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Pressure drop and heat transfer are important for design and operation of power plant using supercritical fluid,
but they were investigated independently previously. The objective of this paper is to make a connection between
pressure drop and heat transfer for supercritical carbon dioxide (sCO2). Experimental data of pressure drop and
heat transfer were obtained in our sCO, convective test loop, covering pressures, mass fluxes and heat fluxes in
the ranges of 7.5-23 MPa, 500-1500 kg/m?s and 15-400 kW/m?, respectively. Different from classical single-
phase fluid assumption for supercritical fluid, pseudo-boiling is introduced to deal with flow and heat transfer
in supercritical domain, including a wall-attached gas-like layer and a liquid-like fluid in tube core. Supercritical
boiling number SBO and K number are developed to characterize the gas-like layer thickness. Friction factors and
heat transfer are found to display the two regimes distribution: a normal heat transfer (NHT) regime with smaller
friction factors at smaller SBO, and a heat transfer deterioration (HTD) regime accompanying sharply increased
pressure drops beyond a critical SBO. We conclude an orifice contraction effect due to the strong vapor
expansion, explaining the HTD induced rise of pressure drops. We show that K can be the similarity criterion
number to connect pressure drops and heat transfer. A new correlation of friction factors is developed for sCOs,
which is suitable for NHT and HTD, having mean relative error, mean absolute relative error and root-mean-
square relative error of —6.2%, 18.1% and 21.2%, respectively, which are significantly smaller than those
predicted by the correlations in the literature.

Re®? for laminar flow and turbulent flow, respectively, where Re is the
Reynolds number [8]. In supercritical pressure, the problem becomes
complicated due to the varied physical properties. Pioro et al. [9]
reviewed the flow resistance of water and carbon dioxide at supercritical

1. Introduction

The applications of supercritical fluid include the extraction of floral
fragrance from flowers, functional food ingredients, pharmaceuticals,
cosmetics, powders, and functional materials [1]. Supercritical carbon
dioxide (sCO2) can recover the thermal energy of nuclear reactor into
electricity [2]. The sCO2 Brayton cycles can be driven by various heat
sources such as solar energy, waste heat and fossil energy [3-5]. Pres-
sure drop and heat transfer are important for design and operation of
power systems, the former determines the compression work for fluid
circulation, and the latter determines the heater surface temperatures
[6,7].

For convective flow in circular tubes with constant physical prop-
erties of single-phase fluid, friction factors are f = 64/Re and f = 0.3164/

pressure during 1950-1980s. They noted that it was hard to develop
satisfactory analytical and numerical methods to calculate friction
pressure drop due to the difficulty in dealing with the steep variation of
physical properties, especially in turbulent flow at high heat flux. Zhao
and Jiang [10] measured friction pressure drops of supercritical R134a
cooled in a horizontal tube and compared the results with several
available correlations, showing that the Petrov and Popov [11] corre-
lation considering the variations of viscosity and density predicted the
experiments reasonably well within +£20%. Jiang et al. [12] measured
the friction resistance of supercritical R22 and ethanol in a vertical tube,
which was shown to be mainly determined by the density and viscosity
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Nomenclature

coefficients

boiling number, 1
non-dimensional number, 1
tube diameter, m

error

force, N

friction factor

gravitational acceleration, m/s?
mass flux, kg/m?s
enthalpy, J/kg
non-dimensional number, 1
length, m

flow rate, kg/s

Nusselt number

pressure, Pa

Prandtl number, 1

heat created by electrical resistance, W
heat flux, W/m?

Reynolds number, 1

radius, m

temperature, °C

mean velocity

axial flow coordinate
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Greek symbols

heat conductivity coefficient, W/m-°C
Angle

density, kg/m>

Pi

viscosity coefficient, Pa-s

roughness, m

AT temperature overshoot

mE 8D o~

Subscripts

A mean relative

ab absolute

ac acceleration

ave average

b bulk

cr critical

exp experiment

f friction

fg saturated COsturns into saturated vapor
g gravity

h hot region

i inner

in inlet

iso isothermal

r inertia

1 liquid

M momentum

o outer

out outlet

pc pseudo critical

pre prediction

R mean absolute relative

S root-mean-square relative
sat saturation

\ vapor

w inner wall

0 saturated liquid at 0 °C
Acronyms

GL gas-like

HTD heat transfer deterioration
LL liquid-like

NHT normal heat transfer

SBO supercritical-boiling-number

variations. Fang et al. [13] reviewed the correlations of friction factor at
non-isothermal conditions. They stated that none of the existing friction
factor correlations was satisfactory in acceptable accuracies, thus they
proposed a new one based on 390 experimental data points extracted
from available references. The proposed correlation considers tube
roughness and reduces the prediction deviation by more than 10%
compared with the previous ones. Zhang et al. [14] conducted an
experimental investigation of flow resistance of a typical Chinese jet fuel
RP-3 flowing through an adiabatic horizontal micro-tube, with reduced
pressure ranging from 1 to 2.58, bulk temperature varying from 295 to
789 K, and mass flux up to 1573 kg/m? s. They found that friction
pressure drops were similar for various pressures at the same mass flux
when the reduced temperature was less than 0.95, but the situation is
changed when the reduced temperature was larger than 0.95.

