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Heat transfer characteristics of near-pseudocritical nitrogen in vertical 
small tubes—a new empirical correlation 

Yi Wang, Tiejun Lu, Ren Yang, Adriano Sciacovelli, Yulong Ding, Yongliang Li * 

School of Chemical Engineering, University of Birmingham, Birmingham, B15 2TT, UK   

A R T I C L E  I N F O   
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A B S T R A C T   

This experimental study aims to investigate the characteristics of supercritical nitrogen (N2) internal flow 
convective heat transfer. A series of heat transfer experiments were conducted with N2 flowing upwardly in a 
uniformly heated vertical circular bare stainless steel tube (4.57 mm ID) under pressures of 3.5 and 4 MPa that 
beyond its critical pressure (3.4 MPa), mass fluxes of 27.9, 38.1, 50.8 kg/m2-s, and heat fluxes of 8.1, 9.3, 11.2 
kW/m2, respectively. Experimental results demonstrate that supercritical N2 behaves similarly as other super-
critical fluids such as water and CO2, both thermally and hydrodynamically, when transforming from subcritical 
to supercritical conditions in a heated vertical tube. In the vicinity of pseudo-critical point, the local convective 
heat transfer coefficient of N2 first elevated to a maximum peak value and then deteriorated as the fluid tem-
perature becomes higher than pseudo-critical temperature. In general, the convective heat transfer coefficient 
increases with mass flux due to enhanced turbulence but decreased with pressure and heat flux, which can be 
attributed to the unique thermo-physical property variations of N2 near its pseudo-critical point. Furthermore, a 
new heat transfer correlation has been developed in this study exclusively for internal flow convective heat 
transfer of supercritical N2 flowing upwardly in a small circular bare tube based on the experimental results. It 
has been shown that the newly proposed heat transfer correlation can well predict, within ±15%, the corre-
sponding heat transfer data of supercritical N2 while the heat transfer correlations in the literature constructed 
for other supercritical fluids (e.g. water and CO2) fail to do so. The new correlation inherits the basic form of 
Dittus-Boelter correlation, but takes extra considerations of fluid thermo-physical property differences between 
the heated tube wall and bulk fluid core and uses Eckert number to divide the whole heat transfer process into 
three regions around the pseudo-critical point. The results of this study also suggest that the research on internal 
flow convective heat transfer of supercritical N2 (e.g. continue to perfect the heat transfer correlation) should not 
stop and a more complete database covering a wider range of experimental conditions is needed to prepare the 
future blossom of supercritical N2 as one of the primary cryogenic heat transfer fluids.   

1. Introduction 

A supercritical fluid is a fluid whose temperature and pressure are 
beyond the critical values, and as a result, distinct vapor and liquid 
phases will no longer exist in the fluid. Thermo-physical properties of 
supercritical fluids, such as specific heat, thermal conductivity, density 
and viscosity significantly change as the fluids transform from subcrit-
ical to supercritical. Consequently, supercritical fluids can effuse 
through porous solids like a gas, breaking the mass transfer limitations 
for liquid transporting pass such materials. In addition, when close to the 
pseudo-critical point, small adjustments in pressure or temperature may 
lead to dramatic variations in fluid’s thermo-physical properties, 

allowing the properties of the supercritical fluid to be fine-tuned ac-
cording to desired applications. Hence, the relevance of supercritical 
fluid has been rising in many important fields due to their unique 
thermodynamic and rheological properties. For example, supercritical 
fluids have been employed as the energy carriers in advanced power 
cycles [1–3]; supercritical fluids have been applied to facilitate material 
processing for fuel cells [4–6]; supercritical fluids such as supercritical 
helium and nitrogen have had huge impacts on the development of 
cryogenic technology [7,8,13]. Accordingly, the internal flow convec-
tive heat transfer of supercritical fluid has drawn many attentions from 
researchers. Experimental studies have been carried out investigating 
the in-tube heat transfer characteristics of supercritical fluids (e.g. water 
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and CO2) [10,14,17], correlations have been built to characterize the 
internal flow heat transfer behaviors of supercritical fluids [20–22] and 
numerical simulations have been conducted also to further understand 
internal flow heat transfer of supercritical fluids [9,24–26]. 

In terms of the type of supercritical fluid, the focus on supercritical 
N2 internal flow heat transfer has not been as much as on supercritical 
CO2 [2,3,14–16,25,26] and water [10–13,21,24]. One possible reason 
might be supercritical N2 is usually in much lower temperatures (e.g. ~ 
− 147 ◦C), which is experimentally and practically more difficult to be 
dealt with. However, the lack of studies in internal flow convective heat 
transfer of supercritical N2 does not conform to the current trend of 
supercritical N2 becoming to play more important roles as a promising 
cryogenic heat transfer fluid in applications such as liquid air liquefac-
tion and superconducting transition [18,23]. Only limited number of 
studies about supercritical N2 internal flow convective heat transfer can 
be found in the literature. Dimitrov et al. [17] experimentally evaluated 
forced convective heat transfer to supercritical N2 in a vertical circular 
tube with various mass flow rates, inlet temperatures and heat fluxes. It 
was pointed out that the heat transfer coefficient (HTC) of N2 first 
increased and then hit a maximum peak before starting to decrease to 
the end of the test section. Zhang et al. [18] both experimentally and 
numerically investigated the flow and heat transfer behaviors of su-
percritical N2 in a small vertical circular tube at different heat flux, mass 
flux and inlet fluid temperature conditions. It was suggested that the 
local HTC of N2 was considerably dependent on the effects of 
thermo-physical property variation and buoyancy force, while the 
impact of flow acceleration could be neglected. It was also shown that 
the Dittus-Boelter correlation [27] and Yoon correlation [28] failed to 
predict the experimental N2 heat transfer data mainly due to the lack of 
considering the buoyancy effect. Tatsumoto et al. [19] looked into the 
forced convection heat transfer of subcooled liquid N2 in a heated ver-
tical tube through experiments. It was claimed that a newly proposed 
Nusselt number correlation obtained by modifying the Dittus-Boelter 
correlation could correlate the experimental data of not only 
non-cryogenic supercritical fluids like water and CO2 but also cryogenic 
supercritical fluids like helium and nitrogen. Negoescu et al. [9] 
numerically studied the convective heat transfer of supercritical N2 
flowing vertically in a circular tube at a series of mass flux, heat flux and 
pressure conditions. A remarkable HTC peak was observed near the 
fluid’s pseudo-critical point at a system pressure (3.5 MPa) closer to the 
supercritical pressure of N2 (3.4 MPa), but not at a pressure further away 
(7 MPa) since the N2 thermo-physical properties vary much less signif-
icant without outstanding peak values for properties like specific heat 
and thermal conductivity. 

