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A B S T R A C T   

Here, we investigate supercritical heat transfer of CO2 in a 10.0 mm diameter horizontal tube, covering pres-
sures, mass fluxes and heat fluxes in the ranges of (7.531~20.513) MPa, (496.7~1346.2) kg/m2s, and 
(97.4~400.3) kW/m2, respectively. It is surprising to find the non-monotonic increase of wall temperatures 
along the flow direction. Besides, either positive or negative wall temperature differences, ΔT, exist between 
bottom tube and top tube. The three-regime-model is introduced to explore the mechanisms that trigger the 
above abnormal findings. The stratified-wavy flow involves a liquid-like (LL) core and a vapor-like (VL) layer on 
the tube wall. The wavy interface is formed by the two separated phases of LL and VL. The oscillation of wall 
temperatures is explained by the thermal conduction in the solid wall interacted with the stratified-wavy flow in 
the tube. Once wall temperatures increase, the local heat flux decreases to decrease the evaporation momentum 
force, reducing the VL layer thickness to ensure the heat transfer recovery. A regime map clarifies the positive 
and negative temperature difference runs, and the maximum wall temperature differences are well correlated 
based on the LL phase Reynolds number, ReLL,ave. In the two-phase-like (TPL) regime, the measured heat transfer 
coefficients significantly deviate from the predictions based on the single-phase fluid assumption. The strong 
deviation of hbot/htop from 1 indicates both important effects of pseudo-boiling and stratification in horizontal 
tubes, where hbot and htop are the heat transfer coefficients at the bottom generatrix and the top generatrix, 
respectively. Based on this work, the pseudo-boiling theory is recommended to deal with the supercritical heat 
transfer.   

1. Introduction 

With the global warming issue being an imminent threat to human 
beings, renewable energies are being extensively sought to replace the 
traditional fossil fuels. Solar energy is a clean energy source with wide 
availability, and can be exploited for thermal power generation. The 
supercritical CO2 (sCO2) cycle has wide interests due to its higher effi-
ciency, the easier ability to reach supercritical state, and the better 
safety due to the chemical inertness of CO2 [1]. Therefore, the sCO2 
cycle with solar energy as the heat source has great potential to produce 
electricity from clean energy source with high efficiency [2,3]. In 
parabolic trough based solar thermal power generation system using 
sCO2 cycles, the sCO2 fluid flows in a horizontal tube and absorbs heat, 

affecting the cycle efficiency and the safety operation of the thermal 
system [4]. Understanding of the sCO2 heat transfer in horizontal tubes 
is of vital importance. 

Compared to available investigations of sCO2 heat transfer in vertical 
tubes, the investigations of sCO2 heated in horizontal tubes are limited. 
Adebiyi and Hall [5] studied the heat transfer of CO2 in a horizontal tube 
with a diameter of 22 mm, and found that wall temperatures at the top 
generatrix are higher than those at the bottom generatrix, which was 
attributed to the buoyancy effect. Pidaparti et al. [6] performed exper-
iments with sCO2 in a 10.9 mm diameter tube, and found that the 
circumferential wall temperature difference is most notable when the 
pseudo-critical temperature is in between the wall temperature and the 
bulk fluid temperature. They attributed this observation to the density 
difference due to the temperature variation between tube wall and bulk 

Abbreviations: DC, direct current; HTC, the heat transfer coefficient; Lb, low reynolds number; LL, liquid-like; sCO2, supercritical carbon dioxide; TPL, two-phase- 
like. 
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fluid. Walisch et al. [7] found that the buoyancy effect would be 
diminished by turbulence under high Reynolds number (Re) conditions. 
Liao and Zhao [8] experimentally studied the heat transfer of sCO2 in 
small diameter tubes with diameters ranging from 0.5 to 2.16 mm, and 
found that buoyancy is still important under large Re conditions, and the 
heat transfer coefficient (HTC) decreases when tube diameter decreases, 
which is different from the results for large diameter tubes. Tanimizu 
and Sadr [9] and Kim et al. [10] found that there are no connections 
between the HTC and the buoyancy effect. The existing HTC correlations 
are only suitable when the fluid temperatures obviously deviate from the 
pseudo-critical temperature. 

The sCO2 heat transfer was numerically studied in horizontal tubes. 
Pu et al. [11] studied the turbulent flow of sCO2 in a horizontal 
micro-tube with diameter of 2 mm using the k-ε model, and found that 
the influence of buoyancy cannot be neglected even in the fully devel-
oped turbulent region. Zhao et al. [12] used FLUENT to evaluate 
different turbulence models by comparing the predicted wall tempera-
tures with the measured values, and found that the low Reynolds (LB) 
number k-ε turbulence model gives better results. Heat transfer deteri-
oration, flow stratification, and secondary flows are observed by the 
simulations using the RNG k-ε model [13], the AKN k-epsilon model 
[14], and the direct numerical simulation model [15]. However, most of 
these papers applied constant heat flux boundary condition at the wall 
by neglecting the wall thickness. Yang [16] considered the solid wall in 
their model, and found that the predictions by the stand k-ε model 
matches the experimental data well. 

