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ABSTRACT 

Compact heat exchangers using supercritical fluids such as 
CO2 are preferred due to their high heat transfer capacity and 
smaller footprint. Three-dimensional conjugate forced 
convection heat transfer analysis was performed on several 
shell-and-tube counter-flow microchannel heat exchangers. 
Numerical simulations were conducted to test effect of change 
in mass flow rate, hydraulic diameter and various cross 
sections on the heat transfer. Increasing mass flow rate 
improved heat transfer up to a maximum value and then 
decreased downstream with increasing turbulence. Maximum 
heat transfer was obtained for the micro channel with the 
smallest hydraulic diameter. Amongst the cross sections 
analyzed (circular, square, circular with radial ribs, and square 
with radial ribs), the most uniform distribution of temperature 
and maximum heat transfer were obtained for circular cross 
section with radial ribs. An optimally efficient operation of 
such a heat exchanger can be attained by considering these 
factors during multi-objective constrained optimization of 
geometric parameters and requirements for additive 
manufacturing of such compact heat exchangers. 
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NOMENCLATURE 

          cross section area, m2 

Cp          specific heat, kJ kg-1 K-1 

         hydraulic diameter, m 
e0            total energy 
k            thermal conductivity, W m-1 K-1 

           mass flow rate, kg s-1 
p            pressure, Pa 

          Reynolds number 
T            temperature, K 
u            velocity, m s-1 

 

Greek symbols 
ρ          mass density, kg m-3 

          dynamic viscosity, kg m-1 s-1 

Subscripts 
f fluid 
s             solid 
 

INTRODUCTION 

The need for high efficiency power cycles for power 
generation is evident for cost effective and sustainable 
operation of nuclear [1], geothermal [2] and solar energy-
based power high pressure – high temperature plants [3]. In 
the last few decades, supercritical CO2 (sCO2) has been 
studied extensively as a working fluid for the heat exchangers. 
It has being used in many engineering applications because of 
its unique thermal properties with enhanced heat transfer and 
flow characteristics. Most widely used power cycle for nuclear 
power plants, in recent years, is sCO2 based Brayton cycle [4]. 
A notable consequence of tests conducted in [5], is the implied 
flexibility of operating characteristics of a CO2 thermal power 
plant.  
 
The CO2 has its critical point at 304 K and 7.38 MPa near 
which its compressibility factor drops to 0.2 - 0.5 [6]. The 
compressibility factor is defined as the molecular volumetric 
ratio of a fluid compared with ideal gas. Low compressibility 
factor translates into substantially reduced compression work 
and improved thermal efficiency. As sCO2 is less corrosive 
than steam at high temperatures [7,8] it produces 
comparatively less damage to the tubes of mechanical 
equipment. Environmental hazard of CO2 is minimal. As the 
minimum pressure in the system is higher than the CO2 
critical pressure (which is 7.38 MPa), the purification system 
requirements are lower than those of the steam Rankine cycle 
to prevent air ingress [6]. Based on these aspects, sCO2 based 
closed Brayton cycle has been identified as one of the best 
solutions due to its high efficiency, relatively low 
temperatures of heat source and compact turbomachinery 
[4,5].  
 
Break-even conditions occur when the turbine produces as 
much power as is being consumed by the compressor and 
required to overcome windage (friction). Reference [9] 
presented a break-even analysis of two models and suggested 
areas to focus on for better operation. Quality of components 
of sCO2 Brayton cycle is important for its commercial use in 
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large power plants. Less work requirement for compression 
and improved thermal efficiency and waste heat recovery are 
important to achieve an efficient power cycle. Rigorous 
research is ongoing to design and improve effectiveness of 
components such as turbines, compressors and heat 
exchangers for use in sCO2 cycle. [9,10,11,12,13]. Various 
layouts of sCO2 Brayton cycle were compared with the 
recuperation cycle in [6] on the basis of the cycle efficiency 
and use of recuperators.   

The heat transfer and pressure drop characteristics of heat 
exchangers using sCO2 as working fluid rely on many 
parameters such as tube shape and size, mass flux, inlet 
temperature, and pressure, type of process (heating or 
cooling), etc. Table 1 summarizes various numerical studies 
carried out using sCO2 including geometries used, flow 
conditions, numerical model and discretization schemes used.  

Table 1: Numerical studies carried out using sCO2 

 

 

 

The review showed that the range of pressures and 
temperatures tested in various studies is limited. Evaluation of 
effect of high temperature and pressure gradients is critical to 
fill the knowledge gap. Hence, a test case with a broader range 
of temperature and pressure is selected to test the heat transfer 
capacity of sCO2. The operating conditions for hot sCO2 are 
854 K at 9 MPa and cold sCO2 are 476 K at 24 MPa.  

Combination of variation of thermo physical properties of 
supercritical CO2 with temperature and flow through micro 
channel holds great potential to improve heat transfer between 
tubes of heat exchangers. To evaluate effect of each of these 
factors, various numerical experiments were conducted.  

