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ABSTRACT 
Forced convection heat transfer in supercritical carbon 

dioxide (SCO2) was investigated experimentally in a horizontal 
circular tube with an inner diameter of 8.7 mm. The experiments 
were performed by varying the inlet fluid temperature, system 
pressure, wall heat flux, and mass flow rate. The corresponding 
Reynolds number at the inlet was between 20000 and 50000. 
Nusselt number at each section in the tube was obtained to 
investigate the influence of the experimental parameters on the 
forced convection heat transfer in the testing tube. The obtained 
heat transfer results were then compared with widely used 
empirical correlations to show their prediction accuracy for the 
experimental conditions tested.  

 
INTRODUCTION 

The U.S. Energy Information Administration identified 
Brayton cycle operating with supercritical carbon dioxide 
(SCO2) as one of the major candidates for the next generation of 
high efficiency power plants [1]. SCO2 Brayton cycles provide 
high thermal efficiency, compactness, and applicability for a 
wide range of thermal energy sources. Since a SCO2 Brayton 
cycle is assumed to run above the critical pressure of CO2, no 
phase change is expected in the cycle with availability of higher 
specific heat in the fluid than normal conditions. This enables 
application of smaller size heat exchangers [2] and elimination 
of condensers in the power plant [3-7] that lead to reduction of 
the total cost of construction. Furthermore, the peak turbine inlet 
temperature of the SCO2 cycle matches with the variety of most 
conventional heat sources such as geothermal, coal, natural gas, 
and solar energy for the cycle [7]. A high efficiency power cycle 
may then be designed at moderate operating temperatures for 
such cases, e.g. efficiency of 43% at 538 oC and 50% at 700 oC 
are reported in the past [7].  

It is necessary to understand natural/forced convection of 
supercritical fluids in order to be able to design the SCO2 
Brayton cycle. Forced convection of supercritical fluids such as 
water, carbon dioxide, nitrogen and helium in basic geometries 
and practical applications has been studied in the past decades. 

The thermal-physical properties of fluids vary significantly in 
the pseudocritical region, in super critical zone but close to the 
critical point (e.g. 31.1oC and 73.8 bar for CO2), even when there 
is a small change in temperature. The nature of the critical point, 
and its influence on the properties of supercritical fluids, has 
been discussed in the past, e.g. Carles [8]. These thermal-
physical property variations help to explain the flow and heat 
transfer behaviors exhibited in relevant studies of supercritical 
CO2 as working fluids.  

Numerous researchers [9-13] studied fluid flows in 
pseudocritical region and proposed heat transfer correlations 
based on their experimental data under heating and cooling 
conditions for the flow. However, comparative studies of these 
correlations reveal that there are substantial differences in their 
predictions from each other [14, 15]. Pioro et al. [16] and Yoo 
[17], for example, provided a comprehensive review of the heat 
transfer characteristics of pseudocritical and supercritical fluids 
and discussed some suggested empirical correlations for these 
cases. It is evident from these studies that more experimental 
investigations are required in the pseudocritical region in order 
to develop better heat transfer correlations.  

The goal of this work is to quantify the heat transfer 
characteristics of SCO2 flowing in a horizontal straight pipe.  
Wall temperature measurements and heat transfer calculations 
were conducted in pseudocritical regions under heating 
conditions at constant heat flux cases for various inlet conditions. 
The obtained data is then used to evaluate performance of some 
existing correlations and their accuracies for the current 
experimental condition.   
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NOMENCLATURE 
 

A [m2] Area 
Bo 
C 

[-] 
 

Buoyancy parameter 
Constant using in equation 1 

cp 

D 
Gr 
 
h 
i 
k 
L 

[kJ/kg.K] 
[m] 
[-] 
 
[W/m2.K] 
[kJ/kg] 
[W/m.K] 
[m] 

Specific heat 
Diameter 

Grashof number; 
( )

 

Heat transfer Coefficient 
Enthalpy 
Thermal conductivity 
Length ̇  [kg/s] Mass flow rate  