The existing literature on sCO2 heat transfer in horizontal tubes can 
be summarized as follows: 1) For horizontal tubes, heat transfer differ-
ence exists between top wall and bottom wall, which is explained by the 
buoyancy effect and flow acceleration effect. 2) Experimentally, none of 

the work reported wall temperature oscillation along the tube; numer-
ically, most papers neglected the tube wall and employed a model with 
fluid domain only. 

As mentioned above, the previous works are mostly based on the 
single-phase framework. In this work, we take a different path, and use 
the pseudo-boiling concept to deal with the sCO2 heat transfer. In 
subcritical pressures, convective boiling in horizontal tubes has been 
extensively studied, which contains several two-phase flow patterns: 
bubbly flow, slug flow, stratified flow, stratified-wavy flow and annular 
flow [17]. Different flow patterns correspond to different heat transfer 
mechanisms. Boiling is the dominant mechanism for bubble flow, but 
convection is the dominant mechanism for annular flow. Especially, for 
stratified flow and stratified-wavy flow, the bottom wall has a larger 
possibility to be immersed by liquid, thus better heat transfer is kept 
there. However, the top wall may be partially dry, thus poor heat 
transfer is achieved there [18]. The Froude number (Fr), which can be 
written for the liquid phase and vapor phase, can characterize the 
stratification degree of the two-phase fluid in horizontal tubes [19]. 

In this work, sCO2 heat transfer was experimentally investigated in a 
10.0 mm diameter tube. The experimental parameters cover wide 
ranges, including pressures of 7.531~20.513 MPa, mass flux of 
496.7~1346.2 kg/m2s, and heat flux of 97.4~400.3 kW/m2. Wall 
temperatures are oscillating along the flow direction, and they are 
different between top wall and bottom tube. Previously, the three- 
regime-model in supercritical pressure was developed for vertical 
flows. Here, the three-regime-model is extended to consider the 
complicated supercritical heat transfer in horizontal tube. The wall 
temperature oscillation is thought to be caused by the stratified-wavy 
flow in supercritical pressures, containing liquid-like (LL) phase in the 
tube core and vapor-like (VL) phase on the tube wall. The non- 

Nomenclature 

cp specific heat capacity (J/kgK) 
din inner diameter of the tube (m) 
dout outer diameter of the tube (m) 
eA, eR, eS average, mean absolute and standard deviation 
F force (N) 
Fr Froude number ( G2

ρ2
bgdin

) 

G mass flux (kg/m2s) 
g gravitational acceleration (m/s2) 
h heat transfer coefficient (kW/m2K) 
I current (A) 
i enthalpy (J/kg) 
L test tube length (m) 
m mass flow rate (kg/s) 
mLLg liquid-like fluid gravity force per unit length (N/m) 
P pressure (MPa) 
ΔP differential pressure (kPa) 
Pr Prandtl number (νb/αb) 
Q heating power (W) 
qw heat flux (W/m2) 
Re Reynolds number (Gdin

μb
) 

SBO Supercritical boiling number ( qw
Gipc

) 
T temperature ( ◦C) 
T− the onset of pseudo-boiling temperature (K) 
T+ the termination of pseudo-boiling temperature (K) 
ΔT outer wall temperature difference ( ◦C) 
t time (s) 
U voltage (V) 
x pseudo-vapor quality 
z axial location 

Greek symbols 
δ vapor-like film thickness 
l thermal conductivity (W/mK) 
m dynamic viscosity (Pa⋅s) 
ν kinematic viscosity (m2/s) 
r density (kg/m3) 
θ circular angle 
α thermal diffusivity 

