o
| 15 ST

Tanaki i 1449 36

0, 3.4, | 212, 318, ) .
Choi 0,775 e . 20, 23, . T.
6.7, 10.5] 424, 530

Aoki et al. 1 0.12 0 100~800 { 5~40 ST

M.T. : Micro fin Tube, S.T. @ Smooth Tube,
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1.3.2 Cooling heat transfer and pressure drop

Flashimoto el al investigated the heat transfer cocfficient of CQs in
horizontal copper tube, which has inner diameter tube of 4 mm and outer
diameter tube of 8 mm. The length of test section 18 4 m. The correlation
predicted by Pctukhov Gniclinski is about 22 to 40% lower than the
cxperimental data. The correlation predicted by Krasnoshchekov is about 20
o 30% lower than experimental data. This phenomenon is remarkable at
the pseudocritical  temperature. Thev  explained that the large property
varations at near crifical point are not included in their correlation in
supercritical region.,

Rieberer'” investigated the heat transfer coefficient during the cooling
process of Cx in a tube with an inner diameter of 7.8 mm. For the mass
flux of 75l kg/’mgs, in the temperature range of 402 to 34.37, the
measured  value 15 only 5% of the calculated mean value in the
corresponding  heat  exchanger section. For higher temperature, the
measured value is higher. At higher mass flux(936 and 1004 kg/m°s), the
differences  between  calculations and measurement are negligible in all
sections. BEven the peaks are detecled very well in the measurements. The
iowest heat cocfficient occurs i the supereritical region. In the liquid
region{ T, 31 ), the heat transfer coefficient 1s in the range of 3500 to
4500 WK, For measured mass velocily of 1038 kg/m’s, the fit of Lhe
measurcd  and  caleulated  heat  transfer  coefficient 1s not  very good.
Comparing the value at 10 MPa with those at 8 MPa, one can see the

lower maximum heat transfer coefficient. Pressure drop measurements are
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compared  with  calculations  according  to  the correlation  of  Colebrook
White. For a test run with a CO: inlet pressure of 8.33 MPa and a mass
velocity  of 940 and 1040 kg/m“}s, the measurcd mean values follow the
calculated values very well.

Gao  and  Honda'™ experimentally  investigated the heatl transfer
characteristics of CO. inside horizontal tubes which are used as a gas
cooler of a COy heal pump system. The CO- flows through the inner tube
of 5 mm in LD and 8 mm in O.D. The gas cooler is 6 m in length, which
are divided into 6 subsections respectively. The mass flow rate ranged
from 330 to 680 kg/m’s, pressure of gas cooler varied from 7.6 to 9.6 MPa
and saturation temperature ranged from -4 to AT, The local heat transfer
coefficient in the gas cooler has heen compared with the Gnielinski’
correlation. The results show that the local heat transfer coefficient of gas
cooler agrees well with the correlation except for that at the region near
pseudocritical  temperature, while that at the region near pseudocritical
lemperature 1s higher than the correlation.

Based on Gnielinski’s correlation and Petrov --P()pov'](‘”'s cquation, Fang et
al.™ obtained the in-tube heat transfer and pressure drop model of gas
cooler.  When F:mg(:“’s cquation  1s compared  with  Petrov Popov’s
correlation, the predictions agree with the expernimental data very well.
They recommended a new correlation in the range of  3000< Re.< 10°
and  3H0< qu/G< 0 Jkg.

Pitla et al™" presented and discussed the Nusselt number variations of

supercritical CO» during in tube cooling. Based on the Favre averaged
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cquations using  Nikuradse's  mixing  length  model  and  k cquation
turbulence model, a new correlation is proposed. IL is based on mean
Nussell numbers that are calculaled using the thermophysical properties at
the wall and the bhulk temperature, respectively. It was seen thal 85% of
the heat transfer cocfficient values predicted by the new correlation was
accurale to within 20%. A comparison of the heat transfer coefficient
calculated using the new correlation and three existing correlations found
in the literature showed that the accuracy in predicting the heat transfer
coelficient with the new correlation was greatly increased, especially in the
pseudocritical region.

In order to obtain the data for designing and optimizing air conditioning
systems using a CO. refrigerant, Mori ¢t al™ examined the cooling heat
transfer characteristics of CO» al a supercritical pressure condition 9.5 MPa
and temperature between 20 to 70T, The obtained data revealed that heat
(ransfer cocfficient increased with mass flux and the maximum heat
transfer coefficients were obtained at 45C. Two layer models for flow field
near the tube wall were proposed the models were found to be valid
according to the comparison of the predicted values with the experimental
data.

If the main previous studies were summarized, the experimental results
on heat transfer and pressure drop characteristics of CO» in a horizontal
stainless steel wbe are scare and rarc. When comparing the experimental
data with the existing correlations, the deviation increases  significantly at

near  pscudocritical point due to the large variation of thermophysical
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propertics near the critical temperature. The pressure drop of CO; in gas
cooling process showed relatively agreement to the correlation predicted by
Colebrook White.

Table 1.3 Preview study on CO: gas cooler

Test tube
Pee Grre Gre Geometr
Author |Mate, & t L ) .
. [(MPa] | lkg/m’s] [([kW/m®]} v
rial | [mm] {[mm]| [m]
Hashimoto 2016 Doubl
— ouble
& Cu| 4 | 2| 4 |g-104] ° _
2040 Pipe
Awatsubo | e
. - 7H1 -~ Double
Rieberer 7.8 156 [8.14~10 o 15~70 .
| 1038 Pipe
Gao & 0.1~16.| Doubl
© Cul 5 15| 6 |76~06]3%3~464| " oupie
Honda ‘ 5 Pipe
. T _ 0.029~-0.0 Double
Pitla et al. | SUS | 635 (0815] 129 1 812 |. , )
39 [kg's) Pipe
) . 23, Double
Mort ¢t al.| Cu |4, 6, & 0.8 95 100 ~- 500 .
4 Pipe
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1.4 OBJECTIVE AND SUMMARY OF THIS STUDY

1.4.1 Objective of this study

With the growing awarcness of the dual threats of ozone depletion and
global warming, the significant resecarch aclivity has been directed to the
identification and development of environmentally benign refrigerants. The
higher ozone depletion potential by HFCs refrigerant  leads to the
cnvironmental  issues  of global warming. In case of the leakage of
refrigerant mixture R 407 and R 410A, due to the variation in component
ratio of their mixture, the system should be fully recharged. When appling
the refrigerant mixture to the existing system, owing (o deteriorating
coefficient of performance(COP), the design of system is required newly.
Therefore, in order to settle environmental problem  oceurred by using
HCFCs and HFCs, a promising candidale must be  developed urgently.
Some investigators have constdered the natural substances like HCs(Hydro
Carbon), carbon dioxide(CO.) and ammonia (NH3) as a promising candidate.
These natural refrigerants have zero ozone depletion potential(ODP)  and
the majority  of them also have zero global warming potentiallGWP).
Among the natural refrigerants, CO: has advantages of no toxicily, no
inflammability and economical efficicney. In addition (o these advantages,
COz has a merit over the existing refrigerants  because it has high
VCR{Volumetric Capacity for Refrigerants) with a possibility 1o make a
system compactm‘

Thus, in this study, focusing on the heat iransfer and pressure  drop

characteristics during evaporation and gas cooling process, which will be

g
[N
|
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the foundation of the optimum design for refrigeration and air conditioner
using CQy, the objective of this study is that it offers a basic experimental

data of CO» for optimum design of refrigeration and air conditioner.

1.4.2 Summary of this study

This thesis consists of five chapters. The summary of each chapter 15 as
follows  In Chapter 1, the introduction, such as back ground of performing
this study, previous investigations and the basic understanding of gas
cooling process are described. Chapter 1 also examines fundamentals for
this study and presents the main aims.

In chapter 2, experimental setup and lest procedure to measure the
evaporation and cooling heat transfer coefficient and pressure drop of COw
in a horizontal tube are presented. Heat flux, mass flux and saturation
emperature  are  major testing  parameters.  The sutability of the
experimental  apparatus 13 also  confirmed and the way of arranging
experimental results 1s explained.

In chapter 3, the evaporation heat transfer coefficients and pressure drop
are measured in a horizontal tube with CO. for several experimental
conditions and the results are compared with existing correlations. Obtained
heal transfer coefficient of a single evaporating tube 1s decreasing with
increasced vapor quality. The heat transfer coefficients of CQO: arc higher
than those of fluorocarbon refrigerants. The pressure drop of CO: is much
lower Lthan that of R 22. These lower pressure drop of CO» is attributed to

ils unique thermal properties. Therefore, €O has a unique characteristics
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of evaporation heat transfer and pressure drop.

In chapter 4, the heat transfer cocfficients and pressure drop during
coolimg  process  of  CO»  are  nvestigated  experimentally  and  the
experimental  data  are compared with  existing  correlations. The  heat
transfer  coefficients of  supercritical  CO»  increase  greatly at  the
pscudoceritical temperature, The measured pressure drop during gas cooling
process of CO: are observed less than 1 kPa/m. Most of the exisling
correlations shows a large difference with the experimental data during gas
cooling process of CO» Appropriate correlation is presented by analyzing
the experimental data. Finally, in Chapter 5, conclusions for this study

SUHMMATZes.
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CHAPTER 2

iIXPERIMENTAL SETUP AND METHODS

2.1 EXPERIMENTS ON EVAPORATION HEAT
TRANSFER
This section deals with description of test rig for cvaporation heat
transfer of CO. The experimental apparatus 1s equipped with measurement
sensors in order Lo gather practical experimental data of CO: Here, a
detailed description of the lest rig, experimenial method and conditions are

presented.

2.1.1 Experimental apparatus

The experimental apparatus was designed and constructed to grasp the
heal transfer during the evaporation process of COuo The test runs werce
concentrated  on  the measurement  of the  cevaporation  heat  {ransfer
coefficient and pressure drop for COz Fig. 2.1 shows the schematic
diagram of the experimental apparatus for evaporation heat transfer test
with CO» Fig. 2.2 presents the detail diagram of the test section for the
cvaporation heat transfer test.

As shown in Fig. 2.1, the test rig is composed ol magnetic gear pump,
mass  flowmeter, precheater, heat  transfer test  secion,  liguid  receiver,
subcooler and constant temperature bath. The subcooling Tiquid of CO: in
receiver was circulated through the mass flowmeter by means of magnetic

gear pump without compressor. The mass flowmeter is installed before the

_25_
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preheater to measure the mass flux and density of CO:» refrigerant in liquid
phase. The refrigerant leaving the mass flowmeter in subcooling phase
enters the preheater. Because the temperature and pressure of CO» is
adjusted simultancously at the preheater, the preheater is installed to obtain
the desired inlet quality and pressure of CO» refrigerant, and the constant
ltemperature bath is sel up o control the given saturation temperature.
After leaving the preheater, the COq» enters the test section and then it is
cvaporated with flowing through the tube. The CO: refrigerant lecaving the
evaporator 1s completely cooled down and condensed in subcooler that is
cooled by brine at the temperature of 25T to 5. Owing to the
simullaneous existence of vapor and liquid phase in receiver, the liquid
phase of CO» in the bottom of receiver is circulated by magnetic gear
pump. Because of heat loss from the surroundings, when COq refrigerant
flows through system, the state of COy in system varies the two phase or
superheating phase. In order to reduce heat gain and loss from the
surroundings and to obtain the desired saturation temperature and quality,
the tube and valve was covered with insulation material.

In the experimental apparatus, the cevaporation process occurs at oa
preheater and the test scction. In order to actively supply electronic power
for the preheat with respect to mass flux varnation, the preheater was
divided into two section one of which has maximum power of b kW,
separately. The heal transfer test section was designed Lo control the input
heat by means of the auto voltage regulator that supples the maximum

power of 15 kW. The preheater 1s installed o provide heat load Lo the

_26..
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refrigerant of COs. The electronic power for the preheater was displayed
on two watl transducers in order 1o control an electrome power for the
preheater.

As can be seen in Fig, 22, the outer tube of the test section was made
of acryl tube and the inner tube was made of stainless steel tube(SUS
316) that is the inner and outer diameter of 7.7 and 953 mm. The
electronic power for the preheater scction was regulated by the auto
voltage transformer and the electronic power is provided for nicrome wire
winding the outer wall of inner tube. In this study, the merit of this
heating method is that it can adjust casily the experimental conditions and
supply the uniform heat flux which is applied to the test section.

The stainless steel tubing  for pressure measurement was  clectrically
isolated from the test section by using the diclectric fittings which connect
the main test section to the tubing for pressure measurement. The heating
length of the test section is 50 m, and seamless stainless stecl tube is
used for heat transfer test section,

The outside wall temperature on the heated tube was measured by
T type copper(Cu)/constantan(CuNi) thermocouple mounted at the regular
interval of 500 mm  along  the tube as shown in Fig. 2.2, T type
thermocouples to measure the temperature of the outer wall of the tube are
attached at ten locations along the test section. At each point, the
temperature  at - four  circumferential  locations  was  measured and  the
average values are used in caltculating the heat transfer coeffictent. A

detailed procedure for mounting wall thermocouples 1s given in Fig. 2.2
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T type thermocouple to measurce the refrigerant temperature was installed
at the regular interval of 500 mm. The pressure in the test scction inlet
was measured with a precision pressure transmitter, and the refrigerant
pressure  difference between lest section indet and outlet was  measured

with a differential pressure transducer at regular interval of 500 mm.

2.1.2 Experimental conditions and method

All of the valves in the system is opened o do a leakage examination of
the system, and a nitrogen gas is streamed in charging port of the system.
After the cnough passage of time, if there is not the lcakage part in
apparatus, all nitrogen gases in the system 1s excluded by vacuum pump
and all of the valves is closed. Before charging the CO. in receiver, the
brinc temperature in chiller is maintained as 157, When charging the
refrigerant in a receiver, the CO» refrigerant stale in the receiver exists the
liguid and vapor phasc. In order to charge only the liquid phase of COy
refrigerant in the receiver, the brine temperature in chiller makes a lower
temperaturc.  If  the brine temperalure 1s  maintained as  a  certain
temperature of 15T, the liguid phase of CO-» is only charged. During
charging the CO., when a system pressure is higher than a vessel
pressure, @ check valve was installed to present the refrigerant from
flowing backward.

If the appropriate amount of CO» was charged, the main valve of a
vessel 1s closed and the magnetic gear pump is operated. And then, a

needle valve at the outlet of receiver 1s opened and CO» refrnigerant flows

_28..
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in the preheater. After the mass flow rate corresponding to experimental
condiions is controlled by magnetic gear pump and bypass valve, it
observes that system is operated at steady state conditions. When  the
above procedure is slably progressed, CO. flowing in mass flow meter is a
subcooled  liquid phase. The heat load, which needs to change from
subcooled  liquid — state  to  saturation  state, is  calculated  with
REFROP(Version 6.01). The preheater is used to adjust the inlet vapor
quality of test section and heat transfer rate supplied to the test section is
calculated as following equation to consider the CO» refrigerant latent heat.

Q=M ip Xou (2.0
where, @, is the provided heal transfer rate at the test section, M,, is the
mass flow rate of CO» and x,, is the outlet quality of preheater. If the
above procedure is finished, the pressure and temperature data for test
section is recorded and calculated.

The evaporation heat transfer is significantly influenced by mass flux,
saturation temperature and heat flux. The experiments were conducted for
various heat fluxes, mass fluxes and saturation temperature of refrigerant.
The mass fluxes were adjusted at 200, 300, 400 and 500 kg/m’s, the
saturation temperatures were controlled at 50, 0T and 5€, the heat

fluxes were regulated at 10, 20, 30 and 40 kKW/m” and the inlet and outlet

vapor quality of test section varied from 0 to 100%. Table 2.1 presents the

experimental conditions for evaporation heat transfer.

....29_



Chapter 2. Experimental Sctup and Methods

Table 2.1 Experimental conditions for evaporation heat transfer

Refrigerant

COAR-T44)

Test sectlion

Horizontal stainless tube

Mass flux, kg/ms

Heat flux, kW/m’

200, 300, 400, 500

10, 20, 30, 40

Inner diameter of lest section, mm 775
Saturation temperature, T 5 0,5
quality 0 ~ 100

Saturation pressure, MIPa

3.04 ~ 396

_30_
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Photo. 2.1 Photograph of experimental apparatus  for evaporation

heat transfor test.
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2.2 EXPERIMENTS ON COOLING HEAT TRANSFER

This section deals with description of test rig for the heal transfer of
supercritical COs. The experimental apparatus is designed and constructed
al laboratory. The measurements have been conducted for the experimental
results of heat transfer and pressure drop during gas cooling process of
CO. Here, a detailed description of the tesl rig, experimental setup,

experimental method and test conditions are presented.

