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A B S T R A C T

Supercritical carbon dioxide sCO2 is an attractive fluid candidate for power generation systems to achieve higher 
efficiency. The heat transfer performance of sCO2 is of significant concern. Here, sCO2 with pressure ranging 
from 8− 12 MPa heated in 10.0 mm diameter horizontal tube is investigated numerically. The mass flux and heat 
flux ranges are 300− 700 kg/m2s, 70− 210 kW/m2, respectively. Based on the pseudo-boiling concept, phase 
distribution of supercritical fluid is obtained, which involves a liquid-like (LL) core and a vapor-like (VL) layer on 
the tube wall. The thickness of VL layer is the key to the heat transfer of supercritical fluid, which is determined 
by the balance of evaporation momentum force and inertia force. For high heat flux, large evaporation mo
mentum force induces thick and wavy VL layer, resulting in heat transfer deterioration HTD. Along the flow 
direction, there is wall temperature overshoot with the maximum value of 114.2 οC. What’s worse, the thickness 
of VL layer in the horizontal tube is non-uniform in the circumferential direction. The VL layer at the top of tube 
is thicker and the wall temperature is much higher. The circumferential wall temperature difference reaches 
138.7 οC, maximally. As potential safety hazards for heat transfer exchangers, both wall temperature overshoot 
and non-uniformity need to be suppressed. The results show that rising pressure only reduces wall temperature 
value but has a weak impact on non-uniformity. Increasing mass flux raises the inertia force to compete against 
the evaporation momentum force, yielding thin and smooth VL layer, decreasing both wall temperature over
shoot and non-uniformity. In brief, this work not only reveals HTD mechanism of supercritical fluid based on 
pseudo-boiling theory, but also guides the safety design of horizontal heat exchangers such as parabolic trough 
solar receivers using sCO2.

1. Introduction

To combat global warming, traditional fossil fuel power plants need 
to improve the system efficiency, and clean energy such as solar thermal 
power should be exploited widely. Carbon dioxide is an attractive fluid 
candidate to replace water for power generation systems, due to its 
chemical inertness at high temperatures to achieve higher efficiency [1,
2]. Carbon dioxide is also popular in the utilization of clean energy for 
the easier ability to reach a supercritical state [3,4]. However, several 
challenges are still on the way. The heat transfer performance of su
percritical carbon dioxide sCO2 is of significant concern. For example, 
the heat transfer deterioration (HTD) phenomenon occurs in horizontal 
tubes of parabolic trough solar receivers using sCO2 as working fluid, 
inducing bend deformation and stress-rupture of tubes [5]. Thus, it is 
important to reveal the HTD mechanism for the safety operation of the 

sCO2 power cycle.
It is noted that previous investigations have paid more attention to 

supercritical HTD in vertical tubes [6–10]. Different from normal heat 
transfer (NHT) under low heat flux, HTD under high heat flux behaves 
wall temperature peak along the flow direction [11]. In classical theory, 
supercritical fluid is treated as homogeneous single-phase flow. HTD is 
attributed to the buoyancy/acceleration effects caused by varied phys
ical properties of supercritical fluid [12–15]. Bu number and Ac number 
are proposed for the buoyancy effect and acceleration effect, respec
tively [12,16]. However, Zhu et al [17]. point out that these 
non-dimensional numbers cannot judge the occurrence of HTD based on 
a quantity of experimental data from different references. The review 
papers investigating buoyancy criterion in recent years have also 
reached similar conclusions [18,19]. Thus, single-phase flow theory has 
limitations in clarifying the HTD mechanism of supercritical fluid.

In fact, supercritical fluid behaves inhomogeneous structure 
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according to more and more evidence from MD simulation [20,21], 
visualization experiments [22,23] and thermodynamic theory [24]. 
Wang et al [25]. proposed that the supercritical fluid is divided into 
three regimes including vapor-like (VL), liquid-like (LL) and two 
phase-like (TPL). Under continuous heating conditions, the structure of 
supercritical fluid changes from liquid-like to vapor-like, which is 
similar to the subcritical boiling phenomenon and named as 
pseudo-boiling [26,27]. Subcritical boiling occurs at one saturation 
temperature point. However, pseudo-boiling has a starting 
pseudo-boiling point temperature T − and a ending pseudo-boiling point 
temperature T +. For convective heat transfer of supercritical fluid in 
heating tube, when the fluid temperature near the tube wall reaches T +, 
the vapor-like film with low thermal conductivity is generated. To 
characterize the vapor-like film thickness under the competition be
tween evaporative momentum force and inertia forces, Zhu et al [28] 
proposed a new dimensionless number SBO and performed heating ex
periments of sCO2 in vertical tube. It is surprising to find that there exists 
a critical SBO to identify NHT and HTD cases perfectly. What is more, 
such a method is satisfied for different supercritical fluids including CO2, 
H2O, R134a and R22 [29]. More recent investigations show that 
pseudo-boiling theory and multi-phase flow view are promising 
methods to reveal the supercritical HTD mechanism [30–37].