Wang et al. [8] measured friction factor of sCO, in tubes, with
temperature, pressure and Reynolds number ranging from 30 to 150 °C,
3.5-40 MPa, and 200 to 2.0 x 10°, respectively. Re is thought to reflect
the variation of viscosity and density properly, thus a modified corre-
lation of friction factor was proposed. Garimella et al. [15] investigated
the cooling of refrigerant blends R404A and R410A in horizontal tubes,
with the reduced pressure ranging from 1.0 to 1.2, temperature from 30
to 110 °C, and mass flux from 200 to 800 kg/m? s. They modified the
Churchill friction factor model based on their experimental data and
found that the modified one predicted 74% of the entire data within
+25%. Wang et al. [16] measured pressure drops and friction factors of
supercritical water in an annular channel. The gap and the channel
length were 4 mm and 1400 mm, respectively. They showed the

significant increase of frictional pressure drops when the bulk enthalpy
exceeds the pseudo-critical enthalpy. Zang et al. [17] investigated flow
resistance of supercritical water in a 2 x 2 rod bundles. The operation
pressures focus on 23, 24 and 25 MPa, while the mass flux ranges from
600 to 1400 kg/m? s and the heat flux is up to 943 kW/m?2. Friction
coefficients are observed to have the “V” shape versus Re. They pointed
out that the physical property differences between wall and bulk fluid
should be considered. The heat flux and mass flux would affect the
friction coefficient through changing the material correction factor.
Fang et al. [18] reviewed the correlations of friction factor of turbulent
pipe flow under supercritical pressure. Two databases including 1279
experimental data points were cited from 12 references (820 data points
for adiabatic conditions and 459 data points for non-isothermal condi-
tions). Six adiabatic and 13 non-isothermal correlations are evaluated. A
new model for adiabatic supercritical fluids is developed. Because fric-
tion pressure drop is influenced by heat flux, mass flux, flow orientation
and tube diameters, more data should be achieved for sCO, [19]. Based
on the single-phase fluid assumption, the varied physical properties and
buoyancy/acceleration effect are used to explain the distinct thermal-
hydraulics in supercritical pressure [20,21]. Friction factor at non-
isothermal condition has been considered by the corrections of phys-
ical properties such as density, viscosity and Prandtl number [22-24].
Supercritical heat transfer (SHT) is another important topic. When
crossing pseudo-critical point, heat transfer is either enhanced or dete-
riorated [20,25,26]. To develop power plants driven by nuclear energy
or fossil energy, fruitful water data of SHT have been obtained since
1950s [27]. However, experimental data are insufficient for sCO5 power
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plants. Experiment data were obtained near the critical pressure ~8 MPa
[28], noting that a practical S-CO; cycle operates in pressures in the
range of 20-30 MPa [29]. Similar to friction factors, SHT is treated with
the single-phase fluid assumption [30,31]. The varied physical proper-
ties and buoyancy/acceleration effects are believed to cause abnormal
heat transfer for more than half century [32]. Recent works show that
the buoyancy and acceleration effects are not success to calculate heat
transfer coefficients, several review papers comment on this issue
[20,31,32].

The above literature survey concludes that: (i) The available friction
factor correlations are based on the single-phase fluid assumption with
the corrections of physical properties. These correlations are different
one by one, and the prediction accuracies should be further improved
[9,13]. (ii) It is sure that both normal heat transfer and heat transfer
deterioration can occur in supercritical domain [20,25]. However, there
are no experimental data and theoretical work on flow resistance when
heat transfer deterioration occurs. (iii) Flow resistance and heat transfer
are investigated separately. The link between flow resistance and heat
transfer has not been established.

The objective of this paper is to make a connection between flow
resistance and heat transfer. Both flow resistance and heat transfer are
studied experimentally and theoretically. The original contribution of
this paper is summarized as follows. First, different from the classical
treatment of flow and heat transfer for supercritical fluids, the single-
phase fluid assumption is abandoned. Instead, pseudo-boiling is intro-
duced. SHT under heating condition includes a two-fluids structure: a
gas-like fluid near wall, and a liquid-like fluid in tube core. The inho-
mogeneous structure of supercritical fluid has received attention by
physicists [33-36], but has not received attention in the community of
engineering. Second, two important parameters of supercritical boiling

Design parameters
Pressure: 0~25 MPa
Heating power: 0~120 kW
Flux rate : 0~1300 L/h
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number SBO and K are shown to be related to the gas-like layer thick-
ness, which are key to dominate flow and heat transfer.

