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ARTICLE INFO ABSTRACT

The CO, with superior thermo-physical properties has numerous applications in nuclear reactor, power plant,
refrigeration and air conditioning systems as well as in many engineering and industrial applications. The
complex phenomenon of thermal and hydrodynamic behaviour associated with supercritical CO, is a continuing
research topic for many researchers. The conventional correlations of turbulent forced convection heat transfer
failed to predict the heat transfer and flow behaviour especially in the vicinity of the critical condition. The
present paper presents a comprehensive review of heat transfer characteristics and correlations with super-
critical CO, employed under heating and cooling condition in horizontal channel or tube. An exhaustive review
of implementation of supercritical CO, used with horizontal and vertical orientation of tubes under turbulent
flow condition and other operating parameters (inlet sCO, pressure, mass flux, temperature, and heat flux) is
also reported. In the present work, possible reasons for heat transfer deterioration under heating of supercritical
CO,, are discussed. The characteristics of pressure drop, convective heat transfer behaviour, effect of buoyancy,
the wall temperature distribution and finally the comparison among different correlations are reviewed ex-
tensively for supercritical CO,. The study of these correlations with their range of applicability provides a good
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insight for efficient thermal design and optimization of heat exchanger especially in thermal power plants.

1. Introduction

The conventional CFC (chlorofluorocarbon) and HCFC (hydro-
chlorofluorocarbon) refrigerants due to their environmental hazards
such as global warming and ozone depletion are now being gradually
phased out. The refrigeration technology finds their numerous appli-
cation in food storage, chemical and process industries as well as in
other engineering and industrial applications [1]. However, the leakage
and serious global warming associated with the traditional refrigerants,
the refrigerant industries and researchers investigated for a safe re-
frigerant substitute to subside the green house problem. The fluor-
ocarbon chemical industries have offered chloride free HFC refrigerants
for efficient design of heat pumps and heat exchanger but still they offer
considerable global warming impact. A substantial number of experi-
mental and theoretical investigations have been reported for identifi-
cation and development of a chloride free natural refrigerant substitute
[2-5]. The possible environmentally benign refrigerant candidates were
water [6], helium [7,8], hydrogen [9], ammonia [10] and carbon di-
oxide. Among all these refrigerant substitutes, CO, with zero ozone
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depletion potential has been employed as a heat transfer fluid in con-
ventional refrigeration and air conditioning system. Due to its superior
physical and transport properties, CO, refrigeration system have ex-
tensive implementation in automotive air conditioning, commercial
and residential air conditioning, and various industrial uses [11,12].
CO,, a nontoxic, non-flammable natural fluid, provides full personal
and environmental safety and economic operation. The attractive
thermodynamic and physical properties like specific heat at constant
pressure and lower specific volume make CO, as one of the best re-
frigerant substitutes in comparison with conventional refrigerants.

In traditional refrigeration and air conditioning system, both heat
rejection and heat absorption take place under subcritical pressure and
temperature. In conventional refrigeration cycle, the refrigerant
changes its state from vapour to liquid by a condensation process in a
high-pressure heat exchanger known as condenser. The critical tem-
perature (31.1°C) and pressure (7.38 MPa) of CO, enable the re-
frigeration system to work under a trans-critical cycle. In CO, re-
frigeration system, the isobaric heat absorption operates under
subcritical condition whereas the heat rejection takes place under
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Nomenclature

area, m>

specific heat at constant pressure, J/kg K
diameter, m

friction factor

mass velocity or mass flux, kg/m? s
gravitational acceleration, m/s>

heat transfer coefficient, W/m? K
thermal conductivity, W/mK

length, m

o

HRTe g0 >

Per critical pressure, N/m?
q heat flux, W/m?

T temperature, °C or K
Greek symbols

€ surface roughness, m

dynamic viscosity, kg/ms
density, kg/m?>

u
p

Dimensionless number

Re Reynolds number
Pr Prandtl number
Nu Nusselt number
Gr Grashof number
Subscript

bulk temperature
f film temperature
pc pseudocritical
s supercritical
w wall temperature

supercritical pressure. During isobaric heat rejection process, CO, re-
mains in gaseous like state, hence the heat exchanger is named gas
cooler and single gaseous phase remains throughout the cycle. No
condensation is associated with the cycle and smoother cooling profile
is achieved during the cooling process. The heat transfer and pressure
drop phenomenon in a gas cooler operating with CO, are completely
different from traditional constant property fluids [13,14]. The coeffi-
cient of performance of a trans-critical refrigeration system is sig-
nificantly influenced by the heat transfer from sCO, especially near the
critical region [14]. For efficient designing of gas coolers, significant
attention paid by the researchers for comprehensive and fundamental
understandings of thermal and hydraulic behaviour of CO, operating
under supercritical pressure. The supercritical carbon dioxide (sCO.)
differs completely from the traditional constant property refrigerants in
terms of heat transfer mechanism and pressure drop near the critical
pressure. Because of the aforementioned unique properties, sCO, is
highly recommended for vapour compression refrigeration and air
conditioning cycle, turbine reactor and heat pump.

Pitla et al. [15] reviewed the heat transfer and fluid flow char-
acteristics of sCO, cooled in a horizontal tube. The correlations were
compared applicable for cooling of sCO, in a gas cooler. Pioro et al.
[16] reported a review of heat transfer correlations of sCO, for tubes
and bundles and majority of the correlations failed to predict the de-
teriorated heat transfer upon heating of sCO,. Duffey and Pioro [17]
performed an exhaustive review of sCO, correlations in horizontal,
vertical and other tube geometries. Correlations by various authors
with the range of investigated parameters were listed. Three modes of
heat transfer (normal heat transfer, deteriorated heat transfer and im-
proved heat transfer) were proposed by comparing the correlations
with experimental values. Cheng et al. [18] conducted excellent review
work on sCO, correlations in micro and macro tube geometries. Heat
transfer and pressure drop characteristics of sCO, cooled in a horizontal
tube were discussed. The effect of lubricating oil on the heat transfer
mechanism was also mentioned. Fang and Xu [19] compared the heat
transfer accuracy of various correlations applicable for cooling of sCO,
in horizontal tube and developed a new heat transfer correlation. Sur-
endran et al. [20] performed comparison of various correlations of sCO5
to predict the wall temperature, the bulk temperature and the heat
transfer coefficient. Many of the existing correlations were not relevant
to the experimental dataset. Further experimental investigations were
suggested for better prediction of the wall and bulk temperatures. Lin
et al. [21] reviewed the various heat transfer correlations of sCO, and
performed the comparison of correlations with the experimental da-
taset. At significantly lower heat flux, most of the correlations showed
better prediction while at higher heat flux, the buoyancy force became

stronger and many of the existing correlations failed to predict the exact
heat transfer mechanism. Gupta et al. [22] also performed comparison
of existing correlations against various experimental dataset. Cheng
et al. [23] investigated the comparison of various heat transfer corre-
lations and the influence of different operating conditions on the heat
transfer and pressure drop characteristics were also discussed. In Tables
1 and 2, experimental studies conducted by many researchers with
sCO, in horizontal and vertical tubes are shown with the range of in-
vestigated parameters such as the inlet sCO, temperature, the operating
pressure, the mass flux and the heat flux.

2. Research status and scopes

So far, the review works on the heat transfer correlations of sCO,
have been conducted focusing specially on the comparison of the ex-
isting correlations with the experimental dataset. The influence of
various operating parameters on the heat transfer mechanism and
pressure drop characteristics for cooling of sCO, in various flow con-
figurations was also reviewed. To the best of our knowledge, no review
work has been conducted on the heat transfer mechanism and fluid flow
behaviour for sCO, under both heating and cooling modes. A compre-
hensive understanding is required to predict the heat transfer me-
chanism and fluid flow behaviour for sCO, in a heat exchanger under
both heating and cooling applications. The current paper presents a
rigorous review of turbulent forced convection correlations for heat
transfer and friction factor for supercritical CO, employed in horizontal
tubes. The current review paper provides a good insight for evaluation
of heat transfer performance and efficient design of a gas cooler or
compact heat exchanger that has vast implementations in many en-
gineering, chemical and power plant industries.

The scopes of the present article are described below.

(a) Heat transfer correlations in terms of average Nusselt number and
friction factor correlations with their limits of applicability are
comprehensively reviewed for sCO, applicable for in tube cooling/
heating with horizontal orientation.

(b) The physical reasoning on the variation of different existing heat
transfer correlations with experimental dataset is reported.