Different from HTD in vertical tube, HTD in horizontal tube induces 
not only wall temperature overshoot in flow direction, but also serious 
wall temperature non-uniformity in circumferential direction [38,39]. 
The problem becomes more complex. Adebiyi and Hall [40] performed 
heat transfer experiments of sCO2 in horizontal tube. It is observed that 
the top wall temperatures are higher than the bottom wall temperatures. 
What is more, the circumferential wall temperature difference becomes 
remarkable when the pseudo-critical temperature is between the wall 
temperature and the fluid bulk temperature [41]. According to the 
classical theory, flow stratification and secondary flows induced by the 
buoyancy effect are used to explain the wall temperature non-uniformity 

for NHT case [42,43]. However, the reason for the sharp rise of wall 
temperature non-uniformity under HTD case is still unknown. Recently, 
Zhang et al [44] verified the similarity between subcritical boiling and 
supercritical pseudo-boiling of CO2 in horizontal tubes. Cheng et al 
[45–47]. used the pseudo-boiling theory to explain the heat transfer 
difference between the top and the bottom of horizontal tube. It is found 
that experiment data of wall temperature non-uniformity in the 
circumferential direction is connected to SBO.

In summary, pseudo-boiling theory is promising to replace single- 
phase flow theory to clarify the supercritical HTD mechanism. Howev
er, the recent investigations focus on pseudo-boiling in vertical tubes. 
Here, heat transfer of sCO2 in the horizontal tube is investigated 
numerically. Phase distribution of supercritical fluid is obtained to 
explain the supercritical HTD phenomenon, including the wall temper
ature overshoot in flow direction and serious wall temperature non- 
uniformity in circumferential direction. The effects of mass flux and 
pressure on pseudo-boiling of sCO2 are also discussed. This work is 
meaningful to guide the safety design of horizontal heat exchanger such 
as parabolic trough solar receiver using sCO2.

2. Mathematical model and calculation method

2.1. Physical model and grid generation

Fig. 1 shows the physical model of sCO2 flow in the horizontal tube 
under uniform heating. The tube geometrical parameters remain the 
same as those of the experiment section in our previous investigation 
[45]. The horizontal tube is divided into three parts, including the inlet 
adiabatic section, heating section and outlet adiabatic section (see 
Fig. 1a). The length of the heating section is 3200 mm. The length of the 
inlet adiabatic section is 600 mm to ensure full development of sCO2 
before the heating section. The length of the outlet adiabatic section is 
also 600 mm to ensure the flow steady of sCO2 at the outlet of the 

Nomenclature

cp specific heat capacity (J/kgK)
d inner diameter of the tube (m)
dout outer diameter of the tube (m)
G mass flux (kg/m2s)
g gravitational acceleration (m/s2)
h heat transfer coefficient (W/m2K)
i enthalpy (kJ/kg)
k Turbulent energy (m2/s2)
K non-dimensional number K,
m mass flow rate (kg/s)
P pressure (Pa)
ΔP pressure drop (Pa)
Pr Prandtl number
qw heat flux (W/m2)
SBO Supercritical boiling number
T temperature (K)
T- the onset of pseudo-boiling temperature (K)
T+ the termination of pseudo-boiling temperature (K)
t time (s)
ΔT wall temperature difference (K)
ΔV volume change (m3)
y distance to the inner wall (m)
z test tube length (m)

Greek symbol
δ Vapor-like film thickness (m)
λ thermal conductivity (W/m⋅K)

μ kinematic viscosity (Pa⋅s)
θ angle (◦)
ρ density (kg/m3)

Subscript
b bulk fluid
bot bottom generatrix
exp experimental data
fg latent heat of evaporation
in inlet
Í inertia
l liquid
Mʹ momentum
out outlet
pc pseudo-critical
pre simulated value
top top generatrix
v vapor
wo outer wall condition
wi inner wall condition

Abbreviation
HTD Heat transfer deterioration
LL liquid-like
NHT Normal heat transfer
sCO2 supercritical carbon dioxide
TPL two-phase-like
VL vapor-like
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heating section. The flow direction is defined as z coordinate. The co
ordinate origin z=0 is at the inlet of the heating section. The tube’s inner 
diameter and outer diameter are d=10 mm and dout=14 mm, respec
tively (see Fig. 1b). The circumferential direction of the tube is defined 
as θ coordinate. θ =0ο and θ =180ο mean the top generatrix and bottom 
generatrix of the horizontal tube, respectively.