Both flow resistance and heat transfer are found to display the two
regimes distribution. The normal heat transfer (NHT) regime does not
have wall temperature overshoot accompanying smaller pressure drops.
Beyond a critical SBO, NHT is suddenly switched to heat transfer dete-
rioration (HTD), with significantly increased friction factors. The K
number is identified as the similarity criterion number to connect fric-
tion pressure drops and heat transfer. A new correlation of friction
factors is presented, which is suitable for both NHT and HTD. The
increased pressure drop for HTD is explained by the orifice contraction
effect occurring at the tube cross-section having the wall temperature
peak. The finding of this paper is important, because based on our
present work, we understand that heat transfer deterioration not only
causes the abrupt rise of wall temperatures, but also yields the sharp rise
of pressure drops. The former threatens the safety of heater surface, and
the latter increases the load and compression power for compressors,
hence heat transfer deterioration should be avoided for design and
operation of power plants.

2. Experimental apparatus and data reduction
2.1. Experimental system

The available experiments on sCO; heat transfer were reported near
the critical pressure ~8 MPa [28], which is sufficiently lower than the
operation pressure of sCO; cycles. To develop sCO2 power cycles driven
by nuclear energy, solar energy and fossil energy, a sCO; flow and heat
transfer test loop has been built in North China Electric Power University
(China), with the maximum pressures, temperatures and heat fluxes up
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Fig. 1. Experimental setup.
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to 25 MPa, 500 °C and 400 kW/m?, respectively. Fig. 1 shows the
experiment setup, including a forced convective loop, a coolant circu-
lation loop and a measurement system. The CO, convective loop was
vacuumed to remove non-condensable gas and charged with the 99.99%
purity CO, before formal experiment. The CO; liquid is driven by a
plunger pump, then it is heated to a required temperature in a recu-
perator heat exchanger and a preheater before entering the test section.
The preheater and test section are heated by an electric power supply
system with a maximum capacity of 54 kW. At the test section outlet, the
CO, vapor was consecutively cooled by the recuperator heat exchanger,
a cooler and a condenser. A cooling water loop dissipates heat from the
cooler, and an ethylene glycol solution dissipates heat from the
condenser.

The measurement system collects the experimental data. The flow
rate of CO3 is measured by one of the two flow meters (DMF-1-3) with an
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uncertainty of 0.2%. At the test section inlet, the CO; pressure is stabi-
lized by an accumulator and measured by a pressure transducer (Rose-
mount 1151) with an uncertainty of 0.2%. The pressure drop of CO,
across a 2.4 m length test section is measured by a pressure drop
transducer (Rosemount 3051) with an uncertainty of 0.1%. The heating
power applied to the test section is controlled by a DC voltage provided
by the power supply system. Temperatures are measured by K-type
thermocouples with an uncertainty of 0.5 °C.

2.2. The test tube

The present paper focuses on pressure drops of sCO; in vertical tubes
with upward flow direction. Additional experimental data were ach-
ieved for the inner diameters of 8.0 mm and 12.0 mm. Thus, three
groups of data with d; = 8.0, 10.0 and 12.0 mm were used in this paper.

di=12.0mm

Themocouple

Fig. 2. The three test tubes used in the present study.
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Fig. 2 shows the test tube made of 1Cr18Ni9Ti. All the sizes in length
direction are identical for the three test tubes. The total length of test
tube is 3600 mm including two stabilization sections, one is ahead of the
major test section and the other is beyond the major test section. The
major test section has a 2400 mm length across a differential pressure
drop transducer. The heating section is 2000 mm in length, and the wall
thickness is 2.0 mm. The test tube is heated by the DC (direct-current)
power via two electrodes across a heating length of 2000 mm. Ther-
mocouple wires are welded on the outer wall by a capacitance impact
welding machine. Thus, thermal resistance between thermocouple and
tube wall does not exist. These thermocouples are arranged on 39 cross-
sections along flow direction. The axial distance between two neigh-
boring cross-sections is 50 mm. Cross-sections 1-34 have a single ther-
mocouple, but cross-sections 35-39 have two thermocouples. Due to the
geometry symmetry, the two readings of thermocouples on a specific
cross-section are almost identical. The test tube is wrapped by a thermal
insulation material with ultra-low thermal conductivity. After the test
loop is ready, repeatable experiments were performed (see Fig. 3). It is
shown that the same running parameters yield almost the same results,
for both normal heat transfer (NHT) and heat transfer deterioration
(HTD). These results were obtained in different days, in which Ty,
means the outer wall temperature.

2.3. Data reduction

The total pressure drop in a channel is expressed as

AP = AP + AP, + AP, 6

where AP is the measured pressure drop, the subscripts f, g and ac mean
the pressure drops of friction, gravity and acceleration component,
respectively. The acceleration pressure drop is

1 1
AP, = p(ﬁuruiut - ‘[)mu?" =G <P_ - /7_) ®
out in

where p is the density, u is the mean velocity, G is the mass flux, the
subscripts out and in represent the inlet condition and outlet condition,
respectively.