In the next section, details of simulation such as description of 
base geometry, grid generation, materials and operating 
conditions are provided followed by governing equations, 
details of numerical model and boundary conditions.  

In the following section, conducted numerical experiment and 
their results are discussed in detail. Effect of Reynolds number 
at inlet, hydraulic diameter and cross section of the tube on the 
heat transfer were evaluated in first, second and third 
experiment, respectively. 

 

NUMERICAL MODEL 

Geometric Model  

The base geometry consists of three concentric pipes of length 
equal to 100 mm. Each pipe has a wall thickness of 0.5 mm 
and each fluid passage has hydraulic diameter of 1 mm. Figure 
1a shows cross sectional view and Fig. 1b shows isometric 
view of the complete geometry. Line AB in Fig. 1a highlights 
radial distance where hot fluid is present. In Fig. 1b, Line AA’ 
represents lower wall and line BB’ represents upper wall of 
the middle pipe carrying hot fluid. 

Ref 
# 

Operating 
Conditions 

Passage 
Details 

Numerica
l Model 

Numerical 
Scheme 

[14]  p = 7.412 
MPa, T = 
305–360K, 
G = 0.571 
g/s 

0.787 mm 
circular 
tube 

Bellmore 
and Reid 
model 
 

SIMPLE 
algorithm  

[15]  p = 8.6 
MPa, T = 
30 ◦C, G = 
0.12 kg/h, 
qw = 11.3–
113 kWm-2 

0.27 mm 
circular 
tube 

2008 
Lam-
Bremhorst 
(LB) LRN 
k-ε 
 

QUICK 
scheme; 
SIMPLEC 
algorithm 

[16] p = 8, 9, 
15, 20 
MPa, 
T = 313–
353K,  
G = 1.1–
14.8 kg/hr,  
Re = 2400–
21000 

4.623 mm 
circular 
tube 

Renormali
zation 
Group 
(RNG) k-ε  

SIMPLE 
algorithm 

[17] p = 8.5, 9.5 
MPa, T = 
30, 40, 45 
◦C, G = 0.5, 
1.0, 1.5 
kg/hr,  
qw =  
22, 63,89 
kW m-2 

4 mm 
circular 
porous 
tube 

Low-
Reynolds 
number 
(LRN) k-ε 

SIMPLE 
algorithm 

[18]   p = 80, 100 
bar, G = 
0.000016 
kg/s 

0.5 mm 
hydraulic 
diameter 
circular 
and 
triangular 
tubes 

Laminar 
mixed 
convectiv
e model 
 

SIMPLE 
algorithm 

Ref 
# 

Operating 
Conditions 

Passage 
Details 

Numerical 
Model 

Numerica
l Scheme 

[19] p = 8 MPa, 
T = 287.05 –
298.15 K,  
G = 0.00623 
– 0.0167 
kg/s, 
Re = 10290 – 
27581 

9 mm 
circular 
helical 
tube 

Renormali
zation 
Group 
(RNG) k-ε 

Second- 
order 
upwind 
scheme; 
SIMPLEC 
algorithm 
 

[20] Inlet mass 
flux = 127.1 - 
400 
kg m−2 s−1,  
p = 7 - 9 
 MPa,  
T = 310 -
325 K,  
qw = 9 - 40 
kW m−2 

L= 
500mm, 
Dh= 
1.31mm, 
Λ= 
23mm, 
A= 
0.05mm 

Lam and 
Bremhorst 
model 
 

QUICK 
scheme, 
SIMPEC 
algorithm 



 

Fig. 1a: Cross sectional view of the base geometry 

 

Fig. 1b: Isometric view of the base geometry 

 

Grid Generation 

Grid generation is achieved by using inbuilt meshing software 
in ANSYS FLUENT 19. Proximity and curvature were chosen 
as the size functions.  

 

Fig. 2a: Complete hybrid computational grid in a cross-
section plane 

 

Fig. 2b: Detail of the clustered hybrid computational grid 

 

Five layers of structured grid were added on both sides of the 
physical interfaces between fluid domains and solid walls 
(Fig. 2a and 2b). As the geometry is symmetric, mesh 
refinement was achieved by using edge sizing method. Total 
number of elements was 4130628 and total number of nodes 
in the mesh was 2245721. Grid independence was achieved by 
further refining the grid in two stages and obtaining less than 
5% error between the coarsest and finest mesh. 

 

Materials and Operating Conditions 

Innermost and outermost pipes carry cold sCO2 initially at 
476 K and 24 MPa in one direction, whereas middle pipe 
carries hot sCO2 initially at 854 K and 9 MPa in the opposite 
direction to achieve the counter-flow heat transfer. Inconel 
625 stainless steel was used as the material of construction for 
all the three pipes. Significant variation in thermo physical 
properties of sCO2 makes it an excellent working fluid to 
attain enhanced heat transfer.  