(c) The effect of mass velocity, the wall heat flux, the tube diameter,
the operating pressure and temperature on the heat transfer me-
chanism and pressure drop characteristics are discussed.

(d) The possible physical reasoning behind the heat transfer dete-
rioration under heating of sCO, is comprehensively discussed in the
present article.

(e) The complex behaviour of the wall temperature distribution under
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Table 1
Experimental studies of heat transfer and pressure drop of sCO, in horizontal tube.
Literature Flow configuration Inlet temperature Inlet pressure Mass flux, G (kg/  Heat flux (kW/  Correlation Study
Q) (MPa) m?s) m?) proposed content
Krasnoshchekov et al. [26] (D = 2.64mm, L = 29-214 8.0-12.0 NA 120-1110 Yes HT
150 mm)
Krasnoshchekov et al. [27] (D = 2.05mm and 26-45 10 22,000 7500~ 11,000 Yes HT
95 mm)
Ankudinov and Kurganov (D =8mm,L = 20 7.7 900-1540 2100-3200 No HT
[28] 1840 mm)
Pitla et al. [29] (D = 4.72mm) 91-126 7.79-13.42 NA 196-3870 Yes HT & PD
Son and park [30] (D = 7.75mm) 90-100 7.5-10 200-400 NA Yes HT & PD
Yoon et al. [31] (D = 7.73mm) 50-80 7.5-8.8 225-450 NA Yes HT & PD
Liao and Zhao [24] (D = 0.25-2.16 mm) 20-110 7.4-12 236-1179 NA Yes HT
Pitla et al. [32] (D = 4.72mm) 80-110 8-12 879-1795 NA Yes HT
Dang and Hihara [33] (D = 1-6 mm) 30-70 8-10 200-1200 6-33 Yes HT & PD
Oh and Son [25] (D = 4.55mm and 90-120 7.5-10 200-600 NA Yes HT
7.75 mm)
Fang [34] (D =079mm, L = 25-65 8-12 200-1200 14-70 No HT & PD
530 mm)
Huai et al. [35,36] (D =131mm,L = 22-53 7.4-8.5 113.7-418.6 0.8-9 Yes HT & PD
500 mm)
Pettersen et al. [37] (D= 0.79 mm) 15-70 8.1-10.1 600-1200 NA No HT
Kuang et al. [38] (D = 0.8mm) 25-55 8-10 300-1200 NA Yes HT & PD
Olson [39] (D = 10.9mm) 20-126 7.8-13.4 200-900 NA Yes HT
Koppel and Smith [40] (D =493mm, L = 18.3-48.9 7.38-7.58 NA 62.9-629.1 No HT
457 mm)
Walisch et al. [41] (D =10mm, L = 50-120 8-10 80-500 0.4-2 No HT & PD
1500 mm)
Kuang et al. [42] (D = 0.7mm) 30-50 9 890 NA No HT & PD
Dang et al. [43] (D = 1,2,4,6 mm) 20-70 8-10 200-1200 12-24 No HT & PD
Yun et al. [44] (D = 1mm) 40-80 8.4-10.4 200-400 20-25 No HT & PD
Mori et al. [45] (D = 4mm, 6 mm, 20-70 9.5 100-600 NA Yes HT
8 mm)
Kim et al. [46] (D = 7.7mm) NA 7.5-8.5 215-430 11-18 Yes HT
Kondou et al. [47] (D = 6.1 mm) 91-126 7.5-8 100-240 NA No HT & PD
Zhao et al. [48] (D = 1.98mm and 20-100 8-11 400-1200 NA Yes HT
4.14 mm)
Gao and Honda [49] (D = 5mm) 20-100 7.6-9.6 330-680 NA No HT & PD
Zingerli and Groll [50] (D = 2.75mm) 100-125 8-12 1700-5100 NA No HT
Adebiyi and Hall [51] (D = 22.1mm, L 10-31 7.6 35-150 5-40 No HT
=2.4m)
Melikpashaev [52] (D = 4.5mm, L= 7-102 9-12 NA 8000 No HT
457 mm)

HT-heat transfer, PD-pressure drop, NA-not available.

heating of sCO, and the corresponding heat transfer deterioration
are reported.

3. Thermo-physical properties of sCO,

All the thermodynamic and transport properties of sCO, (density,
specific heat, viscosity, thermal conductivity and Prandtl number) show
extreme variation at pseudocritical temperature, which is one of the
distinguish characteristics of sCO, in comparison with the constant
property fluids. At pseudocritical temperature, the isobaric specific heat
of fluid attains a peak value at a given pressure and it mimics the cri-
tical temperature. Near the pseudocritical temperature, sCO, shows
rapid and nonlinear variation in the physical properties. Such drastic
change in properties makes sCO, considerably different from constant
property fluids. Fig. 1, shows the rapid and nonlinear property variation
of sCO, at different operating pressures and temperatures. When the
operating pressure increases, the pseudocritical temperature also in-
creases and the variation of the properties are less dominant in the
region distant from the critical condition. As the operating pressure
approaches to the critical pressure, each property shows rapid and
substantial change near the pseudocritical temperature. When sCO,, is
cooled in a gas cooler, the initial property variation is less and as the
temperature reaches to pseudocritical point, there is a dramatic change
in the properties. The peak of the specific heat becomes narrower and
sharper as the operating pressure approaches to the critical pressure.

660

The heat transfer coefficient shows significant augmentation during the
gas cooling process. The sCO, is advantageous as a heat transfer fluid in
the gas cooler compared to supercritical water due to its low critical
parameters and lower value of specific volume. In a typical sCO, trans-
critical cycle, during cooling near to the critical temperature, along
with specific heat, density also increases rapidly which causes the
compressor to transfer a fluid with high density. Consequently, the
compressing of high-density fluid by the compressor decreases the
power consumption and increases the overall thermal performance of
the cycle. Pseudocritical temperature is a function of operating pressure
which can be calculated by the an algebraic equation where unit of
operating pressure is bar and outcome is in terms of degree centigrade
[24].

Tpe = —122.6 + 6.124p—0.1657p*+0.01773p%5—0.0005608p> 'e))

4. Experimental studies
4.1. Experimental studies with sCO_ cooling

A number of research studies on cooling with sCO, have been re-
ported for horizontal tubes. Experiments have been performed to obtain
the turbulent forced convective heat transfer and fluid flow character-
istics near critical the condition (Liu et al. [1], Liao and Zhao [24], Oh
and Son [25], Son and Park [30], Yoon et al. [31], Pitla et al. [32], Dang
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Fig. 1. Physical property variation of sCO, at different temperature and pressure [25].

and Hihara [33], Huai et al. [35], Bruch et al. [66]). The review of
experimental studies on sCO, cooling is essential in the present articles
due to the following reasons.

(a) For thermally efficient design of heat exchanger, the under-
standings of heat transfer and pressure drop characteristics of sCO5
are essential operating under cooling condition with horizontal
orientation of circular tubes.

(b) The heat transfer performance near the critical region depends on
the mass flux, the heat flux, the inlet fluid temperature and the
operating pressure. These experimental studies demonstrated the
significant influence of operating parameters especially on the heat
transfer and friction factor characteristics.

(c) Since sCO, proves to be a promising candidate as a working fluid in
thermal and nuclear power plants, the review of these experimental
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studies is essential in designing more efficient and compact heat
exchangers working under supercritical conditions during cooling
process.

Liu et al. [1] employed circular tubes of 4, 6 and 10.7 mm of inner
diameter to experimentally examine the heat transfer and pressure drop
of sCO;, cooled for a range of inlet fluid temperature 25-67 °C, the inlet
pressure 7.5-8.5 MPa and the mass flow rate 0.35-0.8 kg/min. An in-
crease of mass velocity augmented the heat transfer coefficient. Based
on their experimental findings, a correlation was developed for circular
tube in terms of average Nusselt number. Liao and Zhao [24] reported
experimental study of sCO, cooling in a horizontal stainless steel cir-
cular tube of diameter 0.5-2.16 mm. This study was performed for a
range of pressure 7.4-12 MPa, the inlet temperature 20-110 °C and the
mass flow rate 0.02-0.2 kg/min. Buoyancy force was significant up to
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Fig. 2. Variation of pressure drop at different mass flux by Huai et al. [35].

Reynolds number 10° and was less dominant with reduced tube dia-
meter. A correlation was proposed for circular tube with a mean re-
lative error of 9.8%. Oh and Son [25] experimentally obtained the
convective heat transfer coefficient during sCO, cooling process in a
horizontal tubes of inner diameter of 4.55 and 7.75mm. The study
indicated that during cooling of sCO, near critical region, the heat
transfer coefficient significantly affected by the operating temperature,
pressure, the tube diameter and the mass velocity. A heat transfer
correlation was proposed applicable for inlet pressure of 7.5-10 MPa,
mass flux 200-600 kg/m? s and inlet fluid temperature 90-100 °C.