Nu [-] Nusselt number;  

P [bar] Pressure 
Pr [-] Prandtl number  
q [W/m2] Heat flux   
Re [-] Reynolds number 

̇
  

T [K] Temperature  
 
Special characters 
β 
ρ 
υ 
- 

[1/K] 
[kg/m3] 
[m2/s] 
[-] 

Thermal expansion  
Density 
kinematic viscosity 
average 

 
Subscripts 

  

b  Bulk 
C 
i 
m 
out 
pc 
t 
t1 
t2 
w 

 Convection/Conventional 
Inlet/Inner 
Constant using in equation 1 
Outlet/Outer 
Pseudocritical 
Total 
Bulk or wall using in equation 1 
Bulk or wall using in equation 1 
Wall 
 

EXPERIMENT 
 

Experimental set up 
Figure 1 shows the schematic of the SCO2 testing facility 

built in Micro Scale Thermo Fluids (MSTF) laboratory at Texas 
A&M University at Qatar (TAMUQ). The facility was specially 
designed for obtaining quantitative data for thermal and dynamic 
behaviour near the pseudocritical region under heating 
conditions. The facility consists of a high pressure CO2 supply 
system, a gear pump, heat exchanger (cooler), flow meter, pre-
heater, tubes and valves. A CO2 cylinder (purity 99.9%) with a 
dip tube, allowing liquid CO2 to discharge from the bottom, 
which was connected to a helium gas cylinder to achieve the 
desired pressure level in the facility. Liquid CO2 mass flow rate 
in the facility is kept and precisely controlled using a magnetic 
driven gear pump. The mass flow rate is also measured using 
Coriolis mass flow meters. The fluid temperature at the inlet of 
the test section is a key experimental parameter as it is used for 
calculation of the fluid properties and bulk flow temperature 
throughout the test section. It is controlled and adjusted to the 
desired value by a pre-heater which was made by the University 
of Wisconsin. The heating capacity of pre-heater is 5.5 kW. 
Several T-type thermocouple probes were installed throughout 
of the facility, before and after test section, to monitor the 

temperatures of the working fluid in the facility. Fluid pressure 
was measured at the test section inlet using an absolute pressure 
transducer with an accuracy of 0.75% (full scale). All the 
experimental parameters such as wall, and fluid temperatures, 
pressure, mass flow rate etc. were monitored by LABVIEW 
system. 

Test section 
In this study, a 1.2m long straight stainless steel tube with 

an inner diameter of 8.7mm was used as the test section. 
Eighteen K-type thermocouple probes (SCASS-040U-3, 
OMEGA) were installed in 65 mm intervals along the tube to 
measure local wall temperatures, with the first thermocouple 
installed 65 mm downstream from the test section inlet. The 
constant wall heat flux on the test section was provided by 30 
electric band heaters (MBH-1215200B/120, 200W each, 
OMEGA) installed on the pipe outer surface.  Since the band 
heaters are connected in the series of two and the 15 pairs are 
then connected in parallel, the heating capacity became 6 kW. 
Cylindrical copper blocks were placed between the tube and the 
heaters to conduct the heat flux from the heaters to the steel tube. 
Insulation materials were put on the outer walls of the band 
heaters to minimize the heat loss. The heated length of the test 
section is 1.14 m starting at 25 mm downstream test section inlet. 
The bulk fluid temperatures at both the inlet and outlet of the test 
section were measured using T-type thermocouple probes 
(HTQSS-18G-12, Omega). A differential pressure transmitter 
was installed in the test section to measure total pressure drop. 
More details of the experimental set up, and test section are 
discussed in Ref [18, 19]. 