Subscripts 
A mean relative 
ave average 
b bulk fluid 
bot bottom generatrix 
DB Dittus-Boelter 
exp experimental data 
in inlet 
iw inner wall condition 
I inertia 
LL liquid-like 
max maximum value 
M momentum 
out outlet 
ow outer wall condition 
pc pseudo-critical 
pre prediction value 
R mean absolute 
S root-mean-square relative 
top top generatrix 
VL vapor-like  
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monotonous variation of the vapor-like film thickness is caused by the 
thermal conduction within the tube wall and the heat transfer in the 
fluid domain. The general trend shows higher temperatures at the top 
wall than those at the bottom wall, but inverse trend is also detected due 
to the coupling of the heat transfer in the solid domain and the fluid 
domain. Using the pseudo-vapor quality, it is shown that in the two- 
phase-like (TPL) regime, the heat transfer significantly deviates from 
the single-phase convection, while in the VL and LL regimes, the heat 
transfer is close to single-phase convection. Moreover, it is found that 
the Fr number, representing the competition between inertia force and 
gravity force, can quantify the stratification degree. The large Fr case 
indicates less important of the gravity on the flow, weakening the dif-
ference of heat transfer between top wall and bottom wall. This work 
validates the three-regime-model, and provides important reference for 
the design and operation of heat exchangers operating in supercritical 
pressures. This work is especially important for solar receivers because 
these tubes are usually horizontally positioned. 

2. Theoretical background of supercritical heat transfer in 
horizontal tubes 

Before we use the three-regime-model to analyze the supercritical 
heat transfer in the horizontal tube, a short description of the three- 
regime-model is given here. the three-regime-model treats the super-
critical fluid to contain three regimes of liquid-like (LL), two-phase-like 
(TPL) and vapor-like (VL) [20]. Either LL or VL is single-phase fluid, but 
TPL contains a mixture (co-existence) of LL and VL. Hence, the model is 
based on the multi-phase framework. Ref. [20] presents an integrated 
strategy to deal with the transition boundaries among the three regimes, 
the physical properties of each phase in the TPL regime, and a set of 
non-dimensional parameters. The numerical and experimental tech-
niques existed for subcritical pressure are suggested to treat the super-
critical fluid. 

The change from LL to TPL is assumed to take place at a temperature 
of T− , and the change from TPL to VL is assumed to occur at a temper-
ature of T+, in which T− and T+ are determined by the thermodynamics 
method [21]. The two transition temperatures can also be predicted by 
the molecular dynamics approach [22], and they match the thermody-
namics approach well. For two-phase flow in subcritical pressure, 
physical properties are defined for liquid and vapor at the saturation 

temperature [23,24]. In supercritical pressure, because pseudo-boiling 
takes place in a temperature range instead of a constant temperature 
[21], the physical properties for LL and VL are defined at T− and T+

respectively. 
The pseudo-vapor quality x quantifies the mass content of the VL 

phase with respect to the total mixture [20] 

x =
ib − iLL

iVL − iLL
(1)  

where i is the enthalpy. The subscripts b, LL, and VL represent bulk fluid, 
LL, and VL, respectively. The x is related to the phase regime: x<0 
represents LL, 0<x<1 represents TPL, and x>0 represents VL. 

Once the three-regime-model is applied for horizontal flows, non- 
dimensional parameters should be defined for bulk fluid, LL phase and 
VL phase, respectively. The Reynolds number is defined as [20] 

Re =
Gdin

μb
,ReLL =

G(1 − x)din

μLL
,ReVL =

Gxdin

μVL
(2)  

Reave =
Gdin

μb,ave
,ReLL,ave =

G(1 − xave)din

μLL
,ReVL,ave =

Gxavedin

μVL
(3)  

where G is the mass flux, din is the inner diameter of the tube, and μ is the 
viscosity. We note that Eq. (2) is defined along the flow direction, and 
Eq. (3) summarizes the average effect over the whole heating section, 
represented by the subscript ave, μave is the viscosity at the average inlet 
and outlet bulk temperatures (Tb,ave), Tb,ave = 0.5(Tin + Tout); xave =

0.5(xin + xout). 
The Froude number is [20]: 

Fr =
G2

ρ2
bgdin

,FrLL =
G2(1 − x)2

ρ2
LLgdin

,FrVL =
G2x2

ρ2
VLgdin

(4)  

Frave =
G2

ρ2
avegdin

,FrLL,ave =
G2(1 − xave)

2

ρ2
LLgdin

,FrVL,ave =
G2x2

ave
ρ2

VLgdin
(5)  

where ρave is the density at Tb,ave. 
Since the x monotonically increases along the tube, Eq. (4) calculates 

the bulk Fr, FrLL and FrVL for a particular location along the tube, while 
Eq. (5) calculates the three averaged Fr numbers. 

Fig. 1. Experiment setup.  
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The supercritical boiling number, SBO, initially proposed for vertical 
flows [25], may also be interest for horizontal flows. The SBO represents 
the competition between evaporation momentum force and inertia force 
[26]: 

SBO =
qw

Gipc
(6)  

where qw is the heat flux at the inner wall surface, and ipc is the enthalpy 
at the pseudo-critical point. 