Son and Park [30] performed experiments to observe the heat
transfer and fluid flow behaviour in a circular tube of diameter 7.75 mm
and length of 500 mm and reported a heat transfer correlation. The
convective heat transfer coefficient exhibited a highest value at the
pseudocritical temperature and pressure drop during the cooling pro-
cess decreased with the increased inlet pressure due to less variation of
properties in region further away from the critical condition. Yoon et al.
[31] conducted experiment to report the heat transfer and the char-
acteristics of pressure drop in a horizontal copper tube of 7.73 mm of
diameter operating under mass flux 225-450 kg/m?s, the bulk tem-
perature 50-80 °C and the operating pressure 7.5-8.8 MPa. As the bulk
fluid temperature approached to pseudocritical temperature, the con-
vective heat transfer coefficient showed significant improvement. The
pressure drop reduced when the operating pressure was increased from
the critical condition. A heat transfer correlation was proposed where
the properties evaluated at bulk temperature. Pitla et al. [32] proposed
a new heat transfer correlation in terms of Nusselt number for sCO,
cooling in a horizontal tube based on their experimental and numerical
findings. Experiments conducted with a circular tube of 6.35 mm dia-
meter and length of 1300mm for a range of inlet pressure
9.4-13.4 MPa, the inlet temperature 20-124 °C and the mass flow rate
0.02-0.039 kg/s. The proposed correlation for the Nusselt number was
the mean value of Nusselt number evaluated at bulk and wall tem-
perature. Dang and Hihara [33] experimentally observed the influence
of various operating parameters on the heat transfer mechanism in a
horizontal tube of diameter 1-6 mm. When the bulk fluid temperature
was less than the pseudocritical temperature, the heat transfer coeffi-
cient was relatively unchanged with increased heat flux. Increased tube
diameter improved the heat transfer performance and the operating
heat flux beyond the optimum value showed negative influence on the
heat transfer rate. A heat transfer correlation was developed by the
modification of Gnielinski correlation.

Huai et al. [35] experimented with sCO, to examine the fluid flow
and heat transfer mechanism in a horizontal tube of 1.31 mm inner
diameter. Both local and average Nusselt number were calculated for a
range of operating pressure 7.4-8.5MPa, the inlet sCO, temperature
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22-53°C and the mass flux 113.7-418.6 kg/m? s. Near critical region,
both heat transfer rate and friction factor augmented with increased
mass flux but reduced with increased operating pressure. Based on their
investigation, a new correlation was recommended suitable for forced
convection under cooling condition. Bruch et al. [66] presented an
experimental work with sCO, on heat transfer mechanism with an ef-
fect of buoyancy force in a vertical tube configuration with a copper
tube of 6 mm diameter. Experiments conducted for a range of mass flux
50-590 kg/m?s, the pressure 7.4-12MPa, the inlet temperature
15-70°C and the Reynolds number 3600-1.8 X 10° and correlation
developed for upward and downward flow. For upward flow, increased
mass flux improved the heat transfer rate where as for downward flow,
a limit of mass flux was found below which the heat transfer augmented
due to the role played by the free convection.

4.1.1. Pressure drop characteristics

Huai et al. [35] performed experimentation to investigate the sCO,
flow behaviour in a circular pipe of inner diameter 1.31 mm. In
Fig. 2(a), when the bulk mean temperature of sCO, gradually increased
from the pseudocritical temperature (31.7 °C for 7.5 MPa and 34.63 °C
for 8 MPa), pressure drop increased as well. Near the pseudocritical
temperature, variation of pressure drop was drastic due to the severe
change of thermos-physical properties. Increasing the mass flux from
206.2 to 412.4kg/m> s, caused increased pressure drop at the same
operating pressure. In Fig. 2(b), when the operating pressure was in-
creased from the critical pressure (7.5-8 MPa) with the same mass flux,
the pressure drop decreased due to less variation of properties away
from the critical region. The influence of mass velocity on the pressure
drop was also experimentally investigated with different diameters of a
circular pipe by Son and park [30], Yoon et al. [31], Pettersen [37],
Kuang et al. [42], Yun et al. [44], Zingerli and Groll [50], Liu et al. [1]
and Fang et al. [77] and reached similar findings.

4.1.2. Heat transfer characteristics

The influence of the operating pressure and the mass flux on the
characteristics of turbulent forced convective heat transfer coefficient
with the change of bulk mean fluid temperature is shown in Fig. 3. For a
mass flux of 206.2kg/m?s, the heat transfer coefficient reached a
maximum value when the bulk temperature of sCO, reached the
pseudocritical temperature and dropped sharply in the region further
away from the critical condition, shown in Fig. 3(a). The substantial
improvement of heat transfer was due to the fact that specific heat
constant was maximum at pseudocritical temperature. As the operating
pressure was increased from the critical region, heat transfer coefficient
decreased due to less dominant property variation further away from
the critical region. The mass flux significantly influenced the heat
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Fig. 3. Influence of pressure and mass velocity on the local heat transfer coefficient (Huai et al. [35]).

transfer behaviour as shown in Fig. 3(b). The higher the values of mass
velocity, the greater the augmentation of heat transfer at a fixed op-
erating pressure due to the augmentation of turbulent diffusion. Similar
conclusion of heat transfer characteristics were observed from experi-
mental studies performed by Son and park [30], Yoon et al. [31], Pet-
tersen [37], Olson [39], Kuang et al. [42], Liao and Zhao [24], Kim
et al. [73] and many more.

4.1.3. Effect of tube diameter

The influence of tube diameter on the forced convection heat
transfer performance at a same mass flux and operating pressure was
reported by Oh and Son [25] during the gas cooling process. The ex-
periment conducted with two circular tubes of inner diameter of
4.55mm and 7.75 mm. In Fig. 4, the convective heat transfer coefficient
hgc, 1c variation with bulk mean temperature T, by the influence of tube
diameter is shown. Due to the increase of heat transfer contact area, the
reduction of tube diameter caused considerable increment of heat
transfer. At mass velocity, G, = 400 kg/m2 s and pressure P,
= 10 MPa, the heat transfer rate augmented by 8-35.6% when the tube
diameter was decreased from 7.75mm to 4.55 mm. The unique heat
transfer mechanism of sCO, suggests the employment of gas cooler with
smaller diameter working under higher operating pressures without
excessive wall thickness. Dang and Hihara [33], Pettersen [37], Dang
et al. [43] and Kim et al. [46] also confirmed the improvement of heat
transfer rate with the reduced diameter pipe.

4.1.4. Effect of buoyancy

The buoyancy force considerably affects the heat transfer perfor-
mance and pressure drop characteristics depending on the operating
conditions and flow orientation. For vertically upward flow, heat
transfer deterioration or impairment is observed depending on the flow
condition whereas for downward and horizontal flow, buoyancy force
aids the heat transfer rate due to the earlier transition from laminar to
turbulent flow. The effect of buoyancy on the heat transfer behaviour
was comprehensively investigated by Liao and Zhao [67], Jackson et al.
[64], Bruch et al. [66], Bae and Kim [68], Jiang et al. [71], Bae et al.
[72], Kim et al. [73], and Jackson and Hall [78]. According to Bruch
et al. [66], the influence of buoyancy force in a vertically upward and
downward flow during cooling process, became significant when the
semi-empirical parameter (modified form of Richardson number, de-
veloped by Jackson and Hall [78]) Rf; - was more than 107>,

In Fig. 5, the dotted line represents the limiting value of the buoy-
ancy parameter, above which mixed convection significantly affected
the heat transfer performance. When the mass flux was high enough (G
400kg/m? s), buoyancy force was less dominant and forced
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convection became influential on the overall heat transfer mechanism.
At moderate and lower values of mass flux (G = 200 kg/m2 s), in the
high density region of sCO5, when the bulk temperature was below the
pseudocritical temperature, buoyancy parameter became significant
and mixed convection considerably affected the heat transfer me-
chanism. In the gas like region, where the bulk temperature was above
the pseudocritical temperature, forced convection was the main me-
chanism. For the lowest mass flow rate, free convection was noticed for
the whole range of bulk temperatures.