 

Figure 1. Schematic of experimental facility  

Experimental conditions and procedure 
The experiments were performed with a change of the inlet 

pressure, mass flow rate, and wall heat flux at different inlet 
temperatures in order to investigate effects of these parameters 
on heat transfer performance. The corresponding Reynolds 
number based on the inlet condition varied from 20,000 to 
50,000. During the test, all parameters such as temperatures, 
mass flow rate, and heating power were monitored and 
controlled by Labview DAQ system [18, 19]. Table 1 
summarizes the experimental conditions. 
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Table 1 Range of all experimental conditions.  
Inlet temp. 
[oC] 

" [kW/m2] P [bar] ̇  [kg/s] 

22, 24, 26, 
28 

31, 49, 64 75, 80, 85, 
90 

0.011, 0.014, 
0.017 

 

DATA REDUCTION AND UNCERTAINTY ANALYZE 
The inlet and outlet temperatures, surface wall temperatures, 

mass flow rate, and inlet pressure were measured as key 
experimental parameters to obtain the heat transfer coefficient at 
each location. Data reduction procedure is briefly described in 
this section.  

Heat transfer coefficient is obtained by using the following 
procedure. First, the total surface heat flux into the test section is 
calculated using enthalpy at the inlet and outlet as [19]: " = ̇ ( − )/  ,    (1) 

where At is the total area of the outer surface of the test section. 
The enthalpy at the inlet and outlet were obtained from NIST 
thermal database using the measured temperatures [20]. In this 
study, assuming steady state conditions, the semi local averaged 
convective heat transfer , and fluid bulk temperature Tb at the 
each location were computed by using energy balance relations 
including conduction in the axial direction and assuming 
constant heat flux from electrical heaters [18, 19]. Conduction 
heat transfer in the direction of the flow in the wall may not be 
neglected since the test section wall temperature varies due to the 
change in the fluid bulk temperature and wall heat transfer 
convection. The fluid bulk temperature and semi-local heat 
transfer coefficient were obtained by solving following two 
equations [18, 20]: 

∆ + 	 ∆ + " + ℎ ( − ) = 0,  
 (2) = + " /( 	̇ 	)  .     (3) 

More details are described in Ref [18]. 

The experimental uncertainty in the measurement is mainly 
due to the uncertainties in the measured pressure, mass flow rate, 
and temperatures. In order to improve the accuracy of the 
measurements, thermocouple probes were accurately calibrated 
using a NIST standard RTD probe and constant temperature bath 
and the uncertainties were established before installation. The 
accuracies of the thermocouple probes used to measure inlet and 
outlet bulk temperatures were ±0.15 oC while the accuracies of 
the measured wall surface temperatures were ±0.2 oC, for the 
temperature range tested in the present study. The total 
uncertainties in the measurements of the semi-local heat transfer 
coefficient, and Nusselt number were estimated to be 10%, and 
15%, respectively. Note that all thermal properties of carbon 
dioxide used in this work are obtained at local fluid temperature 
and pressure from NIST thermal database [20]. 

 

RESULTS AND DISCUSSION 
In this section, the effects of wall heat flux, mass flow rate, 

and inlet pressure on the heat transfer characteristics are briefly 
discussed. Nusselt numbers obtained from the current 
experiments were then compared with the Dittus-Boelter type 
correlations suggested in the literature for modeling the heat 
transfer in pseudocritical flow.   

Heat transfer measurements 
Semi local heat transfer coefficients along the tube were 

obtained from the measurements using energy balance in each 
section of the tube [18]. The distribution of the semi-local heat 
transfer coefficient for the case 1 is plotted as a function of the 
distance from the inlet normalized by the tube length in figure 2a 
to c. Note that for all the cases, first two and last one measuring 
points are eliminated due to possible errors associated with the 
entrance and end effects. Table 2 shows the different test cases 
shown in Figures 2 to 5. 

 
Table 2 Range of experimental parameters in the current test 
campaign at Tin=24oC.  