The pseudo-boiling concept has been employed on the heat transfer 
in vertical tubes [25–27]. In this work, we experimentally studied sCO2 
heat transfer in a horizontal tube. It is interesting to observe oscillations 
of wall temperatures along the axial coordinate. This finding inspires us 
to deduce a stratified-wavy pattern in supercritical pressure. The 
two-phases of VL and LL forms the wavy interface. Because the VL layer 
thickness dominates the heat transfer between the fluid and the tube 

Fig. 2. The horizontal tube used in this study.  

Fig. 3. Verifications of reliability and repeatability of the heat transfer system.  

Table 1 
Uncertainties and ranges of various parameters.  

Value Measuring 
instrument 

Range Uncertainty 

Mass flux G DMF− 1− 3 496.7~1346.2 kg/ 
m3 

2.15 % 

Pressure P Rosemount 1151 7.531~20.513 MPa 0.958 % 
Differential pressure 

ΔP 
Rosemount 3051 2.1~23.4 kPa 2.08 % 

fluid temperature Tb K-thermocouple 33.45~190.42 ◦C 0.5 ◦C 
Outer wall 

temperature Tow 

K-thermocouple 21.71~370.49 ◦C 0.5 ◦C 

Total quantity of heat 
Q  

1.88~23.25kW 3.43 % 

Heat flux qw  97.42~402.25 kW/ 
m2 

5.05 % 

Heat transfer 
coefficient h  

0.732~6.28kW/ 
m2K 

5.66 % 

Test section voltage U Precision 
voltmeter 

11.5~23.6V 0.2 % 

Test section current I Precision ammeter 551~1063А 0.2 %  
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wall, an increase of VL thickness elevate the wall temperature along the 
flow direction. Inversely, the decrease of VL thickness decreases the wall 
temperatures. Thus, the wavy interface between VL and LL is reasonably 
proposed due to the axial oscillation of wall temperatures. One shall 
note that the stratified-wavy flow in subcritical pressure contains liquid 
on the bottom tube and vapor on the top tube [18], which is different 
from that in supercritical pressure. The common feature in the two 
pressure ranges is the wavy interface. 

3. Experiments 

3.1. Experimental system and test tube 

Fig. 1 shows the experimental setup, including a main CO2 circula-
tion loop, a coolant circulation loop, an electric heating system, and a 
data acquisition system, which is modified from Ref. [27]. The main 
loop is vacuumed by a pump to remove the non-condensable gas, and 
then pressurized with CO2. The CO2 fluid leaves the storage tank, passes 
through a filter, enters the main loop pumped by a piston pump, then 
passes the preheater and the test section, cools down in the condenser, 
and finally returns to the storage tank. 

The test tube is made of 1Cr18Ni9Ti stainless steel, having a total 
length of 3600 mm, an inner diameter of 10 mm, and an outer diameter 

of 14 mm (see Fig. 2). The effective heating length is 2000 mm. There 
are two adiabatic sections for flow stabilization and measurement before 
and after the heating section, each having a length of 800 mm. The tube 
is horizontally arranged during experiments. Direct current is passed 
through the copper electrode to generate joule heating. Thermocouples 
are welded on the outer surface of the tube at 19 axial locations spaced 
100 mm apart, and each location has either 3 or 5 thermocouples to 
measure the circumferential temperatures, which are arranged in a 
semi-circle for each tube cross section due to symmetry (see Fig. 2). Two 
thermocouples are inserted into the center of the tube to measure the 
inlet and outlet bulk fluid temperatures, recorded as Tin and Tout 
respectively. 

To decrease the heat loss to the environment, 50 mm-thick thermal 
insulation materials are wrapped on the test tube. 

3.2. Data reduction 

Mass flow rate m, inlet and outlet bulk fluid temperatures Tin and 
Tout, and outer wall temperatures of the tube Tow, are obtained by ex-
periments. The mass flux is calculated as 

G =
4m
πd2

in
(7) 

Fig. 4. Outer wall temperature and temperature difference between top generatrix and bottom generatrix along the tube (small SBO cases).  
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The heating power Q is obtained as 

Q = m(iout − iin) (8)  

where iout and iin are the bulk fluid enthalpies defined by the outlet and 
inlet fluid temperatures, respectively. In this work, the heating power 

for each working condition obtained using Eq. (8) is always above 96 % 
of the supplied electric power, ensuring good thermal insulation. The 
average wall heat flux qw is obtained as 

qw =
Q

πdinL
(9)  

where L is the heating length of the tube, noting that qw is the heat flux 
averaged on the inner wall surface of the heating section. Therefore, for 
a given axial location z, the bulk fluid enthalpy is 

ib(z) = iin +
qwπdinz

m
(10) 