4.2. Experimental studies with sCO, heating

Heat transfer to supercritical CO, under heating condition in cir-
cular tubes have been extensively studied by many researchers over the
last few decades due to extreme demand in many engineering and in-
dustrial application (Liao and Zhao [67], Bae and Kim [68], Gupta et al.
[69], Jiang et al. [71], Bae et al. [72], Kim et al. [73], Kim et al. [74],
Scalabrin and Piazza [79]). The review of experimental studies on sCO5
heating is essential in the present articles due to the following reasons.

(a) The sCO- application in heating mode is completely different as the
operating heat flux and the mass velocity significantly influence the
overall heat transfer behaviour.

(b) Unlike from cooling of sCO,, the heat transfer improvement is de-
pendent on certain local conditions. On top of that, three modes of
heat transfer (normal, improved and deteriorated) are observed
during heating of sCO,,

]

P,=10.0 MPa }
—o—- G,=400 kg/m’s (d=7.75 mm) H
i

1

1

I

—a— G, =400 kg/mzs (d=4.55 mm)

70

T, [°C]

Fig. 4. Influence of tube diameter on heat transfer performance in cooling
mode (Oh and Son [25]).
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Fig. 5. Influence of buoyancy for vertically downward flow at low and high mass flux (Bruch et al. [66]).

(c) The irregular and unpredicted wall temperature distribution are
only relevant to heating of sCO,_The experimental studies can only
explain this complex phenomenon.

(d) The proper condition on the development of heat transfer dete-
rioration is still an unsolved mystery during heating of sCO, in
various flow configuration. The experimental as well as funda-
mental understandings are required to address this complex phe-
nomenon of heat transfer deterioration.

Liao and Zhao [67] performed experimentation to observe the
convection heat transfer to sCO, heated in a vertical and horizontal
miniature circular tubes of inner diameter of 0.70, 1.4 and 2.16 mm
under turbulent flow condition. Experiments performed for a range of
pressures 7.4-12 MPa, the inlet temperature 20-110 °C, the mass flow
rate 0.02-0.2kg/min, the Reynolds number 10* to 2 x 10° and the
Prandtl number 0.9-10. Buoyancy force had a significant influence on
the heat transfer mechanism. For downward flow, the heat transfer
performance reduced known as deteriorated heat transfer, whereas for
upward and horizontal flow, the heat transfer rate increased under the
same flow condition. Based on their experimental findings, heat
transfer correlations for upward, downward and horizontal flow were
proposed by incorporating the effect of buoyancy in the correlation. Bae
and Kim [68] investigated the heat transfer behaviour of heating of
sCO, in a vertically upward flow of a circular tube of 4.4 and 9 mm
diameter and in an concentric annular tube of 8 mm inner diameter.
Experiment conducted for a range of pressure 7.75-8.85 MPa, the inlet
fluid temperature 5-27 °C, the mass flux 400-1200kg/m? s and the
heat flux applied on the wall boundary was up to 150 kW/m?>. The heat
transfer correlation was proposed by taking account of buoyancy
parameter. It showed good agreement with the experimental dataset for
normal heat transfer regime and degraded heat transfer regime for
some cases.

Gupta et al. [69] developed heat transfer correlations applicable for
heating of sCO, in a vertically bare tube of 8 mm internal diameter and
2208 mm in length by adapting the mean bulk, the mean wall and the
mean film temperature approach. Experiments conducted with inlet
pressure ranging from 7.4 to 8.8 MPa, the inlet temperature 20-40 °C,
the mass flux 900-1300 kg/m? s and the heat flux 15-615kW/m? The
rapid variation of properties near the critical region was reasonably
captured by the correlations. Correlation based on mean wall tem-
perature showed better prediction with the experimental data in com-
parison with correlations based on the bulk and film temperature. Jiang
et al. [71] performed experimentation to obtain the heat transfer and
fluid flow behaviour in a circular tube with vertical orientation. The
local heat transfer coefficient, the friction factor and the wall tem-
perature profile for different flow conditions like the inlet pressure,
temperature, the buoyancy force and the flow direction were reported.
Bae et al. [72] reported an experimental study of sCO, heated in a

vertical circular tube of 6.32 mm of diameter to observe the influence of
the Reynolds number, the heat flux and the buoyancy force on the heat
transfer mechanism. The study carried out for a range of pressure
7.75-8.12MPa, the heat flux 30-170kW/m? the mass flux
285-1200 kg/m?s and the Reynolds number 1.8 x 10* to 3.8 x 10°.
The thermal acceleration and buoyancy force caused M shape velocity
profile and sharp gradient of shear stress near the wall. As a con-
sequence, heat transfer deterioration occurred for upward flow direc-
tion. Correlations were proposed for both average Nusselt number and
friction factor for normal heat transfer and deteriorated heat transfer
regimes applicable for upward and downward flow in a vertical tube.

Kim et al. [73] performed experimentation to explore the influence
of the mass flux, the heat flux and other operating condition on the wall
temperature profile and heat transfer effectiveness in a tube of 4.4 and
9 mm of inner diameter and through a narrow concentric annular space.
Based on experimental findings, a heat transfer correlation was re-
ported by incorporating the influence of buoyancy force for the normal
heat transfer and the deteriorated heat transfer regimes. The wall
temperature profile in stream wise direction and the heat transfer
characteristics were experimentally investigated with supercritical CO,
heated in channels with circular, triangular and square cross-sections
under turbulent flow condition (Kim et al. [74]). The wall temperature
profile took an earlier peak value which caused earlier heat transfer
deterioration for non-circular cross sections compared to circular cross-
section under the same heat flux. Scalabrin and Piazza [79] applied the
neural network method to model the turbulent heat transfer to sCO,
heated in a horizontal tube and studied the influence of the mass flux,
the heat flux, the inlet temperature and pressure on the characteristics
of the heat transfer and validated their findings with experimental
dataset. The study performed for a range pressure 9.8-12.6 MPa, the
temperature 28-32 °C, the mass flux 170-910 kg/m? s and the heat flux
12-66 kW/m>.

4.2.1. Effect of tube diameter

Opposite trend of the effect of tube diameter on the forced con-
vection heat transfer behaviour under heating of sCO, were observed
by Liao and Zhao [67], Bae and Kim [68], and Kim et al. [73]. During
heating of sCO,, the average Nusselt number was improved with an
increase of tube diameter due to the possible effect of buoyancy force,
reported by Liao and Zhao [67] with an experimental study of heating
of sCO, in a circular pipe of inner diameter 0.70, 14 and 2.16 mm. In
Fig. 6, the heat transfer performance in terms of average Nusselt
number increased with increased tube diameter. Similar behaviour of
heat transfer rate was observed with vertically upward and downward
flow in a tube. It is hard to draw conclusion on the influence of tube
diameter on the local heat transfer coefficient during heating and
cooling modes as very few experimental studies have been found from
the literature. The above comparison was made with same mass flux but
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Fig. 7. Velocity distribution at various location of tube (Jiang et al. [70]).

an increase or decrease of tube diameter certainly changes the flow
Reynolds number. Therefore, it is recommended that instead of mass
flux, same Reynolds number could be a good criterion to examine the
influence of tube size on the heat transfer performance.

4.2.2. Heat transfer deterioration in heating mode

The heat transfer deterioration might occur during heating of su-
percritical CO, under certain flow conditions such as the high heat flux
or the high wall temperature, the sharp decrease of density just above
the pseudocritical temperature and the low mass velocity which is re-
flected by distorted velocity pattern in peripheral direction of pipe
caused by the distortion of shear stress at the wall boundary [28]. As
the heat was applied at the wall, when the bulk fluid temperature near
the wall reached the pseudocritical temperature, M shape velocity
distribution along the radial direction and steep shear stress distribu-
tion were observed. This reduction of turbulent production was due to
the local laminarization [75]. According to Shiralkar and Griffith [54],
the heat transfer deterioration observed when the wall temperature was
higher and the bulk fluid temperature was lower than the pseudocritical
temperature. When the buoyancy force became stronger, the velocity at
viscous sublayer became faster compared to the velocity in the core
region and developed negative shear stress at the wall boundary.
Therefore, the wall temperature exhibited a peak value due to the de-
graded heat transfer significantly influenced by the buoyancy force
under certain heat flux and mass velocity. Depending on the operating
pressure and the mass velocity, a limit of heat flux existed over which
heat transfer rate significantly degraded [55]. Jiang et al. [70] reported
experimental and numerical studies to observe the influence of the wall
heat flux on heat transfer deterioration with sCO, in a circular vertical
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tube at various location. In Fig. 7, deformation of velocity profile at
various tube location is shown for the tube wall temperature 35 °C,
Re = 2360, P =9.52MPa, G = 6.34kg/m? s, q= 13.0kW/m? The
formation of M shape velocity profile was due to the abrupt decrease of
density, flow accelerated near wall region, as a result velocity gradient
between the tube core and the viscous sublayer reduced. As a con-
sequence, this reduced turbulent production ultimately caused the heat
transfer deterioration. In Fig. 8, as the heat flux was increased from
4.49 to 36.8 kW/m?, the distortion of the velocity distribution was more
severe at a tube location x/d = 10, wall temperature 24.6°C, G
= 6.39kg/m? s and P = 9.57 MPa. The phenomenon of reduction of
heat transfer rate with increased heat flux was due to the reduction of
transport properties of sCO, at a temperature higher than pseudocritical
temperature and local laminarization due to the strong influence of
buoyancy. Ankudinov and Kurganov [28], Bourke and Pulling [58] ,
Bae et al. [72] and Kurganov and Kaptilnyi [75] also performed ex-
perimentation to study the heat transfer deterioration by the influence
of buoyancy and other flow parameters.