Furthermore, as it may be known, having well-established correla-
tions is essential to a new heat transfer study, no matter experimental or 
numerical, because the correlations can be used as references for com-
parison to validate new data and also guide relevant discussions to 
reveal the true mechanisms behind physical phenomena. Correlations 
have been developed for in-tube convective heat transfer of supercritical 
fluids, originated either from the Dittus-Boelter correlation [27] or 
Gnielinski’s correlation [38,39]. The Dittus-Boelter correlation is 
defined as follows, 

Nu =
h • d
k

= 0.023 • Re0.8 • Pr0.4 (1)  

where h, d, Nu, k, Re, Pr are convective heat transfer coefficient, tube 
inner diameter, Nusselt number, fluid thermal conductivity, Reynolds 
number and Prandtl number of the fluid, respectively. 

The Gnielinski correlation is defined as follows, 

Nu=
(ξ0/8) • Re • Pr

1.07 + 12.7 •
̅̅̅̅̅̅̅̅̅
ξ0/8

√
•
(
Pr2/3 − 1

)

ξ0 = [1.82 • log10(Re) − 1.64]− 2 (2) 

Tables A1 and A2 selectively summarize the most representative 
correlations for supercritical fluids in-tube heat transfer under the form 
of Dittus-Boelter correlation and Gnielinski’s correlation, respectively. 
As shown in the tables, most of the correlations keep the basic formats of 
either Dittus-Boelter or Gnielinski’s correlation but with a variety of 
modifications to further account for the additional effects from thermo- 
physical property variations and buoyancy force as the fluid tempera-
ture increases over pseudo-critical temperature. For instance, the tem-
perature difference between the fluid near the heated wall and the bulk 
fluid core as well as the corresponding thermo-physical property dif-
ferences have been taken into account by introducing wall-to-bulk ratios 
such as cp

cpb
, ρw
ρb

, μw
μb

, kw
kb 

to the basic forms of correlations [31,33,41–43]. 
Furthermore, there have been a few studies addressing the heat transfer 
of supercritical fluids separately in individual heat transfer regions 
based on the fluid phase conditions along the heated tube considering 
the thermo-physical properties significantly vary before, at and after the 
pseudo-critical points. Yamagata et al. [10] split the whole heat transfer 
process of supercritical water into three regions, fluid temperature 
lower, very close to and higher than the pseudo-critical temperature. 
Bae and Kim [34] broke the entire in-channel convective heat transfer 
process of supercritical CO2 according to the evolution of buoyancy ef-
fect by tracking the buoyancy number (Bu). Individual correlations were 
constructed respectively for different buoyancy number ranges and 
levels of buoyancy effects. However, despite of the fact that the number 
of available correlations is greater under the form of Dittus-Boelter 
correlation than the Gnielinski’s correlation, the two groups of corre-
lations are inherently similar. Both groups of correlations express the 
internal flow convective heat transfer of supercritical fluids in the forms 
of Reynolds number and Prandtl number considering momentum as well 
as energy diffusions. Nevertheless, by examining Tables A1 and A2, not 
even a single group of two correlations were built under the same 
operating conditions (i.e. type of fluid, pressure, mass flux, heat flux) 
and therefore, theoretically, it should not be expected that those cor-
relations would be able to fit the heat transfer data well from another 
research work under different testing conditions [33,37,40]. Based on 
the literature review, the ultimate generalization of heat transfer cor-
relation for supercritical fluid flowing in channel may not be achievable 
since each supercritical fluid has its own thermo-physical properties and 
operating ranges differing from other supercritical fluids. Therefore, it is 
reasonable and necessary to consider developing exclusive heat transfer 
correlation for individual supercritical fluid on a case by case basis. It 
can also be observed from the tables that all the correlations are either 
for supercritical CO2 or water. Indeed, very few correlations can be 
found in the literature that was solely created for internal flow 
convective heat transfer of supercritical N2, especially in small tubes 
(diameter <10 mm). As a result, Negoescu et al. [9], Zhang et al. [18], 
and Wang et al. [23] who previously studied on supercritical N2 heat 
transfer in small tubes had to compare their results with the 
Dittus-Boelter correlation which was originally developed for single 
phase flows at subcritical conditions and correlations developed for 
supercritical CO2 and water. Until very recently, Cheng et al. [47] pro-
posed a heat transfer correlation based on the experimental data of su-
percritical nitrogen in a heated vertical tube but with relatively large 
diameter (20 mm). 

Overall, supercritical nitrogen is an alternative cryogenic fluid which 
has promising potentials in e.g. cold energy recovery and storage [9] and 
superconducting transition [18]. However, the amount of available 
studies on supercritical nitrogen heat transfer is quite limited. The 
database of supercritical nitrogen heat transfer is far from complete and 
needs to be complemented by more empirical data and correlations. 
Therefore, it is very instructive to conduct further investigation on in-
ternal flow heat transfer of supercritical nitrogen. In this study, internal 
flow convective heat transfer experiments were carried out with N2 
transforming from subcritical to supercritical conditions and flowing 
upwardly in a uniformly heated small circular bare stainless steel tube 
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(4.57 mm ID). The diameter was selected for investigation based on 
relevant studies about supercritical fluids in literature, which is within 
the range of typical tube diameter in supercritical fluid power cycle 
applications [10,14,18]. The heat transfer experiments were carried out 
under a series of experimental conditions including pressures at 3.5, 4 
MPa, mass fluxes of 27.9, 38.1, 50.8 kg/m2-s and heat fluxes of 8.1, 9.3, 
11.2 kW/m2. The mass fluxes were chosen to ensure fluid flows in tur-
bulence regime. The heat fluxes were picked to restrict N2 conditions 
within the interested subcritical-to-supercritical heat transfer range. The 
two pressures were selected with one closer to the supercritical pressure 
of N2 (3.4 MPa) and one further away for comparison, considering the 
thermo-physical properties of N2 vary more dramatic at a pressure near 
its supercritical pressure. More specifically, Fig. 1 shows the 
thermo-physical properties of N2 as a function of temperature at the 
pressures of 3.5 and 4 MPa above its critical pressure of 3.4 MPa. It can 
be noticed from the figures that the thermo-physical properties of N2 
experience significant variations when changing from subcritical to su-
percritical conditions. At a certain temperature point, the specific heat 
and thermal conductivity of N2 have maximum peaks. That point cor-
responds to the maximum peak value of specific heat is called the fluid’s 
pseudo-critical point. As also shown in Fig. 1, the pseudo-critical 

temperature is lower and the thermo-physical property variations are 
more extraordinary at 3.5 MPa than 4 MPa as 3.5 MPa is closer to the 
critical pressure of N2 at 3.4 MPa. In present study, after the heat transfer 
characteristics of supercritical N2 was validated and comprehensively 
interpreted, a new group of heat transfer correlations was proposed for 
near-supercritical N2 flowing upwardly through a heated vertical cir-
cular plain tube. 