Once ib(z) is achieved, the local bulk fluid temperature Tb can be 
decided using the NIST software. An important procedure is to deter-
mine the heat transfer coefficients on the inner wall surface, h. Because 
the horizontal tube involves the non-symmetry distribution of the su-
percritical fluid, the h is not only varied along the flow direction, but 
also dependent on the circular angle over the tube cross-section. The 
inner heat transfer coefficients are determined with the aid of inverse 
heat conduction theory [28]. The inverse thermal conduction model 
computes the temperature field under the conditions of the measured 
discrete temperatures and the thermal insulation boundary on the outer 
wall surface (see Fig. 2). The prediction accuracy is verified by experi-
ments in Ref. [29]. Once the inner wall temperatures Ti

iw,θ and heat flux 
qi

iw,θ are obtained, the local heat transfer coefficient is expressed as 

hi
iw,θ =

qi
iw,θ

T i
iw,θ − Tb(z)

(11)  

where the subscripts of iw and q refer to the inner wall condition and the 
circular angle, which is 0◦ at the top generatrix and p at the bottom 
generatrix, the superscript i means the ith section along the flow 
direction. 

3.3. System validation and uncertainty analysis 

Repeated experiments were performed (see Fig. 3a). Two separate 
experiments were conducted on different dates with working parameters 
almost the same, and the resulting wall temperature profiles are almost 
identical. It is shown that the top point has higher temperature than the 
bottom point. Later we will show that this is not always true. Under 
specific conditions, the present work identifies higher temperatures at 
the bottom tube than those at the top tube. It is observed that the general 
trend is the increase of the wall temperatures along the flow direction. 
However, the spatial-oscillation distribution of the wall temperatures is 
observed, which is also explained latter in this work. Fig. 3(b) shows the 
temporal evolution of wall temperatures at two different cross sections 
and the inlet and outlet fluid temperatures, showing stable temperatures 
over several minutes with minimal fluctuation. 

Table 1 summarizes measurement instruments and uncertainties of 
the measured parameters. The uncertainties of the calculated parame-
ters are also listed in Table 1, which are obtained based on the error 
propagation principle. For a given parameter Y calculated from directly 
measured parameters x1, x2, …, xN, namely, Y = f(x1, x2, …, xN), if un-
certainties of the measured parameters are Δx1, Δx2, …, ΔxN, respec-
tively, the uncertainty for Y can be calculated as 

ΔY =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

i=1

(
∂Y
∂xN

ΔxN

)2
√
√
√
√ (12) 

In this work, error analysis is performed to evaluate the effectiveness 
of new correlations. The mean relative error eA, the mean absolute 
relative error eR, and the root-mean-square relative error eS are 
employed, which can be calculated by [30]. 

Fig. 5. Outer wall temperature and temperature difference between top 
generatrix and bottom generatrix along the tube (moderate SBO cases). 

Fig. 6. Outer wall temperature and temperature difference between top 
generatrix and bottom generatrix along the tube (large SBO cases). 
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eA =
1
n
∑n

1
ei × 100% (13)  

eR =
1
n
∑n

1
|ei| × 100% (14)  

eS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑n

1
e2

i × 100%

√

(15)  

where the deviation for a single data point ei is defined as 

ei =

(
xi,pre − xi,exp

xi,exp

)

× 100% (16)  

4. Results and discussion 

4.1. Wall temperature oscillation 

In our earlier work for sCO2 heat transfer in vertical tubes [26,27, 
31], it was found that the critical SBO exists to quantify the transition 
from normal heat transfer to heat transfer deterioration. The SBO rep-
resents the competition between evaporation momentum force and 
inertia force, in which the former tends to adhere the vapor-like layer on 
the wall but the latter tends to decrease the vapor-like film thickness. 
Hence, the SBO dominates the vapor-like layer thickness to influence 
heat transfer. The SBO also reflects the comprehensive effect of heat flux 
and mass flux on heat transfer in horizontal tubes. Figs. 4–6 present the 
outer wall temperatures at the top generatrix and the bottom generatrix 
as well as the temperature difference between them along the flow di-
rection, at three groups of small SBO, moderate SBO and large SBO. In 
the two subfigures of b and c in Fig. 4, and the two subfigures of a and b 
in Figs. 5 and 6, the working conditions are different but they share 
similar SBO in each figure. Under all these conditions, the oscillation of 
wall temperatures is observed along the flow direction. 