4.2.3. Effect of wall temperature distribution

The influence of the wall temperature on the heat transfer me-
chanism is substantially important particularly under heating of sCO, in
a circular tube. When the ratio of the wall heat flux to the mass velocity
increases beyond a critical value, the wall temperature exhibits an
earlier peak and causes the heat transfer deterioration due to the re-
duction of turbulent production in the near wall regime. When the wall
temperature is beyond the pseudocritical temperature, there is a sharp
decrease of density of sCO,. As a result, the reduction of velocity gra-
dient between tube core and boundary causes distortion of shear stress
and significant reduction of turbulent production. Kim et al. [73] ob-
served such scenarios of increased wall temperature profile and de-
graded heat transfer in a tube of 4.4 mm diameter, where sCO, heated
under various heat and mass flux. In Fig. 9, the wall temperature dis-
tribution with the bulk fluid enthalpy is shown for three cases (Case A1:
G = 400kg/m®s, ¢ = 30kW/m? Case A2: G = 400kg/m’s, q =
50kW/m?, Case A3: G = 1200 kg/m2 s, ¢ = 50kW/m?). For case Al
and A3, the wall temperature augmented monotonously with the bulk
fluid temperature and improved heat transfer was obtained. For case
A2, earlier peak of the wall temperature took place, when the wall
temperature approached pseudocritical temperature and bulk fluid
temperature was still lesser than the pseudocritical temperature. The
deterioration of heat transfer observed until the bulk temperature
reached the pseudocritical temperature.

The wall temperature profile with the increased heat flux in-
vestigated for circular, triangular and square channel is shown in
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Fig. 10 along the channel length by Kim et al. [74] for a mass velocity of
628 kg/m? s. As the heat flux was increased, the wall temperature
suddenly rose at the pseudocritical temperature and caused heat
transfer degradation. In case of triangular and square channel, the wall
temperature took earlier peak at significantly higher heat flux in com-
parison with circular channel.

5. Numerical studies with sCO,

Pitla et al. [29,32] performed numerical investigation with sCO,
cooled in a circular tube of 4.72 mm of diameter and simulation results
showed good agreement with the experimentally obtained convective
heat transfer coefficient and pressure drop values. Two methods were
employed to solve the complex turbulence model: density weighted
averaging and time averaging. Comparing their numerically predicted
values with experimental findings, a heat transfer correlation in terms
of Nusselt number was proposed. Jiang et al. [53] performed compar-
ison of their experimental findings with numerical simulation with
sCO,, cooled in a vertical tube of 2 mm diameter. The influence of the
sCO, mass flow rate, the water mass flow rate and the other operating
parameters on the heat transfer performance and friction factor were
investigated. The Buoyancy effects were well captured by the numerical
simulation for both upward and downward flow. Jiang et al. [70] re-
ported experimental and numerical findings with sCO, heated in a
vertical tube of 2 mm diameter for small range of Reynolds number (less
than 2500). The influence of the mass velocity, the heat flux, the op-
erating temperature, the gravity and the flow direction were thoroughly
investigated on the pressure drop and the heat transfer mechanism.
Two dimensional steady state laminar governing equations for mass,
momentum and energy were considered for the simulation model. For
vertically upward flow, the wall temperature changed in a complex
nonlinear manner whereas for vertically downward flow, wall tem-
perature augmented monotonically with the applied heat flux. Wang
and Hihara [80] performed numerical simulation of sCO, cooling in a
counter flow concentric heat exchanger to explore the influence of the
mass velocity, the heat flux, the operating temperature and pressure on
the local and average heat transfer coefficient. Radial distribution of
thermodynamic and transport properties of sCO, was reported along
the fluid flow path and heat transfer data was compared with the ex-
isting correlations. Kruizenga et al. [81] conducted experimentation
and numerical modelling to investigate the heat transfer and the fluid
flow behaviour of sCO, cooled in a semi-circular channel of 1.9 mm of
diameter and 500 mm of length by employing commercially available
CFD software, ANSYS Fluent. The turbulent forced convection heat
transfer rate considerably improved with an increase of the flow Rey-
nolds number, the Prandtl number and decreased with the operating
pressure. The simulation findings showed reasonable agreement with
the experimental findings. The study performed for a range of pressure
7.5-10.1 MPa, the Reynolds number up to 100 K. Different turbulent
models were employed to predict the wall temperature profile, among
which the turbulent viscosity SST k-w model was chosen for comparison
with experimental findings. Based on experimental and numerical
findings, a correlation for average Nusselt number was proposed by
modifying the Jackson and Hall [78] correlation and incorporating
ratio of bulk specific heat to specific heat of an ideal gas. Petrov and
Popov [82] developed both heat transfer and friction factor correlations
applicable for gas cooling of sCO; in a horizontal channel based on their
experimental and numerical studies. Lee and Howell [83] performed
numerical computation of sCO, and supercritical water cooled in a
circular tube with vertical orientation. The variation of thermodynamic
and transport properties with the bulk fluid temperature and mass flow
rate were investigated. The fluctuating density k-e turbulent model was
employed and the variation of density with the bulk fluid enthalpy was
incorporated in to the governing continuity, momentum and energy
equations. The simulation results showed good agreement with ex-
periments. Zhang and Yamaguchi [84] performed numerical study of
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Table 3
Values for coefficients in Krasnoshchekov et al. [26] correlation.
P (MPa) 8 10 12
n 0.38 0.68 0.8
B 0.75 0.97 1.0
L 0.18 0.04 0
Table 4
Values of m and n in Baskov et al. [56] correlation.
I3 G
Cpw Cow ™~
P (MPa) 8 10 12 8 10 12
m 1.2 1.6 1.6 0.45 0.45 0.45
n 0.15 0.1 0 0.15 0.1 0