The gravity pressure drop is

L—02
AP, = / pgsinfdz 3)
—02

where z is the axial flow coordinate with the original point starting from
the bottom electrode, L is the length across the pressure drop transducer
(here L =2.4minFig. 2), gis the gravity acceleration, 6 is the inclination
angle with respect to the horizontal plane.

For vertical tube with upward flow direction, 6 is 90°. Then,AP, is

400 5
20.013 MPa/520 kg/m’s/8 mm
[ 88
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° Q cEcQQQQQUDOD
00000 600
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Fig. 3. Repeatable experiment for normal heat transfer (NHT) and heat transfer
deterioration (HTD).
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reduced to

Tb mP' - Tb uulp t
AP — il n 5 oul L 4
¢ ( To.in + To.out & )

where T, i and Ty ouc are the bulk fluid temperature at the inlet condi-
tion and outlet condition, respectively.
Thus, the friction pressure drop is
L G

AP = AP — AP, — AP, = f-—
f g ac f di Zpaw,

(5)

where f is the friction factor, paye is the density defined at the average
temperature of 0.5(Th in + Tb,out)-
The mass flux is

G=m/ (%ﬂdf) ©

The effective heating power applied to the test tube Q and the inner
wall heat flux g, are

Q = m(ivou — inin), Guw = Q/(ndiLy) @)

where m is the mass flow rate, iy, jn and i, oy are the bulk fluid enthalpies
at inlet condition and outlet condition, Lj, is the heating length (L, = 2.0
m in Fig. 2). The axial length dependent fluid enthalpy iy, is

wdi
qwaiz ®)
m

ib(Z) = ipm +

We note that the heating power is uniformly applied to the test tube
through the resistance heating of the tube material. The one-
dimensional heat conduction equation is used to determine the inner
wall temperature T, ; based on the measured outer wall temperature T,
o

1d dT
;E<Ma>+q70 9

where 4 is the thermal conductivity of the tube, r is the radial coordinate.
Eq. (9) satisfies the following boundary condition:

= T, 10)

where 1, is the outer tube radius, q is the heat generation rate per unit
volume due to the resistance heating:

Y

_ 11

q lr(r’% - r,z)Lh an
Eq. (9) subjecting to Egs. (10) and (11) yields T ; as
2
quri (a” —2lna — 1

Twi = Tw o 12

i= T =5 () 12)

where a is the ratio of inner tube radius to outer tube radius: a = ri/r,.
Table 1 summarizes the ranges and uncertainties of various parameters.

Table 1
Uncertainties and ranges of various parameters.

Value Range Uncertainty
Pressure P 7.5-23 MPa 1%
Differential pressure /\P 0-20 kPa or 0-50 kPa 2.06%
Inlet fluid temperature Ty, i 10-120 °C 0.5°C

Out fluid temperature T, ou¢ 25-200 °C 0.5°C
Outer wall temperature T, , 30-450 °C 0.5°C
Mass flow flux G 500-1500 kg/m?s 2.05%
Heat flux g, 15-400 kW/m? 5.05%
Friction coefficient f 0.005-0.06 3.0%
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3. Pseudo-boiling and non-dimensional parameters

Pseudo-boiling was mentioned in 1960s [37,38], but it has been
seldom used to treat SHT theoretically or numerically. The physical
properties such as heat capacity, thermal expansion coefficient and
isothermal compressibility reach maxima at the pseudo-critical point in
supercritical pressure. Because these maxima do not belong to the first-
order liquid-gas phase transition, they are called critical anomalies [39].
By inelastic X-ray scattering and molecular dynamics, Simeoni et al.
[33] showed that the Widom line divides the fluid into a liquid-like LL
region and a gas-like GL region. Similar conclusion was drawn by
McMillan and Stanley [34]. Ha et al. [35] analyzed the density fluctu-
ations and demonstrated that when the fluid temperatures are varied
over a wide range at a supercritical pressure, three regimes including LL,
liquid-gas coexistence, and GL occur in the P-T phase domain, very
similar to those in subcritical pressure. By neutron imaging technique,
Maxim et al. [40] succeeded to monitor density fluctuations of super-
critical water while the system evolves rapidly from LL to GL during
isobaric heating. They showed that the Widom line can be identified
experimentally and they agree with the pseudo-boiling theory.