2. . Experimental set-up 

2.1. Experimental apparatus 

The convective heat transfer experiments of supercritical N2 in pre-
sent study were carried out using experimental apparatus shown in 
Fig. 2. Pressurized gas N2 was supplied to the system from two parallel 
gas cylinders. The flow rate of N2 was controlled by a pressure regulator 
while the flow rate reading was given by a flow meter sitting down-
stream of the system. The system pressure was regulated using a pres-
sure controller. A heat exchange coil chilled in a liquid nitrogen 
thermostatic bath (− 196 ◦C) was used to condense N2 from gas to liquid 
phase. The liquid phase N2 would enter a vertical oriented test tube and 

E
nt

ha
lp

y 
(k

J/
kg

), 
C

p 
(J

/g
-K

) 

Temperature ( C)(a)

T
he

rm
l c

on
du

ct
iv

ity
 (W

/m
-K

)

Temperature ( C)(b)

D
en

si
ty

 (g
/m

l)

Temperature ( C)(c) Temperature ( C)(d)

Fig. 1. Nitrogen properties below and beyond pseudo-critical points at supercritical pressures 3.5 and 4 MPa, respectively: (a) specific enthalpy and specific heat; (b) 
thermal conductivity; (c) density; (d) viscosity. 
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be heated under constant heat flux conditions when flowing past the 
tube. The test tube was placed in a vacuum perspex chamber to prevent 
heat losses. Two Type T thermocouples were installed to measure the 
inlet and outlet temperatures of the working fluid. The fluid temperature 
difference between the inlet and outlet of the test section was deliber-
ately managed to thoroughly cover the interested pseudo-critical tran-
sition and thermo-physical property variation region of the tested N2. 

The heat transfer test tube is further demonstrated in Fig. 2 (b). It has 
an inner diameter of 4.57 and outer diameter of 6.35 mm, respectively. 
A direct current power supply was used to provide electrical heating to 
the test tube. The constant heat flux condition was ensured for 560 mm 
of the tube. 27 T-type thermocouples (20 mm interval each) were evenly 
spread along the 560 mm test section to measure the axial wall tem-
perature distribution of the heated stainless steel tube under convective 
cooling. All thermocouples in the experimental system were connected 
to a Graphtec data logger for real-time data acquisition. Moreover, 
isothermal conditions were applied to a 47 mm of the test tube length 
after the inlet and 47 mm before the outlet. More details about the 
experimental system and heat transfer test section can be found in a 
previous study [23]. 

2.2. Experimental uncertainties and data reduction 

In internal flow heat transfer, heat transfer coefficient (HTC) quan-
tifies the convective heat transfer rate between a heated tube wall and 
the heat transfer fluid. The HTC of supercritical N2 undergoing pseudo- 
critical transition and flowing through the heated test tube is defined as 
follows: 

h=
q′′

(Tw − Tb)
(3)  

where q’‘, Tw, and Tb are the supplied heat flux at tube wall, tube inner 
wall temperature, and bulk fluid temperature, respectively. Notice local 
tube outer temperatures were measured through surface mounted 
thermocouples during experiments and Tw the tube inner wall temper-
ature can be approximately calculated using the 1-D heat conduction 
equation, 

q′′ = k •
(Tw − Touter)

(Δx)
(4)  

where k, Touter and Δx are the thermal conductivity of tube material (13 
W/m-K for stainless steel 316), tube outer wall temperature directly 
measured by thermocouples and tube wall thickness (0.89 mm), 
respectively. 

Fig. 2. (a) System schematic of supercritical nitrogen in-tube heat transfer experiments (b) Heat transfer test tube.  
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The actual heat flux values used in Eq. (3) for data reduction always 
took into account the heat losses of the experimental system, which was 
approximately 7% of the total input power, though the heat transfer test 
tube was placed in vacuum to prevent heat losses. The system heat loss 
was determined through power calibration experiments by comparing 
the actual input power from power supply and the enthalpy difference of 
test fluid between at the inlet and outlet of the test tube. The enthalpy 
difference was experimentally aquired based on the measured inlet and 
outlet fluid temperatures and N2 thermo-physical properties from the 
National Institute of Standards and Technology (NIST) database. The 
local fluid temperature Tb was obtained by looking up NIST N2 property 
table based on local N2 enthalpy, which was calculated as follows: 

Hlocal=Hin + 4 •
q′′

G
•
x
d

(5)  

where Hlocal, Hin, G, x, d are the local fluid enthalpy, fluid inlet enthalpy, 
fluid mass flux, axial location along the test tube length and the tube 
inner diameter, respectively. 

Furthermore, the sensors used for experimental measurements and 
their associated uncertainties were specified in Table 1. All the sensors 
were calibrated before the heat transfer experiments. For example, 
thermocouple readings were calibrated under both isothermal and 

heating/cooling temperature condtions. Thermocouple calibration 
equations were applied to each thermocouple reading for more accurate 
results. The uncertainty analysis of experimental results, mainly HTC 
values), was conducted following the multivariate propagation of error 
approach, as shown below in Eq. (6). The final experimental uncertainty 
values were reflected against HTC values of supercritical N2, indicated 
as error bars in Figs. 3–10 under the results section. 

σU =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂U
∂X1

)2

σ2
X1
+

(
∂U
∂X2

)2

σ2
X2
+ … +

(
∂U
∂Xn

)2

σ2
Xn

√

(6)  

where: U: given function of independent variables, U = U (X1, X2, … …, 
Xn) Xn: independent variable σXn: uncertainty associated with corre-
sponding independent variable, Xn σU: uncertainty associated with 
dependent variable U. 

3. Results and discussion 

3.1. The effects of pressure, heat flux and mass flux on heat transfer of N2 
transforming from subcritical to supercritical in a vertical tube 

Researchers have tried to understand internal flow convective heat 
transfer of supercritical fluids, mainly water and CO2, through the ef-
fects of pressure, heat flux and mass flux [9,11,14,18]. Thus, similarly in 
this study, the effects of pressure, heat flux and mass flux on the 
convective heat transfer characteristics of N2 transiting across the 
pseudo-critical point in a heated vertical small plain tube were experi-
mentally explored. The HTC results under conditions of different pres-
sures (3.5, 4 MPa), mass fluxes (27.9, 38.1, 50.8 kg/m2-s) and heat 
fluxes (8.1, 9.3, 11.2 kW/m2) are plotted against fluid specific enthalpy 
in Figs. 3–6, respectively. As the figures show, the HTCs of N2 first 
increased to a peak maximum and then significantly decreased with the 
fluid specific enthalpy for all considered experimental conditions, which 
follows the typical HTC trend of supercritical fluids near their 
pseudo-critical points [10,14,17]. The decrease in HTC for supercritical 
fluids is mainly due to the variations in fluid thermo-physical properties 
and the aggravated effect of buoyancy as distinct phase difference no 
longer exists and supercritical fluid behaves more like vapor at tem-
peratures above pseudo-critical temperature [15,18,44]. 