For boiling in horizontal tubes in subcritical pressures, the top wall 
has higher temperatures than the bottom wall [32]. This is not always 

true in the present work. Under small and moderate SBOs shown in 
Figs. 4 and 5, negative temperature difference is observed just before the 
ending of the heating section, but positive temperature difference is kept 
along the whole heating section at larger SBO shown in Fig. 6. The 
oscillation of wall temperatures and negative wall temperature differ-
ence are caused by the coupling of thermal conduction in the solid wall 
and the phase distribution in the fluid side, which are analyzed latter. 
Fig. 7 plots the oscillation of outer wall temperatures along the flow 
direction at P = 7.681 MPa, G = 755.9 kg/m2s and qw=152.1 kW/m2. 
The outer wall temperatures along the tube circumference are also 
plotted at the three cross-sections of 12, 13 and 14. It is seen that at the 
top generatrix, the temperatures increase from 158.4 ◦C at the section 12 
to 167.1 ◦C at the section 13, but decrease to 149.6 ◦C at the section 14. 

Two-phase flow oscillation under heating condition widely occurs in 
subcritical pressures, referring to various instabilities versus time, 
including pressure drop type oscillation [33], density wave oscillation 
[34], and acoustic oscillation [35]. Here, we report temperature oscil-
lations along the flow direction, but they are stable versus time. The 
oscillation is caused by the coupling of the thermal conduction in the 
solid wall and the phase distribution in the tube (see Fig. 8). Based on the 
observations of wall temperatures along axial and circumferential di-
rections, the flow includes a waved liquid-like snake surrounded by a 
vapor-like film on the tube wall. At the top generatrix, the outer wall 
temperature and inner wall heat flux are recorded as Tz

ow,0 and qz
iw,0, 

respectively. To understand the axial-variation of various parameters, 
three axial locations of z, z + Δz and z + 2Δz are paid attention. 
Considering an increase of the outer wall temperatures from z to z+ Δz, 
the relationship between the two cross sections is Tz+Δz

ow,0 = Tz
ow,0 + ΔT1, 

where ΔT1 > 0. The increase of wall temperature decreases the local 
heat flux,qz+Δz

iw,0 , due to thermal conduction in both axial direction and 
circumferential direction. At the top generatrix, SBO is written as 
SBOz+Δz

0 = qz+Δz
iw,0 /(Gipc), which decreases due to the thermal conduction 

effect in the solid wall, decreasing the evaporation momentum force, FM, 
hence enhancing the inertia effect, FI, to shear the wall attached 
vapor-like film. Thus, the vapor-like film thickness decreases at z+ 2Δz, 
making the heat transfer to recover (see Fig. 8d). Hence, the outer wall 

Fig. 7. Axial and circumferential variations of outer wall temperatures.  
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temperature is lowered from z+ Δzto z+ 2Δz. In summary, the increase 
of wall temperatures decreases the local heat flux due to the solid 
thermal conduction. The local SBO decreases to decrease the vapor-like 
layer thickness at the wall, thus the heat transfer can be recovered. 

4.2. Non-uniform wall temperature distribution along circumferential 
direction 

Compared with supercritical heat transfer in vertical tubes, strong 
non-uniform phase distribution exists in horizontal tubes due to the 
stratification effect, causing non-uniform distribution of wall tempera-
tures along the circumferential direction. The temperature difference 
between top generatrix and bottom generatrix, recorded as ΔT = Tz

ow,0 −

Tz
ow,π, determines the thermal stress to influence the safety of the heat 

transfer system, especially at high heat fluxes. Here, two questions 
should be answered. First, over the whole range of the running param-
eters, some runs have positive ΔT, but some runs have negative ΔT. The 
question is that where is the transition boundary between the positive 
ΔT runs and the negative ΔT runs? The second question is that when the 
running parameters such as operating pressure, mass flux and heat flux 
are given, how to quantify the temperature difference? 

The heat transfer in circumferential direction is influenced by the 
Froude number. Now that the fluid is treated separately by a liquid-like 
phase and a vapor-like phase, we use the Froude number defined for the 
vapor-like, FrVL,ave, and the liquid-like, FrLL,ave, to characterize the 

transition boundary between the positive ΔT and negative ΔT cases in 
logarithmic coordinates (see Fig. 9a). A regime map can be clearly 
established by a transition line, in which data points for the negative ΔT 
and positive ΔT cases are populated in the left-top region and the right- 
bottom region, respectively. Larger FrVL,ave possesses larger inertia effect 
of the vapor-like phase with respect to gravity, hence the top wall has 
higher temperatures than the bottom wall. The transition boundary line 
can be correlated by the following equation. 

lg
(
FrLL,ave

)
= 0.58 × lg

(
FrVL,ave

)
+ 0.22 (17) 