We start from the analogy between subcritical boiling and SHT. For
the former, when Ty, is lower than Ty, a high heat flux g, gives rise to
bubble nucleation and growth on tube wall (see Fig. 4a). Further in-
crease of gy, causes the coalescence of bubbles to form a vapor blanket
(see Fig. 4b). Because the vapor layer has low thermal conductivity,
Fig. 4b corresponds to poorer heat transfer compared to Fig. 4a. The
transition from Fig. 4a to b is related to if bubbles can be successfully
departed from the wall, for which two forces are competed with each
other (see Fig. 4c). One is the inertia force having the tendency to detach
the bubble from the wall (F;), and the other is the evaporation

bubble
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momentum force having the tendency to adhere the bubble on the wall
(Fyr). The K number is [41]:

K

evaporation momentum force ( Gy

2
- ) P gt
inertia force

. 13)
Gig) p, Py

where if is the latent heat of evaporation, p; and py are the densities of
liquid and vapor, respectively, Bo = qw/(Gigg) is the boiling number,
reflecting the comprehensive effect of heat flux, mass flux and pressure.
A smaller K represents easier departure of bubbles from the wall, but a
larger K means the difficulty in departing bubbles (see Eq. (13)). Bo and
K have been shown to be useful for subcritical boiling [41].

Recently, pseudo-boiling is introduced by the present authors
[42-44]. For a supercritical fluid heated by a channel wall, the flow
structure consists of a gas-like GL layer near wall and a liquid-like LL
fluid in tube core when Ty > T, > T, (see Fig. 4d-e), where T, and Ty,
are the pseudo-critical temperature and bulk temperature at a tube
cross-section. The two regions of fluids are interfaced at T = Tj., also
called the Widom line. By the analogy to subcritical boiling, supercrit-
ical boiling number SBO is defined as

9w
Gripe

SBO = 14

where i is the enthalpy at pseudo-critical temperature. SBO compre-
hensively reflects the effects of heat flux, mass flux and pressure. We
show that when the tube diameter is in the range of 2.0-10.0 mm, NHT
can be suddenly switched to HTD when crossing a critical SBO, which is
5.126 x 10~ * for sCO4 for upward flow [42]. This conclusion is also
valid for other working fluids, but different working fluid has different
critical SBO [43]. The K number in supercritical pressure is defined as

vapor film liquid
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Fig. 4. The flow pictures for subcooled boiling at subcritical pressure and supercritical heat transfer (a: isolated bubbles on tube wall at subcritical pressure; b: vapor
blanket formation on tube wall at subcritical pressure; c: two forces are competed on bubble at subcritical pressure; d: normal heat transfer for supercritical heat
transfer with P = 20.013 MPa, G = 520 kg/m>s, d; = 8 mm and q,, = 96.8 kW/m?; e: heat transfer deterioration for supercritical heat transfer with P = 8.021 MPa, G

= 1000 kg/mzs, d; = 8 mm and g,y = 265.5 kW/m?).
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[44]

K = ( qu )2@
Giv) poL

(15)

where iy, is the enthalpy at the inner wall temperature Ty, p;; and pg, are
the densities for liquid-like fluid and gas-like fluid, respectively. To

reflect the effect of Ty ;, Eq. (15) is reduced to [44]
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2
K= (qi“’) pj (16)

G-iy Pw

where py, and p,, are the densities at bulk fluid temperature and inner wall
temperature. K represents the competition between evaporation mo-
mentum force and inertia force. Using 5560 experimental data points, a
general correlation is developed as Nu = 0.0012Re( **34Pr) 718K 00313 1o

8 12
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Fig. 5. Effect of heat fluxes on frictional pressure drops.

7



H. Zhang et al.

predict heat transfer coefficients, where Rey, and Pry, 5y are the Reynolds
number and average Prandtl number defined at bulk fluid temperature on
each tube cross section [44]. The prediction accuracy is better than the
widely cited correlations in the literature.

The present paper focuses on the connection between pressure drop
and heat transfer in supercritical domain. A NHT case behaves a gentle
rise of wall temperatures along flow direction (see Fig. 4d), but a HTD
case results in a sharp wall temperature peak with i, < iy (see Fig. 4e).
Heat transfer is recovered beyond the temperature overshoot. For HTD,
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a wall temperature overshoot corresponds to a large K and a locally
expanded vapor-like layer thickness (see Fig. 4e). This is equivalent to
artificially arrange a solid orifice on the cross-section corresponding to
the wall temperature peak, introducing an additional pressure drop due
to local fluid restriction, which is called the orifice contraction effect in
this paper. Latter we will show that the link between pressure drop and
heat transfer does exist for sCO5 heat transfer in vertical tubes with
upward flow direction.
The Reynolds number Re is

15
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Fig. 6. Effect of mass fluxes on the frictional pressure drops.
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G4,

Ho, ave

Re 17)

where pp ave is the viscosity at the average bulk fluid temperature be-
tween inlet and outlet, T ave = 0.5(Thin + Thour)- Here, we present a
friction coefficient correlation incorporating both NHT and HTD runs.
For NHT, K in Eq. (16) is defined at Tj, ave. The wall condition w corre-
sponds to the cross-section corresponding to T ave. For HTD, the pa-
rameters in Eq. (16) are defined at the tube cross-section corresponding
to wall temperature peak to reflect the orifice contraction effect.