2.2.1 Experimental apparatus

Fig. 2.3 shows a schematic diagram of the overall experimental apparatus
for the cooling heat transfer of COu. The facility consists of two loops and
the mamn component of the CO. refrigerant loop are magnetic gear pump,
prcheater, test section(gas cooler), liquid receiver, and so forth. The cooling
water loop for the test section is made of water circulation pump, flow
meter and conslant temperature bath. Fig. 2.4 presents a  schematic
diagram of the gas cooler. Photo. 2.1 depicts the schematic diagram of data
acquisition  system, gas cooler(test  section) and preheater used in this
experiment.

As can he scen from Fig. 2.3, CO» is circulated by a variable speed
internal gear pump, which is driven by a magnetic coupling, and its flow
rate and density  are measured with a Coriolis mass flow meler. After
exiting the mass flow meter, CO: enters a preheater heated by electricity.
They clevate the flid temperature to a desired temperature of test section.

The CO: mm the supercritical state cnters the test section and then it is
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cooled by the cold waler flowing through the annulus. After leaving the
test section, COq 1s cooled by subcooler and then recirculates the pump.

The subcooler which is installed at the outlet of gas cooler controlled the
subcooling  temperature of gas cooler exit and cooled down the carbon
dioxide. The temperature of cooling water for the gas cooler 15 controlled
by the chiller, and the constant mass flow rate of coolant flows in
circulation pump, mass flow meter, and gas cooler in good order. Gas
cooler consists of double pipe heat exchanger in which CO. and water
exchange heat in counter flow. A CO» refrigerant flows in tube and cooling
water flows in annulus path counter currently to CO..

In order to reduce heat gain and loss from the surroundings, all test
sections were insulated against external influence thoroughly with double
adiabatic material.  The test  seclion  consists  of  twelve  subsections
connected in series. The subsection, which is a tube in-tube counter flow
heat exchanger, is shown in Fig. 2.4. An inner tubc was made of stainless
steel with inner diameter of 7.75 mm and outer diameter of 953 mm. The
cross scctonal view of the test section is shown in Fig. 24, The annulus
was made by combining two picces of acrylic blocks, cach of which has
semi evlindrical passage for sccondary fluid. The length of the annulus for
one scction is 500 mm with an inner diameter of 25 mm.

As can be presents in Fig. 2.4, at inlet and outlet of the subsection, the
temperature . of CO»  and  cooling  water were  measured by T type
thermocouple probe, which were directly inserted into the flow. Quter wall

temperatures were measured by T type thermocouple wire, which  was
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fixed 1o the oulside surface of the inner tube by thin teflon (ilm. Three
thermocouple wire were located 250 mm downstream from the inlet in the
middle of the subsection to measure the wall temperatures at lop, side and
bottom.

The measuring locations for bulk and wall temperature of CO: 1s shown
in Fig. 2.4. The temperature and pressure of CO: were measured equally at
inlet and outlet of subsection, respectively. Ouler wall temperature at the
top, side and bottom was measured in the middle of subsection. A
minimum interval between subsections is maintained and outer wall
temperature was measured at the center of the interval. Although the
measured wall temperature has an effect on more convection of coolant
than conductivity. The inferval between subscctions decreases so that the
measurcement deviation ts minimized.

The inlet pressurc of CO: was measured with an precision pressure
transmitter and the pressure drop in the test scction was measured with a
differential pressure transducer. Pressure tap locations are shown in Fig.
24. In order to determine the mass flow rate of CO«, a Coriolis mass flow
meter was used, which was installed in the subcooled liquid line at pump
oullet as shoewn in Fig. 2.3. The total mass [(low rate of water was
measured by the mass flow mceter, too. However, water flow rate of cach
subsection 1s controlled by each valve attached rotameter to distribute

cqual flow rate to each subsection.
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(a) Overall experimental facility

hermocouple

(h) Detailed diagram of the gas cooler

2

Photo.

o

Photograph of experimental apparatus for cooling

heat transfer test.
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(a) Drawing of the acrvlic block with cylindrical trench

(b) Photograph of an assembly of the subsection

Photo. 2.3 Design of the annular path of the test section.
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2.2.2 Experimental conditions and method

Lefore charging the COq: in a receiver, in order 1o do the leakage lest of
experimental facility, the high pressure nilrogen was injected by using an
alr compressor - a system. After about one day, if any leakage is not
discovered in the system, all nitrogen gas is removed the system. In order
to conduct a COz refrigerant flow in the experimental apparatus with case,
the vacuum in the system is maintained using a vacuum pump. After
charging the CO: in the receiver, the CO: liquid phase flows in system
using 4 magnelic gear pump.

If the cooling water 1s maintained with a given temperalure at a chiller,
it flows in the gas cooler by a circulation pump. The mass flow rate of
coolant could be modulated by adjusting the valve and by pass line. Ice
point reference device to which thermocouples are wired is used to give an
accurate reference values for temperature measurement excluding the
readings from the rather inaccurate measurement by a built-in thermister.

Output signals of each eguipment and sensor are gathered by using a
data acquisition unit. Personal computer communicates with the data logger
through GPIB{general purpose interface bus). Dala scan time is sel to 2
second. Fig. 2.5 shows the schematic of data acquisition system used in
this experiment. All tests were run under steady state conditions. Data
collection and control of the system were done by the use of computer and

datit acquisition system.
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Table 2.2 Experimental conditions during cooling process of COz

Refrigerant COx(R-744)

Test section Horizontal smoothed tube

7.75 (9.53)

L1}, of test section, mm

(O'D:, of test scpti(_)n:mrpm)

“1-\-'1&15;5 flux of refrigerant, kg/m-s 200, 300, 400, 500
Inlet pressurc of gas cook;r, MPa - 77.5 - 100
Refrigerant tcmperéturc of gas cooﬂ:f, T 710‘0’ -~ 20
o lemp_crdture of cc)()l{géig’élter. T | 15 o
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2.3 DATA REDUCTION
In the present study, The thermodynamic properties for CO.  were

obtained from the latest version of a CO. refrigerant property package
(NISTYY. In order 1o investigate the evaporation and cooling heat transfer
characteristics, it used following equations to analyvze the oxperimental
data. First, to analyze the evaporation heat transfer characteristics, the heat
transfer rate belween electronic power for evaporator and CO» refrigerant
can bhe calculated from Eq. (2.2) and (2.3).

Q=78 V-1 (2.2)

Qo= M, (Z¢ s = Toin) (2.3)
where, € is the efficiency of auto voltage regulator in [%]1, ¥V is the input
voltage in [V], and [ is the inpul ampere in [A]l. M, represents the mass
flow rate of CO», and 7., and i.,, are the inlet and outlet refrigerant
enthalpy  at subsecuion. The heat flux supplied by auto voltage regulator
was determined as follows.

R .
deo— T d;‘ . AZ (24)

here, @ represents the heat transfer rate calculated by Eq. (22) and (2.3),
d; is the inner diameter of inside tube in [ml, and 4z is the length of
subsection in [m].

The circumferential heat transfer cocfficient of CO» in the evaporation
process had great influence on the performance of this system. The local

heat  transfer coeflficient in the evaporation could he evaluated by the
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following equations.

4.
T e win T(‘

h(’. e =7
In Eq. (25), % pe is the heat flux to the test section and T, is the
refrigerant temperature in an evaporator, and 7T, ., is the inner wall
lemperature calculated by one dimensional steady state concentric equation

from measured outer wall temperature.

. Qe,!(m du .
Tr), w,in Te. w, ol V- kw . Az lﬂ( d,' ) (2.6)

where d, and d; are the inner and outer diameter of inside tube, and &,
is the thermal conductivity of the stainless steel tube. T, , .0 15 the outer

tube wall temperature of the inner tube and it is averaged by measuring
the top, side and bottom lemperature.

Tu', iop + 2 Tw, stde + 7 w, bottom
4

T o, w, ol = (27)

where the subseript top, side and bottom stand for the top, side and
hottom of the outer tube, respectively.

Equilibrium quality, «x, is defined from the specific enthalpy at each
thermocouple location and latent heat during evaporation as shown in Eq.
(2.8). The outlet quality to the subsection can be calculated with Eq. (2.9).
A e

Ly

x = (2.8)

ned, e
[ auz (2.9)

X fogout — Xin — M. - if )
re J
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where i, 15 the refrigerant enthalpy difference of CO» at the inlet and
outlet of subsection and i, is the refrigerant latent heat. z, and z,, are

inlet and cxit of subsection, respectively. ¢, is the heat flux in the

cevaporator calculated with Eq. (24), and #- di]‘ q.dz 15 the cumulative

n

sum of the subsection.

The average heat transfer coefficient at the evaporator was defined as

1 o he loc
by g = ————— h, podx = 2,—== (2.10)
e Xowt — X Y xi e loc Z n

In above Eq. (2.10), x; and x,, are the inlet and oullet quality of
subsection, ki, 4. 15 the local heal transfer coefficient in the subsection, and
n 15 the number of subsection.

In order to analvze the cooling heat transfer characteristics, it must be
known thal heal capacity, & .., gained by cooling water flowing through the
annular and heal capacity, @ 5, lost by the CO; refrigerant flowing in tube.

This cquations were summarized as follows

T i
— .o 9
Q s M(,S (’J’?. sy f7';._f.; dt (ul 1 )
Q e = Mg(‘ " (Z. som l' m‘_nm‘) (212)
Tﬁ.’t.rrru‘
Qe = Mg Cp e [ dt (2.13)

s

Q .. represents the heat transfer rate obtained from the flow rate of the

cooling water and the temperature difference between the inlet and outlet
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of the test section, and @, is the heat transfer rate obtamed from the
flow rate of refrigerant and the enthalpy change between the inlet and
outlet of the test section. My and M, are the flow rate of the cooling
water and refrigerant. Where T .., and T ..., arc the inlet and outlet
coolant temperature, T .., and T .., arc the CO; refrigerant temperature
al the inlet and outer of gas cooler, ¢, . and ¢, . arc the specific heat of
coolant and CO» refrigerant, and 7, and 7, ., are the enthalpy of CO:
refrigerant, respectively.

The heat flux is derived from the enthalpy change of the cooling water
based on the temperature change in the test section as shown in Eqg. (3.4).

B YA

R N (2.14)

where € is the heal transfer rate calculated from Eq. (2.11) to (2.13), and
Az is the length of the test secton. The circumferential heat transfer
cocfficient of CO» in the cooling process has great influence on  the
performance  of this system. Thus, the gas cooler was divided into
subsections to evaluate the local heat transfer cocfficient of CO. This local
heal transfer coefficient during gas cooling process can be calculated by

the following equation.

h L Qgc
g, loe T —
o T T g0, Wi

e
where k. e Tepresents the local heat transfer coefficient in the subsection

of gas cooler, T, is the refrigerant lemperature of CO: in gas cooler.
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T, .. 15 determined from the average value of the measured outside

wall temperature via one dimensional heat conduction cquation as shown in

B, (2.16).

T g, u, in

= T ecovou % : 1n( d") (2.16)
where T, ,.oe 15 the average value of the top, side and bottom of inner
tube wall as shown in Eq. (217). The d, and 4, are the inner diameter
and cuter diameter of the mnner tube, respectively, and 4, is the thermal

conductivity of stainless steel tube in [kW/m-K].

T N +2Tw Sk + Tu' tHom
T wa = — yE— (2.17)

In the Eq. G170, Taw Tewse and T, mm arce the measured
temperature at the top, side and bottom of inner tube wall, respectively.
T, 1s the average temperature at the inlet and outiet of the subsection
and the bulk temperature of CO., T, 1s calculated with Eq. (2.18).

Tg(‘,nf(]..ﬁ + Tg(', nt0.5
2

T = (2.18)

The mean heat transfer coefficient, g . during cooling process of

supereritical CO; is calculated by Eq. (2.19).
h ¢, foe .
hg{:, avg Zﬁ En (219)

where A, 4. 15 the local heat transfer coefficient of CO: calculated by Eq.

(2.15), and = 15 the number of the subsection.
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CHAPTER 3
EXPERIMENTAL RESULTS FOR EVAPORATION
PROCESS OF COq

For the refrigeration and air conditioning system using CO: as working
fluid, the evaporator 1s a main component. Hence, study on the evaporation
heat transler coefficient and pressure drop characteristics be  positively
necessary, Especlally, hecause of the large wvariation of specific volume,
specific heat, and surface tension in the evaporation heal transfer of COe,

(23 205
some researchers '

present that the evaporation heat transfer of COs is
areatly  different from that of conventional refrigerants, like HCFCs and
1FCs. Due to complex flow pattern and thermophysical property, the heat
transfer mechanism occurred during cvaporation process of COq is difficult
to examine. Accurate theory for the cvaporation heat transfer of CO: is not
ver eslablished. And, study on the evaporation heat transfer characteristics
of CO» s limited, and few results have been published on CO2 Therefore,
in this chapter, the evaporation heat transfer coefficients and pressure
drops of CO: are measured in a horizontal tube of inner diameter, which is
775 mm, and compared with the existing correlations. Based on  the
cexperimental results, the basic design data for evaporator using CO: as

working fluid is presented.

3.1 HEAT BALANCE OF EVAPORATOR

-4
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In this section, we nced to confirm the valdity of the experimental
apparatus by examiming its heat balance of the experimental apparatus. In
order to make an accurate measurement of evaporator capacily, heat
halance bhelween refrigerant flow and energy inpul in the test section
examined and presented all measurement resulls in the evaporator.

Fig. 3.1 presents heat balance between the capacily of refrigerant side,
@, and the energy inpul, G..u, with respect to varying mass flux. Heat
capacity Qe supplied with energy input was presented in the axis of
ordinate and refrigerant heal capacity, @ obtained by heating wire was
shown in the axis of abscissa. The energy balance between the refrigerant
side and the energy inpul side was calculated from equation (2.2) and
(2.3), respectively. The symbol, ), [, ~ and < represent the mass
velocity of CO» for 200, 300, 400 and 500 kg/mgs, respeclively. As can be
seen in Fig, 3.1, the results indicate that energy balance between, @, of
Eq. (220 and, @,. of Eq. (23) is generally within +£10% for all runs.
Energy halance in this study was maintained, thus, this energy balance
indicated the accuracy of the experiment. All raw data acquired in the
cxperimental  apparatus showed a high level of reliability to validate the

experimental results.
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Fig. 3.1
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(Jre, and the energy input, Gy, with respect to varying
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3.2 EVAPORATION HEAT TRANSFER
CHARACTERISTICS

In order o examine the evaporation heat transfer characteristics of CO»
In 2 honzontal tube, the experiments were conducted for various heat
fluxes, mass fluxes and saturation temperature of C(k The saturation
temperatures were controlled at -5C, 0T and 57T, mass fluxes were
adjusted at 200, 300, 400 and 500 kg/mzs, and heal fluxes were regulated
at 10, 20, 30 and 40 kW/m".

In general, the evaporation phenomenon, which breaks out phase change
from lhquid state to vapor state, is divided into boiling phenomenon. But, in
general, when  the refrigerant  temperature is  above the corresponding
saturation  temperature, eovaporation phenomenon 1s referred to as  the
process of the vapor formation at a continuous lqguid surface such as
imterface between the liquid film and vapor core in annular flow, and
boiling phenomenon is regarded to as the process of vapor formation at a
heated surface and channel. Therefore, in this study, it 18 known that all

of the process is referred 1o as the evaporation phenomenon.

3.2.1 Local evaporation heat transfer

The heat transfer during forced convective hothng in a horizontal tube
has an effect on various factors such as mass flux, heat flux and the ratio
ol vapor and liquid velocity. The forced convection in a horizontal tube is
divided into nucleate boiling and convective boiling. Nucleate boiling is

characterized by the formation and departure of vapor bubbles at healing
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curface and convective boiling is characterized by the formation of vapor
bubbles at interface between the hquid film and vapor core.

In nucleate boiling, the flow patiern represents a form of bubble and slug
flow at the low qualily, and the heat transfer coefficient 15 chiefly
dependent on the heat flux. On the contrary, in convective boiling, the flow
pattern represents a form of annular and spray flow, and the heat transfer
coefficient is primarily influenced by the mass flux. In the area of low
quality, the heat transfer coefficient is chiefly dependent upon the heat
flux. Downstream, the average velocity of CO: increases with vapor
quality. The supplied heat is essentially transferred by convection from the
tube wall to the wapor-liquid flow, The nucleate boiling converts into
convective boiling. In the area of convective hoiling, the local heat transfer
coefficient is practically independent of the heat flux and 1s strongly
dependent on the mass flux and the quality. Therefore, in order to analyze
the evaporation heat transfer characteristics of CQs, study on the influences
of quality, heat flux, saturation temperature and mass flux is investigated

necessarily.