In order to understand the wall temperature differences along the 
flow direction, two runs are selected, one for case a in the negative ΔT 
region, and the other for case b in the positive ΔT region. Both negative 
and positive ΔT runs show the non-monotonous variations of the tem-
perature difference. For the negative ΔT run, ΔT is either positive or 
negative along the flow direction, the negative ΔT can be larger than 
10 ◦C (see Fig. 9b). Alternatively, for the positive ΔT run, ΔT is always 
larger than 0 (see Fig. 9c). We define ΔTmax to quantify the maximum 
non-uniform degree of wall temperatures. All the data points of ΔTmax 
are summarized in Fig. 10, demonstrating linear and decrease trend 
versus the Reynolds number defined for the liquid-like phase, ReLL,ave, 
(see Fig. 10a), or linear and increase trend versus the supercritical 
boiling number, SBO, (see Fig. 10b). Two correlations are given as 
follows: 

Fig. 8. Newly proposed stratified-wavy flow to adapt the oscillation of wall temperatures along the flow direction. (a) the stratified-wavy flow; (b) definition of 
parameters over the tube cross section at z. (c) variations of parameters from z+Dz to z + 2Dz. (d) balance between the evaporation momentum force FM and the 
inertia force FI (e) heat transfer recovery at z + 2Dz. 
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ΔTmax = − 4.115 × 10− 4ReLL,ave + 99.3 (18)  

ΔTmax = 1.109 × 105SBO − 9.8 (19) 

Using the error analysis described in the Section 3.3, for Eq. (18), 
eA=9.55 %, eR=28.67 %, and eS=67.76 %, and for Eq. (19), eA=5.38 %, 
eR=14.35 %, and eS=26.8 %. This shows that the maximum temperature 
difference between top and bottom walls are resulted from the thickness 
of the VL film near the wall. the SBO value dominates the VL film 
thickness near the tube wall by affecting its growth: a larger SBO in-
dicates larger evaporation momentum force and thus larger VL film 
thickness, causing deteriorated heat transfer at the top wall. Meanwhile, 
because the ReLL represents the competition between inertia force of the 
LL phase and the viscous force, a larger ReLL indicates larger inertia force 
of the LL phase, which tends to limit the thickness of the VL layer near 
the tube wall, and results in smaller circumferential difference of the VL 
layer thickness. Therefore, both ReLL and SBO affect the circumferential 
heat transfer behavior, resulting in the linear trends of ΔTmax against the 
average ReLL and the SBO. Fig. 11 shows that the average ReLL mono-
tonically decreases with increasing SBO, suggesting that the two pa-
rameters have internal relationship covering the present data range. 
This is the reason why ΔTmax can be correlated by both the ReLL,ave and 
SBO (see Eqs. (18) and (19). 

4.3. sCO2 heat transfer emphasizing the pseudo-boiling effect 

Supercritical heat transfer is complex when the fluid temperature is 

close to the pseudo-critical temperature, either deteriorated or 
enhanced. According to the three-regime-model, we plot the local heat 
transfer coefficient against the pseudo-vapor quality x defined by Eq. (1) 
in Fig. 12. The horizontal axis is the x value, which increases from 
subcooled LL (x<0) to superheated VL (x>1) along the tube. The vertical 
axis is hexp/hDB, which is the ratio of the experimentally determined heat 
transfer coefficient, hexp, divided by the Dittus-Boelter correlation 
determined heat transfer coefficient, hDB. The experimentally obtained h 
for both the top generatrix (htop) and the bottom generatrix (hbot) are 
obtained based on Eq. (11), and the hDB is obtained as 

hDB = 0.023
λb

din

(
Gdin

μb

)0.8

Pr0.4
b (20)  

where λb, μb, and Prb are evaluated under bulk fluid temperature 
condition. 

In Fig. 12, hexp/hDB=1 means that the experimental heat transfer can 
be exactly predicted by the DB correlation to obey the single-phase 
convection, and hexp/hDB deviating from 1 indicates that the experi-
mental heat transfer deviates from the single-phase convection. Fig. 12 
shows that with higher pressure of ~20 MPa, the hexp/hDB is closer to 1, 
indicating that the weakened pseudo-boiling effect at extremely high 
pressure such as three times of the critical pressure. Moreover, both htop/ 
hDB and hbot/hDB significantly deviate from 1 in the TPL region with x in 
the range of (0–1). The htop/hDB and the hbot/hDB are in the range of 
0.043~1.734 and 0.065~1.687, respectively, indicating both signifi-
cantly deviating from 1. However, in the LL regime with x smaller than 

Fig. 9. The regime map to clarify the positive and negative temperature difference runs. (a) the regime map; (b) the negative wall temperature case; (c) the positive 
wall temperature case. 
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0, the hexp/hDB gradually approaches 1 with decreasing x, and in the VL 
regime with x larger than 1, the hexp/hDB gradually approaches 1 with 
increasing x. In other words, the heat transfer becomes similar to single- 
phase convection as the fluid moves away from the TPL regime. The 
deviation from single-phase in the TPL regime and the approaching of 
single-phase convection in the LL and VL regimes validate the three- 
regime-model. 