Moreover, it can be found in Figs. 3 and 4 that, under a same heat 

Table 1 
Measured variables, instruments and the associated uncertainties.  

Measured 
Parameters 

Uncertainties Instruments Specifications 
(Accuracies) 

Pressure ±0.005 MPa Alicat scientific pressure 
measuring and controller, 
PCH-100 PSIA 

±0.125% of read 
value 

Power ±1 W Elektro-Automatik 
Analogue, digital bench 
power supply, EA-PS 9080- 
120-2U 

<0.1% of read 
value 
<0.002 V 
<0.08 A 

T ±0.5 ◦C Thermon Ltd., type-T 
thermocouple 

±0.5 ◦C 

Flow rate ±0.3 L/min Omega, FMA-A2323 digital 
flowmeter 

±1% of full scale 
±0.3 SLM 

L ±1 mm SS316 stainless steel tube ±1 mm of length 
d ±0.1 mm SS316 stainless steel tube ±0.1 mm of 

diameter  
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Fig. 3. Heat transfer coefficients as a function of local N2 enthalpy at mass flux of 50.8 kg/m2-s for different pressures and heat fluxes.  
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flux and mass flux (e.g. 9.3 kW/m2 and 50.8 kg/m2-s or 8.1 kW/m2 and 
27.9 kg/m2-s), the HTC values are greater for the cases at 3.5 MPa 
pressure than 4 MPa, especially for the peak HTC values. Such result is 
consistent with other supercritical fluid studies [9,10,14]. The main 
explanation for this pressure-related phenomenon is the differences in 
N2 thermo-physical properties between 3.5 and 4 MPa as illustrated 
earlier in Fig. 1. The heat transfer characteristics of N2 near 
pseudo-critical point, i.e. Reynolds and Prandtl number, are governed by 
corresponding N2 thermo-physical properties. The specific heat and 
thermal conductivity of N2 are greater at 3.5 MPa than 4 MPa featuring a 
better thermal transport potential at 3.5 MPa. Also, N2 has a smaller 
viscosity at 3.5 MPa, which leads to a higher Reynolds number and 
thereby intensified turbulence for cases at 3.5 MPa when both 3.5 MPa 
and 4 MPa cases are under the same tube diameter and mass flux. The 
intensified turbulent benefits convective heat transfer of N2 and is 

another reason for higher HTCs at 3.5 MPa than 4 MPa. 
In addition, as indicated in Figs. 3 and 4, at a given mass flux and 

pressure (e.g. 3.5 MPa and 50.8 kg/m2-s or 4 MPa and 27.9 kg/m2-s), the 
HTC values increased as heat flux decreased (i.e. from 11.2 to 9.3 to 8.1 
kW/m2), which has also been observed in similar supercritical fluid 
studies [9,10,14]. This might be because the tube wall temperature is 
higher at higher heat fluxes leading to higher fluid temperatures near 
the tube wall (above pseudo-critical temperature). The supercritical 
fluid would behave more like vapor with lower thermal conductivity, 
specific heat, density and viscosity as its temperature continues to in-
crease above pseudo-critical temperature, which would result in exac-
erbated buoyancy effect and deteriorated heat transfer. In addition, as it 
can be seen in Fig. 1, the specific heat and thermal conductivity values of 
N2 significantly increase near its pseudo-critical point, which is desired 
for better heat transfer. However, the temporal and spatial effects of 
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Fig. 4. Heat transfer coefficients as a function of local N2 enthalpy at mass flux of 27.9 kg/m2-s for different pressures and heat fluxes.  
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Fig. 5. Heat transfer coefficients as a function of local N2 enthalpy at 3.5 MPa pressure for different mass fluxes and heat fluxes.  
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those peak specific heat and thermal conductivity value regions on heat 
transfer are attenuated (i.e. disappear quicker) under high heat fluxes as 
supercritical N2 develops towards temperatures greater than 
pseudo-critical temperature more rapidly. 

On the other hand, the effect of mass flux on convective heat transfer 
of supercritical N2 is relatively straightforward. For example, under 3.5 
MPa and 8.1 kW/m2 in Fig. 5 4 MPa and 11.2 kW/m2 in Fig. 6, the heat 
transfer performance and HTC values of N2 get enhanced as mass flux 
increases. The rise in mass flux accelerates the fluid and improves tur-
bulence in the tube leading to superior convective heat transfer and 
greater HTC values. 

3.2. Comparison between experimental results and predictions from 
established correlations 

Though it has been demonstrated in Section 3.1 that the experi-
mental internal flow heat transfer results of supercritical N2 in present 
study obey the general trend of supercritical fluids and are consistent 
with the major findings in other similar studies, it is still necessary to 
further validate the obtained experimental data. Unfortunately, there 
are very few research work regarding internal flow convective heat 
transfer of supercritical N2 available in the literature let alone heat 
transfer correlations exclusively developed for supercritical N2 despite 
of the fact that investigations on supercritical water and CO2 are ubiq-
uitous. The missing of similar studies and corresponding heat transfer 
correlations cause difficulties in comparing, validating and under-
standing experimental results for studies like present study and will 
continue for future studies on this topic. As a result, the experimental 
results of internal flow convective HTCs of supercritical N2 in present 
study had to be compared and validated with heat transfer correlations 
for supercritical water and CO2 under different experimental conditions 
as listed in Tables A1 and A2. 

The comparisons among experimental HTC results of supercritical N2 
and correlated HTC values are displayed in Figs. 7 and 8. As the figures 
indicate, most of the HTC correlations for single phase fluid and 

supercritical water and CO2 failed to describe the HTC results of su-
percritical N2. Specifically, the Dittus-Boelter correlation [27] over-
estimated the experimental HTC values and shifted the HTC vs. specific 
enthalpy curve to the right. Consistently, the Dittus-Boelter correlation 
was found to overestimate the HTC values of supercritical water and CO2 
also [9,14,35,45]. Hence, usually suppression factors have to be intro-
duced to the Dittus-Boelter correlation when developing the HTC cor-
relations for supercritical water and CO2, which can be seen from 
Tables A1 and A2. However, most of the HTC correlations for super-
critical water and CO2 underestimate the HTC values for supercritical N2 
as shown in Figs. 7 and 8, suggesting the suppression factors of 
Dittus-Boelter correlations for supercritical water and CO2 cannot be 
equivalently transplanted to supercritical N2 (i.e. the correlated HTC 
values get over-suppressed). Moreover, the correlations that underesti-
mate the experimental HTC values of supercritical N2 shift the HTC vs. 
specific enthalpy curve either to the left or right of the experimental 
values. Thus, it can be noticed that most of the HTC correlations for 
supercritical water and CO2 fall short in fitting the HTC values for su-
percritical N2 mainly due to the differences in fluid thermo-physical 
properties and experimental conditions among supercritical water, 
CO2 and N2. Nevertheless, the correlated HTC values from Yamagata 
correlation [10], which was proposed for supercritical water, most 
closely matched with the experimental HTC values of supercritical N2 in 
present study, as demonstrated in Figs. 7 and 8. The most important 
reason for this success might be that the internal flow convective heat 
transfer of supercritical fluid was divided into different regions in 
Yamagata correlation using Eckert number as the determining criteria, 
as shown in Table A1. The Eckert number is one of the most important 
measures for the phase condition of a fluid passing through a heated 
tube cross section, defined as follows: 

E=
(Tc − Tb)
(Tw − Tb)

(7)  

where Tc is the fluid critical temperature at a given pressure. Based on 
the definition in Equation (7), if the Eckert number is greater than 1, the 
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Fig. 6. Heat transfer coefficients as a function of local N2 enthalpy at 4 MPa pressure for different mass fluxes and heat fluxes.  
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fluid is in liquid phase, while is in vapor/supercritical phase if E < 0. The 
fluid is near its pseudo-critical condition when 0 ≤ E ≤ 1. 