4. Result and discussion
4.1. Effects of various parameters on frictional pressure drop

In this paper, P, G and q,, are varied in the ranges of 7.5-23 MPa,
500-1500 kg/m? s and 15-400 kW/m?, respectively. The tube diameters
are d; = 8.0, 10.0 and 12.0 mm. Effect of various parameters on friction
pressure drops is explored (see Figs. 5 and 6), in which data points with
black and red colors represent normal heat transfer (NHT) and heat
transfer deterioration (HTD), respectively. Smaller tube diameter gives
rise to larger friction pressure drops when other parameters are iden-
tical, which is true for all the tests in this paper. This phenomenon is
explained by the fact that AP is inversely proportion to d; (see Eq. (5)).

When other parameters are almost identical, heat flux obviously
influences friction pressure drops (see Fig. 5). AP displays the two re-
gimes distribution, which is smaller at smaller g, (black data points),
but increases sharply when g, attains a specific value (read data points).
The slopes of AP ~ gy, are weak for NHT, but become significant for
HTD, demonstrating that pressure drops are strongly dependent on if
HTD occurs.

Fig. 6 presents the effect of G on APy. AP¢increases with increase of G,
which can be explained by Eq. (5) to indicate that AP¢is a function of f, L,
di, G and p,ye. Especially, the scale law of APy ~ G? explains the quick
rise of AP¢ by increasing G. Previously, friction factors f are correlated
with the correction terms of physical properties defined at bulk fluid
temperature relative to the values defined at wall temperature [22-24].
Some f correlations introduce the correction term of q,,/G [11]. Because
qw/G is not a non-dimensional parameter, it does not reflect physical
mechanism regarding SHT. The observed trends of APf can be easily
explained by pseudo-boiling. Usually, two-phase flow has larger AP
than single-phase flow. The increase trend becomes significant with
increase of vapor mass qualities [45]. The introduction of bubbles on
tube wall is equivalent to increase tube wall roughness to raise shear
stress on the wall. The interaction between gas and liquid phases in-
creases energy dissipation to increase the pumping power of two-phase
system. In supercritical pressure, pseudo-boiling assumes a gas-like GL
layer on tube wall and a liquid-like LL fluid in tube core. This flow
picture is equivalent to introduce an additional wall roughness to in-
crease friction pressure drops.

We note that the six subfigures in Fig. 5 contain the experiment data
in two pressure levels of ~8 MPa and ~15 MPa. Alternatively, Fig. 6
involves two pressure levels of ~8 MPa and ~20 MPa. When mass fluxes
are similar (see Fig. 5b and e at G = 745 kg/m? s, and Fig. 5c and f at G =
1000 kg/m? s), higher pressures lowers friction pressure drops, indi-
cating the weakened pseudo-boiling effect with increase of pressures.
Our recent papers show that heat transfer coefficients are increased with
increase of pressures [44]. The present paper identifies the reduced
friction pressure drops when pressures are increased.

4.2. The two regimes of heat transfer and friction pressure drops

Figs. 7 and 8 present heat transfer and friction pressure drops,
respectively. One notes that each run has a SBO defined by Eq. (14).
Effect of SBO on heat transfer is examined first, for which wall tem-
perature overshoot (AT) is defined in Fig. 7c. Using the experiment data
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Fig. 7. The critical SBO dominates the transition from normal heat transfer to
heat transfer deterioration (a: the two regions of heat transfer interfaced by the
critical SBO; b: NHT case; c: HTD case).

with d; = 2-10 mm, we conclude a critical SBO., = 5.126 x 10~ as the
transition boundary from NHT to HTD [42]. Here, additional data are
provided with d; = 8.0 mm and 12.0 mm. Data points with additional
tube diameters do not change the critical SBO for the transition
boundary. In Fig. 7a, point A is marked for NHT but point B is marked for
HTD. The wall temperature curve indicates no temperature overshoot
for NHT (see Fig. 7b), in which T}, and iy, are bulk fluid temperature and
enthalpy, respectively. For HTD, a significant wall temperature peak is
identified ahead of the pseudo-critical point (see Fig. 7c). Normal heat
transfer route is assumed from a to b in the wall temperature curve. Wall
temperature overshoot AT is defined as the wall temperature peak
subtracting the wall temperature according to the NHT route. A signif-
icant AT = 90.7 °C is attained in Fig. 7c.

Effect of SBO on friction pressure drops and friction factors is
examined in Fig. 8, including 127 data points for NHT and 97 data points
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Fig. 8. The two regions of friction pressure drops dependent on SBO (AP
versus SBO; b: f versus SBO; c: f versus Re).

for HTD. Because AP¢is dependent on various parameters, both NHT and
HTD runs involve similar magnitudes of APy, except that a couple of data
points for HTD have higher AP up to 34 kPa (see Fig. 8a). As a non-
dimensional parameter, f is observed to have two regimes distribution,
with f in the range of 0.01-0.03 for NHT with SBO < 5.126 x 10~*, but
in the range of 0.025-0.057 for HTD with SBO > 5.126 x 107* (see
Fig. 8b). Friction factors f are plotted versus Re in Fig. 8c, showing that f
is not only dependent on Re, but also dependent on if heat transfer
deterioration occurs. With Re in the range of 6 x 10*-2 x 10°, f s
significantly larger for HTD compared to NHT, displaying the two re-
gimes distribution of friction factors.