The three-dimensional model of the horizontal tube is meshed by 
ANSYS ICEM, using a structured hexahedral grid. The axial grids are 
uniform with the length of 20 mm. In order to increase the mesh quality 
and improve the calculation accuracy, the cross-section is divided by "O- 
shaped" grids (see Fig. 1c). The computing domain consists of two parts: 
fluid domain and solid domain. In order to obtain a better simulation 
effect, the mesh at the fluid-solid interface is refined. The thickness of 
the first layer of mesh is 10− 7 m, and the growth ratio is 1.1 to ensure the 
dimensionless height of the first layer of mesh y+<1 [48,49].

2.2. The governing equations

The three-dimensional steady flow and heat transfer of sCO2 in the 
horizontal tube is simulated by ANSYS Fluent 19.2 software. The gov
erning equations solved by finite volume method are as follows [50]:

Mass conservation equation 

∂
∂xi

(ρui) = 0 (1) 

Momentum conservation equation 

∂
(
ρuiuj

)

∂xj
= −

∂P
∂xi

+
∂

∂xj

[

(μ+ μt)

(
∂ui

∂xj
+

∂uj

∂xi
−

2
3

δij
∂uk

∂xk

)]

+ ρgi (2) 

Energy conservation equation 

∂
(
ρuicpT

)

∂xi
=

∂
∂xi

[

cp

(
μ
Pr

+
μt

Prt

)
∂T
∂xi

]

(3) 

where P and T are the pressure and temperature of fluid bulk, respec
tively. The physical properties of ρ, μ, cp, Pr are the density, viscosity, 
specific heat, Prandtl number according to P and T. The parameters of μt 
and Prt are the turbulent viscosity and the turbulent Prandtl number. 
The parameter u is flow velocity and g is gravitational acceleration, 

respectively.
The numerical simulation accuracy of supercritical flow and heat 

transfer depends strongly on the turbulence model. According to the 
previous investigations [37,51–53], the shear stress transport SST k-ω 
model produces a more accurate prediction than other turbulence 
models. The SST k-ω transport equations are described as follows [54].

Turbulent kinetic energy equation 

∂(ρμik)
∂xi

=
∂

∂xj

[

Γk
∂k
∂xj

]

+ Gk − Yk (4) 

Specific dissipation rate equation 

∂(ρuiω)

∂xi
=

∂
∂xj

[

Γω
∂ω
∂xj

]

+ Gω − Yω + Dω (5) 

Further details about the variables and constants in Eqs. (4) and (5)
can refer to the comprehensive discussion in Ref [54].

The all equations above only involve the fluid domain. For the solid 
domain, the Fourier’s law of thermal conductivity equation is utilized, 
which is expressed as follows [55] 

∂
∂xj

(

λs
∂T
∂xj

)

+ Φ = 0 (6) 

where λs is the thermal conductivity of solid material. Φ represents the 
heat generation term, W/m3.

2.3. Boundary conditions and solution

The physical properties of CO2 are obtained from REFPROP NIST 9.1 
[56]. The tube inlet is modeled using a mass flux condition, while the 
tube outlet is set as an outflow boundary. For the heating section of 
horizontal tube, a uniform heat flux applies on the solid outer wall. At 
the fluid-solid interface, the temperature and heat flux are continuous 
with no-slip condition: 

Tf = Ts (7) 

λs
∂T
∂n

= λf
∂T
∂n

(8) 

Fig. 1. Physical model and computational grid adopted in the numerical simulation: (a) Physical model; (b) Schematic of the inlet section; (c) Mesh configuration of 
cross section.
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where subscripts of f and s represent fluid and solid, respectively.
The governing equations are discretized using the finite volume 

method. To enhance the accuracy of the calculations, a second-order 
upwind differencing scheme is employed. The pressure-velocity 
coupling is solved using the SIMPLEC algorithm. Convergence is iden
tified when the residual curves stabilize and the monitored outlet tem
perature curve approaches a steady state. The relative residuals for the 
mass and momentum transport equations are set to 10− 3, while the 
relative residual for the energy transport equation is set to 10− 9.