3.3. Construction of a new heat transfer correlation for N2 transforming 
from subcritical to supercritical in a heated vertical tube 

Based on the existing heat transfer correlations for supercritical 
water and CO2 in Tables A1 and A2 and the fact that most of those 
correlations fell short in predicting the experimental heat transfer data 
of supercritical N2 as shown in Figs. 7 and 8, a new correlation 

exclusively for N2 is demanded to better characterize the internal flow 
convective heat transfer behaviors of supercritical N2 in the vicinity of 
its pseudo-critical point. Similar to the heat transfer correlations for 
supercritical water and CO2, a new heat transfer correlation for N2 was 
constructed not only in the form of Dittus-Boelter equation using Rey-
nolds number and Prandtl number to account for the momentum and 
energy transports, but also taking into consideration the thermo- 
physical property variations and buoyancy effects, which are the two 
main features of supercritical N2 in-tube convective heat transfer, by 
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Fig. 8. Comparisons among experimental HTC results and correlated HTC values at conditions of (a) 3.5 MPa, 27.9 kg/m2-s, 8.1 kW/m2 (b) 3.5 MPa, 27.9 kg/m2-s, 
11.2 kW/m2. 
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introducing correction factors such as cp
cpb

, ρw
ρb

, μw
μb

, kw
kb 

into the correlation. In 
this way, both the temperature gradient between heated tube wall and 
bulk fluid as well as the corresponding effects of fluid thermo-physical 
property variations and buoyancy on heat transfer performance are 
addressed in the new correlation. The general form of the newly pro-
posed correlation is as follows: 

Nub = A • Remb • Prb
n
•

(
ρw
ρb

)i

•

(
μw
μb

)k

•

(
kw
kb

)p

(8)  

where Nub is the bulk fluid Nusselt number, Reb is the bulk fluid Rey-
nolds number, Prb = Hw − Hb

Tw − Tb
×
μb
kb 

is an effective Prandtl number taking into 
account the temperature gradient effect between the heated tube wall 
and the bulk fluid, Hw, Hb, Tw, Tb, ρw, ρb, μw, μb, kw, kb are the specific 
enthalpies, temperatures, densities, dynamic viscosities and thermal 
conductivities of the flowing N2 at the heated tube wall and the bulk 
fluid core, respectively. 

Equation (8) was tested and trained by the experimental data of N2 
internal flow convective heat transfer in present study with the empir-
ical coefficients and power indexes in the correlation determined 
accordingly towards the best fitted values. The relevant experimental 
data covered three heat flux (i.e. 8.1, 9.3, 11.2 kW/m2) and three mass 
flux conditions (i.e. 27.9, 38.1, 50.8 kg/m2-s) and were obtained at 3.5 
MPa, a pressure condition under which N2 exhibits symbolic thermo- 
physical property changes across the pseudo-critical point. Further-
more, the entire heat transfer range was categorized to two different 
regimes according to the Eckert number (Eq. (7)) when Equation (8) was 
applied [10]. The resulted final form of the proposed convective heat 
transfer correlation for N2 transiting past the pseudo-critical point in a 
heated vertical circular tube is as follows: 

Nub= 104.85 • Re0.26
b • Prb

− 0.083
•

(
ρw
ρb

)− 0.013

•

(
μw
μb

)1.02

•

(
kw
kb

)1.39

0≤
(Tc − Tb)
(Tw − Tb)

≤ 1.0 1<
P
Pc

< 1.1 (9)  

Nub= 124.34 • Re0.02
b • Prb

0.16
•

(
ρw
ρb

)0.63

•

(
μw
μb

)− 1.05

•

(
kw
kb

)0.75
(Tc − Tb)
(Tw − Tb)

< 0 1<
P
Pc

< 1.1

(10)  

note that nitrogen is in cold liquid phase when E = (Tc − Tb)
(Tw − Tb)

>1, which is 
beyond the interested range of this supercritical N2 study. 

3.4. Validation of the new supercritical N2 heat transfer correlation 

To demonstrate the capabilities of the newly developed correlation 
in characterizing the internal flow convective heat transfer behaviors of 
N2 before, near and after its pseudo-critical point, the correlated HTC 
values from the proposed correlation together with other selected cor-
relations in Table A1 and A2 are plotted against the corresponding 
experimental HTC values. Not all correlations from Tables A1 and A2 
were picked, but those were found to more accurately fit with each 
experimental data set, as shown and discussed in Figs. 7 and 8. The 
comparisons between correlated HTC values and experimental values 
are illustrated in Fig. 9 for high and Fig. 10 for low mass flux at three 
heat fluxes, respectively. As it can be noticed, the HTC values obtained 
from the newly proposed correlation best matched with the experi-
mental values within minimal errors for both HTC and fluid specific 
enthalpy results, outperforming all the other correlations. Furthermore, 
it is shown in Figs. 9–11 that the newly proposed correlation is more 
than capable of correlating the experimental heat transfer data of 

supercritical N2 within approximately 10% and at least 15% considering 
all the experimental data acquired at pressure 3.5 MPa. 

The competitiveness of the newly developed correlation in terms of 
predicting the in-tube convective heat transfer characteristics of super-
critical N2 were further demonstrated by evaluating the mean absolute 
percentage error (MAPE) and root mean squared percentage error 
(RMSPE) between the correlated HTC values and the experimental 
values, defined as follows: 

MAPE=
1
N

∑N

i=1

⃒
⃒
⃒
⃒
Experimentali − Correlatedi

Experimentali

⃒
⃒
⃒
⃒ (11)  

RMSPE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

i=1

(
Experimentali − Correlatedi

Experimentali

)2
√
√
√
√ (12) 

As indicated in Tables 2 and 3, the newly proposed correlation, 
which was tailored exclusively for supercritical N2, is the most 
outstanding performer in terms of errors against the experimental data 
with both smallest MAPEs and RMSPEs compared with all the other 
considered correlations originally developed for supercritical water and 
CO2. 