4.3. The similarity criterion number and correlation of friction factors

Section 4.2 indicates that SBO is an important non-dimensional
parameter to characterize both heat transfer and flow resistance. Two

10
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findings are summarized as follows: (1) Normal heat transfer is suddenly
switched to heat transfer deterioration when crossing a critical SBO¢; =
5.126 x 10~*. (2) Friction factors f display two regimes distribution,
which are smaller for NHT, but are almost doubled for HTD with SBO >
5.126 x 107%.

SBO can be used to evaluate if a run belongs to NHT or HTD.
Meanwhile, K defined in Eq. (16) contains inner wall temperature to
influence the gas-like GL layer thickness to dominate flow and heat
transfer. Effects of K on friction pressure drops and wall temperature
overshoot are plotted in Fig. 9, noting that each subfigure in Fig. 9 shares
similar P, G and dj, but different data points have different q,, and K. For
NHT, K is determined at the cross-section having Ty ave, but for HTD it is
calculated at the cross-section corresponding to wall temperature peak
to reflect the orifice contraction effect. Such effect introduces additional
pressure drop due to local fluid restriction. It is observed that APrand AT
share similar variation trends. In NHT regime represented by black data
points, AP gently increases with increase of K, meanwhile AT is zero or
very small in a couple of degrees. In HTD regime represented by red data
points, both APf and AT quickly increase versus K and they share the
similar trend. The two curves display the similarity characteristic,
demonstrating that K can be the similarity criterion number to connect
flow resistance and heat transfer. A large K increases the gas-like GL
layer thickness to weaken the heat transfer, thus the wall temperature
overshoot is increased. Meanwhile, a larger K introduces a larger orifice
contraction effect to block the fluid flow, thus pressure drop increases
(see Fig. 4c).

Fig. 9 inspires us to present a new friction factor correlation based on
Re and K:

f = 2.15Re~ 0342 g0077 18)

The positive exponent for K indicates the increase trend of f with
increase of K. Eq. (18) is suitable for the following data ranges: P =
7.5-23 MPa, G = 500-1500 kg/m? s and q,, = 15-400 kW/m? with d; =
8.0, 10.0 and 12.0 mm. Correspondingly, Re and K cover the ranges of
Re=5.9 x 10%-7.5 x 10° and K = 6.4 x 1078-2.7 x 107, respectively.
We note that a supercritical pressure corresponds to a pseudo-critical
temperature Tp.. In order to evaluate the effectiveness of Eq. (18), the
non-dimensional temperature Th,ave/Tpc is used, where Ty ave is the
average fluid temperature between inlet and outlet. Eq. (18) is valid for
Tp,ave/Tpc in the range of 0.8-1.5, indicating that it is correct for the
vapor temperature of 50% higher than the pseudo-critical temperature.
That is to say, Eq. (18) is valid for fluid temperatures are far away from
the pseudo-critical temperature. The effectiveness of Eq. (18) beyond
the present data ranges should be verified in the future.

Previously, various correlations have been proposed to predict fric-
tion factors of supercritical CO, (see Table 2). Fig. 10 compares the
present correlation of Eq. (18) with other correlations shown in Table 2,
in which fp is the predicted friction factor using the correlations, and
fexp is the experimentally determined ones. The mean relative error (ea),
mean absolute relative error (eg) and root-mean-square relative error
(es) characterize the prediction accuracies. For friction factor f, the error
for a single data point is

pre = Jew
¢ == 19
f;‘xp
The three deviation parameters are
ea :1 Xn:e‘ x 100%, er = 1 i\e'\ x 100%, es = ! z“:ez x 100%
n i=1 ‘ ' n i=1 ‘ i n i=1 '
(20)

The mean relative error e, summarizes the overall tendency of the
correlation to over-predict or under-predict the measured values.
Because ep concerns the sign of the relative error, positive and negative
deviations can offset each other, thus e can indicate the error distri-
bution. The mean absolute relative error egr describes the arithmetic
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Table 2

Available friction factor correlations in references.