2.4. Parameter definition

The main parameters employed in the present work are defined as 
follows. The heating power Q is calculated by 

Q = m(iout − iin) (9) 

where iin and iout represents the inlet and outlet local fluid enthalpy, m is 
the mass flow rate.

The heat flux on the inner wall of the horizontal tube is as follows: 

qw,ave =
Q

πdinz2
(10) 

The calculation of the local heat transfer coefficient in a horizontal 
tube is defined as 

h =
qw,ave

Twi − Tb
(11) 

The calculation of the temperature of fluid bulk is performed as 
follows: 

Tb =

∫

A
ρucpTdA
∫

A
ρucpdA

(12) 

The enthalpy value of fluid bulk is 

ib =

∫

A
ρuidA
∫

A
ρudA

(13) 

2.5. Validation of grid independence

To ensure the validity and accuracy of the simulated results, grid 
independence analysis is performed. The heat transfer coefficient at the 
top of the tube (htop) and the heat transfer coefficient at the bottom of 
the tube (hbot) under five different grid systems are calculated. Table 1
shows the results of grid independence analysis for both G=300 kg/m2/s 
and G=700 kg/m2/s, which are minimum and maximum flow rate in our 
simulation investigation, respectively. Considering the balance between 
computational efficiency and result accuracy, the final decision was 
made to utilize 2.55×106 grids for the simulation calculations.

2.6. Model validation

The experimental data from Ref [45,46]. are selected to validate the 

numerical simulation. The all geometric parameters of heating hori
zontal tubes are the same between the experiment and simulation. Fig. 2
shows the model validation result of outer wall temperature along the 
top and bottom generatrixes of the horizontal tube under various 
operating conditions. Fig. 2a and Fig. 2b are NHT cases and Fig. 2c is the 
HTD case. For both NHT and HTD cases, the simulated curves behave a 
similar trend to the dots of experimental data along the flow direction. 
For quantitative analysis, the mean relative error eA between the simu
lated values and experimental data is defined as 

eA =
1
n
∑n

i=1
ei × 100% (14) 

The error at a location of z is ei=(Two, pre–Two, exp)/Two, exp, where 
Two, pre and Two, exp are simulated value and experimental data of outer 
wall temperature, respectively. As a result, the maximum average de
viation eA is only 3.13%. The model validation of pressure drop ΔP 
under various operating conditions is also performed in Fig. 3. The mean 
relative error eA between the simulated values and experimental data is 
also less than 3.82%. Thus, the numerical model employed in this study 
is reliable.

3. Results and discussion

3.1. Heat transfer performance of sCO2 in horizontal tube

The heat transfer performance of sCO2 in horizontal tubes is of sig
nificant concern for the safety design of heat exchangers such as para
bolic trough solar receivers. Fig. 4 shows the variation of temperature 
and heat transfer coefficient along the flow direction under different 
heat flux at P=8 MPa, G=300 kg/m2s. For low heat flux of qw=70 kW/ 
m2, the wall temperatures rise gradually along the flow direction, per
forming normal heat transfer NHT (see Fig. 4a). However, for high heat 
flux of qw=210 kW/m2, the wall temperatures along the flow direction 
exhibit a noticeable peak, inducing heat transfer deterioration HTD. The 
maximum value of wall temperature overshoot reaches 114.2 οC (see 
point A in Fig. 4b). For both NHT and HTD cases in horizontal tube, the 
wall temperatures at the top generatrix Twi, top are always higher than 
those at the bottom generatrix Twi, bot. The maximal temperature dif
ference ΔT between Twi, top and Twi, bot is 34.1 οC for the NHT case. 
Seriously, the maximal ΔT reaches 138.7 οC for the HTD case. In sum
mary, HTD in horizontal tubes induces not only wall temperature 
overshoot in the flow direction, but also serious wall temperature non- 
uniformity in the circumferential direction.

According to the wall temperatures Twi and fluid bulk temperatures 
Tb, the local heat transfer coefficients at the top generatrix htop and these 
at the bottom generatrix hbot along the flow direction are calculated. 
Overall, hbot is always larger than htop (see Fig. 4c and Fig. 4d). For the 
NHT case under qw=70 kW/m2, the heat transfer coefficient at top 
generatrix htop decreases continuously along the flow direction (see 
Fig. 4c). However, the heat transfer coefficient at top generatrix htop 
increases first and then reduces along the flow direction. The maximum 
value of h is obtained near the location where the fluid bulk temperature 
Tb achieves pseudo-critical temperature Tpc. For the HTD case under 
qw=210 kW/m2, both htop and hbot decrease first and then rise along the 

Table 1 
Grid independence analysis (P=8 MPa, qw=70 kW/m2).