The deviation of sCO2 heat transfer from the single-phase convection 
is also observed in the TPL regime for vertical tubes [20,25–27,36–38]. 
The deviation shows either enhanced or deteriorated heat transfer, 
resulting in that the hexp/hDB either can be larger than 1, or can be 
smaller than 1. However, Fig. 12 shows that for horizontal tubes, the 
deviation in the TPL regime is mostly deteriorated heat transfer, with the 
hexp/hDB below 1, especially for the top wall. The reason is that the top 

Fig. 10. Maximum wall temperature difference versus ReLL,ave (a) and SBO (b).  

Fig. 11. The relationship between ReLL,ave and SBO covering the whole range of experiment data.  
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wall tends to have thick VL film due to the stratification effect, hence 
poor heat transfer takes place there. Moreover, it can be seen from 
Fig. 12 that with increasing pressure, the deviation from the 
single-phase DB correlation becomes less prominent with increasing 
pressure, which is because the latent part of the pseudo-boiling enthalpy 
becomes smaller with increasing pressures [20–22]. 

To identify the comprehensive effect of pseudo-boiling and stratifi-
cation on the heat transfer difference between top and bottom of the 
tube, Fig. 13 shows hbot/htop and Fr at pressures of 8.065 MPa, 10.153 
MPa, and 15.202 MPa, in which Fig. 13(a) shows the schematic drawing 
of the test tube with the definition of the notations. The horizontal axis is 
the supercritical pseudo-vapor quality, x, ranging from − 0.5 to 0 in the 
LL regime, 0 to 1 in the TPL regime, and 1 to 2.5 in the VL regime. For all 
the runs presented in Fig. 13(b-d), the hbot/htop approaches 1 in the LL 
and VL regimes, indicating the weakened stratification effect due to the 
single-phase flow in the two regimes. However, in the TPL regime, the 
hbot/htop obviously deviate from 1. Most of data points for hbot/htop are in 
the range of 1.5~2.3. Fig. 13(b–d) also shows the variation of Fr against 
the pseudo-vapor quality. With increasing x, the Fr increases for all 
cases. In the TPL regime, the hbot/htop>1 indicates significant fluid 
stratification. In the VL regime, the Fr increases along the tube, indi-
cating the dominance of the inertia effect compared to the gravity, so 
that the heat transfer difference between top and bottom surfaces di-
minishes, and the ratio of hbot/htop decreases and approaches 1. 

5. Conclusions 

Major conclusions are summarized as follows:  

(1) The outer wall temperatures are found to oscillate along the flow 
direction, based on which the supercritical fluid is treated 

separately by a liquid-like core flow and a vapor-like layer on the 
tube wall. The VL and LL phases form the wavy interface to adapt 
the oscillation distribution of the wall temperatures.  

(2) The oscillation of wall temperatures is explained by the thermal 
conduction in the solid wall and the stratified-wavy flow. The 
increase of wall temperatures decreases the local heat flux due to 
the solid thermal conduction, which decreases the SBO there to 
decrease the vapor-like film thickness, thus the heat transfer can 
be recovered.  

(3) Wall temperatures are different between the top generatrix and 
the bottom generatrix. A regime map clarifies the positive and 
negative ΔT runs, using FrLL,ave and FrVL,ave as the two co-
ordinates. The maximum wall temperature differences are well 
correlated versus the liquid-like phase Reynolds number, ReLL,ave, 
or the supercritical boiling number, SBO.  

(4) The measured heat transfer coefficients, hexp, are compared with 
the predictions based on the single-phase fluid assumption for 
supercritical fluids. In the LL and VL regimes, the hexp/hDB ap-
proaches 1. But in the TPL regime, the hexp/hDB significantly 
deviate from 1, suggesting the necessary to introduce the pseudo- 
boiling theory to treat the supercritical heat transfer. 

Fig. 12. Deviations of measured heat transfer coefficients from the single-phase 
convection predictions. (a) htop/hDB versus x; (b) hbot/hDB versus x. 

Fig. 13. Effect of x on the difference of heat transfer coefficients between 
bottom generatrix and top generatrix. (a) definition of parameters; (b) the 
P=~8 MPa cases; (c) the P=~10 MPa cases; (d) the P=~15 MPa cases. 
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(5) The hbot/htop approaches 1 in the regimes of LL and VL, but the 
strong deviation of hbot/htop from 1 indicates both important ef-
fects of pseudo-boiling and fluid stratification for horizontal flow 
in supercritical pressure. 
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