forced convection heat transfer of sCO, for the Reynolds number ranges
from 210 to 1800. The study performed with a circular tube of 6 mm
diameter, the operating sCO, pressure 8 MPa, the inlet temperature
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Table 5
Review of sCO,, heat transfer correlations.
Literature Tube geometry Correlation
Liu et al. [1] (D = 4, 6 and 10.7 mm) 00 \22% ( Couw —0.585
Nu = 0.01Re‘2'9Pr2'5(—W) (L)
Pb Cpb
Oh and Son [25] (D = 4.55mm and Cpb
Nu = 0.023Re%7 Prp25(-2>)=35 for Ty, <T,
7.75 mm) b7 Pry (pr) b <Tpe
9 37/ ¢ b —4.6
Nu = 0.023Rep’S Prb3~2(—b) 22 for Ty >Tpe
Pw Cpw
= = C,
Son and park [30] (D = 7.75mm, L Nt = Rey®55 Pry023( 22015 oy To/Tpe > 1
500 mm) Cpw
“16/c, \"34
Nu = Rey®3 Prb1-9(&) (Lb) For Ty/Tpe < 1
Pw Cpw
Yoon et al. [31] (D = 7.73mm) 0w\ G \0%0
Nu = 1.38Nu,, (—W) (—)
Pb Cpw
Where, Nu,, calculated by Gnielinski [88] equation.
(f—w)(Rew ~1000) Priy
Nuy, = -8 o 3
s 2
1.07 + 12.7(?‘”) (Pr3 —1)
The authors [31] then simplified the correlation.
n
Nu = aRep? Prb”(%)
)
a =0.14,b = 0.69, c = 0.66, n = 0 for Ty, >Tp,
a =0.013,b = 1.0, ¢ =-0.05, n = 1.6 for T}, <Tp.
Pitla et al. [29,32] (D = 4.72mm) Nu = Nuw + Nup (LW)
2 kp
Where Nu,, and Nu, are average Nusselt number evaluated by Gnielinski [88] correlation evaluated at T,, and
Ty, respectfully.
Dang and Hihara [33] (D = 1-6 mm) (f—f)(Reb _1000)Pr
Nu=—F— e
)
1.07+1z.7[§] (Pr2/3-1)
CpbH
D
“_b’ Cpb > Cp
Gk, Trand™® > ¥
Pr=1, Cpb < Cpandkb > P
vy . and't < ¥
iy Cpb < CpandE < 7
Nuk,
Reb:M—d,Ref=M—d,h: ukf
Kb Bf d
fy is given by Filonenko [93] equation at mean film temperature.
Huai et al. [35,36] (D =131mm,L = o [«
> 4 Nu = 2.2126x10~2Re;0-8 P, 0-3(Lb)-1.4652(_=P_10.0832
500 mm) " 6x107Rey™ Py, ™ (g,
Where, C, = ;Iz_;lw and C,, and p,, are evaluated on wall temperature, o, is calculated on bulk mean
—w
temperature of sCO,
Krasnoshchekov and Protopopov (D = 4.08mm, L = Nu e\ (G Y
[57,60] 208 mm) Nu = (/?b) (CTw)
n =04 for ) < Ty < Tpe and 1.2Tpe < T <Typ
n =12 for 1.2T,c < T, <T
T
n=04+ 0.2(%c — 1) for Tp < Tpe <Ty
n=04+02[ 211 - 5[ L—1]] for T,e < Th<12T,
. 2\ 7 T pe < Th<1.2Tpe
Nuy, is expressed by the correlation reported by Petukhov [92] evaluated at mean bulk temperature.
Literature Tube Geometry Correlation
Bruch et al. [66] (D=6mm,L = Nu Gr \046 or
—1_ -5
750 mm) Nupe = 1 75(R8b2_7) When, T <4.2x10
Nu Gr 046 Gr
_ -5
Nure = 13.5(%2_7) When, ' 57>4.2x10
Where Nugc is the average Nusselt number for pure forced convection expressed by the following equation
—03
Nugc = 0.0183Re,52 PTbO-S(@)
Pw
_ 3
Where, Gr = w
Hp
5 __ hout w(h)
P = =g Jin @
Liao and Zhao [24,67] (D = 0.7, 1.4 and 0.205 0437 ¢ = \0.411
_ Nu = 0.128Re,,*8 Pr, 03 -7 P P
2.16 mm, L = 110 mm) Rep? ow Cow

(continued on next page)
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Table 5 (continued)
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Literature

Tube Geometry

Correlation

Gupta et al. [69]

Kruizenga et al. [81]

Jackson and Hall [78]

Petrov and Popov [82]

(D =8mm,L =
2208 mm)

(D=19mmandL =
500 mm)

(D = 1.6-20 mm)s

Not mentioned

0.836
Nty = 0.0038Re,,0-957 Pr,,~0.139 (LW) (Kkwy-0754(Fwy-0222
b kp Hb

0.926
Nup = 0.0094Re; 0892 Py 4).141(@) kw0216 Fwy-1.128
b b b o ( kb) (“b)
0935( 2w )7 w0524
Nuy = 0.0043Ref0935| 2 “wy-o.
! 4 ( b ) ( kpy )
03/ = \"
[e: et
Nu = 0.0183Reb°~82Prb°~5(p—W) | =pby-oa9
Pb Gb ) Cp-I1G
Where Cp1c specific heat of carbon dioxide as an ideal gas evaluated at T, and value of n is given by Jackson
and Hall [78] correlation.

o 0.3 o™ n
Nu = 0.0183Re;,-82 PrbO-S(ﬁ) £
Pb Cpb
n =04 for T < Ty < Tpe and 1.2Tc < Tp <Tp
=04+ 02(L = 1) for Ty < Tpe <Ty
pc
n=04+02[2 1)1 - 5[2_1)
Tpc Tpc
for Tye < Th<1.2Tpc and Ty < Ty,

Nu g _ 4 En
=a-mdi)

Nuow
=
n =066 - KL, when —£-<1 and
G Cpw
“o00_ x4 %
n=09 KG’ when pr>1

L=Mﬁ)s

fw  PbHp
S= 0.023(%)0-42
m = 0.001kg/J

K =4x10*kg/J
Nugy is the Nusselt number given by Petukhov [92] correlation.

(%)REWPVW

03 2
1z,7(§) Pr3 —1|+1.07

Friction factor equation is calculated by Filonenko [93] equation.

Nugy =

Literature

Tube Geometry

Correlation

Fang et al. [77]

Petrov and Popov [87]

Kirillov et al. [89]

Not mentioned

Not mentioned

Not mentioned

(f?w](Rew —1000)Pryy

I 0.5( 2
A+ 12.7(%) (Pr‘}, —1]
fi» = [0.7910g(Rey,)—1.64]2
A =1+ 7x 10" ®Re, for Re,, < 10° and A = 1.07 for Re,, > 10°

_ _ 4y D
Nu = a 0.0016)(pr)

e
n =066+ 4x10‘4(%) if C—Pg
pw

o
n =09+ 4x1074(L) if £>1
G Cow

(%)Rebﬁ

Nu = 05[ 2 0.5 T [T
1.07+12.7(£) [W3(i—‘:) [1 —0.9\5‘?]—[1 —\‘Ji]]
1/3
L = Hwy0.25 0. 17(&1’) @
3 (Mb) ) B
4d dp, —  wo
fi:—pfb;bandPr=k—P

fy is given by Filonenko [93] equation measured at mean bulk temperature.

%2 (1 Pwy G
k==

For k*<0.01, the heat transfer correlation is expressed by
03/ = \"
[e:
Nu = Nu, (@) P
Pb Cpb

k*>0.01, the heat transfer correlation is expressed by
Pw 03 3 5
Nu = Nu,| = — k*
(2) (&) e
N
(E)Rﬂ’bP’b
Nuo = ~555
200 0.5(p72/3 _
(Rcb)+4'5(fb) (Pryy 1)
The correlation is valid for Prp = 0.1 — 200 and Re, = 4x103—5000x103.
The value of ¢(k*) is given by the following equation

(continued on next page)
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Table 5 (continued)
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Literature Tube Geometry Correlation

@ (k*) = 0.79782686 — 1.6459037Ink*—2.7547316(Ink*)>—1.7422714(Ink*)?
—0.54805506(Ink*)*—0.086914323 (Ink*)>—0.0055187343 (Ink*)®

n =04 for <1 and 22>12
Tpe Tpe

n=022+ 0182 for 1 and 22 <12
Tpe Tpe

Tpe
b

Tw Tw T T
n=0.9_->|1--" |+1.08-* — 0.68 for -*->1 and 1<-><1.2
( Tpc) Tpe Tpe 1

Tp
Tpe
Li et al. [90] (D =1l16mmandL =

500 mm)

o 037 =\
Nu = 0.023Rep"8 Prp04 (ﬁ) (l)

pc

Pb Cpb

Here, value of n is given by Jackson and Hall [78] correlation.

Kuang et al. [91] (D = 0.79 mm)

Not mentioned

Mokry et al. [95]

Ghajar and Asadi [96] Not mentioned

o 0.367 04
Nu = 0.001546Re,! 054 Prb°-653(l) (Tb)
P!

o0\ (i
Nu = 0.025Re;"8 Prbo"‘”(pi;’) (L)

%
op

Pb

0.59
Nu = 0.0121Re;*86 wa(m)

Cpw

Where value of n is given by Jackson and Hall [78] correlation.

32°C, the mass flux 0.003-0.3kg/min, and the uniform heat flux
100-800 W/m?. In the vicinity of pseudocritical region, due to sharpe
decrease of density and sharp rise of specific heat capacity, the con-
vective heat transfer coefficient augmented with an increase mass flux
and wall heat flux. The velocity and temperature profiles were not fully
developed confirmed from the numerical simulation which caused the
earlier flow transition and further improvement of the heat transfer
coefficient. Fang et al. [77], Zhou and Krishnan [85] and Bae et al. [86]
also performed comparison of experimental dataset with numerically
predicted values for forced convection heat transfer of sCO, under
turbulent flow condition in circular pipe geometries.