The newly developed supercritical N2 internal flow convective HTC 
correlation was examined by comparing with the experimental results of 
other researchers, from Zhang et al. [18] who conducted similar su-
percritical N2 experiments (vertical stainless steel tube ID 2 mm) but at 
another geographic location, time and under different experimental 
conditions. As it is shown in Figs. 12 and 13, the general trends of 
experimental HTC values from Zhang et al. [18] were effectively pre-
dicted by the HTC correlation proposed in present study for two 
different heat flux conditions (i.e. 41.3 and 64.2 kW/m2). Furthermore, 
the correlated HTC values match with individual experimental values in 
a satisfactory way, approximately within ±35% as indicated in Fig. 12 
(b) and Fig. 13 (b). It is worth noting that Zhang et al.’s own numerical 
simulation results were only able to fit with their experimental HTC data 
within approximately ±40% error, as presented in Ref. [18], let alone 
the newly proposed HTC correlation in present study was developed at 
different experimental conditions from Zhang et al.’s experiments. The 
proposed HTC correlation was based on experimental results of super-
critical N2 flowing upwards and being uniformly heated in 4.57 mm 
diameter circular tube under 3.5 MPa pressure, 8.1–11.2 kW/m2 heat 
flux and 27.9–50.8 kg/m2-s mass flux. Instead, the tube diameter, 
pressure, heat flux and mass flux was 2 mm, 3.6 MPa, 41.3–64.2 kW/m2 

and 104–107 kg/m2-s in Zhang et al.‘s supercritical N2 experiments. 
According to the literature, a HTC correlation for supercritical fluids, 
especially if being applied to predict experimental results obtained at 
conditions different from which the correlation was originally devel-
oped from, would usually produce more than 50% inaccuracy and be 
seen as fairly worked for within ±50% error [21,34,46]. For further 
validation, the new correlation was also tested against the experimental 
data of Tatsumoto et al. [19], in which heat transfer experiments of N2 
were conducted in a heated vertical tube (ID 5.4 mm) at 3.5 MPa and for 
fluid temperatures only lower than pseudo-critical temperature. The 
validation results are shown in Fig. 14. It can be observed that the new 
correlation developed in present study is able to predict corresponding 
experimental data of Tatsumoto et al. [19] within acceptable error 
range, 19.8% on average. 

Although the present study intends to focus on pressure conditions 
(1 < P

Pc
< 1.1) close to the critical pressure of N2 (3.4 MPa), which 

feature the most unique thermophysical property variations and the 
newly proposed correlation was based on the heat transfer data under 
3.5 MPa pressure, to further test the correlation, the correlated HTC 
values were compared with the experimental values of near pseudoc-
ritical and supercritical N2 under 4 MPa pressure as well as HTC values 
predicted by other correlations, as shown in Figs. 15 and 16. Notice that 
the thermophysical properties of near pseudocritical N2, including 
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Fig. 9. Performance evaluation of the newly proposed HTC correlation in predicting experimental HTC values at conditions of (a) 3.5 MPa, 50.8 kg/m2-s, 8.1 kW/m2 
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specific heat, thermal conductivity, density and viscosity, are consid-
erably different between under 3.5 MPa and 4 MPa pressures, as shown 
in Fig. 1. It can be seen from Figs. 15 and 16 that the newly developed 
correlation overpredicts the HTC values near the pseudocritical point 
due to the considerable thermophysical property differences between 
near pseudocritical N2 at 3.5 MPa and 4 MPa pressures. But the corre-
lated HTC values start to match well with the experimental HTC values 
as N2 fluid temperature increases over its pseudocritical temperature as 
the differences in thermophsycial properties between at 3.5 MPa and 4 
MPa pressures diminish (see Fig. 1). Furthermore, the results in Figs. 15 
and 16 indicate that the newly developed correlation, though is inten-
ded to be mainly used for pressure range of 1 < P

Pc
< 1.1, still out-

performs most of the other correlations in terms of predicting the 
experimental HTC values of N2 being heated over its pseudocritical point 
via convective heat transfer in a straight tube with small diameters. In 
addition, the HTC values predicted by the newly proposed correlation 
are plotted against the experimental HTC values under 4 MPa pressure 
in Fig. 17. The figure provides further interpretation to the results in 
Figs. 15 and 16, as most correlated HTC values fall within 30% error, 
some are between 30% and 40% error and only a few beyond 40% error 
against the experimental HTC values. 

4. Conclusions 

In this study, convective heat transfer experiments of N2 trans-
forming from subcritical to supercritical near its pseudo-critical point 
were carried out as N2 flowing upwardly in a heated vertical circular 
bare stainless steel tube (ID 4.57 mm) under experimental conditions 
including pressures of 3.5, 4.0 MPa, fluid mass fluxes of 27.9, 38.1, 50.8 
kg/m2-s and constant heat fluxes of 8.1, 9.3, 11.2 kW/m2, respectively. 
The main purpose of this work is to investigate the unique characteris-
tics of near pseudocritical N2 internal flow convective heat transfer, 
construct a suitable heat transfer correlation exclusively for supercritical 
N2 under pressures close to its critical pressure, thereby complementing 
the database of supercritical N2 heat transfer and create a useful refer-
ence for future related studies. The primary concluding remarks based 
on the experimental results are as follows:  

• The heat transfer of N2 undergoing pseudo-critical transition and 
flowing upwardly in a heated circular plain tube followed the general 
heat transfer trend found in other supercritical fluids such as water 
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Fig. 11. Comparisons among correlated HTC values and experimental HTC values at 3.5 MPa for different mass fluxes and heat fluxes.  

Table 2 
Mean absolute percentage errors (MAPE) for predicting experimental HTC 
values using correlations including the newly proposed correlation (3.5 MPa 
pressure).  

MAPE 27.9 
kg/m2- 
s 8.1 
kW/m2 

27.9 
kg/m2- 
s 9.3 
kW/m2 

27.9 
kg/m2- 
s 11.2 
kW/m2 

50.8 
kg/m2- 
s 8.1 
kW/m2 

50.8 
kg/m2- 
s 9.3 
kW/m2 

50.8 
kg/m2- 
s 11.2 
kW/m2 

Proposed 
Correlation 

4.6% 2.8% 7.1% 6.0% 5.1% 6.1% 

Dittus-Boelter 46.4% 45.0% 41.0% 93.4% 85.3% 79.3% 
Yamagata 

[10] 1972 
33.6% 38.0% 38.3% 39.2% 27.9% 25.4% 

Razumovskiy 
[43]1990 

– – – 52.6% 54.2% 50.2% 

Bae and Kim 
[34] 2009 

40.0% 40.8% 44.7% – – – 

Jackson [36] 
2013 

54.9% 57.3% 53.7% 30.2% 30.0% 35.7% 

In bold – the minimum values. 

Table 3 
Root mean squared percentage errors (RMSPE) for predicting experimental HTC 
values using correlations including the newly proposed correlation (3.5 MPa 
pressure).  