G=300 kg/m2/s G=700 kg/m2/s

Grid number (106) ht 

(W/m2K)
hb 

(W/m2K)
et 

(%)
eb 

(%)
ht 

(W/m2K)
hb 

(W/m2K)
et 

(%)
eb 

(%)

0.62 516.04 720.79 2.77 2.87 3097.07 5370.15 3.08 2.92
1.46 518.81 724.96 2.24 2.31 3135.69 5400.31 1.87 2.37
2.55 521.61 729.18 1.72 1.74 3174.31 5488.47 0.66 0.78
3.10 521.73 729.38 1.70 1.72 3179.66 5491.23 0.59 0.73
3.84 530.75 742.15 0 0 3195.47 5531.84 0 0
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flow direction (see Fig. 4d). What is more, the turning point is also near 
the location where Tb=Tpc.

3.2. Phase distribution of sCO2 in cross-section

In brief, the variations of temperature and heat transfer coefficient 
are different at the top and bottom generatrix. They are also different 
under NHT and HTD cases. To explain the complex heat transfer per
formance of sCO2 in the horizontal tube shown in Fig. 4, the promising 

method based on the pseudo-boiling concept is performed here. The 
most important issue is to identify the inhomogeneous structure distri
bution of supercritical fluid in horizontal tubes, including vapor-like 
(VL), liquid-like (LL) and two phase-like (TPL) [25]. Different from 
subcritical boiling, supercritical pseudo-boiling has two pseudo-boiling 
points under constant pressure, involving a starting temperature T −

and an ending temperature T +. The supercritical fluid bulk behaves LL 
structure when its temperature is below T − , and fluid bulk changes to 
VL structure when its temperature is larger than T +.

Fig. 5 shows the thermodynamic method to determine the temper
atures of T − and T+ [24]. Taking sCO2 at P=8 MPa as an example (see 
Fig. 5a), the black curve presents the variation of specific enthalpy i 
versus temperature T based on NIST standard reference database 
(version 9.0) [56]. The two red straight lines are asymptotes of the black 
i-T curve. The top asymptote named iG-asy-T line is for the ideal gas-phase 
and the bottom asymptote named iL-asy-T line is for the ideal 
liquid-phase, respectively. The blue line is the tangent line of the black 
i-T curve. The tangency point is just pseudo-critical point with coordi
nate position of (Tpc, ipc), which is marked as the black solid dot in 
Fig. 5a. The blue tangent line and the red asymptote of iL-asy-T intersect 
at the point B to determine T− . The blue tangent line and the red 
asymptote of iG-asy-T intersect at point C to determine T +. It is worth 
noting that there are T − and T + for each supercritical pressure. Fig. 5b
shows the black curve of P-T − and the blue curve of P-T + to generate the 
phase diagram of sCO2. Three regimes of LL, TPL and VL are identified in 

Fig. 3. Model validation result of pressure drop ΔP (the hollow dots are 
simulated values and the solid dots are experimental data from Ref. [46]).

Fig. 2. Model validation result of the outer wall temperature Two along the flow 
direction z (the curves are simulated values and the dots are experimental data, 
experimental data in (a) are from Ref. [45], experimental data in (b) and (c) are 
from Ref. [46]).
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Fig. 5. Thermodynamic behavior of Supercritical CO2: (a) Calculation method for pseudo-boiling temperatures T- and T+ based on Ref. [24]; (b) P-T phase diagram 
for CO2.

Fig. 4. Variation of the temperature and heat transfer coefficient along the flow direction under different heat flux (P=8 MPa, G=300 kg/m2s): (a) and (c) are normal 
heat transfer NHT case under heat flux of 70 kw/m2; (b) and (d) are heat transfer deterioration HTD case under heat flux of 210 kw/m2.
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the phase diagram with T<T− , T− <T<T+ and T>T+, which are analo
gous to liquid, two-phase and vapor in subcritical pressure, respectively.

The phase diagram in Fig. 5b provides an important method to 
identify the inhomogeneous structures of supercritical fluid in hori
zontal tubes. The phase distribution is just based on pressure and tem
perature fields, which is easy to obtain by numerical simulation. Fig. 6

shows the temperature field of the tube wall and phase distribution of 
supercritical fluid bulk in the horizontal tube at the cross-section of z/ 
d=30, where the wall temperature overshoot reaches a maximum value 
for HTD case at P=8 MPa, G=300 kg/m2s, qw=210 kW/m2 (see point A 
in Fig. 4b). Heated by the tube, the fluid near the tube wall behaves with 
rising temperature to reach T + firstly, generating VL film with low heat 

Fig. 7. Variations of heat transfer coefficient, phase distribution and physical properties along the flow direction at the top of the horizontal tube (P=8 MPa, G=300 
kg/m2s): (a), (c) and (e) are NHT case; (b), (d) and (f) are HTD case.