6. sCO, heat transfer and friction factor correlation

The conventional correlations of turbulent forced convection for
constant property fluids failed to predict the heat transfer mechanism in
the vicinity of the critical condition. The nonlinear variations of ther-
modynamic and transport properties at the pseudocritical region de-
mand new heat transfer correlation to take account of the drastic var-
iation of properties. In order to incorporate the effect of temperature
dependent thermodynamic properties of sCO, near the critical region,
researchers employed two methods for the formulation of heat transfer
correlation. In reference temperature method, all the thermo-physical
properties calculated at the mean bulk fluid temperature, the mean wall
temperature or the mean of bulk and wall temperature. The other
widely used method called property ratio method, where the ratio of
properties calculated at bulk fluid and wall temperature are included in
correlation. Mainly the properties such as isobaric specific heat and
density which exhibit extreme rapid variation near the pseudocritical
temperature incorporated in the turbulent forced convection heat
transfer correlation.

Yoon et al. [31] recommended a heat transfer correlation by em-
ploying property ratio method for tube diameter of 7.73 mm and op-
erating pressure 7.5-8.8 MPa. The authors [31] then reduced the
complexity in the equation and proposed a heat transfer correlation in
simple form separating the regimes above and below the pseudo-critical
temperature of the supercritical carbon dioxide. Bruch et al. [66] ex-
perimented with super critical carbon dioxide cooled in a plain tube
and proposed a correlation, which takes into account of the influence of
buoyancy. Petrov and Popov [82] developed correlation for local
Nusselt number applicable for in tube cooling for sCO,. Later, Petrov
and Popov [87] developed correlation for heat transfer in the form of
average Nusselt Number for cooling in a horizontal tube for a wide
range of data using the reference temperature method. Their proposed
correlation has the limits of applicability: 3.1 X 10* < Re, < 8 x 10°,

1.4 x 10* < Re, < 7.9 x 10° and —350 < q/G < -29J/kg. DPitla
et al. [29,32] performed experimental and modelling study for turbu-
lent forced convection heat transfer of sCO, cooled in a circular tube
and proposed a new correlation by modifying the Gnielinski [88] cor-
relation. Baskov et al. [56] proposed correlation using property ratio
method for cooling of supercritical fluids with horizontal macro tubes.
Kirillov et al. [89]demonstrated the role of free convection for flow
through a circular channel near critical point by defining a new para-
meter. Li et al. [90] developed heat transfer correlation with an aid of
property ratio method for both heating and cooling modes with sCO,
flowing through a horizontal circular tube. A correlation was proposed
where the probability density function (PDF)-based time-averaged
properties were included in the equation in order to reflect the change
of thermo-physical properties near the critical condition of CO,. Besides
these, Liu et al. [1], Oh and Son [25], Son and park [30], Dang and
Hihara [33], Huai et al. [35,36], Liao and Zhao [24,67], Gupta et al.
[69], Fang et al. [77], Kuang et al. [91] and Fang and Xu [19] also
developed heat transfer correlations in terms of Nusselt number ap-
plicable for supercritical CO, in horizontal tube configuration, shown in
tabular from in Table 5. Krasnoshchekov et al. [26] proposed a corre-
lation for average Nusselt number.

Nu _ (p_](c_)
Nu,, 2 ) \ Cow (2)
o\
m = B| -2
[pr) 3

Nu,, is given by the Petukhov [92] correlation and the friction factor
equation is given by Filonenko [93]. The correlation is valid for the
ranges: 9 x 10°< Re, < 3.2x10° and 6.3 X 10° < Re,,

< 2.9 x 10°. Values for n, B and 1 are given for different operating
inlet pressure in Table 3.

Baskov et al. [56] developed the heat transfer correlation applicable

for cooling in horizontal macro tubes.

)
Nu,, I ()]

Nu,, is expressed by the Petukhov [92] correlation and the friction
factor equation is given by Filonenko [93] by wall temperature ap-
proach. Here m = 1.4 and n = 0.15 for T},/Tp. < 1. For Tp/Tpe > 1, m
and n values are given in Table 4.

To the best of our knowledge, most of the correlations for super-
critical CO, have been formulated for heat transfer. Friction factor plays
an essential role in the fluid flow behaviour mechanism in terms of

G
pr
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shear stress development near the wall boundary. Most of the re-
searchers employed the friction factor equations for supercritical CO, in
various applications available in the literature. Table 6, shows the list of
friction factor equations applicable for supercritical CO, under heating
and cooling condition.

Yoon et al. [31] performed experimentation with sCO, cooled in a
horizontal circular tube of 7.73mm of inner diameter. The experi-
mental values of convective heat transfer coefficient were compared
with Krasnoshchekov et al. [26], Pitla et al. [29,32], Baskov et al. [56]
and Petrov and Popov [82]. From Fig. 11, Pitla et al. [29,32] correla-
tion was unable to predict the value of heat transfer coefficient for all
range of bulk temperature. Other correlations showed reasonable
agreement with the experimental findings except near the critical re-
gion. Based on their experiment study, Yoon et al. [31] proposed a heat
transfer correlation in terms of average Nusselt number by in-
corporating the effect of transport properties of sCO5 near the critical
region. The proposed correlation was developed for region above and
below the pseudocritical temperature. This is the only correlation
available in literature based on purely bulk temperature approach.
Comparison of correlation with experimental results was also per-
formed by Dang and Hihara [33] for in tube gas cooling process in a
circular tube with horizontal orientation, as shown in Fig. 12. The value
of forced convective heat transfer coefficient a, with the bulk fluid
temperature was compared with Yoon et al. [31], Liao and Zhao [24],
Pitla et al. [29,32], Petrov and Popov [82] and Gnielinski [88] corre-
lations. This experimental study conducted for a 6 mm diameter cir-
cular tube under the heat flux of 24 kW/m? and the mass flow rate of
200 kg/m? s. Near the pseudocritical region, all the correlations were
failed to predict the value of heat transfer coefficient. The proposed
correlation was a modified form of Gnielinski [88] correlation. The

Table 6
Review of friction factor equations applicable for sCO,.

Literature Equation

Petrov and Popov

F=rledey
[82]

Pb
- 4y0.42
s = 0.023( G)
fi» = [1.82l0og(Rey,)—1.64]72
1= Fuoniso _1‘36(%)_1'92ﬁzc
D 1 1
fac -1 (pb,out pb’m)(:ob.out Pb,in

The non-isothermal friction factor is expressed by

Fang and Xu [19]

Pf 131
t )70.49(%)
Hp
The isothermal friction factor is expressed by

1.1007
fison = 1.613[1n(0,234(%)
Filonenko [93] f = [1.82log(Rep)—1.64]2
Colebrook and £

White [97] J70% = —2log (& +

Juoniso = Jisob(

60.525 56291 )2
Repl1105 T R, 10712

2.51 )
Rep\f

0.25
f=—=
[ £+ 2.51ﬁ ]2
37 Rep\f
1 16 37530116 1-1.5 L
- - 20257 —1.5112
Jo+CpRye s )

8
= 8{(——)'2 +[2.457In
f {(R%) [ (( 705 307E
Rep D

Swanee and Jain
[98]

Churchill [99]

Ozigik [100]
Haaland [101]

f705 = —2log(Rep/f)—0.8

€

- 69 D
f= 0.3086[]0g[Reb + [3.7

€ \333
_D_ -2 £ —4
[3‘75] 7% for 5 < 10

1
705 = 0.861n (Rep%5)—0.8

1.11
172 for £ > 1074
D

f=127778 [1og[(7'2)3 +

Rej
Nikuradse [102]

Benedict [103] £
5.74

5= 025(B sl

Renewable and Sustainable Energy Reviews 92 (2018) 658-675

10 T T T T ——

*— Exp. data o |

Proposed correlation ]

8 Krasnoshchekov et al 8 |

| 0 - - Baskov et al. ! d

. Petrov & Popov | |

x 6 Pitla ot al 1

o |

E b -~ |

= - |
e 4

{

L ] |

2+ s .

B |

o 1 4 | | 1 | |

65 60 55 50 45 40 35 30 25
Temperature ("C)

Fig. 11. Comparison of correlation with experimental findings (Yoon et al.
[31D.

correlation was reported with the use of reference temperature method
and the accuracy was within the limit of 20%. Mean error and root
mean square (RMS) error for various correlations were calculated by
Surendran et al. [20]. Among all the correlations, Swenson et al. [94]
proved to be more accurate than any other existing correlations. Error
analysis also carried out by Gupta et al. [22] for the existing sCO, heat
transfer correlations. Fang and Xu [19] compared the performance of
different sCO, heat transfer correlations in terms of mean absolute re-
lative deviation (MARD) values.