(1) Effects of vapor quality

Variation of heat transfer coefficients with respect to quality at a fixed
heat (ux is shown in Fig. 3.2, Fig. 3.3 displays the comparison of the
surface tension and viscosity of R 744(CO2) with R 22 and R 134a. Fig.
33 presents that the surface tension and viscosity of COq are far smaller

than those of conventional refrigerants. Thus, this results explain that the

o
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liquid layver of C(O: surrounding the inner wall of the tube is easily broken
into picces. As can be observed in Figure 3.2, the heat transfer coefficient
of CO: has a tendency to increase at a lower vapor qualily range(x<0.1)
because void fraction increases with quality and liquid film thickness of
CO-» becomes thinner. As the cvaporation proceeds with a rise of quality,
the local evaporation heat transfer coefficients of CO» have a tendency to
decrease. As shown in Fig. 3.3, this 1s because the liquid viscosity and
surface tension of CO» for constant saturation temperature are about one
third of R-22 and R 134a. Due to this recason, liquid film thickness
surrounding  the inner wall of the t(ube becomes thinner as quality
increases, and the liquid film of COz 1s formed at the side and bottom of
inner tube duc to the effect of gravity. At the top of inner tube, hquid film
disappears and dryout occurs more frequently.

As for this trend mentioned in above, Yun™" explained that two- phase
flow pattern observation for flow vaporization of CO» in a horizontal tube
of inner diameter of 6.0 mm shows a dominance of intermittent flow at
lower quality  and annular flow regimes at higher quality. Entramment
increases at higher vapor quality, and this, together with a very irregular
liguid film, may give dryout and reduced heat transfer al moderate vapor
fraction. This results show that nucleate boiling dominated at low/moderate
quality, where the heat transfer coefficient increased with heal flux and
temperature but was less affected by varving mass flux. Dryout effects
hecame very imporlant at higher mass flux and lemperature, where the

heat transfer coefficient dropped rapidly with increasing quality.
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Fig. 34 presents the wall temperatures of inside (ube, which are
measured al the top, side and bottom, with respect to quality. At low
quality  region(x <(1.3), temperature of inside tube wall shows almost
constant. But, at high quality region(x>0.3), wall lemperature at the top
increases rapidly and wall temperature al the bottom of tube increases
slowly. It 1s because the liquid film covering the inside tube wall becomes
thinner and the liquid state of CO: due to gravily is maintained at the
hottom of inside tube.

The local heat transfer coefficients which are measured at the top, side
and bottom of the tube with respect to quality are shown in Fig. 35. Ali
of the evaporation heat transfer coefficients have a tendency to decrease
relatively, and at low quality, the heat transfer coefficient at the top of
mnside tube wall 1s constant and tends to decrease largely at high quality.
The main causes are summarized as follows © At high quality, the liguid
film surrounding the inside wall of the tube in annular flow is casily
broken into pieces and the wall is essentiaily dry. The wall temperature of
inside tube increases suddenly and the heat transfer coefficient decreases.
In the evaporation process using CO: as working fluid, this tendency
represents at all quality range, this is due o the large variation of CO»
near the critical point.

In an evaporator using CO» as working fluid, the surface tension and
viscosity of CO» with respect to saturation temperature decrease largely.
Lespecially, the surface tension of CO» near the critical point is close to the

zero. When  the evaporation heat transfer occurs at  high  saluration
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lemperature near the critical point, the liquid film of COy in annular flow is
broken and the broken liquid film is built up at the bottom of inside tube
due to gravity, and the heat transfer coefficient at the top of inside tube
decreases dramatically.

Namely, the bguid film becomes thinner as vapor quality increases, and
because of the diminished surface tension and viscosity, the liquid film
covering inside tube wall is not maintained. And duc to the effect of
gravity, the liquid film is broken partly from the top of inside tube wall. If
the vapor of CO: comes in contact with the arca of broken liquid film, due
to the reduction of vapor density and bursting of the liquid film, the effect
of heat transfer reduces greatly. Therefore, in the evaporation process, the
vapor of COq directly comes in contact with the lop of inside tube wall,

and the cvaporation heat transfer coefficient decreases as quality increases.
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(2) Effects of heatl flux

Boiling phenomenon  is  classified  into various  forms by physical
properties, such as vaporization enthalpy, hoiling temperature, density of
vapor, surface tension as well as by geometric parameter, such as
microstructure and material of the heating surface. In general, the forced
convective boiling heat transfer, which is occurred at the two-phase flow
like wvapor and liquid phase, is classified into nucleate boiling and
convective boiling. The nucleate boiling is occurred chiefly at low vapor
guality, and has somcthing to do with heat flux. The convective boiling is
generated at high quality and has a major effect on mass flux and quality.
Hence, in this chapler, in order to analyze the evaporation heat transfer
characleristics of COq, the effect on heat flux is investigated.

Variation of heat transfer coefficient versus quality with respect to a
given mass flux is shown in Fig. 3.6. The heat Llransfer coefficient
increases with heat (lux, which is more evident over a wide range of
quality. This indicates that nucleate bolling is generated even at high
quality. The reason is that the ratio of specific volumes of vapor lo liquid
phase is smaller than that of fluorocarbon refrigerants, and then the vapor
velocily 15 not so  greater than  the  liquid wvelocity.,  Accordingly, the
evaporation heatl transfer coefficient of CO» has an cffect on nucleate

hoiling at low quality as well as at high quality. Zhao et al.”” showed that
the heat transfer coefficient increased with o rise of heat flux at all

qualities.
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(3) Effccts of mass flux

Fig. 3.7 shows the immfluences of varyving mass {lux on Lthe heat transfer
coefficient of COz in a horizontal tube. As expected, the local evaporation
heat transfer coefficient hardly increases as mass flux increases. Hihara

- (o
['anaka

also ohserved this trend in thetr experiments. Namely, because
the ratio of liquid and vapor density of CO: is small, the heat transfer of
CO- has an great cffect on more nucleate boiling than convective boiling.
Therefore, mass flux of CO2 does nol affect on nucleate boiling too much,
and mass flux cffect on heat transfer of CO- 15 very smaller than that of
fluorocarbon refrigerant. As can be scen from Fig. 3.7 (d), for qualities
above 0.3, the heat transfer coefficient increases with a rise of mass flux
due o an enhancement of conveclive evaporation. As the mass  flux
increases at high quality, dry patches are rewetled and the dryout quality
becomes higher.

An important consequence of the test results with varving mass flux of
(e 15 that cfficient compact CO» evaporators for refrigeration and air
conditioning application can be designed with low mass flux. Increasing
mass flux does nol improve heal transfer coefficient, while the added
pressured drop acts negatively by reducing (he local temperature difference.
Another reason for selecting low mass flux is the increased critical vapor
fraction. Thus, drvout can bc avoided by reducing mass flux. It follows
from this that the cvaporator should preferably be fed with hquid only or
with a low vapor quality and, if possible, the evaporator outlet condition

should be kept in the wet region. A sccondary advantage of Liguid feeding
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18 that flow distribution between parallel channels can be improved

especially at low mass flux.

(4) Effects of saluration lemperature

Fig. 3.8 presents the wvariation of the heat transfer coefficients with
respect Lo saturation temperature for a fixed mass flux. As expected, the
heat transfer coefficient increases with saturation temperature of CQs.
These trend were also observed in the test results of Cho et al™ They
showed that the heat transfer coefficients increase at all qualities as the
evaporation temperature increases from 25T to 10T, In nucleate boiling,
the vapor bubble detach from heated surface plaves an important role. As
saturation temperature increases, the ratio of specific volumes of liquid Lo
vapor is increased. Due to this reason, the buovancy of vapor bubble
increases, and the bubble detach is increased and finally, the nucleatle
holling 18 activated.

In the Fig. 3.8, the local evaporation heat transfer coefficient has an
cffect on variation ol saturation temperature at all the quality. Especially,
at high guality, the increasc mm saturation lemperature causes an increase
of heat transfer coefficient due (o activated nucleate boiling. In the Fig. 3.8
{d). the saturation temperature which changes from 0 to 5T has almost no
influence on evaporation heat transfer cocfficient at Gre=500 kg/mzs and
Q- 30 KW/, This means that the heat transfer coefficient at 5C is lower
compared to that at 0T. The reduction in heat transfer coefficient at

Tewn=b may he due to reduced flow velocity caused by higher vapor
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density  with evaporation temperature, possibly  in combination  with
non- equilibrium  effects due to poor heat transfer between vapor and
droplets. The fact that this reduction was observed at the higher mass
flux and heat flux indicates thal non equilibrium effects were present.
Cooper™(1984) proposed that the nucleate boiling heat transfer coctficient
15 a strong function of reduced pressure, £, which is the ratio of system
pressure to critical pressure. The reduced pressure, P, at increasing
saturation temperature increases, and the density difference of vapor to
hquid is decreased. In the end, due to this reason, the flow area of vapor
bubble and the heat transfer coefficient of nucleate boiling increases with

imcreasing saturation temperature.
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3.2.2 Mean Evaporation Heat transfer

Fig. 3.9 digplays variation of mean evaporation heal transfer coefficient
with respect to mass flux over a wide range of experimental conditions.
The mean heat transfer coefficient in evaporator could be calculated from
Ea. (2.10). The inlet saturation temperature is -HC, 0T and 5C. Heat flux
of CO. ranges from 10, 20, 30 and 40 kW/m°. Mass flux is kept at 200,
300, 400 and 500 kg/mgs, As seen In Fig. 39, varving mass flux has
almost no influence on the mean heal transfer cocfficient of CO» over a
wide range of vapor quality. This indicates that nucleate boiling dominates
over forced convection for CO: flow boiling in a horizontal tube. High
veloctty could enhance forced convection heat transfer. However, since the
forced convection also suppresses nucleate boiling., the overall effect is a
nearly constant heatl transfer cocfficient of CO.. At a given mass flux, the
mean heatl transfer coefficient increases as saturation lemperature of COs
increases. And the heat transfer coefficient increases with varying heat
flux. Namely, in all regions of mass flux, the mean heal transfer coefficient
of CO» shows a lendency to increase evidently with heat flux and
saturation temperature. Therefore, 1t 1s known that the mean evaporation
heat transfer coefficient of CO: in a horizontal tube has a major cffect on

more heal flux and saturation temperature than mass flux.
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3.23 Comparison of COs;, R-22 and R—134a

Fig. 3.10 presents the comparison between the heat transfer coefficients
of R 744(CO2) and those of R-22 and R 134a as Freon's refrigerant. The
test conditions are the same. The inlet saturation temperature is 5C and
the mass flux is kept at 300 ke/m°s. Heat flux ranges from 10 to 20
kW/m™. As can be scen in Fig. 3.10 (a), at low quality(0.12 <{x <0.42), if a
heat flux is 10 kW/m®, the heat transfer coefficient of CO: is about 829%
and 94.2% higher than that of R 22 and R 134a, respectively. And, as
shown in Fig. 3.10 (b), at the quality region of 0.15 <{x {066, if the heat
flux is 20 kKW/m", the heal transfer coefficient of COy is about 87.29% and
93% higher than that of R 22 and R-134a, respectively. This phenomenon
could be attributed to higher liquid and vapor conductivity of CO. than
those of R 22 and R-134a. At low quality, the nucleate hoiling of CO: is
dominated more than that of R 134a and R 22. This is becausc the vapor
velocity of COy is higher than that of R-134a and R-22.

At high quality, the liquid film of CO. becomes thinner and easily drier.
On the contrary, the flow pattern of R 134a and R 22 is a stable annular
flow, and the lhguid film of R 134a and R 22 is attached at inside tube
wadll for a long time. Also, the dropwise detach of COy occurs at low
quality.  Therefore, the heat transfer coefficients of R 134a and R-22
increase with quality, and those of COy decrease with vapor quality. Thus,
COn offers outstanding heat transfer characteristics compared to traditional
refrigerants such as CFCs and HCFCs. These attractive characteristics are

mainly due (o the excellent thermal properties of COo.
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Table 3.1 Thermophysical propertics of refrigerants investigated

Refrigerant R 744 R-22 | R-134a
‘ . 5T 3.042 0.4218 0.2433
baLur;1({1;\).¥Pi;jressure. 70( %48717 7()498 ().29287
Hi 3.965 (0.5841 0.3497
5T 956,77 1298 1311
Liquid | 0T | 91 . 122 | 1205
Saturation density, e | oRe67 1964 1278
[ke/m’] ] st | w4 180w | 12w
Vapor | 0C | 9732 | 2123 | 1443
s | o141 | 2479 | o17a3
BT 115.2 2304 289.1
Liguid o | 1ea | 2182 | 270
Sualuration viscosity, a1 95.84 206.7 2h4.4
[uPa - sl ] sc | 138 1128 | 1053
Vapor 7() T 14.31 11.5 10.73
5% “ 14.83 e .l 173 ‘ l(j..t-).; N
5T 116.7 Y7.09 ¢ 94.24
Liqud | 0C | 1107 | o484 | w20l
Saluration thermal I 50(:' 1045 9261 298
conduclivity, - e :
W - K] 5% 18.44 909 | 1108
Vapor 0T 19.93 9.42 11.561
50 21.83 977 11.95
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3.3 PRESSURE DROP
3.3.1 Pressurc drop during evaporation process

The accurate prediction of pressure drop in the evaporator is required to
cvaluate  the  substantial  operating  condition  of  air conditioning  and
refrigeration system, and to design for determining the main components
such as compressor, fan and pump. Some invcstigator(m - conductled the
study on pressure drop of two phase flow in a horizontal tube, and they
proposed the theoretical and empirical correlations, It is very difficult to
apply to the proposed correlations due to mathematical complex of their
correlations.

Fig. 3.11 shows the measured pressure drop with respect to mass flux
during the evaporation of CO» in o horizontal tube. For the given
saturation temperature, the pressure drop of CO+¢ in an evaporalor increases
with mass {lux. For moderate mass flux, the pressure drop is lower as the
saturation temperature of COz 1s higher. This is not only because viscosity
of CO» 1s lower as saturation temperature 1s higher but also because the
vapor velocity decrcases duce to the decrease in density ratio of liquid to
Vapor, ,o,/,o,.u‘lJ The measured pressure drop of COs in the evaporator with
respect to varving heat flux 1s shown in Fig. 3.12. The measured pressure
drop during evaporation process of CQO: displays a tendency to increase as
the heat flux is higher. It 18 concluded that this 1s bhecause the vapor
hubble formation from a heated surface is aclivaled as the heat flux

increases, and the flow disturbance of COs 13 incrcased.
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3.3.2 Comparison of CO; and R-22

Fig. 3.13 depicts the comparison of cvaporation pressure drop between
CO:z and R 22 in a horizontal tube. The test conditions are the same. The
saturation temperature of CO» is 5°C. The heat flux is 10 kW/m". As can
be seen in Fig. 3.13, the pressure drop of CO» is much lower than that of
R 22, The evaporation pressure drop of CO: is about 10 to 15% of R-22.
These lower pressure drop of CO; is attributed to s unique thermal
propertics. The liquid viscosity of CO. at saturation temperature of 5C is
9984 pPa- s which 1s about 37.6% of R 22(2544 xPa-s). Therefore,

('O: has a lower pressure drop than of R 22.
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Fig. 3.13 Comparison of the pressure drop of CO:(R-744) and
R 22 at saturation temperature of 5T and heat [lux
of 10 kW/m".
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3.3.3 Pressure drop correlations during evaporation process
The two phase pressure drops for flows inside tubes are the sum of

frictional pressure drop and momentum pressure drop.

(), (4) (),

In general, the frictional pressure drop results from the shear stress
between the flowing fluid and the heating inside surface, and it constitutes
the largest part of the total pressure drop. The momentum pressure drop
15 occurred by the change in momentum flux of the two phase.
Soumerai™ represents that the ratio of the frictional pressure drop 1o

0T

momentum pressure drop is about 2.5 to 5% if a aspect ratio, L/d, would
?

be in the range of 500 to 100 Consequently, the acceleration pressure

drop is often negligible in comparison to the frictional pressure drop.

(%)f(%),— (3.2)

In this study, since the length of evaporator is 5 m and inner diameter
of mnside tube is 7.75 mm, the dimensionless length, L/d,, is 645. Thercfore,
it 1s valid for applying the assumption stated by Soumerai to experimental
results of pressure drop during evaporation of C(.

The bhasic model for predicting the frictional pressure drop in a horizontal
tube is  divided into homogeneous model and  separate model. In  the
homogeneous model for two phase flow, 1L is assumed that the two phases
are traveling at the same velocities. There is Pierre™'s correlation in this

model. In the scparate model, the basic mode is that the two phases flow
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i separate zones which may  interact with cach other. There are the

- . ; . - 35 ; - -(36) (37)
correlations  of  Martinelli Nelson™,  Lockhart Martinelli'™, Baroczy

»

3

Chisholm "™ (1968), Chishelm™(1983), Reddy™ and Jang et al™ in this
model.