AT (°C)

AT (°C)

AT (°C)

References

Correlations

The parameter ranges

Filonenko (1954)
[46]
Popov (1967) [47]

Petrov and Popov
(1985) [11]

Wang et al. (2014)
[8]

Fang et al. (2020)
[18]

Present correlation in
this paper

f = (1.82logjoRe — 1.64) 2

£ = fiso(Pave/Pp)* " fiso = (1.82log10Re — 1.64) %, pyye is determined byTy. =

(Tw+Ty)/2

1

<N

f=0
f=2

0127 [Cl,n 650 (‘Zfe
15Re—0-342g0.027 '

H

f :fiso.w%: (

Hp

= —2.34lg

s
) Sisow = (1.82log1oRe,, — 1.64) 2,5 = 0.023(|q|/G )**

b 9.26 £ab 0.95 18.35\ 1108 Based on sCO,, data with P = 3.5-40 MPa, Re = 3400-2.0 x 10°, T;, =
1724 Re g (29'36&) + < Re ) 30-150 °C, d; = 1.78 mm,e,,/d; = 0.005,0.015,
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R B +0.066Ch | |, Ch = ——
Re GVi—1g

Single-phase flow,10*<Re<5 x 10°

Based on sCO, data under cooling condition

Based on sCO, data under cooling condition,Re,,
105,Re;, = 3.1 x 10* —8x 10°

Based on sCO; data with P = 7.5-23 MPa, T, ave/Tpe = 0.8-1.5, Re = 5.9 x

10*-7.5 x 10°and K = 6.4 x 1075-2.7 x 107

= 14x10*-7.9x
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Fig. 10. The comparison between predicted friction factors using various correlations and experiment determined friction factors.

mean of the absolute errors, expressing the correlation accuracy.
Alternatively, the root-mean-square relative error eg emphasizes larger
deviations.

Because the Filonenko correlation [46] correlates f as a function of
Re only (see Table 2), it is not suitable for supercritical fluids. The three
deviation parameters are —28.4%, 34.7% and 41.6%, respectively (see
Fig. 10a). The correlations of Popov [47] and Petrov & Popov [11]
introduced the correction terms of varied densities and/or viscosities
dependent on temperatures. The two correlations significantly under-
predict the friction factors by comparing with experiments (see
Fig. 10b-c). Wang et al. [8] developed the correlation by introducing
tube wall roughness except Re, which significantly over-predicts our
experimentally determined friction factors (see Fig. 10d). Fang et al.
[18] developed the f correction including a non-dimensional parameter
of Ch considering the effect of fluid pressure, mass flux and enthalpy, but
the prediction accuracy is not improved (see Fig. 10e). The large devi-
ation between the predicted f using available correlations and our

12

experiments is due to the fact that none of these correlations can predict
the flow resistance when heat transfer deterioration occurs. The present
correlation of Eq. (18) reasonably agrees with our experiment deter-
mined friction factors (see Fig. 10f). The three deviation parameters are
epn = —6.2%, eg = 18.1% and eg = 21.2%, which are the smallest among
all the correlations listed in Table 2. It is emphasized that our correlation
is not only suitable for normal heat transfer, but also suitable for heat
transfer deterioration.

Finally, the error distributions are shown in Fig. 11, containing 127
data points for NHT and 97 data points for HTD. Three tube diameters
are involved. We see that the Wang et al. correlation [8] severely over-
predict the friction factors, with the maximum error of ~400% (see
Fig. 11d). The other three correlations yield the errors in the range of
—80% to 80% (see Fig. 11a, b, c and e). Most importantly, the three
correlations significantly under-predict f for heat transfer deterioration.
On the contrary, the present correlation not only has the capability to
predict f for both normal heat transfer and heat transfer deterioration,
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Fig. 11. The error distribution with various correlations in references and present correlation.

but also is suitable when T, ave/Tpc reaches 1.5 (see Fig. 11f).

5. Conclusions

Conclusions are drawn as follows:

m The sCO; experiments were performed, with pressures, mass
fluxes and heat fluxes in the ranges of 7.5-23 MPa, 500-1500
kg/m?s and 15-400 kW/m?, respectively. Three inner tube di-

ameters of d;

8.0, 10.0 and 12.0 mm are used. New experi-

ment data of pressure drops were reported when heat transfer
deterioration occurs.

m Different from classical treatment with single-phase fluid
assumption, supercritical fluid is treated by introducing
pseudo-boiling, including a gas-like layer on tube wall and a
liquid-like fluid in tube core. Supercritical boiling number SBO

13

and K are found to dominate flow and heat transfer in super-
critical domain.

It is found that when crossing a critical SBO, both flow and heat

transfer display the two regimes distribution: a normal heat
transfer regime with smaller pressure drop and a heat transfer
deterioration regime with larger pressure drop.

The K number is identified to be a similarity criterion number,

making a connection between pressure drop and heat transfer.
Once heat transfer deterioration occurs, the increased pressure
drop is explained by the orifice contraction effect due to local
vapor expansion to yield vapor plug in tubes, generating
additional pressure drop.

None of the existing correlations in references can predict

friction factors during heat transfer deterioration. A new fric-
tion factor correlation is developed as a function of Re and K,
which is suitable not only for normal heat transfer, but also for
heat transfer deterioration.
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