RMSPE 27.9 
kg/m2- 
s 8.1 
kW/ 
m2 

27.9 
kg/m2- 
s 9.3 
kW/ 
m2 

27.9 
kg/m2- 
s 11.2 
kW/m2 

50.8 kg/ 
m2-s 
8.1 kW/ 
m2 

50.8 kg/ 
m2-s 
9.3 kW/ 
m2 

50.8 
kg/m2- 
s 11.2 
kW/m2 

Proposed 
Correlation 

5.3% 3.6% 9.6% 7.1% 6.4% 6.9% 

Dittus-Boelter 52.9% 51.1% 47.8% 114.3% 114.1% 98.5% 
Yamagata 

[10] 1972 
38.3% 42.0% 41.9% 44.6% 33.3% 28.1% 

Razumovskiy 
[43]1990 

– – – 54.9% 56.5% 54.4% 

Bae and Kim 
[34] 2009 

44.2% 44.8% 47.8% – – – 

Jackson [36] 
2013 

57.1% 59.5% 55.6% 37.7% 36.4% 40.6% 

In bold – the minimum values. 
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and CO2, with the convective heat transfer coefficient first rising to a 
maximum peak value near the pseudo-critical point and then 
continuously deteriorating as the supercritical fluid temperature 
becomes higher than pseudo-critical temperature.  

• Local heat transfer coefficient values of N2 increased with fluid mass 
flux due to enhanced turbulence but decreased with pressure and 
heat flux, which significantly affect the thermo-physical properties of 
N2. The thermo-physical property variations and associated buoy-
ancy effects dominate the heat transfer behavior of N2 in the vicinity 
of pseudo-critical point (i.e. the appearance of heat transfer coeffi-
cient peak, the heat transfer coefficient increase before and deteri-
orate after the heat transfer coefficient peak).  

• The Dittus-Boelter correlation, which is more suitable for single 
phase flows and heat transfer correlations originally developed for 
supercritical water and CO2 under experimental conditions that were 
different from those in present study were unable to predict the heat 
transfer coefficient values for N2. 

• A new heat transfer correlation has been proposed exclusively aim-
ing to characterize the internal flow convective heat transfer of N2 
transforming from subcritical to supercritical conditions under 
pressures close to its critical pressure and flowing upwardly in a 
heated small circular bare tube. The new correlation inherited the 
basic form of Dittus-Boelter correlation, but took additional consid-
erations of fluid thermo-physical property differences between the 
heated wall and bulk fluid core and employed Eckert number to 
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Fig. 12. Comparison between predicted HTC values via the newly proposed correlation and experimental HTC results from Zhang et al. [18] in a 2 mm ID circular 
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Fig. 14. Comparison between predicted heat transfer results via the newly 
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Fig. 16. Performance evaluation of the newly proposed HTC correlation in predicting experimental HTC values under 4 MPa at conditions of (a) 27.9 kg/m2-s, 11.2 
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categorize the whole heat transfer process into three regions around 
the pseudo-critical point. 

• The newly developed heat transfer correlation demonstrated supe-
rior competence in correlating with the experimental results of pre-
sent study, approximately within ±10% errors. The applicability of 
the newly developed heat transfer correlation was also examined by 
correlating with experimental results from other studies on convec-
tive heat transfer of supercritical N2 under pressures close to its 
critical pressure. The correlated HTC values from the heat transfer 
correlation were matched well with the experimental HTC values 
from Zhang et al. [18] within approximately ±35% and Tatsumoto 
et al. [19] within approximately ±20%, respectively, even though 
the heat transfer correlation was developed under different experi-
mental conditions from those in Zhang et al.’s and Tatsumoto et al.’s 
study. 

Overall, the reach of one research study is limited and the heat 
transfer correlation developed in present study focuses on conditions 
close to the critical pressure of N2 (1 < P

Pc
< 1.1), in which near- 

pseudocritical N2 has the most unique thermal properties. The results 
also suggest heat transfer correlations should be developed separately 
for supercritical N2 close to and away from its critical pressure, when 
near the pseudocritical points. Therefore, although the proposed heat 
transfer correlations could be a stepping stone to provide guidance for 

future studies, the work to complete the database of supercritical N2 
internal flow convective heat transfer is far from accomplished. More 
experiments as well as numerical simulations are needed to cover more 
supercritical N2 conditions for more accurate heat transfer correlations 
that are applicable to wider ranges. 
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Appendix  

Table A1 
Important correlations for supercritical fluids internal flow heat transfer in the form of Dittus-Boelter correlation [27].  

Author Fluid Correlation Operating Condition 

Bishop et al., 1964 [30] water 
Nub = 0.0069 • Re0.9

b • Prb
0.66

•

(
ρw
ρb

)0.43
•

(

1 + 2.4 •
d
x

)

Prb =
Hw − Hb

Tw − Tb
×
μb
kb 

d: 2.5, 5.1 mm, 
P: 22.6–27.5 MPa 
G: 0.68–3.6 ton/m2•s, 
q’‘: 0.31–3.5 MW/m2 

Flow orientation: ↑ 
Swenson et al., 1965 [29] water 

Nuw = 0.0459 • Re0.923
w •

(

cp •
μw
kw

)0.613
•

(
ρw
ρb

)0.231 

cp =
Hw − Hb

Tw − Tb 

d: 9.4 mm, 
P: 22.7–41.3 MPa 
G: 0.2–2.0 ton/m2-s, 
q’‘: 0.2–2.0 MW/m2 

Flow orientation: ↑ 
Yamagata et al., 1972 [10] water d: 7.5, 10 mm, 

(continued on next page) 
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Fig. 17. Comparisons among correlated HTC values and experimental HTC values at 4 MPa for different mass fluxes and heat fluxes.  
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Table A1 (continued ) 

Author Fluid Correlation Operating Condition 

Nub = 0.0135 • Re0.85
b • Pr0.8

b • Fc 

Fc =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

1.0 (tpc − tb)/(tw − tb) > 1.0

0.67 • Pr− 0.05
pc •

(
cp

cpb

)n1
0 ≤ (tpc − tb)/(tw − tb) ≤ 1.0

(
cp

cpb

)n2
(tpc − tb)/(tw − tb) < 0 

n1 = − 0.77 •

(

1 +
1

Prpc

)

+ 1.49; n2 = 1.44 •

(

1 +
1

Prpc

)