In the two phase flow, when it occurred the phase change such as
cvaporalion and condensation, the pressure drop is calculated from separate
model. Hence, in this section, the experimental frictional pressure drops of
CO: mm a horizontal tube have been compared to  three correlations
described carlier. The caleulated frictional pressure drops were obtained by
using the correlations predicted by Chisholm, Friedel™, Jung et al. and
Choi- Domanski™, which is most widely used for the pressure drop of

two phase flow in the separate model.

(1) Chisholm’s correlation{1968)"""
Chisholm(1968) proposed a detailed empirical method for a wide range of
operating  conditions. His two-phase frictional pressure drop gradient is

gIVen as

(% ) ~ ( % )b@g“ (3.3)

here  (dP/dz), is the pressure gradient of the liquid assuming that the
entire. mass of the fluid is flowing as liquid phase only through the

channel. In this case, the gradient, (dP/dz),, is defined by

2}

( g ),,): f /TS}ZJ‘ (3.4)

— 8' —
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( % ) - f?,o%? (35)

where  (dP/dz),, 1s the pressure gradient of the vapor assuming that the
entire: mass of the fluid 1s flowing as vapor phase only through the
channel. G, is the mass flux of refrigerant in [kg/m’sl, d, is inner
diameter of the flow channel in [m], and p; is the liquid density in
[kg,«"m"{]. /i and  f,, are the friction factor, which is dependent upon the
Revnolds number, and is to be calculated by using Eq. (3.6).

16/Re .., for Re<2x10°
fiow=1{0.316Re )i} for 2x10"= Re<2x10" (3.6)
0.184Re ;)3 for  Rez2x10"
in the above equation, Rey, and Re,, are the Reynolds number which is to
be calculated with the assumption that the entire mass of fluid is flowing

as ligquid and vapor phase alone in the tube, respectively.

Gre : dz' Gm - d;
Re, = —, Re,=———— (3.7
Ly My

Chisholm  calculated the (wo phase frictional pressure drop using the

dimensionless two phase multiplier for liquid and vapor phase.

2 (D'ia - (dP/dZ)[U . fv() v, ‘
Y= T P, T faw (38

where Y 18 the parameter used in the correlation of two phase pressure

drop. v, and v, are the specific volume of vapor and liquid phase,
respectively. In Eq. (3.8), the dimensioniess two phase multiplier, @i,, s

given by
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Table 3.2 Criteria for selecting B3

Y Ge, ki/m’s B
= 500 48
95 | S00< G900 | 2400/ G,
1900 | 5y G,
I 60 SNMY G
> 600 21/Y
=98 - 15000/(Y" G,
) i: 1+ ( Y27 l)[Bx(zw n)/E(l — %) (2- n)/2+x(2~ n))] (3.9)

where # is the exponent from the friction factor expression of Blasius ( »
0.25), and Table 32 presents the parameter B depending on the mass
flux and Chisholm parameter. The correlatdon of Chisholm does not
adequately represent the effect on surface tension and inner diameter of

tube, and is applicable to vapor qualities from (0<x=<1.

‘ . . (42)
(2) Fricdel’s correlalions(1979)

- (4] . . -

Fhome™ recommends the Friedel’s correlation for the frictional pressure
gradient of supecrceritical CO» in a horizontal tube. Friedel’s correlation is

for vapor qualities from 0=x<1 and utilizes a two phase multiplier as :

where (Dfu is a two phase multiplicr, and £, is a friction factor calculated

rom Eq. (3.6). The two phase multiplier is defined as

83
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3.24 - f[z ° H3

. , (3.11)
Fr 00T 0.0

Q?HZ I11+

with the Froude number, Fri, and Weber number, Wes, for a homogeneous

flow without slip, and the factors

H, 41@%%%{“—) (3.12)

1[]2Ix(3.78 . (1 7x)0.224 (3.13)
0.9 0.19 0.7

H:;—(%) (%[) (h%) (3.14)

where f, and  f,, are given by Eq. (3.17). The Froude number and Weber

number for a homogeneous flow are defined as

G2, G- d;
Fr - P, ey — (3.19
g-d;- o o Py
where o 1s the surface tension and p, is the homogencous density:
o1
e (3.16)
Oy O p/
The friction factor can be caleulated according to Fanning:
S = 0.07) Foo= 0.079 (3.17)

0.25 » = 0.25
Re[o Revo
Friedel's correlation s lypically that recommended when the ratio of

(s ) 15 less than 1000.

(3) Chisholm’s correlation(1983)"""

Chisholm  represents the new pressure drop correlation correcting  his
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correlabion proposed in 1963, The new correlation proposed by Chisholm
can be depicled as a function of the parameter X,

1 .
X5,

C
Xy

J,.

0l =1+ (3.18)

where the constant C is determined according to the criteria given in
Table 3.5. the quantity X, i1s usually characlerized as Marlinelli parameter.
[t assumes different values depending upon whether the type of flow in

Table 3.3 Criteria for selecting C for smooth tube

(ol 11" P00f p)0° C
~89 Il
89 23641 (1/Y)
10 1,364

the two -phase 1s laminar or turhulent. In the two-phase flow in a
horizontal tube, the vapor and liquid flow are all turbulent flow due to the
high Reynolds number.  Accordingly, Martinelli parameter, X, follows
according to Eq. (3.19).

0.5

09 0.1 30
Xﬁ(l x) (ﬂ) ("z) (3.19)

X oy O

(4) Jung et al.’s corrclation(1989)*"
Jung et al.(1989) performed the experiment on pressure drop during
hoilimg flow of pure and mixiure refrigerants in a horizontal tube. They

developed a simple correlation adopting  the thermodynamic  corresponding



Chapter 3. Experimental Results for Evaporation Process of C():

states. Their correlation s a tvpe of Martinelh and Nelson's correlation
and m developing the new correlation, they conducted the regression
analysis with the experimental results. And then, they suggested the new

correlation as shown Eq. (3.21).

0. = () %), (3.20)
@, =3.58x "™ (3.21)

where the dimensionless two-phase multiplier, @ ,,, proposed by Martinelli
and Nelson was applied to the evaporation process of refrigerant, and the
correlalion was summarized as follow Eq. (3.22).

®5,= 051 0P =128x,"1-0" (3.22)
where X is the Martinelli parameter defined as

0.  (dPldz),
o; (dP/da),

Xp= (3.23)

and (dP/dz), and (dP/dz), are the pressure gradient assuming the flow of
the vapor and liquid phase alone in the tube, respectively. The monophasce
frictional pressure gradients are taken from the standard expressions for

the liquid and vapor phases .

dr G2 N

( dz )f 15, d, 90, d, (3.24)
G,

(‘éf) o, 4 20, d. (3.25)

where f, and £, are the friction factors for lamiar and turbulent flow and

can be calculated by a Blasius's equation.

,86 .
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16/ Re ; . for  Re=2x10"
fr.=10.316Re " for  2x10°< Re=2x10" (3.26)
0.184Re ;2 for  Re=2x10"

In the equations, e, and Ke, are obtained with Eq. (3.26)

G;m ' - - d, Gm - x- d;
o G094 Gk

(3.27)

where x is the vapor quality and d; is inner diameter lube. g, and g, arc
dynamic viscosity of the liquid and vapor, respectively.
(5) Choi and Domanski’s correlation(1999)"*"

Choi and Domanski(1999) proposed the two phase frictional pressure drop
cduring evaporation process in a horizontal tube. Their correlation is a form
of Pierre’s one using the different friction factor, f,. In Eq. (3.29), the
coelficient and cxponent obtained from their experimental data.

~2
J:’fﬂ!ﬂj Xin) * d; (’ L_yﬂ

AP=| fo+ = - (3.28)
where
f=10.05 R" K1 (3.29)

In Eq. (3.28), x, is the mean quality evaluated at the inlet and outlet of
subsection and L is a subscction length. f, 1s the friction factor predicted
hy Pierre and K, is the boiling number of Pierre.

: (xrm/*xfn : Zj}t.’
L-g

K, - (3.30)

where, i, 18 an ¢vaporation latent heal and g 1s a gravity acceleration. In
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Eq. (3.28), v, is the two phase specific volume evaluated at liquid and
vapor slate.

X 1—
uff): + ( xm) ':‘xm " Um_ 2 (331)

O o

where, v, . 1s the mean specific volume of vapor slate calculated from the

mlet and outlet of subsection.

,88,
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3.3.4 Comparison of experimental data and correlations

Fig. 314 compares the measured pressure drop to those predicted by
Chisholm’s correlation(1968). As for this graph, the Chisholm's correlation
{1968) predicts higher pressure drop than measured, especially at  the
higher heat flux and mass flux. The average deviauon of the experimental
data and Chisholm’s correlation 1s 39.6%. Fig. 3.15 presents the comparison
of the measured pressure drop and those predicted hy Friedel’s correlation
(1979). As shown in Fig. 3.15, Friedel's correlation(1979) secems 1o
significanilly  overpredict the experimental values, especially at the lower
heat flux and mass flux. The average deviation of the experimental data
and Friedel’s correlation 1s 41.294.

The comparison of pressure drop obtained from the experimental data
and those predicted by Chisholm’s correlation(1983) i1s displayved in Fig.
3.16. The Chisholm’s correlation  has  a  tendency  to  significantly
overestimate the experimental values over a wide range of test condilions.
The average deviation of the experimental data and Chisholm's correlation
11983) 1s 43.3%.

Fig. 3.17 presents the comparison of the measured pressure drop and
those predicted by Jung et al’s correlation{1989). As shown in Fig. 3.17,
Jung et al's correlation(1989) scems  to  significantly  overpredict  the
experimental values, especially at the lower heat flux and mass flux. The
average devialion of the experimental data and Jung ot al’s corrclation is
41.39.

The comparison of pressure drop obtained from the experimental data

- -
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and those predicted by Chol and Domanski’s correlation(1999) is displayed
m Fig. 318 The Choi and Domanski's correlation agrees quite well with
the experimental values over a wide range of test conditions. The average
deviation of the experimental dala and Choi and Domanski’s correlation
(1983) 1s 13.9%. Table 3.4 lists the results of comparison between the
various correlations and the present results for COo.

A carcful review of the frictional two phase flow pressure drop gave a
conclusion that all those correlations have a tendency to significantly
overpredict  the experimental data. The main reason that the exXisting
correlations  fail to predict the pressure drop of CO. is related with the
thermophysical properties of COsz Therefore, in order to accurately predict
the pressure drop during evaporation process of CO., the new pressure

drop correlation 1s needed.

Table 3.4 The errors betwcen the calculated and experimental pressure

drop
. Chot and
Authors | Chisholm | Friedel |Chisholm| Jung et Dogasnki
. 8
Deviation (1968) | - (1979} (1983) | al. (1989) .
(1999)
Average e . " . ;
L 39.6 41.2 43.3 41.3 13.9
dewatmn____ (26) B
Mean ., o .
o 396 41.2 43.3 41.3 19.5
deviatton (26)
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3.4 COMPARISON OF EXPERIMENTAL DATA AND
EXISTING CORRELATIONS

Since flow boiling 15 an important mode of heat transfer encountered in
many heat exchangers, accurate estimation of heat transfer coefficient
usually offers considerable economic savings in the design and operation of
the system.

In order to predict the local evaporation heat transfer coefficient in a
horizontal tube, some rescarchers proposced their correlations, and these
correlations are presented by Shah'*™, Gungor--Wintcrt.(m“”, Kandlikar™’

7)

' and Liu-Winterton".

Jung et a In this chapter, some general
correlations will be reviewed and compared to the experimental data, and

confirmed this applicable possibility of their correlations.

3.4.1 Correlations for evaporation heat transfer
(1) Shah's correlation”

Shah has proposed the following correlation for flow boiling in vertical,
horizontal tubes and annuli. He developed a correlation equation from an
carlier chart based correlation. This correlation 1s applicable 1o nucleate,
convection, and stratified boiling regions as evidences by its functional
relationship  with  sceveral dimensionless numbers  including  the  boiling
number, Froude number and convection number. As cxpecled, nucleate
boiling dominates al low qualities. while convective hotling dominates at
higher qualitiecs. For horizontal flow, Shah's correlation is

a— (3.32)
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. . - . - TS
where  hqp 15 the evaporation heat transfer cocfficient in [kW/m” Kl and
h, s the convection heat transfer coefficient based on a form  of
/
. 1) - - oy
Dittus Boelter'™, as defined in Eq. (3.33).

G-(1—x)-d; 1"

Ly

.k
Pr(}'“?ﬁ (3.33)

}Z/ - [).023

for vertical tubes at all values of Fr; and for horizontal tubes when Fr,>»
0.04,

N= Co (3.34)
For horizontal tubes when Fr, < 0.04,

N=0.38Fr; " Co (3.35)

The convection number, Co, and Froude number, F¥,, used in the

preceeding expressions can be calculated as follows.

GZ
Fri=—"— (3.36)
! 107 CH dz'
- 0.87 5 U2
C{.):(u) (pl) (3.37)
x Oy

where the convection number, Co, is similar to the Martinelli parameter,
ISg. (3.37), except that the vapor viscosity effect is excluded.

The Shah's correlation in terms of these dimensionless parameters was
originally  presented in graphical form and was evaluated by taking the
largest of the three heat transfer coefficients calculated for the nucleate
hotling, convective bolling, and boiling suppression region. Thus, the term

¥ is evaluated by the following procedure
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For N>1
W, = 230Bc"" for Bo = 3.0x107° (3.38)
=1+ 46Bo"" for Bo ¢ 3.0x10 " (3.39)
V= i% (3.40)

where the parameter ¥ is the larger of ¥, and ¥, and applies to all

the case, irrespective of the value M.

For 0.1 < N < 1.0,

W, = F- Bo" exp 1V " (3.41)
For N = 0.1,
Uy = F - Bo™ exp *MV (3.42)

where the parameter ¥ s the larger of ¥, and ¥,,. The constant F in
the preceding expression depends on the boiling number, Bo, which is
interpreted as the mass of vapor generaled at the tube surface relative to
the total mass velocity parallel to the tube surface,
F—147  for Bo = 11x10 " (3.43)
F=1543 for Bo < 11x10 " (3.44)

and the boiling number Bo can be calculated as

By— 4 (3.45)

GW : Z'_fg
where g is the heat flux in [KW/m”] and G, 1s the mass velocity in [

kg/m”-s]. And Iy 18 the latent heat of vaporization in [k]/kg].
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(2) Gungor and Winterton's correlation”

A new correlation of the Chen form has been developed by Gungor and
Winterton(1986). For vertical upward and downward flows and horizontal
fiows, a large data base(3696 points) was used covering both the nucleate
and  convection dominated boiling regimes for water, refrigerants(R 11,
R 12, R 22, R-113 and R114) and cthylene glycol. The basic equation for
saturated boiling 1s

hpp=E- hi+ S+ by (3.46)
with &, calculated from the Dittus Boelter correlation, using the local
liquid fraction of the flow, ie., G(1-x). The new convection enhancement
factor E 1s given by the expression

. .86
E=1124%10"Bo"" + 1.37(% ) (3.47)
it

where Xy 1s Lhe Martinelli parameter defined by Eq. (3.19) and the new
completely empirical bolling suppression factor S is

1
1+ 1.15% 10 "E*Rel "

S= (3.48)

with  Re; based on (1 x). The nucleate pool boiling coefficient is
calculated from the Cooper{1984a) reduced pressure correlation:

hpom’ — 55 p})’j)li%(_ log 10 Pri)) —{.55 W 0.5 q().ﬁ? (‘%4(3)
which gives the heat transfer cocfficients in |[kW/m> K. where W is the
molecular weight in [ kg/kmoll. P,, is the reduced pressure and ¢ is the

heat flux in [KW/m" |, If the tube is horizontal and the Froude number is
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below 0.05, stratified flow occurs and E must be multiplicd by

A - 2Fr)

£, = Fr}" (350)
and S must be multiplied by
2 =V Fr (351)

(3) Kandlikar’s correlation™’

The correlation proposed by Kandlikar also considers nucleate, convection
and stratified hoiling flow. He introduced a general correlation for flow
boiling in vertical and hoerizontal tubes. The correlalion for vertical tubes

and for horizontal tubes with Fr, > 0.04 1s given as
B = (0.6683 Co "% + 1058.0800'71?,7)};[ (3.52)

henp = (1.1360 Co " + 667.2 Bo" T F ) k, (3.53)
where the two-phase flow heat transfer coefficient, hqp, 15 the larger of
hanp and  Bepp. happ 15 contribution due to nucleate boiling and  fepp 1S
contribution due to convective boiling. A, 1s a liquid only convective heat
transfer coefficient based on a form of the Dittus DBoelter equation, Eq.