From the literature, it is concluded that each correlation was de-
veloped based on experimental studies; therefore, each correlation has
its own range of limits. It should be noted that various heat transfer
correlations deviate from each other due to several reasons. Each cor-
relation was developed based on experimental study. Therefore, the
same correlation when compared with different experimental dataset, it
showed significant deviation due to the change of the range of in-
vestigated parameters. Furthermore, some earlier correlations were
developed without considering the rapid change of physical properties
of the working fluid. The newly developed correlations which take
account of the change of properties especially specific heat, density and
viscosity are more reliable and consistent. However, during heating of
sCO,, the correlation failed to predict the deteriorated heat transfer.
The correlation which was proposed for cooling of sCO,, does not
guarantee for better prediction of heat transfer coefficient while applied
for heating application and vice versa. On top of that, the influence of
buoyancy significantly affects the heat transfer performance. Some
correlations were developed without taking account of buoyant force.
So, in general, no single correlation can cover the whole range of

g

s Giielinski model
————— Petro & Popov model
o = Pitla model

Lizo & Zhao model
—————— Yoon model

L ] Measured Results

I'm

30 40

To(C)

Fig. 12. Correlation study by Dang and Hihara et al. [33].
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Table 7
Review of heat transfer correlations applicable for supercritical water.
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Literature

Correlation

Applicability

Swenson [94]

Gupta et al. [104]

Bringer and Smith [105]

Shitsman [106]

Bishop et al. [107]

Ornatsky et al. [108]

Yamagata et al. [109]

Yaskin et al. [110]

Yeroshenko et al. [111]

Kitoh et al. [112]

Domin [113]

Kondrat'ev [114]

Gorban et al. [115]
Griem [116]

FwCp.

0.231
Nutyy = 0.00459Re,, 0923 Py, 0613 (;;:) where, PF, = b
w

0.156
Nty = 0.0033Rey, 0% ITrwo,m(LW) (LW)OA
Pb Hp
Nu = 0.0266Re, 77 Pr,0-55

Rey is the Reynolds number evaluated at temperature Ty.

Nu = 0.023Rep?8 Prry;08

0.43
Nty = 0.0069Rey %9 Rﬂ-ﬁﬁ(’;—w) a+ 2.43)
b X

0.3
Nu = 0.023Re;*8 Prm;,,o-x(i—w)
b

Where Pry;y, is the minimum value of Pry, or Pr,
Nu = 0.0135Rey*33 Pripin*8 F.
(Tpc = Tp)

Where . =1forE>1and E = Tw—Tp)

Cp Cp
B = 0.64Prpd % () for 0 <E< 1, = ()" for E< 0
Cpb Cpb

nl = _0.77(1+L) +1.49,n2 = _1,44(1+¢) 053
Prpc Prpe

Nu_

Nug

Where, Nu, = 0.0243Re,%8 Prp04

Nu = 0.0243Rey®3 Pry0d[———— 2
“ b b [(0.8 +0.88(T — Tp)}0-> +1,447]

= [1- 025 (T — )P

[e*) — —
Here, F = (é’b)"-28 for Cp > Cpp and F = 1 for Cp < Cpp
When [1 + (T, — Tp)] >2 the correlation is reduced to

Nu = 0.0243Re8 Pry04[— 2 ]
u = 0.0243Rey T [(0.8+0.8/i<1‘w— Tp)}0-5 +1.447]

Nu = 0.0153Re,"85 Pry™

8100
q

o011
q

R = —8.7x10’8—($

R = —9.7x10’7+(?) for 3300<H,< 4000 kJ/kg

m = (0.69—( ) + F.q and q = 200G

F. = 2.9x10784+(=~) for 0<H,< 1500 kJ/kg

) for 1500<Hp< 3300 kJ/kg

Nuyp, = 0.1Rep%% Prp12 for
Nup = 0.036Rep*8 Wb“(%v), when Ty, > 350°C

Nup = 0.020Re,%8

Nuyp = 0.0059Rep?? Pry=012

Nu = 0.0169Re,?3356 Pr;0:432,
@ = 082, if 0<Hy< 1540 kJ/kg
¢ =082 + 018" if 1540<H,< 1740 ki/kg

@ = 1.0, if Hy> 1540 kJ/kg

P = 22.8-41.4 MPa,

G = 542-2150kg/m? s
T, = 75-576°C
Supercritical ranges

. (Tpc— Tp)
To=T if ——
*= R,y
_ . (Tpc = Tp)
T = Tpe, if Oﬁm <1
_ < (Tpc— Th)
T = Ty if =Ty >1

Supercritical ranges
P = 22.8-27.6 MPa,

G = 282-527 kg/m’s
T, = 75-576°C

q = 310-3460 kW/m?>
Supercritical ranges

P = 22.6-29.4MPaG = 310-1830 kg/m? s

Supercritical ranges

Supercritical ranges

Supercritical ranges

P = 23.3-26.3MPaG = 580-4650kg/m? s
T, = 250-350°C

P = 25.2-32MPa

Tw = 130-600 °C

Supercritical ranges

P = 22.0-27.0MPaG = 300-2500 kg/mzs

q = 200-700 kW/m?>

operating parameters and all correlations have some limitations. For
practical implementation of sCO; correlation, it is highly recommended
to check the limits of applicability and further experimental in-
vestigations are essential to predict the heat transfer and flow beha-
viour in the vicinity of pseudocritical region due to drastic property
variation. The new correlation must take account of the influence of
buoyancy and should be applicable for full range of operating condi-
tions. Since heat transfer deterioration is still a complex phenomenon
during heating application, the new correlation applicable for sCO,
heating must take account of deteriorated heat transfer.

Supercritical fluids have successful implementation in power en-
gineering, supercritical extraction and supercritical fluid chromato-
graphy in chemical engineering, cooling of superconducting

electromagnets in cryogenics engineering and refrigeration technolo-
gies. Table 7 shows some of the earlier researches with supercritical
water and the proposed correlations with their range of applicability.
For comparison of heat transfer mechanism between supercritical water
and sCO,, the table gives some reviews on heat transfer correlations
[94] for supercritical water. This table provides an additional in-
formation for the researchers who are interested in dealing with su-
percritical water in supercritical pressure water-cooled reactor, fossil
power plants, Biofuel Production, Petrochemical Applications, super-
critical water oxidation and chemical synthesis like organic reactions
and organometallic reactions.
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7. Conclusion

The environmentally benign properties of CO, provide full safety
and natural solution. Therefore, it has becoming one of the promising
refrigerants successfully implemented in many process and chemical
industries. The operating parameters such as mass velocity, heat flux,
pressure and temperature have significant influence on the convective
heat transfer coefficient under both heating and cooling modes. The
heat transfer performance increases with increased Reynolds number
and with decreased inlet pressure of sCO, close to critical condition due
to extreme variation of thermo-physical properties e.g. the peak of
specific heat at pseudocritical temperature. The pressure drop decreases
when the operating pressure is increased due to less dominant property
variation further away from the critical point. Under cooling condition,
the heat transfer rate increases with reduced tube diameter due to the
increase of surface area, whereas under heating condition, heat transfer
shows the opposite trend. Therefore, instead of mass velocity, the effect
of tube diameter on the heat transfer mechanism should be evaluated
based on same Reynolds number.

Heat transfer deterioration is found to be associated under heating
of sCO, in various flow configuration. The wall temperature profile
significantly affects the heat transfer rate, especially when the wall
temperature approaches the pseudocritical temperature and the bulk
temperature still below the pseudocritical temperature. The earlier
peak of the wall temperature provides distortion of shear stress near the
wall boundary and causes heat transfer deterioration due to reduction
of turbulent production. Fundamental understanding of the complex
phenomenon of heat transfer deterioration of supercritical fluids under
heating condition is still a continuing research topic for many re-
searchers. A comprehensive quantitative analysis is essential to in-
vestigate the exact flow condition for which heat transfer deterioration
take place during heating of supercritical fluids.

In this work, we present a review of heat transfer correlations with
range of application and friction factor equations suitable for super-
critical CO,. Each correlation based on experimental studies has its own
limits of applicability. The tube diameter, the operating mass velocity
and the heat flux significantly influence the effectiveness of heat
transfer. Researchers have performed experimentation with sCO, under
various operating conditions. This is one of the possible reasons for why
not all of the correlations can properly predict the convective heat
transfer coefficient, especially near the pseudocritical region. Further
experimental and numerical studies are needed to develop a new heat
transfer correlation applicable for sCO, for full range operating para-
meters involving micro to macro tube size, mass flux, heat flux and
operating temperature and pressure. During heating of sCO,, the new
heat transfer correlation could be proposed for normal heat transfer
region and deteriorated heat transfer region.
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