Case " [kW/m2] ̇  [kg/s] P [bar]  

1 31, 49, 64 0.011 80 
2 49 0.011,0.014,0.017 80 
3 49 0.011 75, 80, 85, 90 

 
Figure 2a generally indicates that the heat transfer 

coefficient decreases as the wall heat flux increases. For wall 
heat flux of 31 kW/m2 the heat transfer coefficient improves and 
plateau from x/L=0.3 to 0.5 where the bulk temperature reach 
close to the pseudocritical temperature. The heat transfer 
coefficient then deteriorates after x/L=0.5. This highest point of 
heat transfer coefficient is shifted upstream with an increase in 
wall heat fluxes that is an indication of the heat transfer 
enhancement near the pseudocritical region. The heat transfer 
coefficient continues to deteriorate throughout the test section for 
the heat flux cases of 49 and 64 kW/m2. Interestingly this 
deterioration reaches its peak for the case of 63 kW/m2 around 
x/L=0.75. 

As expected, Figure 2b shows that the heat transfer 
coefficient generally increases with increasing the mass flow rate 
as higher mass flow rate reduces the wall temperature. However, 
a local peak heat transfer coefficient is observed at higher mass 
flow rates that are an indication of heat transfer enhancement in 
the middle of the tube corresponding to pseudocritical region. 
After heat transfer coefficient reaches local peak (x/l=0.5), it 
deteriorates sharply. There is no local peak observed in the tube 
for the mass flow rate of 0.011kg/s.  

Figure 2c indicates that, for the heat flux of 49 kW/m2, the 
trends of heat transfer coefficient along the test section are 
similar to each other with a clear enhancement for the case of 75 
that is closest case to the critical point of CO2 in this work.  
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Figure 2. Variation of semi-local heat transfer coefficients 
along the tube 

Brief review of empirical correlations 
Due to the difficulty associated with the drastic thermal 

property variation in the pseudocritical region, comprehensive 
models for predicting convection heat transfer for turbulent flow 
have not been developed yet. The experimental results are 
compared with a few correlations chosen among several 
suggested correlations in the literature. The measured Nusselt 
number in this work is compared with those calculated using 
Dittus-Boelter type correlations.  

Initially the experimental results are compared with the 
results of the Dittus-Boelter correlation. Dittus-Boelter is used as 
the basis to study the flow field in a fully developed turbulent 
pipe flow in single phase with no major property variation. This 
comparison can be used as a reference for assessing the heat 
transfer enhancement, or deterioration, in both heating and 
cooling conditions in a pipe in pseudocritical region [15].  

Dittus-Boelter correlation provides an estimation of the 
local Nusselt number with the assumption of constant property 
in the fluid [21], = 0.023 . . .    (4) 

Later modifications were proposed to improve Equation 4 for 
super critical flows by including additional terms in Equation 4 
to account for property variations. Our previous study [26] 
showed the effect of the buoyancy could not be neglected in the 
present experimental conditions. The buoyancy force is mainly 
generated by the density variation between the bulk and pipe near 
wall condition.  

Ornatsky et al. improved Shitsman’s empirical correlation 
for forced convection inside tubes at supercritical pressures [22]: = 0.023 . . .

.    (5) 

Prmin is the minimum value of Prw or Prb. 

Bishop et al. [23] performed convective heat transfer 
measurements using supercritical water flowing inside vertical 
tubes and then developed the following correlation for small 
tubes with 2.5–5.1 mm inner diameters. The correlation includes 
the inlet effect in the last term of the equation: 

= 0.0069 . . . 1 + 2.4 .  (6) 

Jackson and Hall [25] further improved Krasnoshchekov’s 
[24] for forced convective heat transfer in both supercritical 
water and CO2. They use a Dittus-Boelter type of equation for a 
constant property for forced convection in conjunction with the 
terms of the property changes between fluid bulk and near wall 
regions. Buoyancy effects are not directly considered in this 
correlation but exponents associated with specific heat varies 
with temperatures in the flow. Jackson and Hall’s correlation 
represented as: = 0.0183 . . .

 , (7) 

where the exponent n is given by following: = 0.4,																 < 	 	≤ 1	 	1.2 ≤ <   = 0.4 + 0.2 − 1 ,																							 ≤ 1 <   

= 0.4 + 0.2 − 1 1 − 5 − 1 ,		 1 < < 1.2	 	 <  . (8) 

Note that  is averaged Prandtl number which is defined as =  and  is defined as an averaged value of specific 

heats at the wall and bulk: ̅ = . 