Fig. 6. Temperature fields and phase distributions at the cross section of z/d=30: (a) NHT case; (b) HTD case.
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conductivity coefficient (see cyan region in Fig. 6). Fig. 6 shows that the 
thickness of VL film on tube top is larger than that on tube bottom (δtop>

δbot) for both NHT and HTD cases. Thus, Twi, top> Twi, bot and hbot> htop 
in Fig. 4 is confirmed. Compared with NHT, the HTD case behaves larger 
thickness of VL film, inducing higher wall temperature and lower heat 
transfer coefficient. Thus, Fig. 6 indicates that the VL film thickness is an 
important parameter in determining the supercritical heat transfer 
performance.

3.3. Phase distribution of sCO2 along the flow direction

Fig. 6 only gives the phase distribution of supercritical fluid bulk in 
the horizontal tube at one cross-section. Figs. 7 and 8 compare the phase 
distribution along the flow direction with the variation tendency of heat 
transfer performance along the flow direction. It confirms that VL film 
thickness is the main parameter to determine the supercritical heat 
transfer performance. In addition, the effects of the thermal conductivity 
of the VL film and the heat capacity of the fluid bulk cannot be ignored in 
some regions and working conditions.

Fig. 7 shows the phase distribution of supercritical fluid bulk at the 
top of horizontal tube. It is found that the VL film thickness ytop increases 
along the flow direction until it reaches tube radius ri. In the upstream 

region with ytop/ri<1, the heat transfer coefficients htop decrease along 
the flow direction for both NHT and HTD cases. It is attributed to the 
rising VL film thickness ytop along the flow direction (see Fig. 7a− d). 
However, in the downstream region with ytop/ri=1, the variation ten
dency of htop along the flow direction is reversed between the NHT case 
and HTD case. In such regions, thermal conductivity λVL instead of VL 
film thickness ytop controls the heat transfer performance. For super
critical fluid, there exists a critical temperature value Tc to distinguish 
different variation tendency of λVL versus T [57]. For example, such 
critical temperature is Tc=335.2 K at P=8 MPa. For NHT case, the fluid 
is heated to low temperature with Tpc<T<Tc, λVL decreases with rising T 
and z/d (see Fig. 7e). Thus, htop still decreases along the flow direction in 
the downstream region (see Fig. 7a). However, for HTD case, the fluid is 
heated to high temperature with T>Tc, λVL increases with rising T and 
z/d (see Fig. 7f). As a result, htop rises along the flow direction in the 
downstream region (see Fig. 7b).

Fig. 8 shows the phase distribution of supercritical fluid bulk at the 
bottom of the horizontal tube. For the NHT case, the thickness of VL film 
on the tube bottom ybot keeps much smaller before z/d<100. In such 
regions, the effect of ybot on heat transfer coefficient hbot is weakened. 
Instead, the specific heat capacity cp controls the variation tendency of 
hbot along the flow direction, which was also reported in previous 

Fig. 8. Variations of heat transfer coefficient, phase distribution and physical properties along the flow direction at the bottom of the horizontal tube (P=8 MPa, 
G=300 kg/m2s): (a), (c), (e) and (g)are NHT case; (b), (d), (f) and (h)are HTD case.
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investigations [58,59]. Except for the above region with ultrathin VL 
film for the NHT case, the variation tendency of hbot along the flow di
rection is determined by ybot at upstream and λVL at downstream, 
respectively. The result and mechanism are similar to those shown in 
Fig. 7.

3.4. Supercritical K number to determine VL layer thickness

Figs. 6–8 indicates that VL film thickness is the main parameter to 
determine the supercritical heat transfer performance near the pseudo- 
critical condition. To explore the influence factors on VL film thick
ness, analogical analysis is performed between subcritical and super
critical heat transfer (See Fig. 9). For subcritical boiling, a vapor blanket 
generated on the heating wall from the coalescence of various bubbles 
can trigger the wall temperature overshoot and heat transfer deterio
ration HTD. To prevent HTD, vapor bubbles are desired to detach from 
the heating wall with small size. The bubble detachment size is deter
mined by the competition between inertial force and evaporation mo
mentum force. See Fig. 9a, the inertial force drives the bubble away from 
the wall, which is expressed as 

FÍ =
G2D

ρl
(15) 

where G is the mass flux, D is the bubble diameter and ρl is the liquid 
density, respectively.