− 0.53 

P: 22.6–29.4 MPa 
G: 0.31–1.83 ton/m2•s, 
q’‘: 0.12–0.93 MW/m2 

Flow orientation: 
→, ↑, ↓ 

Jackson and Hall 1979 [31] CO2 
Nub = 0.0183 • Re0.82

b • Prb
0.5

•

(
ρw
ρb

)0.3 

Prb =
Hw − Hb

Tw − Tb
×
μb
kb 

d: 4.08 mm, 
P: 7.85, 9.81 MPa 
G: 0.35 ton/m2•s, 
q’‘: <2.6 MW/m2 

Flow orientation: ↑ 
Gorban and Pometko 1990 [32] Water R-12 Nub = 0.0059 • Re0.9

b • Pr− 0.12
b Tb > Tcr 

Flow orientation: ↑ 
Kuang et al., 2008 [33] water 

Nub = 0.024 • Re0.76
b • Prb

0.83
•

(
ρw
ρb

)0.31

•

(
μw
μb

)0.83
•

(
kw

kb

)0.086

•(Gr∗)0.014
• (q+)

− 0.021 

Gr∗ =
g • β • D4 • q

k • ν2 

q+ =
q • β
G • cp 

Prb =
Hw − Hb

Tw − Tb
×
μb
kb 

P: 22.75–31.03 MPa 
G: 0.35–3.6 ton/m2•s, 
q’‘: 0.23–3.47 MW/m2 

Flow orientation: ↑ 

Bae and Kim 2009 [34] CO2 Nub = Nuv • f(Bu)

Nuv = 0.021 • Re0.82
b • Pr0.5

b •

(
ρw
ρb

)0.3
•

(
cp

cpb

)n 

For details of f(Bu), please refer to [34] 

d: 6.32 mm, 
P: 7.75–8.55 MPa 
G: < 1.2 ton/m2•s, 
q’‘: <0.15 MW/m2 

Flow orientation: ↑ 
Mokry et al., 2011 [35] water 

Nub = 0.0061 • Re0.914
b • Prb

0.654
•

(
ρw
ρb

)0.518 

Prb =
Hw − Hb

Tw − Tb
×
μb
kb 

d: 3–38 mm, 
P: 22.8–29.4 MPa 
G: 0.2–1.5 ton/m2•s, 
q’‘: <1.25 MW/m2 

Flow orientation: ↑ 
Jackson 2013 [36] CO2 

Nub = 0.0183 • Re0.82
b • Pr0.5

b •

(
ρw
ρb

)0.3
•

(
cp

cpb

)n 

For details of index n, please refer to [36] 

d: 4.1 mm, 
P: 7.8–9.8 MPa 
Re: 8•104–5•105, 
q’‘: <0.26 MW/m2 

Flow orientation: ↑ 
Deev et al., 2018 [37] water 

Nub = 0.023 • Re0.8
b • Pr0.4

b •

(
ρw
ρb

)0.25
•

(
cp

cpb

)n
• Y 

Y = (1 − ξ) • Y1 + ξ • Y2 

Y1 = 1+ a1 • exp(b1K2
h + c1Kh)

Y2 = 1+ a2 • exp(b2K2
h + c2Kh)

ξ = exp( − 0.5 • (KAm)
2
), weight coefficient in expression for Y 

Kh = KAm • (Hb − Hpc)/Hpc 

d: 2.67–12.0 mm, 
P: 22.6–26 MPa 
G: < 2 ton/m2•s, 
q’‘: 0.2–2.25 MW/m2 

Flow orientation: ↑   

Table A2 
Representative correlations for supercritical fluids internal flow heat transfer in the form of Gnielinski correlation [38,39].  

Author Fluid Correlation Operating Condition 

Krasnoshchekov and Protopopov 1959 [41] Water CO2 
Nub = Nu0 •

(
μw
μb

)0.11
•

(
kw

kb

)0.33
•

(
cp

cpb

)0.35 

Nu0 =
(ξ0/8) • Reb • Prb

1.07 + 12.7 •
̅̅̅̅̅̅̅̅̅̅
ξ0/8

√
• (Prb

2/3
− 1)

ξ0 = [1.82 • log10(Reb) − 1.64]− 2 

P: 22.3–32 MPa (water); 
8.3 MPa (CO2), 
Re: 2•104–8.6•105 

Flow orientation: ↑ 

Petukhov et al., 1983 [42] CO2 Nub =
(ξ/8) • Reb • Prb

1 + 900/Reb + 12.7 •
̅̅̅̅̅̅̅̅
ξ/8

√
• (Prb

2/3
− 1)

ξ = ξ0 •

(
μw
μb

)0.2
•

(
ρw
ρb

)0.4 

d: 8 mm, 
P: 7.7, 8.9 MPa 
G: 0.7–3.6 Mg/m2-s, 
q’‘/G: < 0.34 kJ/kg 
Flow orientation: →, ↑ 

Razumovskiy et al., 1990 [43] water 
Nub =

(ξr/8) • Reb • Prb

1.07 + 12.7 •
̅̅̅̅̅̅̅̅̅
ξr/8

√
• (Prb

2/3
− 1)

•

(
cp

cpb

)0.35 

ξr = ξ0 •

(
μw
μb

)0.18
•

(
ρw
ρb

)0.18 

d: 6.28 mm, 
P: 23.5 MPa 
G: 2.19 ton/m2•s, 
q’‘: 0.66–3.39 MW/m2 

Flow orientation: ↓  
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Nomenclature 

Latin symbols 
Bu: buoyancy parameter, Grb/Re2.7

b 
Cp: specific heat, J/kg-K 
cp: average specific heat between bulk core and tube wall, J/kg-K 
CO2: carbon dioxide 
d: diameter, mm 
E: Eckert number 
Fc: correction factor 
G: mass flux, kg/m2-s 
Gr: Grashof number 
Grb: average Grashof number between bulk core and tube wall 
Gr*: non-dimensional effective Grashof number h 
H: specific enthalpy, kJ/kg 
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HTC: heat transfer coefficient, W/m2-K 
Hin: inlet specific enthalpy, kJ/kg 
ID: tube inner diameter 
k: thermal conductivity, W/m-K 
Kh: criterion of thermal acceleration 
KAm: enthalpy criterion L 
MAPE: mean absolute percentage error 
RMSPE: root mean squared percentage error 
N2: nitrogen 
Nu: Nusselt number 
P: pressure, Pa 
Pr: Prandtl number 
Prb: average Prandtl number between bulk core and tube wall 
PEC: performance enhancement index 
ΔP: pressure drop, Pa 
Re: Reynolds number 
T: temperature, ◦C 
U: dependent variable 
x: local axial location, mm 
Δx: tube wall thickness, mm 
X: tube wall thickness, m 
Xn: nth independent variable 
Y: correction factor 
q”: heat flux, W/m2 

q+: non-dimensional effective heat flux heat transfer coefficient, W/m2-K 

Greek symbols 
η: performance enhancement index 
σ: uncertainty of a certain variable 
λ: thermal conductivity, W/m-K 
ρ: density, kg/m3 

μ: dynamic viscosity, Pa•s 
length: m 

Subscripts 
b: bulk fluid 
basic: plain test tube without insert 
c: critical point 
enhanced: test tube with insert 
in: tube inner 
local: local value along test tube axis 
n: empirical index 
pc: pseudo-critical point 
v: vapor-like phase 
w: tube wall 
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