This correlation was valid within the following ranges:  
8×104 < Reb < 5×105,   
0.85 < Pr < 65,  
0.09 <(ρw/ρb) < 1.0,  
0.02 < ⁄  < 4.0,  
0.9 <Tw/Tpc < 2.5,  and 
46kW/m2 < q < 2.6 MW/m2. 
The results of the comparisons with the experimental data are 
shown in the next section.   

Results of comparison 
Comparison with correlation without property change: 

Figure 3 shows comparison of the experimental data in this 
work with Dittus-Boelter results obtained from Equation (4).  As 
expected, the Dittus-Boelter correlation enormously over-
predicts the normalized convection heat transfer coefficient. 
However, the difference between the correlation and 
experimental data narrows down as the inlet pressure increases 
in general and for x/L > 0.6. The location of x/L > 0.6 
corresponds to the region where the fluid bulk temperature 
became far from its pseudocritical temperature (Tb >> Tpc). Since 
the property variation between near wall and bulk becomes 
small, it can be better approximated by constant property.  
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Figure 3. Typical for comparison of the experimental data 

with that of Dittus-Boelter prediction for case 3. 

Comparison with correlation with property change: 
Figure 4 presents detail comparison of the experimental data 

with correlations 5, 6, and 7 for case 1 in table 1. The correlation 
by Ornatsky, NuOR, shows much better agreement with that of 
Dittus-Boelter, but it underestimates Nu. Furthermore, it does 
not capture the variation for the pseudocritical flow inside the 
tube as it shows an almost linear increase along the test section. 
The difference between the correlation and the data becomes 
larger as the mass flow rate is increased. The outstanding 
capability of the Bishop’s correlation (NuBI) for prediction of Nu 
is seen in Figure 4a and b as it successfully catches the trends for 
lower heat flux. However, the predicted values from Bishop’s 
correlation are slightly under-predicted for x/L<0.5, Figure 4c. 
Although the correlation by Jackson-Hall (NuJH) showed similar 
trends to that of the experiment, it underestimates Nu for x/L<0.7 
at the lower wall heat fluxes and for the highest wall heat flux 
cases; those regions correspond to the pseudocritical region in 
the flow. 

 

Figure 4. Comparison of the experimental data with 
correlations 5, 6, and 7 for case 1.  

Figure 5 indicates detail comparison of the experimental 
data with correlations for case 2 in table 1. The prediction made 
by Ornatsky again shows a simple linear increase along the pipe 
and underestimates the experimental Nu. The outstanding 
capability of the Bishop’s correlation (NuBI) is again evident in 
Figures 5a and b. The Bishop’s correlation could follow the same 
trend of the experimental data for the lower mass flow rates, 
however it slightly underestimates the experimental data for the 
mass flow rate of 0.017kg/s. Jackson-Hall correlation fails to 

predict the current experimental data. Especially, the correlation 
performs poorly when the bulk temperature is near the 
pseudocritical region for all the case. Also, the prediction 
becomes worse as the mass flow rate increases.  However, the 
prediction of Jackson-Hall correlation approaches the 
experimental data when the bulk temperature is far from the 
pseudocritical region.  

 
Figure 5. Comparison of the experimental data with 

correlations 5, 6, and 7 for case 2.  

  Figure 6 shows detailed comparison of the experimental 
data with correlations 5, 6, and 7 for case 3 in Table 1. Although 
Nu prediction by the correlation of Ornatsky shows a much better 
agreement with the measurements than that of Dittus-Boelter, it 
underestimates Nu with an almost linear increase along the test 
section; furthermore, it does not catch the experimental trend 
especially in the pseudocritical region. The superior prediction 
capability of Bishop’s correlation is seen in figure 6a to c. It 
successfully catches the experimental trend for the lower heat 
flux case. However, the predicted values from Bishop’s 
correlation are slightly under-predicted for lower pressures, 
Figures 6a to c at x/L > 0.6, and along the entire test section for 
90 bar pressure, Figure 6d. Jackson-Hall underestimated 
experimental data along all the test section for all the 
experimental pressures.  