On the contrary, the evaporation momentum force is proposed by S. 
G. Kandlikar [60] to characterize the force to keep bubbles on the wall. 
During the boiling from t to t+Δt, the bubble volume expands ΔV with 
mass transfer from liquid to vapor, inducing compression of the sur
rounding liquid (see Fig. 9b). According to the action-reaction principle, 
the bubble is pressed on the wall by the evaporation momentum force, 
which is 

FMʹv =

(
qw

ifg

)2 D
ρv

(16) 

Fig. 9. K number reflects the competition between evaporation induced momentum force and inertia force. (a) and (b) for subcritical boiling; (c) and (d) for su
percritical pseudo-boiling.

Fig. 10. Effect of different mass fluxes on heat transfer along the flow direction 
at the tube bottom (P=8 MPa, qw=210 kW/m2, θ=180ο). (a) Variation of su
percritical Kbot number with z/d; (b) Variation of vapor-like film thickness δbot 
with z/d; (c) Variation of inner wall temperature Twi, bot with z/d.
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where qw is the heat flux, ifg is the latent heat of evaporation, ρv is the 
density of vapor, respectively. To characterize the competition between 
evaporation momentum force and inertial force, the dimensionless K 
number is proposed, which is expressed as 

K =
FMʹv

FIʹ
=

(
qw

Gifg

)2 ρl

ρv
(17) 

A larger K number means evaporation momentum force overcomes 
inertial force to yield larger bubble detachment size, creating more risk 
of vapor blanket and HTD.

The previous investigations have proved that there is a lot of simi
larity between subcritical boiling and supercritical pseudo-boiling [25,
44]. Thus, Fig. 9c and Fig. 9d describe the inertial force and evaporation 
momentum force on the VL film, respectively. The supercritical K 
number is proposed to characterize the thickness of VL film δ, consid
ering competition between evaporation momentum force and inertial 
force comprehensively. Based on analogical analysis, the supercritical K 
number may be 

K =
( qw

GΔi

)2ρT−

ρT+

(18) 

where Δi is the pseudo-boiling enthalpy: [25] 

Δi =
∫ T+

T−

cpdT = i(T+) − i(T− ) (19) 

In Eq. (19), ρT− and ρT+are the liquid-like density at T− and vapor-like 
density at T+, respectively. The starting temperature T− and ending 
temperature T+ of supercritical pseudo-boiling defined in Fig. 5 is only 
determined by pressure. Thus, the supercritical K number defined in Eq. 
(19) remains almost constant for a case with set inlet pressure. It cannot 
characterize the change of VL film thickness along the flow direction and 
circumferential direction. In fact, different from the constant tempera
ture in the vapor bubble for subcritical boiling, the temperature in su
percritical VL film changes with Tw. Thus, the vapor-like density is better 
to be characterized with Tw. The supercritical K number is modified as 
follows: 

K =
( qw

GΔi

)2ρT−

ρTw

(20) 

The supercritical K number in Eq. (20) can not only characterize the 
3D changes of VL film thickness in the horizontal tube, but also reveal 
the HTD mechanism and influencing factors. For example, the super
critical K number increases with the rising heat flux qw. As a result, the 
evaporation momentum force overcomes the inertial force to yield a 

Fig. 11. Effect of different mass fluxes on circumferential heat transfer (P=8 MPa, qw=210 kW/m2): (a) Circumferential variation of supercritical K number; (b) 
Circumferential variation of vapor-like film thickness δ; (c) Circumferential variation of inner wall temperature Twi; (d) Effect of different mass fluxes on ΔT.
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thicker VL film. Thus, the HTD case occurs under high heat flux. It is 
logical and agrees well with the phase distribution in Fig. 6. More 
analysis of the supercritical K number on HTD mechanism is performed 
in the next section.

3.5. The effect of mass flux

HTD in horizontal tube induces not only wall temperature overshoot 
in the flow direction, but also serious wall temperature non-uniformity 
in the circumferential direction (see Fig. 4). It confirms that VL film 
thickness characterized by the supercritical K number is the key 
parameter to determine the supercritical heat transfer performance (see 
Figs. 6− 8). Here, the influences of main operating condition parameters 
on HTD are analyzed based on the supercritical K number. Figs. 10–11
involve the effect of mass flux G and Figs. 12–13 involve the effect of 
pressure P, respectively.