(3.65). The convective number, Co, and boiling number, Bo, can be
defined as Eq. (3.37) and Eq. (3.45), respectively. The quantity F, is a
fluid-dependent  parameter whose valucs are listed for water, CFCILI,
CIFC12, CFCI3BI1, HCFC22, CFC113, CFC114, CFC152, nitrogen and neon
by Kandlikar. For fluids not listed, Kandlikar recommends that F, be

- - . . (30 .
cstimated as the multiplier S, needed in the Froster Zuber™"s correlation
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Table 3.5 Fluid dependent parameter Fy in the proposed correlation

Fluid Fa Fluid Fy
Water _ 1.00 R 113 1.30
E R- 1717 o ---__I_.I_%.(_) R -11;1 7 1.24 |
Rz w0 | omew | Lo
R-13B1 1.3771 - Nitr(r)rgon 4.70 _
R 22 7'73.2() Neon ! 3.5(7)‘

to correlate the pool boiling data for the experimental fluid. The factor S
15 defined in Eq. (354) and is called the suppression factor, which reflects
the fact thal as the forced convection effect increases, the nucleate boiling
contribution is more strongly suppressed because of a reduction in the
thermal boundary laver thickness. The value of S is less than unity and is
assumed to be a function of the equivalent Revnolds number. It was
originally available in graphical form developed by Chen™'s correlation,

but later Collier and Thome™.

~_ ] .
27 1 +2.56x10 "R (3.54)

where the equivalent Reynolds number, Re,,, and the cquivalent mass flux,
(i, arc defined by
Re,,= G, - din, {(3.55)
Goy= G - [(1—20)+x(0/ 00" (3.56)

where gy, p¢,, o, and p, arc the viscosily and density of vapor and liquid
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phase, respectively.
(4) Jung et al.’s correlation’’"

Based on the analysis of experimental data for the forced convection,
Jung et al.{1989) proposed the evaporation correlation for pure refrigerants
using the original form of Chen(1966).

hop= Ryt o= Nxhgy+ F b, (3.57)
in above cquation, Ap is the heat transfer cocfficient of two phase flow
and  k,, 1s the heal transfer coefficient in nucleate boiling, and #%,, is the
heal transfer coefficient during forced convective boiling. %g4 is a pool
boiling heat transfer coefficient obtained by Stephan and Abdelsalam’s
correlation( 1980 and hy 15 a single phase heal transfor  coefficient
obtained by Dittus Boclter’s correlation, assunung  the total flow to be
licpund,

0.745 0).581
hsa = 207 bff P (%) (%,) Pri (3.58)

where bubble departure diameter, b5,, is defined by L. (3.59) predicled by

Fritz™",
0.0,
ba=0.0146 9( -ﬁ) f— 35° (3.59)

the non-dimensional parameter, F,, is

0.85
F,,,v2.37(0.29+Xi) (3.60)
i
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and the quantity X, 15 the Martinelli parameter defined as

- .4 0.1 . (1.5
X”:(1 x) (#I) (p) (3.61)

X £, O
In Eq. (357), N is a variable depending upon boiling number, Bo, and
Martinelli parameter, X, and calculated from follow conditions.
N=408(X,)"*(Bo)"", X, <1 (3.62)

N=2.0-0.1x(X,) ""(Bo) """ 1<X,<5 (3.63)
(5) Liu and Winterton’s correlation'"”

Liu and Winterton(1991) analyzed experimental data for many refrigerants
and compared the measurced evaporation heat transfer cocfficient with the
oxisting  correlation. They  introduced the following correlation for flow
boiling in tubes based on Kulateladze's power-type addition model. Their
correlation constitutes the sum of forced convective boiling and nucleate
botling.

hy=[(E- h)+(S- b1 (3.64)

In Fq. (3.64), (£ k) is a term of boiling in forced convective flow and

(S+ h,,) is a term of nucleate boiling. %, 1s a single phase heat transfer

coefficient calculated by Dittus-Boelter, assuming the total flow to be

licpund.

B~ 0).023Re ' Pr 9’(2’) (3.65)

where  A; 18 the cvaporation heat  transfer cocfficient  calculated by
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o

Cooper's correlation’

B =55P LGP (— log (P WY (3.66)
where P, is a reduced pressure, which is the ratio of critical pressure (o
system pressure. W ois a molecular weight in [kg/kmol]l. In Eq. (3.64), 5

and E arc a boiling suppression and forced convection heat transfer

enhancement factor, respectively.

o 0.5
E:[Hx- Pr,-(ﬁl)] (367)
S—(1+0.055 - E' - R 1) (3.68)

where  Re, is a liquid Revnolds number and Pr, is a liqud Prandtl

number.
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3.4.2 Comparison of experimental data and correlations

In order to get a correet comparison between measured and correlated
data, the mean heat transfer coefficient for the range of quality in the test
section had to be calculated for cach experiment. Based on the measured
mlet and outlet quality to the test section, the heat transfer coefficient was
calculated as the mean value for “subsections” using the above method of
correlating heat transler in each subsection.

Fig. 3.19 displays comparison between the evaporalion heat transfer
coefficients obtained from the experiment and the correlations predicted by
Shah, Gungor Winterton, Jung et al, Kandlikar and Liu Winterton. All the
correlations  tend  to  underestimate  the  experimental  heat  transfer
cocfficients. Among the correlations, the best fit of the present test data is
obtained with the correlation of Jung et al., Kandlikar and Jung et al’s
correlation shows a similar tendency to decrease with respect to quality.
But, for the same conditions, the correlations of Gungor Winterton, Shah
and Kandlikar show a increasing tendency of heat transfer coefficient with
respect to quality. Liu and Winterton’s correlation remains constant  with
quality.

Fig. 320 depicts the comparison of measured heat transfer coefficient
with that predicted by the existing correlations. In all of the experimental
conditions, all the correlations underpredicied the experimental data, For the
same conditions, the deviation of experimental and caleulated data is higher

as mass flux and heat flux of CO: are higher.
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Fig. 3.20 Comparison between calculated and measured
heat transfer coefficient at varying experimental

conditions (continued).
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Table 3.6 hists the results of comparison between the various correlations

and the present results for COz In table 3.6, the average deviation, o,
and mean devialion, o, arc defined as
1 i h(:a!_ i hexp,i ey g
O e == ™07 — 5 || X 361
QUL N ~, hexp_f 100 (3.6 )
1 [ E\Lj kc‘a! i hexp_i ] "
6/: 5 = a7 ] s ].OO (362)
b5 N pea| hexp'i

where N is the number of experimental data. k., is the measured heat
transfer coefficient obtained experimental data and 4, is the local heat
transfer  coefficient  predicted by correlations. Fig. 320 (a) shows the
comparison of experimental heat transfer coefficients with those predicted
by Shah's corrclation. For the wide range of mass velocity, average
deviation is A7.3% and mean deviation is 49.1%. Comparison of the
measured  heat  transfer  coefficients  with  those  predicted by
Gungor Winterton's  correlation is depicted in Fig. 3.20 (b). In the entire
range of mass velocity, average deviation is  32.4% and mean deviation is
32.7%. Fig. 320 (¢) displavs the comparison of cxperimental heat (ransfer
coefficients with those predicted by Jung ¢l al.’s correlation. In case of all
mass velocilies, average deviation is 1432 and mean deviation is 21.6%.
Comparison of the measured heat transfer coefficients with those predicted
by Kandlikar’s correlation is presented in Fig. 5.20 (d). In all range of
mass  velocity, average and mean  deviation  is 389% and  39.2%,
respectively. Ing. 320 (e} shows the comparison of experimental heat

transfer coefhicients with those predicted by Liv-Winterton's correlation. In
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errors  bhetween the calculated and  experimental  heat
transfer coefficients
Gungor and . Liu and
Authors Shah W'gt Hon Jung et al. | Kandlikar Wintert.
interto interton
Deviation (1982) . (19809) (1989)
vIRHo (1986) (1991)
Average , , . .
o ) A7.3 324 14.3 389 12.6
i gl_gyiratl(m o) |
Mean deviatior . i
can GeVIAHONT g w7 206 392 906
(%) |

a wide range of mass flux, average deviation 1s 12.6% and mean deviation

32.6%.  As

15

mentioned  carlier,

whoen

comparison

of calculated

and

cxperimental heat transfer cocfficients, Jung et al.’s correlation shows the

bhest agreement to experimental data,
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3.5 SUMMARY

In this chapter, for optimum design of refrigeration and air conditioning
cvaporator using CO: as working fluid, the heat transfer coefficients and
pressure drop during the evaporation process of CO:z in a horizontal tube

have been investigated and the followings are the findings of this study.

(1} Al low quality, the evaporation heat transfer coefficient increases as
vapor quality increases due (o domination of nucleate boiling. But, at high
quality, the heat transfer coefficient has a tendency to decrease with
quality. It is because surface tension and viscosity of CO: is far smaller
than those of conventional refrigerants so that the liquid film covering

inside tube breaks down easily.

(2) The characteristics of convective bhoiling of CO: are different from
those of conventional refrigerants in many aspects. The heat transfer
coefficients of CO: are greater than those of CFCs and HCFCs refngerants
by 2—3 times. Generally, the cvaporation heat transfer coefficient of
conventional refrigerants increases with vapor quality, but the heal transfer
coelficient of CO» decreases with vapor quality. Besides, the liquid film
drvout of COs occurs at moderate quality, which was not chserved in the
cvaporation process of conventional refrigerants. Smaller surface tension of
CO- makes nucleate boiling more  aclive, and the value of o/ p,
significantly affects on hquid film thickness and liquid {ilm dryout. High

thermal conductivity and low  viscosity of CO: also vield a higher
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evaporation heat transfer cocfficient.

(3) The measured pressure drop during evaporation process of COy
mereases  with  increased mass  flux, and decreases as  saturation
temperature  increases.  When  comparison  between the pressure  drop
obtained with experimental data and the various existing correlations, the
average deviation of Chisholm’s  correlation{1968), Chisholm’s  correlation
(1983), Jung ¢t al’s correlaion(198%) and Chor Domanski’s correlation

(1999) are 6599, 83.1%, 79.4% and 12.3%, respectively.

{4) In a horizontal tube, the evaporation heat transfer cocefficient
obtained in the experimenlal data of CO: was compared with the several
existing  pressure  drop  correlations. The  existing  correlations  for  heat
iransfer coefficient underestimated the experimental data because of the
different flow pattern of CO-. Jung et al.’s corrclation shows an agreement

Lo experimental data.

(3  As mentioned in earlier, a  comprehensive  studies  related  to
cvaporation heat transfer were carried out experimentally, including heat
transfer and pressure drop during cvaporation process of CO.. The local
heat (ransfer coefficients and pressure drop of CO» during evaporation
nrocess are greatly dependent on both the local mean temperature, heat
flux and saturation temperature because of the thermophysical properties of

CO» changing drastcally  during  this process. The great variation in
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thermophysical properties exists not only along but also perpendicular to
fluid flow dircction. The effect of the former can be eliminated with small
enough dimensional increments in calculating, but that of the latter cannot.
In these circumstances, conventional models of the local heat transfer
coefficient and pressure drop do not apply. Thus, the new evaporation heat
transfer and pressure drop correlation of CO» in a horizontal tube should

be developed throughout the comprehensively experimental data.
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CHAPTER 4
EXPERIMENTAL RESULTS FOR COOLING
PROCESS OF COq

[n the heat rejection of a conventional refrigeration cycle, refrigerant
changes from the gas state to the liquid state in the high pressure side
heat exchanger so that condensing phenomenon  takes place and heat
exchanger is called a condenser. During the supercritical heal rejection,
refrigerant of CO: stays in the gas state without phase changing so that
the heat exchanger is called a gas cooler instead of a condenser. Although
phase change dose nol tlake place at the supercritical pressures, the
thermophvsical properties of CO» change drastically during the process. In
these circumstances, this gas cooling process of a supercritical cycle 1s of
particular interest as it 1s significantly different from the condensation
process in a convenlion vapor compression cvcle. For the design of gas
cooler, relatively few investigations have been performed to  examine
closely local heat transfer cocefficients and pressure drop characteristics
during heat rejection or heat absorption, and available information 1s both
sparse and scattered. And recent research on COv» as @ potential alternative
refrigerant of HCFCs and CEFCs i1s limited.

The objective of this chapter is to  investigate the heal transfer
characteristics and pressure drop during the in wbe  supercritical  gas

cooling process of CO: as a potential alternalive refrigerant of R 22 and
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R 134a. The gas cooling heat transfer cocfficients and pressure drop are
measured experimentally, and the main results for the design of gas cooler

of CO: are presented by analyzing the cxperimental data.

4.1 HEAT BALANCE OF GAS COOLER

In order to make an accurate measurement of heat exchanger capacity,
heat balance between refrigerant and secondary source flow in the gas
cooler is examined. In the Fig. 4.1, experimental capacity, Q,,, which was
calculated with source water flow rate and enthalpy difference in the inlet
and outlet of the gas cooler, was presented in the axis of ordinate and
calculated heating capacity, @, which was acquired from refrigerant flow
rate and enthalpy difference in the inlet and outlet of the gas cooler, was
represenied in the axis of abscissa,

The symbol, (0, [, & and < display the mass velocity of CO2 for 200,
300, 400 and 500 kg/m°s, respectively. As can he seen in Fig. 4.1, @, of
. (2.2) and Q,. of Eq. (2.3) generally match within +10%, irrespective of
mass velocity changes. Energy balance in this study was maintained, thus
this cnergy balance indicaled the accuracy of the experiment. All raw dala
acquired 1n the experimental apparatus showed a high level of reliability to

validate the experimental results.
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Fig. 4.1 Heat balance between the capacity of COs refrigerant
side, @, and that of cooling water, @,,, with respect

to varying mass flux.
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4.2 COOLING HEAT TRANSFER CHARACTERISTICS
4.2.1 Temperature profile

Fig. 4.2 shows refrigeranl temperature, mean wall temperature of inner
tube and specific heat measured at the gas cooler of inner diameter of 7.75
mm. The abscissa and ordinate in Fig. 1.2 present dimensionless length
and temperaturc  distribution along the gas  cooler, respectively.  The
symbols @, J and M in Fig. 4.2 represent refrigerant temperature, T,
mean wall temperature, T, ;. and specific heat, ¢, respectively,

As may be observed in Fig. 4.2, CO» refrigerant and wall temperature of
inner tube shows a tlendency io largely decrease, especially at the entrance
and exit of gas cooling process. The temperatures of CO- refrigerant and
inner wall remain almost constant in the middle stage of gas cooler.
Because the heat transfer between COs refrigerant and cooling water is
activated near the pscudocritical temperature. T, at which the specific heat
reaches its maximum value, the CO» refrigerant and wall temperature does
not almost change at the middle stage of gas cooler. The sudden drop in
CO: refrigerant and wall temperature at the final stage of gas cooling
process 1s most likely caused by the variation of CO-. state which changes
from supercritical CO» to liquid state. During cooling process of CO»,
temperature difference between CO. refrigerant and inside tube wall has a
minimum value at the pseudocritical temperature. This indicates that the
heat transler coefficient of COs is the highest value at the pseudocritical

temperature.

- 1is -



Chapter 4. Experimental Results for Cooling Process of CQe

As for moderate inlet cooling pressure, the specific heat of CO» has a
lower value in the carly and final stage of gas cooler, and has a higher
value in the middle stage of cooling process, like near dimensionless length
of 300 to 100. As the COs refrigerant i1s cooled down in the gas cooler, the
maximum  specific heal for constant cooling pressure  exists in  the
pscudoceritical temperature. As cooling pressure decreases, this maximum
spectfic heat, ¢, e, ncreases and pseudocritical temperature, T, decreases.
And as mass flux of CO. increases at the given pressure of gas cooler,
CQO: temperature rapidly approaches at the pseudocritical point. Therefore,
the maximum specific heat presents more in the carly stage than in the
middle stage of gas cooler. Specific heat has a major cffect on heat
transfer characteristics for cooling process of COs and it Js important
factor having a dependant upon cooling heat transfer of CQO..

Fig. 4.3 depicts the variation of pseudocritical temperature with inlet
cooling pressure and corresponding maximum  values of specific heal for
CO» i a supercritical region. The abscissa and ordinate in Fig. 4.3
represent inlet cooling pressure and temperature distribution along the gas
cooler, respectively. The svmbols @ and 0 represent  pseudocritical
temperature, 7., wilh respect to pressure and corresponding  maximum
values of specific heat for CO» in the supercritical region, respectively.

Based on NIST Refrigerants Database (REFPROP Version 6.0, the
pseudocritical temperalure 1s a4 function of gas cooling pressure and 1s

expressed by algebraic cquation as shown mn Eq. (4.1)

Thp=—122.64+6.124P—0.1657P*+ 0.017739 P~* — 0.000560 P*  (1.1)

RIS
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Pscudocritical  temperature, T, is a temperature at which the spectfic
heat shows its maximum value. Pseudocritical temperature increases with
system  pressure.  IFig. 43 depicts  that  pscudocritical  temperature
corresponds (o the temperature at which measured heat transfer coefficient
reaches maximum value for constant pressure. Since the heat transfer
cocfficient reaches a maximum  at the pscudocritical temperature, the

maximum will change depending on the operating pressure.
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Fig. 42 Temperature profiles with respect to dimensionless ratio
of length to inner diameter tube in the gas cooler

(continued).
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4.2.2 Local cooling heat transfer

The local heat transfer coefficients of CO» are influenced by refrigerant
temperature, inlet pressure of gas cooler and mass velocity of CO» during
#as cooling process. This gas cooling process of supercrilical region is of
particular interest as it is significantlv  different from the condensation
process  of two phase  flow, like vapor and liquid state. For the
well planned  design  of gas  cooler in  a  supereritical cycle, the
understanding of heat transfer characteristics of CQ» during gas cooling

process is required.