 

Figure 6. Comparison of the experimental data with 
correlations 5, 6, and 7 for case 3.  

Two parameters of mean error and its standard deviation of 
the calculated Nusselt numbers from the correlations studied in 
this work may be used to evaluate their performance compared 
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to the experimental data [12]. In general it is evident the Dittus-
Boelter correlation performs very poorly for the flow field and 
experimental conditions presented in this work. The mean error 
between this correlation and data was 245.5%. This correlation 
captures only 1.64% of the data within the error of ±30%. The 
standard deviation of the correlation against the experimental 
data was 360.1%.  

Figure 7 shows a comparison between the predictions by the 
three discussed correlations for SCO2 (Equations 5, 6, and 7) 
with data for all the present experimental conditions which were 
more than 2700 data points in total. Overall, the Ornatsky 
correlation (Equation 5) also shows poor agreement with the 
measurements. This result indicates that the mean error between 
this correlation and data is 53.0%. The standard deviation of the 
correlation against the experimental data was 55.1%. The 
correlation was under-predicted in most of the cases capturing 
only 5.8% of the data within the error band of ±30%.  

Bishop’s correlation (Equation 6) showed the best 
agreement with the current experimental data. This correlation 
predicted the semi local Nusselt number best in terms of the 
mean error which is 15.1%. The standard deviation of the 
correlation against the experimental data is 19.2%. Bishop’s 
correlation captured 90.7% of the data within the error band of 
±30%. 

Jackson-Hall (Equation 7) performed reasonably well in the 
current experiments. The mean error between this correlation 
and data is 29.7%. This correlation captured 58.0% of the data 
within the error of ±30%. Compared to the Bishop’s correlation 
the results of Jackson and Hall are widely spread. The standard 
deviation of the correlation against the experimental data is 38%. 

Table 3 shows the summarized results from the current 
experiments. Overall, the correlations employed averaged 
Prandtl number, , and density ratio between the wall and bulk 
give adequate prediction for the present data.  

 
Figure 7 Overall comparisons of the experimental data with 

correlations.   
 
Table 3 Summarized results 

Correlations Mean 
Error (%) 

Captured 
(%) 

STD  

Dittus-Boelter 245.5 1.64 360.1 
Ornatsky  53.0 5.8 55.1 
Bishop  15.1 90.7 19.2 
Jackson-Hall 29.7 58.0 38 

 

From the above discussion, it can be concluded that the 
Bishop’s correlation gives the best prediction for the current 
experimental data within an acceptable range of errors. It is 
worth mentioning that the tube diameter used to develop 
Bishop’s correlation is different from that used in the current 
study. This may be a reason for the lower performance of the 
Bishop correlation in this work indicating the influence of tube 
diameter on performance of the suggested correlations.  

CONCLUSION  
Experimental investigations for the forced convection heat 

transfer to SCO2 flowing in a horizontal tube heated at a constant 
heat fluxes were carried out with various inlet conditions in 
MSTF lab in order to properly understand the thermal and 
dynamic characteristics of these flows. Forced convective heat 
transfer coefficients were obtained under several combinations 
of wall and bulk fluid temperatures near pseudocritical 
temperature. Heat transfer enhancement and hindrance in the test 
section was observed at some operating conditions.  

The experimental dataset was analyzed by comparing 
measured semi-local Nusselt numbers with the four Dittus-
Boelter type correlations. The comparisons indicate the 
correlation without property variation did not predict correctly 
and over-predicted. The comparisons also indicated the 
correlation with averaged Prandtl number is better agreement 
than using Prandtl number at the fluid bulk. In general, the 
correlation of Bishop’s correlation appears to closely follow the 
trend of the experimental data. The correlation of Bishop was in 
best agreement with the current experimental data than the other 
correlations. A new heat transfer correlation will be developed 
based on the combination of Bishop’s correlation and 
experimental data in the future work. 
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