According to Eq. (20), increasing mass flux G raises the inertia force 
to compete against evaporation momentum force, yielding smaller su
percritical K number (see Fig. 10a). Correspondingly, the value of VL 
film thickness δ decreases and variation of δ with flow direction becomes 
smooth (see Fig. 10b). It means the supercritical heat transfer is 
enhanced. As a result, rising G decreases the wall temperature value Twi 
and eliminates the wall temperature overshoot in flow direction (see 
Fig. 10c).

In addition, the effect of mass flux is similar between the flow di
rection and circumferential direction. In the circumferential direction, 
the variations trends of supercritical K, δ and Twi are the same. See 
Fig. 11a− c, with increasing θ from top to bottom of horizontal tube, the 
wall temperature value Twi decreases due to reducing supercritical K 
number and VL film thickness δ. What is more, the difference of super
critical K number between the top generatrix (θ=0ο) and bottom 
generatrix (θ=180ο) decrease with rising G. As a result, temperature 
difference ΔT between the top generatrix (θ=0ο) and bottom generatrix 
(θ=180ο) becomes smaller under lager G (see Fig. 11d). Thus, increasing 
mass flux is the effective method to repress the wall temperature over
shoot and non-uniformity induced by HTD.

3.6. The effect of pressure

It is noted that the all results above are obtained under the pressure 
of 8 MPa, which is approaching the critical pressure. To improve system 
efficiency, heat exchangers may operate under higher pressure. Thus, it 
is necessary to discuss the effect of pressure on supercritical heat transfer 
performance. It is known that the pseudo-boiling enthalpy Δi increases 
with rising pressure P [61]. According to Eq. (20), the supercritical K 
number reduces with increasing pressure P (see Fig. 12a), yielding 
thinner VL film and lower wall temperature (see Fig. 12b− c). What is 
more, the temperature overshoot along the flow direction is also elim
inated by raising the pressure (see Fig. 12c).

In the circumferential direction(see Fig. 13a–c), the higher pressure 
P always induces a smaller supercritical K number, thinner VL film and 
lower wall temperature from the top generatrix (θ=0ο) to the bottom 
generatrix (θ=180ο). However, both the supercritical K number and the 
temperature difference ΔT between the top generatrix (θ=0ο) and bot
tom generatrix (θ=180ο) change slightly with different pressure P from 8 
MPa to 12 MPa (see Fig. 13d). Thus, increasing pressure only reduces 
wall temperature overshoot inducing by HTD but has a weak impact on 
wall temperature non-uniformity.

4. Conclusions

Heat transfer of sCO2 in horizontal tube is investigated numerically. 
The pressure, mass flux and heat flux ranges are 8− 12 MPa, 300− 700 
kg/m2s, 70− 210 kW/m2, respectively. The mechanism and influence 
factors of heat transfer deterioration (HTD) are discussed based on 
pseudo-boiling theory. The main conclusions are summarized as follows. 

• 3D phase distribution of supercritical fluid in a heated horizontal 
tube is obtained. Three regions are divided by the starting temper
ature T− and ending temperature T+ of supercritical pseudo-boiling, 
including the liquid-like (LL) core, transitional two phase-like (TPL) 
and vapor-like (VL) layer on the tube wall.

• It confirms that VL film thickness characterized by supercritical K 
number is the key parameter to determine the supercritical heat 
transfer performance near the pseudo-critical condition. Under high 
heat flux, a large supercritical K number with overwhelming evap
oration momentum force to inertia force on VL film induces HTD.

• HTD in horizontal tube induces not only wall temperature overshoot 
in the flow direction, but also serious wall temperature non- 
uniformity in the circumferential direction. The maximal overshoot 
and circumferential difference of wall temperature reaches 114.2 οC 
and 138.7 οC, respectively.

• Increasing mass flux raises the inertia force to compete against the 
evaporation momentum force, yielding a smaller supercritical K 
number and thinner VL film. It is an effective method to repress both 

Fig. 12. Effect of different pressures on heat transfer along the flow direction at 
the tube bottom (G=300 kg/m2s, qw=210 kW/m2, θ=180ο). (a) Variation of 
supercritical Kbot number with z/d; (b) Variation of vapor-like film thickness 
δbot with z/d; (c) Variation of inner wall temperature Twi, bot with z/d.
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the overshoot and non-uniformity of wall temperature induced by 
HTD.

• Rising pressure increases the pseudo-boiling enthalpy to reduce the 
supercritical K number and VL film thickness. It only reduces wall 
temperature value but has a weak impact on wall temperature non- 
uniformity.
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