(1) Influences of refrigerant temperature

During cooling process of CO: under moderate system pressure. local
heat transfer coefficients with respect to CO» refrigerant temperature are
shown 1n Fig. 44. As can be seen in Fig. 4.4, the local heat iransfer
coefficient depends strongly on the CO» temperature. This is caused by the
significant  change  of the Prandtl number near the pseudocritical
temperature. Local heat transfer coefficients for cooling process show a
tendency Lo increase  slowly,  have  its  maximum  values near the
psceudocritical point, and decrease again.

Because the variation of thermophysical propertics with respect to CO»
temperature is very small in the carly and final region of gas cooler, local
heat transfer coefficients increase slowly. The local cooling heat transfer
coefficients of CO» have its peak values in the middle stage of gas cooler,

which is mainly due to the higher specific heat of CO- in the test section.
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Accordingly, during cooling process of supercritical CO», it is shown that
the thermophysical properties of COy, especially like specific heat, have an
increasing effect on local heat transfer coefficients.

The thermal conductivity and viscosity also change dramatically near the
pscudocritical  temperature. However, these cffects of transport properties
on the heat transfer coefficient of CO; are small. When CO. temperature is
close to the pseudocritical point, the specific heat of CO. increases largely,
and the Pranditl number, which represents the ratio of diffusion  of
momentum to the diffusion of heal, has a maximum at the pseudocritical
temperature. Ilence, the local heat transfer coefficients of supercritical CQy
increase  greally close to the psecudocritical temperature, and have the

maximum at the pseudocritical temperature.
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(2) Influences of gas cooling pressure

The effect of various cooling pressures on the heat transfer coefficient of
€O during gas cooling process should be considercd. Fig. 4.5 shows the
local  heat transfer cocfficient of CQO. for varving pressures as CO.
lemperaturc changes along the gas cooler for a lixed mass flux. As scen
in Fig. 4.5, thermophysical properties don’t change very much at the carly
stage of gas cooling, where the COz temperature are high, and the change
of heat transfer coefficient is very small at this stage. It has a tendency to
decrease as gas cooling pressure increases at this stage.

However, in the middle stage of cooling process, where the CO.
temperature  1s  close Lo the eritical temperature. The heat  transfer
cocfficient  changes  very much for the pressure variation when  the
refrigerant temperature of COz is at the pscudocritical one. As the CO» gas
15 cooled down and varies from supercritical state to liquid state in the
hnal stage of gas cooler. A variety of inlet pressurcs have little effect on
the variation of thermophysical properties. Accordingly, the change in heat
transfer coefficients of CO: 1s also very small, and it has a tendency 1o
INCrease as gas cooling pressure increases at this stage.

As can be seen in Fig. 45, as for the same mass flux of CO», when
cooling pressure in the gas cooler tube is 7.5 MPa, the maximum of local
heat transfer cocfficient comes out in the final stage of gas cooler, and
when gas cooling pressure 18 100 MPa, the maximum presents in the
middle  stage  of  cooling  pressure. This  is because  psecudocritical

temperature of COy becomes lower as decreasing inlet pressure of gas
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cooler,  C(»  temperalure  approaches quickly  at  the  pseudocritical
temperature. And because pseudocritical temperature 1s high as increasing
inlel pressure of gas cooler, CQO. temperature reaches  slowly  at  the
pseudocritical one. For the same mass velocity of CO: when cooling
pressure is 7.5 MPa, the maximum of the local heat transfer coefficient for
pressure variations is highest, and when gas cooling pressure is 10.0 MPa,
the maximum for pressure variations is lowest. As shown in Fig. 4.4,
when cooling pressure is 7.5 MPa, pseudocritical temperature is 31.7°C, and
the maximum specific heat 1s 1457 kJ/kgK. When gas cooling pressure is
10.0 MPa, pscudocritical temperature 1s 4477C, and the maximum specific
heat is 7.9 kJ/kgK. Therefore, as the CO. refrigerant temperature
approaches the pscudocritical value, the heat transfer coefficient increases
strongly. And this maximum will change depending on inlet pressure of
COs. Namely, For the same mass flow rate, the maximum of the heat

transfer coefficient becomes considerably smaller at higher pressures.
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(3) Influences of mass flux

For constant pressure of gas cooler, the local heat transfer coefficients
with respect to the variation of mass flux are shown in Fig. 4.6. For all
pressures, the increase m the heat transfer coefficient of COs is obtained
for increased mass flux, which corresponds to higher Revnolds number.
For the moderate pressure of gas cooler, the increase of heat transfer
coefficient with the mass flux obvicusly appears at the pscudocritical
temperature. Because of large varnation of thermophysical properties near
the pscudocritical temperature, the heat transfer coefficient as increasing
mass flux is highest at the inlet pressure of 7.5 MPa, and presenis the
lowest value at the cooling pressure of 10.0 MPa.

As presents in Fig. 4.6, for the given pressure of supercritical gas cooler,
the local heat transfer cocfficients of COs with respect to mass velocily
show (he peak values at the pseudocritical temperature of 345C, 39.8T
and  44.7°C, respectively. The heat transfer cocefficient above this
temperature  has  a  tendency  to inerease, and  decreases  below  the
pseudocritical temperature. In the early stage of gas cooling, mass flux
difference has less effect on the vanation of heat transfer coefficients near
the upstrecam, however 1t has a great influence on the variation of heat
transfer coefficient at the downstream.

Under this circumstances, according to Mori et al.(-“m’s results, at higher
than pseudocritical temperature, the thermal conductivity in liguid film
varies much more than the thickness of the viscous sublayer. Thercfore,

the decrease in the thermal conductivity dominates and the heat transfer
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coefficient of CO: decreases. Below this temperature, the thickness of the
viscous sublayer vartes much more than the thermal conductivity in liguid
film. Ience, the ohserved increase in the heat transfer coefficient in this
temperature range will largely be due to the decrease in heat resistance
that occurs with a decrease in the thickness of viscous sublayer.

Mori et al. conducted the experimental study to examinate the cooling
healt transfer characteristics of CO: al a supercritical pressure. As the CO.
flow was turbulent under most conditions examined in their study, the
flow in the tube wall was divided into two concentric layers ; a viscous
sublayer necar the tube wall and a turbulent layver in the core of the tube.
The flow 1s sufficiently turbulent in the core region to consider the
temperature to be uniform. Heal transfer in the system is then associated

with heat conduction in the viscous sublaver.
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Fig. 4.6 Heat transfer coefficients versus bulk temperature
distribution along the gas cooler for different mass

fluxes at a constant iniet pressure condition (continued).
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Fig. 4.6 Heat transfer coefficients versus bulk temperature

distribution along the gas cooler for different mass
fluxes at a constant inlet pressure condition.
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4.2.3 Mean cooling heat transfer

Fig. 4.7 presents the mean heat transfer coefficient, kg, ..., of supereritical
CO-2 in the gas cooler as a function of mass flux, (., for a fixed pressure.
[n the Fig. 47, for the entire mass f(lux ranges, the heat transfer
coelficient of CO» icreases linearly with mass flux. This is mainly due to
increasing Reynolds number caused by the increasing mass flux of COo.

As CO: mass flux increases, the mean heat transfer coefficient increases
about 338% at 7.5 MPa, and it increases about 262% at 10.0 MPa. As the
mass  flux varies from 200 to 500 kg/mzs, the total mean heat transfer

coctficient of CO- increases about 298% for the total mass velocity ranges.

® 7.5MPa
O B8.0MPa ]
v B85MPa ® i
v 9.0MPa
B 95MPa
E O 100MPa @] ]
o~
£
£
2 ° v
= 80 o v ]
k=
a v 2
& sl 4
= ™ g
o g
v ]
4 =
. & R-744 (CO,)
8 d=7.75 mm
L | , *
2 A "
200 200 400 500

G,,, [kg/m’s]
Fig. 4.7 Average heat transfer coefficients with respect to
CO2 mass fluxes at inlet pressure of P=8.0 to 10.0
M.
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4.3 PRESSURLE DROP
4.3.1 Pressure drop during gas cooling process

The measured pressure drop between the inlel and outlel of the gas
cooler was observed less than 1 kPa/m throughout the tests. Fig. 48
shows the measured pressure drop with respect to mass flux at the test
conditions of the mass velocity of 200 to 500 kg/m’s and the inlet pressure
of 75 to 10.0 MPa. As can be scen in the Figure, the pressure drop of
CO» for moederate inlet pressure increases with CO» mass flux, and the
pressure  drop of  superceritical CO» has a tendency to decrease if the
system pressure increases at given mass flux. As the mass flux increases,
pressure drop is increased at a high rate in the lower pressure of cooling
process. This is because CO: density is increased if the system pressure is
higher. The measured pressure drop decreases if the density Increases at a
given mass flux as shown in Eq. (4.3). In general, the pressure drop of
CO: has a tendency to decrease from inlet of gas cooler to outlet.
Especially, because the CO» slate in gas cooler varies from supercritical
CO-» to hquid state, the pressure drop hardly change hardly in the final
stage of gas cooler.

The frictional pressure drop for fully developed turbulent single phasce

flow in a smooth tube is shown in Eq. (4.2) ;

2
. Lo P Un .
aP—1- 5 (4.2)

where w,, 1s the mean velocity of the CO: flow, and it changes a lot as

the CO:2 18 cooled, it is betler to rewrite this equation as
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-2
79 e
2 0

by L

In Eq. (43), L is the total length of test seetion

diameter of gas cooler tube. O 1s the CO» density,

(4.3)

and d; 1s the inner

(. 15 the mass flux

of CO2 and 4P is the measured pressure drop in this study.

1.3.2 Pressure drop correlations of cooling process

Strictly speaking, the flow pattern of CO» in a supercritical region is not

only two phase flow of vapor and liquid state but
vapor state. But, since the flow pattern of CO- in 1
is somewhat similar to conventional single phase
region also belongs to the single vapor phase region.
that the supercritical CO» pressure drop has to be
phase pressure drop correlations.

Thercfore, Blasius™ s equation(1911)  is  most

turbulent flow in smooth tubes, Peirov and Popov

e

also single phase of
he supercritical region
flow, the transcritical
Thus, it is reasonable

comparced with single

widely used for the

s equaltion is most

recently proposed for cooling process of supercritical CO». The experimental

data i this study was compared with the prediction by their correlations

and confirmed this applicable possibility of their correlations.

- . (13
(1) Blasius’s correlation

Blasius’s  correlation(1911) is most widely used for the turbulent  and

laminar flow in a smooth tube as shown in Eq. ¢14).
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_[0.316Re ' for  Re<2x 10"

F=10.184Re 1 for  Re>2x 101

(4.4)

Fig. 4.9 displays the comparison of mecasured pressurc drop data with
those predicted by Blasius's cquation. As can be seen in Figure, the
pressure drop predicled by Blasius's correlation is  underestimated  with
experimental data, and most of the experimental data predicted well within

the accuracy of 10%. The mean deviation of the measured pressure drop

and predicted pressure drop by correlation is 4.6%.
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Fig. 4.8 Varation of the pressure drop with respect to varying
mass flux at different inlet pressures during gas

cooling process.
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Fig. 4.9 Companson of the measured pressure drop data with

those predicted by Blasius's correlation (1911).
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(2) Petrov and Popov’s correlation'"”

Petrov and Popov(1985) proposed for the correlation of friction factor of
CO: cooled in supercritical conditions in the range of 1.4x 10 = Re, =7.9%

10°. They obtained an interpolation equation of the friction factor.

O My )
“Jouw |, 4.5
S=J Py ( Hbp ) 15

where £, which 1s the friction factor at constant thermophysical
propertics, is calculated by Eq. (4.6) at tube wall temperature, T, and s is

a function of heat flux and mass velocily calculated by Eq. (47).

fow=1(1.82 logRe,—1.64) 2 (4.6)
0.42
310.023(%%) A7)

where  0,. 04 1, and g, are the density and viscosity at tube wall
temperature, 7, and bulk temperature of CO., respectively. Re, is the
Reynolds number at tube wall temperature, 7T,.

Fig. 410 presents the comparison of the measured pressure drop data
with those predicted by Petrov and Popov(l985)'s correlation. As shown in
the Figure, the pressure drop predicted by their correlation is higher than
the measure pressure drop. The average deviation between the measured
pressurc drop and Petrov and Popov(1983)°s correlation is  64%, and mean
deviation is 64%. This is because their numerical suggestion is not based
on the sufficient set of experimental data.

As summarized above mentioned resulls, the pressure  drop during

cooling process of supercritical CO- in a horizontal ube shows relatively
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good agreement with that predicted by Blasius’s equation. Hence, hased on
the above comparison, Blasius’s correlation is recommended for use in the

supercritical COq» state.

Experimental data Petrov-Popov' equation
8l —e— 75MPa O 75MPa
- - 85MPa O 85MPa
TEl & osmpa A 95MPa

AP, [kPa]

200 300 400 500

Iig. 4.10 Comparison of the measured pressure drop data with

those predicted by Petrov-Popov's correlation (1985).
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44 COMPARISON OF EXPERIMENTAL DATA AND
EXISTING CORRELATIONS

An accurate corrclation is required (o examinate cooling heat transfer

characteristics of COx in the supercritical region. Various corrclations which

(15, 149,54,05 545 o)
P have been proposed. Some

are based on the results of investigator
researchers developed correlations in the heating condition, and the others
developed correlations in the cooling condition. [n spite of the different
conditions, the forms of developed correlations are very similar. To perform
a comparative study for the experimental data and proposed correlations,

this chapter presents the heat transfer correlations of CO: for both heating

and cooling conditions near the critical region in a smooth tube.

4.4.1 Correlations for cooling heat transfer

(550

(1) Bringer and Smith’s correlation

For cooling process of COy, in the supercritical region, various
correlations based on the results of each investigator have been produced.
Among them, Bringer and Smith(1957) proposed a correlation for forced
convection near the critical region based on their experimental  resulls.
Their correlation is a form of Dittus Boclter's single phase heat transfer
correlation as shown in Eq. (48), and a function of Reynolds number and
Prandtl number that is calculated based on  thermophysical properties of

wall temperature.

Nue,=0.0375 R pr» (4.8)
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where  Re, 1s Revnolds number at the reference lemperature, and  Pr,, is
Prandtl number at the wall temperature.

M " Cpw Re. — Oy gyt d;
=

Pr,. = ,
k. ’ Hy

(4.9

as slated mn above, T, is determinated according (o the following
condilions :

Ty for (Tpe— T/(T—T)< 0
Toe={Ty for 0=(T,,—TH/(T,~T<0 (4.10)
Tw for ( Tp(: - Th)/( Tu! - 711’:) >0

where  T,, T, and T, are pseudocritical temperature, bulk temperature
and wall temperature, respectively.
(2) Petukhov el al.’s correlation™”

Based on their experimental results for the heating of supercritical CO»
in tube flows, Petukhov et al.(1961) developed a correlation for determining
the Nusselt number. To account for the variation of thermophysical
propertics, they mtroduced the enhancement paramcter which is the ratio of
thermophysical property estimated by bulk and wall temperature. They
considered  the variation of conductivity and viscosity ratio as transport
propertics, and the variation of specific heat ratio as thermodynamics
propertics, Based on their experimental data(307 points), they determinated
the coefficients of Eq. (4.11).

0.35

.11 —{.33 .
. 2 : ,
Nu;,':Nu,,( ””) (—k”w) ( € ) (4.11)
My w (sz,b
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where gy, g, ky and kb, are the viscosity and conductivity calculated
from bulk and wall lemperature, respectively. ¢,.» 15 the isobar specific

heat evaluated by bulk temperature of CO. Ny is calculated using the

y G
Petukhov and Kirillov’'s correlation™ .

fb/SRebPr b
12.7V (£,/8) - (Pr” — 1) +1.07

Nu, = (4.12)

where the friction factor, f, is calculated with the correlation proposed by

Iog. (4.13) and ?[, 15 the integrated mean specific heat calculated from Eq.

(4.14).
f=11.821og(Re,) —1.64] * (4.13)
= (4.14)

h =

where  Re, and Pry, are calculated by using the properties cvaluated by
bulk and wall temperature, respectively. i, and 7, are the enthalpy of bulk
and wall temperature in [k]/kgl, and 7T, and 7, are the bulk and wall
temperature in [K|, respectively.

Op* Uy~ d; Ky Cpp
R@h [ L N d B . Pr, = Lk W 2

(4.15)
My R
where g, is the density cstimated by bulk temperature and U, 15 the

mean velocity of CO- in [m/s].

o

(3) Krasnoshchckov and Protopopov’s correlation'”

Kransnoshchekov and Protopopov(1966) conducted an experimental study
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Table 4.1 Cocfficients A; and A» in Petuhkov Kirillov's equation

Ny = (f/8) - Re: Pr
Petuhkov -K A A Re _ Pr
irillov(1958) 1.07 12.7 10" ~5x 10" | 0.5-200
Petuhkov-P S — B Re Pr
opov(1963) 1+3.4f 1.7+ iﬁl{ g L0510 | 05200
" )
Petuhkov K} A I AE Re Pr
. Fully
urganov- (il ; developed
00 0.63 . VEIope - 5
aduntsov 10.7 + Re 110 Pr 127 turbulent 0.7-5>10
(1973
\ flow
to investigate the heat transfer coefficient of supereritical COs in a

horizontal tube during heating, as did Petukhov et al.(1961). These authors
observed that the changes in the thermophysical properties over the cross
section of the tube are great and hence Eq. (417, which does not consider
any variations in the thermophysical properties in the cross section of the
tube, cannot be used. they assumed that, in the supercritical region, the
Nusselt number is a function of the Reynolds number and Prandtl number,
Just as it 1s in single phase region. The variation of the thermophysical

properties in the cross section of the tube were taken into account by

introducing  corrclation  factors for density and specific heat ratio. They
proposed the correlations .
0.3, — \#
f O c :
Nuy=Nu, || |—* (1.16)
Op C’P.b

where  Nu,” 1s the Nusselt number which is calculated by using Eq. (4.17)

L
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and (7, ts the mean specific heat calculated with Eq. (4.18). f is the
fmction factor calculated from Eq. (4.19).

f/8Re,,Prb

Nuy = ; (4.17
YT VR - (PP -1 107 :
e v% (4.18)
Fo=11.82log(Re,) —1.64] * (4.19)
The exponent # is prescribed as follows :
0.4 for 7,/ Ty<1 or T,/T,>1.2
b1 =(.22+ 0.18( Tw/ Tpc ) for 1< Tw/ Tp(,-£2_5 (4.20)

bl"f“ (51?1“’2)(1‘ Th/TpC) for 1< Tb/Y‘p('g].-2
0.7 for T/ T, <1 and T,/ T,<1

where 7., T and 7, arc the pseudocritical temperature, bulk temperature

and wall temperature, respectively.

(4) Krasnoshchekov et al.’s corrclation™"
Krasnoshchekov et al.(1970) carried out an experimental study of the
heal transfer characteristics during turbulent flow in a round tube with
COz at supercritical pressures under cooling conditions. They proposed the
following correlation :
0 n ? m
Nu—Nu(%) — (4.21)
On Cf).w

where in Ego (4200, Nu,' is calculated by using the Petukhov  and

Kirillov's corrclation. The exponent s and ¢, arc calculated by using Eq.
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(1.23), respectively.

: fu/8Re,Pr
N e ¥R ¢ .2‘
TR 8 - (PrE D 107 22
— Iy—1 oV
o 2} n - “p oy
Cf) — r[‘b* T“: 5 wm= B( Cp‘ N ) (423)

where £, is the Blasius™s and Filonenko™"s correlation calculated with
Eq. (4.24) and (4.25).
f»=0.316Re " for (Re, = 10" (4.24)
fu=[0.79In(Re,) —1.641 % for (1x10' <Re, < 5x10") (4.25)

where #, B and [ arc the constants determinated by the pressure ratio in

P/ P, and specific heal ratio in ¢,/ ¢,

— 8. 3B0L06 134 4985 10g ( P/ P,) +48.5062015( P,/ Py) (4.26)
(Ph/Pf‘_D)

n—

B— 20580 o7 o199 10g (P, P) +9.670075( (P, P.,) (427)
(PIJ/Pz‘p)

g 43885 100 p )5 4 021072314 0.098613245 o
J= = 9483881510 (P Py) Bk S TRt e e (428)

where P, represents the gas cooling pressure in [MPa] and P, 1s the
critical pressure in 7.38 [MPal. Table 4.2 shows the value for n, B and J.
Fig. 4.11 displays Exponents and coefficients in supercritical heat transfer

correlations formulas developed by Protopopov research group.

(5) Baskov et al.’s correlation™’

Baskov et al.(1977) experimentally investigated the variation of local heat
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Tahle 4.2 Values for n, B and ] in Krasnoshchekov et al.’s equation

Pressure, [MPal 8.0 10.0 12.0
n (.38 (.38 0.80
- 13 - 075 | 7 0.97 o 7176() -
J ) R .13 7 - _()_.-()4 0 -

transfer cocfficients at high Reynolds numbers in cooling conditions and
found no appreciable influence of free convective heat transfer. They

compared the value of Nu, using the correlation shown in Eq. (4.21) and
found that their experimental value of N, was lower. They concluded

that the correlatton proposed by Krasnoshchekov et al.(1966) was for
horizontal tubes and that it was not valid for their experiment that used a
vertical tube. Therefore, they proposed the following new correlation for
vertical tubes

m

Nu, = Nu”( e ) (ﬁ) (4.29)

Cp
where ¢, 1s the isobar specific heat at the wall temperature. e, and o,
are the density of CO. at the bulk and wall temperature, respectively.
Nu,” 15 the Nusselt number that is evaluated, based on the thermophysical

properties at the wall temperature. The Petukhov Kurganov Gladuntsov'™,

as shown mn Eq. (430), is used to calculate the Nusselt number.

' (f/B)Re, Pr
Ny, = 500 063 . )” (4.30)
o7+ SV (AR - (P - D)

where
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0.7

= -
—_— TbITpC—100 .-

—— Ty Te=105 /_./' |
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08t o pe Pt ~
——— T/ Tp118 .
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P

-
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g
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(a) The exponent n in Eq. (4.22)
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09 10 1.1 1.2 13 14 15 1.6 17 18

PbIPcp
(b) Exponent and cocfficient in Eq. (4.26)— Eq. (4.28)
Fig. 4.11 Exponents and cocfficients in supereritical heal transfer
correlations formulas developed by Protopopov research

group.
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Ot Uy d; Lo ™ Cpov — Iy Ly )
. w PP , P?’,r — _Ag?;ﬂ . Cp= ——7;# (1.31)
[y e b w

i Eq. (431}, &, is the conductivity at the wall temperature, ¢, , is the
1sobar specific heat at the wall temperature and  «,, is the mean mass flux
of COs Re, and Pr, arc the Reynolds and Pranditl number that are
evalualed based on the thermophysical properties of wall temperature,
respectively.

fo=[1.82log(Re,) —1.64] * (4.32)
For Ty T,>1, the values of m and % are determinated from Table 4.3
and for T/ T,<1, the values are calculated according to the following
ones. However, Baskov et al. provided the values of m and #» only al
pressure P-8.0, 100 and 12,0 [MPal. Therefore, this correlation is difficult
to apply m other pressure ranges. The applicable ranges of their correlation
arc 410" < Re,<6x10° and 0.7= Pr,=5x 10",

m=1.4, »=0.15 for Ty T, =1 (4.33}

Table 4.3 Values for m and n in Baskov et al.’s Equation

Parameters cyf Cpw > 1 cpl € < 1
7. [MPal 8.0 10.0 12.0 80 100 | 120

m 1.2 16 16 | 045 045 045
. 0.15 0.10 0 0.15 0.10 o

(6) Petrov and Popov’s correlation”

Petrov and Popov(1985) numcrically solved the governing conservation

cquation  for  cooling  process of CO. in the supercritical region, and
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developed the [bllowing new correlation :

i

Net, = Nu, - (10.001 ")(") (4.34)

Gre' C[J.zc'
where  Nu,” is the Nussclt number that is  evaluated, based on  the

thermophysical  properties at the wall temperature. The Petukhov and

Popov correlation, as shown in Eq. (4.395), 1s used o calculate the Nusselt

number.
! ! R uvI-) w
Nuty = Y, ”/81) g (4.35)
(143470 {117+ 4 )\/ (/8 - (Pri—1)

where £, is the friction factor that is calculated according to Eq. (4.18)

’

and the exponent # can be caleulated from the follow conditions.

10.66 — K4q./G,) for c,/c, .1

o - 4.36
TT0.9-Ka /G for e, ] (4.36)

where ¢, is the heat flux in [kW/m’l, ,, is the mean mass flux of CO»

and £ is conductivity (-4x107"). The correlation can be valid for 1.4x 10°
Re, = 79%10°, and used within 3.1 % 10" < Re,= &x 10",
(7) Ghajar and Asadi’s correlation™”

(zhajar and  Asadi{1986) studied some of the correlations that were
developed for forced convective heal transfer in the supercritical region.
Based on their studied, they proposcd the new correlation that combined
Petuhkov's corretation with Krasnoshchekov and Protopopov’s  correlation.

Their correlation is a Jackson and Fewster type heat transfer ones. Ghajar
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and Asadi came to conclude that the convective heal transfer in the
supereritical region can be predicted by a Dittus Boelter tvpe heat transfer
correlatton that has property ratios (o account for the large vanations in
the physical properties in this region.
p 0B o
Nue,=0.025 Rely® priy' (2 ﬂ‘) (4.37)
Op ('1).})

where ¢, ; is the inlegrated mean specific heat and the exponent » can be

calculated from the follow conditions.

{0.4 for Ty<T, =T, and 1.27,<T, (T,
T.
n= 0.4+O.2( T’(";*l ) for Ty=T T,
¢ Tu' T - T
0.4 +O.Z(TCD - 1){1 *5("’7‘:; —1 )] for T,=< 1o }(ﬂ and TW<1.27,

where the applicable range of this correlation is suggested to be in 2% 10
< Re, 12107
(8) Gnielinski’s correlation’

Crielinski(1994) has hard studied the heat transfer of COs in the
supercritical region. He proposed a new correlation to delermine the heat

transfer coefficients of supercritical COw,

. fw/SRebPr b [ ( dz’ )2/3 ' ,
B a1 SERE 4.38
Necy 12.7V (£,/8) - (Pr3? — D +1.07 L7 (1.38)

where  Lois the length of gas cooler and d, is the inner diameter tube. f,
is the friction factor according to

f=1[1.82log{(Re,) —1.64]1 ° (4.39)
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It fluid is the liquid phase, Nussell number considers the influence of the
temperature on the thermodynamic  properties. The  influence of  the

temperature on the properties can be taken into account by

Pl’ (.11
ﬁ’l) for  liquids (4.40)

Nuy =N u;, . (
where Pr, is the Prandtl number at the average fluid temperature and
Pr, is the Prandtl number of fluid at wall temperature (range of validity

0.1<C Pr,/Pr < 10). Since there is no noticeable influence of temperature on

the Prandtl number in the casc of gaseous fluids, the influence is taken

into account by

T
T,

0.11
Nuy= Nu, - ( ) for gases (441)

where T, 1s the average fluid temperature in [K] and 7T, is the wall
temperature in [K]. For cooling ( 75/ T,>1), the exponent # is zero, for

heating (1 > T,/ T, >058), % depends on the fluid ; for CO» #n=0.12.
(9) Pitla et al.’s correlation'™

Pitla et al.(1998) was concerned with developing a suitable heal transfer
correlation for CO- flow in the supercritical region during in tube cooling.
The correlation was developed, based on the numerical and experimental
work., Based on the numerical predictions of heat exchanger problem, it
was attempted 1o develop a new correlation for the Nusselt number in

terms of other dimensionless parameters. For this purpose, the numerically
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predicted Nussell number was correlated. The final outcome was a new
corrclation that is based on the " mean Nusselt number” and is defined as

shown i equation (4.43).

(4.42)

Nu:-( NH},%‘NUH,) /ﬁu'

2 ky
where Ny, is the Nusselt number that is evaluated based on the
thermophysical  propertics  at the bulk  temperature. The  Gnielinski
correlation, as shown in Eq. (4.42), is used to calculate the Nusselt

number.

F4/8Re,Pr

N = G - (PP =D 107

(4.43)

in Eq. (443), f, is the friction factor at the bulk temperature, and is
defined as shown in Eq. (4.44).

fo=11.82log(Re;) —1.64] * (4.44)
where N, is the Nusselt number that is evaluated, based on the
thermophysical  propertics  at  the wall temperature. The  Gnielinski
correlation, as shown in Eq. {(4.45), is used to calculate the Nusselt
number.

fu/8Re, Pr ,
12.7V (£,/8) - (Pre — 1) +1.07

Ny, — (4.45)

fe is the friction factor at the bulk temperature and f, is defined as
shown in Eq. (4.46).

fo=11.82log(Re,) —1.64] * (4.46)
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Once the mean Nussell number 1s obtained, the heat transfer coefficient
can be computed as shown in Eq. (4.47).

i :“% k, (1.47)

(10) Fang’s correlation™”

Based on Gnielinski’s correlation and Petrov Popov's correlation, Fang
(1999) obtained the following in-tube heat transfer model of gas cooler

throughout the numerical analvsis

 (f/8) Re,—1000)Pr G c, \" o
N = A 12708 Y Pri{3—1)( ~0.001=¢ )( cp,w) .48

where

1+7%10 ®Re,  for Re <10°

A= o for Re,>10°

(4.49)

in Baq. (449), £, is the friction factor cvaluated at 7, by the following

Churchill’s  equation (4.50) and ¢, is caleulated by Eq (4.23). #» s

calculated by Eq. (4.36).

)t e, ]

(T/Re )" +0.2TR,, Re,
where R, 1s the relative roughness of tubes. The experimental range of

the Fang’s correlation is 3500 < Re,e < 25> 10" and 115 S/ G= 3 I/ ke,

1.4.2 Comparison of experimental data and corrclations
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In order to get the correct comparison between measured and corrclated
data, the mean heat transfer coefficient in the test section had to be
calculated for cach experiment. Based on the measured inlet and outlet
bulk temperature (o the test section, the heat lransfer coefficient was
calculated as the mean value for twelve “subsections” using the above
method of correlating heat transfer in cach subscction. The local heat
transfer coefficients of CO» obtained in this study are compared with those
gencrated by DBringer and Smith, Petuhkov et al., Krasnoshchekov et al.,
Baskov el al, Pectrov and Popov, Ghajar and Asadi, Gnielinski,
Krasnoshchekov and Protopopov, Pitla et al. and Fang’s correlations.

Fig. 4.12 shows the comparison of the experimental heat transfer
coefficients  with  those predicted by the existing correlations for the
supercritical CO» heat transfer coefficient under cooling conditions. In the
carly stage of gas cooling, the heat transfer coefficient gradually increases
and drastically increases near the critical point. After reaching the
maximum peak, the heat transfer coefficient decreases as CO. is cooled
down. Most of the existing correlations showed a large difference with the
experimental  data, and  the  supercritical cooling  correlations  generally
underpredicted the experimental data. In the carly and final stage of gas
cooling, the deviation of experimental data with predicted data is not
larger. However, especially near the critical point, the deviation belween
experimental data and those predicted by existing correlations is much
larger. Because iU is the large variations of the viscosity, density and

thermal conductivity near the pseudo critical point.
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As seen in Fig. 412, among the proposed correlations in the supercritical
region, Pitla et al’s correlation(1994) predicted a different peak  location.
Thetr correlation is very simple, but failed o consider the change of
thermophysical propertics of CO:. This is because they simply averaged
the Gnielinski’s cquation at bulk and wall temperature. Actually, heat
transfer  coefficient is not  equally influcnced by the thermophysical
properties of the bulk and wall conditions.

The correlations predicted by Petrov-Popov(1985) and Fang(1999) mostly
underpredicted  the experimental data. Since their correlation s only
numertcally developed, formula itself is very simple and clear. But their
correlation cannol reasonably reflect experimental data, because of the rack
of the correlation’s connection with experimental data. The correlation by
Baskov et al.(1977) gencrally underpredicted the experimental data. Their
correlation has o demernit of its applicably only for the pressure of P=R8.0,
100, and 12.0 MPa. Bring Smith’s corrclation(1957) indicates fairly good
agreement to the experimental data. Because this correlation is a form of
Dittus -Boelter's  correlation, the correlation is very simple and clear. But
their correlation cannot remarkably reflect the experimental data, because
ol the rack of the ecquation Lo account for the variation of the density and
specific heal. The correlations by Krasnoshchekov Protopopov(1966) and
Chajar Asadi(1986) reflect well the cffect of thermophysical properties and
critical enhancement. Bul  their correlations are very complex and the
correlation’s conditions do not agree with (he experimental data.

The method that compares the heal transfer coefficients  obtained
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expertmental data with those predicted by correlations is the quantitative
and qualitative one. The quanlitative one is average and mean deviation
calculated by Eq. (451} and (4.52), respectively. Therefore, based on the
present results of COs», the deviation between the heat transfer coefficients
obtained experimental data and those predicted by correlation is calculated
from the following Equations.

Garg— N( ]’I, o X 100 (451)

. J_ hexp 7 hcu!
s — N(ET-: ‘ hexp

where N s the lotal number of measurement. k., is the measured heat

)>< 100 (452)

(ransfer cocfficient obtained experimental data and 4, is the local heat
transfer cocfficient predicted by correlations.

Fig. 413 (a) represents the comparison of experimental heat transfer
coefficients with those predicted by Bringer and Smith’s correlation. For
the total range of mass velocity, mean deviation is 29%. Mean deviation is
23.6%, 275%, 31% and 33.7% for 200, 300, 400 and 500 kg/m’s,
respectively. Fig. 413 (b) shows the comparison of experimental heat
transfer coefficienls with those predicted by Petuhkov et al.’s correlation.
IFor Lhe total range of mass velocily, mean deviation is 45.7%. Mean
deviation is 41%, 45%, 5277% and 54.4% for 200, 300. 400 and 500 kg/m°s.
respectively. Fig. 4.13 (¢) presents the comparison of experimental heat
transfer  coefficients  with  those  predicted by Krasnoshchekov  and

Protopopov’s  correlation. For the total range of mass velocity, mean
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deviation 15 4999%. Mean deviation 15 441.3%, 4459, 52% and 53.7% for
200, 300, 400 and 500 kg/mzs, respectively. Fig. 4.13 {d) shows the
comparison of experimental heat transfer cocfficients with those vredicted
by Krasnoshchekov el al’s correlation. For the wide range of mass flux,
mean deviation 1s H1.6%. Mean deviation 1s 47.79%, 21.6%6, 92.796 and 54.4%
for 200, 300, 400 and 500 kg/m’s, respectively. Fig. 4.13 (¢) presents the
comparison of experimental heal transfer coefficients with those predicted
by Baskov el al.’s correlation. In the total range of mass velocity, mean
deviation 15 H4.6%. Mean deviation 1s 50.696, 54.29%, H56% and 57.8% for
200, 300, 400 and 500 kg/m®s, respectively. Fig. 4.13 (1) displays the
comparison of experimental heat transfer coefficients with those predicted
by Petrov and Popov's correlation. For the total range of mass velocity,
mean deviation i1s 50.9%. Mcan deviation 1s 46.3%, 5012926, 52.5% and 54.7%
for 200, 300, 400 and 500 kg/m°s, respectively. Fig. 4.13 (g) depicts the
comparison of experimental heat transfer coefficients with those predicted
Ly Gnielinski’s corrclation. For the total range of mass velocity, average
deviation is 42% and mean deviation is 43.7%. Mean deviation is 34.29¢,
4459, 47.1% and 49.2%5 for 200, 300, 400 and 500 kg/mzs, respectively. Fig.
113 (h) show the comparison of experimental heat transfer cocfficients
with those predicted by Pitla et al.’s corrclation. For the total range of
mass velocity, mean deviation is 36.4%. Mean deviation i1s 30.3%, 37.7%,
39.3% and 38.5% for 200, 300, 400 and 500 kg/m”s, respectively. Fig. 4.13
(i) presents the comparison of experimental heat transfer coefficients with

those predicted by Fang's correlation. For the total range of mass velocity,
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mean deviation is 48.7%.

As mentioned in above, when comparing the measured values obtained
with experimental data and the predicted values proposed by correlations,
the correlation proposed by Bring and Smith agrees quite well with the
experimental data within the mean deviation of 23.6%. Table 4.4 shows the
average and mean deviation between measured heat transfer coefficients
and calculation correlations.

Table 4.4 Deviations between the measured and calculated heat

transfer coefficients

Correlations _ Oag and  Ous (96)
Bringer and Smith. (1957) 29
Petuhkov et al. (1961) 5.7
Krasnoshchekov and Protopopov. (1996) 49.9
Krasnoshchekov et al. (1970} 516
Baskov et al. (1977) H4.6
Petrov and Popov. (1985) 50.9

Gnielinski. (1994) 42, 137

Pitla et al. (1998) 36.4
Fang (1999) 48.9
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Fig. 4.12 Comparison of the experimental data with the
calculated heat transfer cocefficients using existing

correlations as a function of refrigerant temperature.
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Fig. 4.13 Comparison between the calculated and measured

heat transfer coefficient at varying mass fluxes
(continued).
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(f) Petrov Popov’'s correlation{1985)
Fig. 4.13 Comparison between the calculated and measured

heat transfer coefficient at varying mass fluxes

(continucd).
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Fig. 4.13 Comparison between the calculated and measuared

heat transfer coefficient at varying mass fluxes

(continucd).
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4.4.3 Correlation development

As the resulls of comparison of various correlations with heat transfer
coefficients for cooling of supercritical CO», it is clear that the deviation
between experimental data and the existing correlations is quite large. So
there is a nced for a new correlation based on experimental data, and a
new correlation proposes in present study. The new proposed correlation is
a form of Dittus Boelter's one. Because the change of thermophysical
propertics in the supercritical region is great, it introduces the specific heat
and density into the new proposed correlation.

Therefore, the following forced convective heal transfer correlations are

proposed  for turbulent flows of CO. during supercritical gas cooling

Process.
_ ) c ‘s
Nu,= a Re} Pr§ ( C”"’ ) (4.53)
bow
Nu,= a'i?ebb Pr ;(ﬁ) (454)

As can be secen in above equations, Eq. (453) introduces the term,
¢l €4 for considering the influence of large property variations in the
heal transfer, and also Eq. {(454) uses the term, g,/ 0., to account for the
change of thermophysical properties near the critical region.

As mentioned in carlier chapter, the heat transfer coefficients during
cooling process of CO. dramatically increases for Lhe temperature range
above the pscudocritical point, and then decrcases for the temperature

range helow  the pseudocritical point. Thercfore, since the new proposed
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correlation  cannot  predict  the  heat  transfer  cocefficients  near  the
pseudocritical  temperature, it is good to scparate the region above and
below the pseudocritical temperature ( T3/ T, > 1 and T3/ T, <1).

In the range of 7,/T, > 1, the constants in the proposed heat transfer
correlations shown in Eq. (4.55) and (4.56) were obtained by least square

’

64 , . .
™. The exponenls a’ ., b, ¢ and d° obtained from the

curve filling

least square curve-fitting are shown as following Equations

0.15
Nu, = Rel™ pﬁ-ﬂ%) for T,/ T, > 1 (4.55)
bow
-{0.38
Nuy= Rel™ Pr ;928(%) for T/ T, > 1 (4.56)

where ¢, , 18 the mean isobar specific heat at 7, and ¢, , is the isobar
specific heat al T,. p, and p, arc the density at 7, and T,
respectively. Most of the experimental data can bhe predicted by the
correlation of Hqg.o (4.55) within the average deviation of  4.2% and mean
deviation of 16.9%. The predicted correlation by Eq. (4.56) i1s the average
deviation of 10.6% and mean deviation of 198%. Hence, the average and
mean deviation of  Eq. (4.55) which includes the term, ¢, ,/ ¢, ., 1s smaller
than those of Eq. (4.56).

In case of T/ T, < 1 which includes the region between pseudocritical
and critical temperature, the change of the CO: properties is much bigger.
In order to reflect the property change, an altempt is made to insert

thermophysical properties to the correlation. As the density and  specific
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heat  evaluated at Ty and 7T, have a great cffect on heat transfer
coefficients, the density and specific heal normalized by the properly at the
pseudocritical temperature are introduced as shown in Eqg. (4.57), (4.58) and
(159, The exponents in the proposed heat transfer correlations shown in

b, (4.57), (458) and (4.59) were oblained by the same method.

—2.9
- C
Nu,= Rel® Pr,}'g(c”) for To/ T, <1 (457)
bow
) 0 0.29
Nuy= Re M Prﬁ'jG(J') for ToTw <1 (458

—-1.6 3.4
Nuy= Rl Pr,}ﬁ(—pi) (—C’l—‘—) for TW/T, <1 (459

w Cp
Most of the experimental dala can be predicted by the correlation of
Fquation (4.57) within the average deviation of -5.8% and mean deviation
of 16.6%. The average and mean one of the predicted corvelation by
Equation (458 15 11.29% and 18%, respectively. And also the correlation
predicted by Eq. (459 is the average deviation of  97% and mean
deviation of 17.6%. Consequently, in the range of 7T,/T, < 1, the average
and mean deviation of Eq. (4.57) which includes the term of ¢, 5/ ¢ i
smaller than those of Eq. (458) and (4.59).
Fig. 4.14 depicts the comparison of the Nusselt numbers, Nu,,,, obtained
hv  experimental data and that, N, calculated by the new proposed

correlations. As can be seen in Fig. 4.14, the deviation of Nu,, and N,

is the greatest near the value of T/ T, =1. As stated in earlier chapter,
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hecause the thermophysical propertics of the densily and specific heat near

To/ Tye=1 change dramatically, the deviation of the proposed correlation
for considering the effect of critical enhancement near the value of
Tol Too=1 15 large.

Finally, the simple correlations for considering the effect of critical
enhancement are suggested. The new proposed correlation in this study is
a form of Dittus-Boelter's equation multiplying the density and specific
heat ratio for considering the effect of it The correlations proposed for
this study arc used for predicting heat transfer coefficients of supercritical
CO- But, among them, the new corrclation with the smallest deviation is

suggesied.

d . e
Nu,=a Rel Pr,f(-'%) (("”) (4.60)
LN Cl).w

a=1, ¥=0.55, ¢=0.23, =0, ¢=0.15 for Ty T

a=1, b=0.36, ¢=1.9, =0, ¢=-2.9 for T,<T,
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Table 1.5 Cocfficients and exponents in the new proposed correlations

d &
Parameters| Nuy=a Re} Pr[,‘"(—z—-b) (—CEM) Cungs Tas (96)
w bow
A L b 056, ¢ =023
g 455 ° » SR 4.2, 1.9
N G 1450) a4 0, ¢ -015 ’
T T, P ,
o, (456) a -1, b 054, ¢ =028, 06, 198
R d =-038 ¢ =0
] a =1 b =036, ¢ =10,
Eq. (457) F 0 o - 90 ‘38 166
TUTS <1 Fa (458) a =1, b =044, ¢’ =096, 112 179
s R A 029, ¢ 0 -
4 =1, b =035, ¢ =19, ]
Eq. (459)| ° e 9.7, 176

d” =16 ¢ =34
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Fig. 414 Experimental values of the Nusselt numbers compared

with those given by the proposed correlation (continued).
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Fig. 4.14 Experimental values of the Nusselt numbers compared

with those given by the proposed correlation.
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45 SUMMARY
In this chapter, the heat transfer coefficients and pressure drop during
the gas cooling process of CO» have been measured and the findings of

this study are summarized as follows.

(1) During cooling process of CO», the heat transfer coefficient of CO»
slowly increases in the enirance of gas cooler and again decreases in the
exit of gas cooler. Because the specific heat of CO» has its maximum near
pseudocritical temperature, T/ T,.= 1, the heat (ransfer coefficient has its
peak value in the middle stage of gas cooler. Because thermophysical
properties of C» for pressure variation is small, The heat transfer
coefficient vanation tends to decrease as cooling pressure of CO2 increases.
The heat transfer coefficicnt with respect to mass flux increases as mass
flux increases, because the Reynolds number of CO» increases with mass

(lux. and increases the effect of heat transfer.

(2) Because of the large vanation of specific heal of CO» near the
pseudocritical  region,  the pressure drop during cooling  process  of
supercritical COy decreases as the inlet pressure of gas cooler increases.
When compared of the pressure drop obtained with experimental data and
that of predicted by Blasius's equation, the correlation which 1s proposed
by Blasius agrees quite well with the experimental data. Therefore, during
gas cooling process of CO» in the supercritical region, Blsius’s correlation

is recommended for the prediction of pressure drop.
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(3) The existing supercritical correlations underpredicted the measured
heat transfer coefficients of gas cooling process. Because of the large
variation of specific heat, density and thermal conductivity near the critical
point, the deviation of the measured heat transfer coefficients and the
existing correlations becomes larger close to the pseudocritical temperature.
And among the existing correlations which is proposed for cooling process
of supercritical CQOs, the correlation predicted by Bring and Smith shows
the best agreement to experimental data. To predict more accurate heat
transfer coefficient, a new correlatton which includes the densily and
specific heat ratio evaluated at mean wall and bulk temperature has been

proposed.
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CHAPTER 5

CONCLUSIONS

Because CO: naturally cxists in the atmosphere and has a lower Global
Warming Potential(GWDP), in order to apply CO: as the working fluid of
refrigeration and  air conditioner, the study on the heat transfer and
pressure drop charactenistics of CO:2 in a horizontal tube is required.

Therefore, In this study, it is investigated that the heat transfer
coefficient during cvaporation and cooling process of CQ. in a stainless
steel lube with an inner diameter of 7.75 mm. The main results were

summarized as follows :

(1) For low quality, the evaporation heat (ransfer coefficients of CO» in a
horizontal tube increase with vapor quality. This results from the increased
void fraction and the thinner liquid film with quality. At higher quality, the
heat transfer coefficient has a peak value at the pseudocrilical temperature,
and  decreases  with quality. This is because the surface tension and

viscosity of CO- are higher than those of fluorocarbon refrigerants.

(2} The measured pressure drop during cvaporation process of CO»
increases with  the increased mass flux and the decreased saturation
temperature. This has something to do with thermophysical property like

density. When comparing  the c¢vaporation pressure drop obtained from
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experimental data with the correlations proposed by some rescarchers, the
deviation between  the measured  values and  the calculated  values by
Chisholm’s  correlation(1968), Chisholm's  correlation(1983), Jung ¢l al’s
correlation and Choi Domanski’s correlation(1999) is 65.99%, 83.19%, 749%

and 12.3%, respectively.

(3) In order to predict the evaporation heat transfer coefficient in a
horizontal tube, several investigators proposed the their correlation through
experimental and theoretical analvsis. Among these correlations, the
proposed correlations by Shah, Gungor Winterton, Kandlikar and Jung et
al. have been widely used for predicting the evaporation heat transfer
coefficient in a horizontal tube. In this study, these correlations were
compared to cxperimental data. Jung ct al’s correlation has relatively
agreement 1o experimental data. Kandiikar’'s correlation shows a tendency
to  deerease  with  the increased  vapor quality,  while the proposed
correlations by Gungor -Winterton, Kandhikar and Shah  increase  with

quality.

(4) At low quality, the local heat transfer cocfficient of COs during gas
cooling process increases slowlv. For higher vapor quality, it has a
maximum value at the pseudocritical lemperature and decreases  with
quality. One of the reason Lhat the cooling heat transfer cocfficient has a
peak value near the pscudocritical temperature 1s the large varnation of

thermophysical  properties  at  this  temperawure. But, because CO» s
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subcooled in the exit range of gas cooler, the change in thermophysical
property  of CO: is small and CO; heal transfer coefficient decreases

dramatically.

(5) For the different cooling pressure and same mass flux conditions, due
o comparatively few variation of thermophysical properties in the inlet
and outlet range of gas cooler, the variation in the heat transfer coefficient
with respect to the inlet pressure of gas cooler is small. But, in the
vicinity  of pseudocritical region, the heat transfer coefficient of CO:

decreases largely as the inlet pressure of gas cooler increases.

(6) For the constant inlet pressure, the local cooling heat transfer
coefficient of CO: increases with mass flux. This results from the high
Reynolds number as increased mass velocity. The change in the heat
transfer coefficient with respect to mass flux is distinct at the critical
point. The heat transfer cocfficient of CO: has the highest value at the
inlet pressure of 75 MPa and has the lowest value at the inlet pressure of
1.0 MPa. This is because the change of thermophvsical properties is large

at the pseudocritical point.

(7) At the constant inlet pressure of gas cooler, the pressure drop of COs
has a tendency Lo increases with the increased mass flux and the
decreased inlet pressure. And, for the higher mass flux, the measured

pressure drop is increased at a high rate i the lower pressure of cooling

- 177 -



Chapter 5. Conclusion

process, This 1s because CO: density i1s higher as the system pressure is

higher.

(8) In order to examine the cooling heat transfer cocfficient of
supercritical CQy, the experimental data in this study was compared to the
correlations proposed by Bringer-Smith, Petuhkov et al.,, Krasnoshchekov et
al.,, Baskov et al., Petrov Popov, Ghajar Asadi, Gnielinski, Krasnoshchekov-
I’rotopopov and Pitla et al. Among these correlations, the Bringer-Smith’s
correlation agrees quite well with the experimental data within 23.6%.
Therefore, based on the cxperimental results, the new correlation, which is
including a density and specific heat ratio evaluated at mean wall and bulk

temperature, was proposced n this study.
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