Significant variation in thermo physical properties of sCO2 
makes it an excellent working fluid to attain enhanced heat 
transfer. Variation in thermo physical properties of the sCO2 
with temperature is shown in Fig. 3a at 9MPa and Fig. 3b at 
24 MPa. (NIST Reference Fluid Thermodynamic and 
Transport Properties (REFPROP) Database). 



 

Fig. 3a: Thermo physical properties of supercritical CO2 at 
9 MPa 

 

Fig. 3b: Thermo physical properties of supercritical CO2 at 
24 MPa 

 

Governing Equations  

The governing equations for steady state flow are listed as: 

Mass conservation equation 

 (1) 

Linear momentum balance equation  

   (2) 

Energy balance equation for fluid flow domain 

 (3) 

Energy balance equation for the solid domain  
 (4) 

 
To apply these governing equations in ANSYS FLUENT 19, k 
–  two-equation turbulence model was used. Effect of gravity 
was turned off. Viscosity coefficient varied with temperature. 
In the material definition in FLUENT, temperature dependent 
viscosity is defined for the temperature from 475 K to 855 K.  
Exit pressures for all fluid streams was zero gage pressure. 
The simulation was treated as a steady state flow simulation.  

Boundary Conditions, Numerical Scheme and Iterative 
Convergence 

All the inlets were treated as mass flow inlets. Mass flow rate, 
temperature and pressure was specified for each inlet. All the 
outlets were treated as pressure outlets. Both walls for 
innermost and middle pipe were treated as coupled boundaries 
which allow heat exchange between the wall and adjacent 
fluid. Inner wall of the outermost pipe was treated as an 
adiabatic boundary. SIMPLE scheme was used for the 
pressure - velocity coupling. Second order upwind scheme 
was used to solve the energy equation. Relaxation factors of 
0.3, 1.0, 1.0, 0.7, 0.8, 0.8, 1.0 and 1.0 were used for pressure, 
density, body forces, momentum, turbulent kinetic energy, 
turbulent dissipation rate, turbulent viscosity and energy, 
respectively. Convergence criteria for, x-,y-,z- components of 
velocity, k and epsilon was 10-3. For energy equation, a more 
stringent convergence criteria of 10-6 was used.  
 
A typical fully 3D forced convection conjugate heat transfer 
analysis took 4.5 hours on a 64 bit Windows operating system 
with 32 GB RAM and i7- 3770 CPU @ 3.40GHz on a 3D grid 
described above. 

 

RESULTS AND DISCUSSION 

Case No. 1: Effect of Reynolds number at inlet on heat 
transfer 

Effect of change in mass flow rate on the heat transfer was 
tested numerically by varying mass flow rate of fluid through 
all pipes of the base geometry. A target Reynolds number is 
specified for all pipes and mass flow rate is calculated from 
the Reynolds number using Eq. 5. Target Reynolds number 
was 2500 for each pipe for the first run. It was increased to 
5000, 10000 and 20000 for the consecutive runs. 

  (5) 

Flow cross section areas were 7.85E-07 m2, 3.95E-06 m2 and 
6.95E-06 m2 for the innermost, middle and outermost pipe 
respectively. The dynamic viscosity of the cold fluid was 
3.12E-05 kg m-1 s-1 and hot fluid was 2.43E-05 kg m-1 s-1. 
Table 2 shows the mass flow rate for each pipe to achieve the 
targeted Reynolds number. 



Table 2: Reynolds number at inlet and mass flow rate 
through each passage for each of the four geometries 

  

Geometry  

1 2 3 4 
Reynolds  
number 2500 5000 10000 20000 

Mass flow rate in kg s-1 

outer_cold  5.42E-04 1.08E-03 2.17E-03 4.34E-03 

middle_hot 2.39E-04 4.79E-04 9.58E-04 1.92E-03 

inner_cold 6.12E-05 1.22E-04 2.45E-04 4.90E-04 

Figure 4 shows normalized average wall heat flux and average 
Nusselt number for upper and lower walls of the middle pipe 
carrying hot sCO2 for different Reynolds numbers. The results 
are normalized with first run of Re = 2500. Location of the 
lower wall and upper wall is as highlighted in Fig. 1b by lines 
AA’ and BB’ respectively. Heat transfer at lower wall occurs 
through the wall of innermost pipe and cold fluid flowing 
through it, whereas at the upper wall heat transfer occurs 
through the wall of the middle pipe and cold fluid flowing 
through the outermost pipe. 

 

Fig. 4: Effect of Reynolds number on heat transfer 

 

As the Reynolds number increased, heat transfer and Nusselt 
number increased from Re = 2500 to Re = 5000 and then 
slowly decreased with further increase in Reynolds number. 
Before starting the decline, heat transfer and Nusselt number 
reached a maximum value at approximately Re = 6000. 
Hence, maximum heat transfer for lower mass flow rate and in 
turn lower energy input can be achieved at Re = 6000. A high 
Nusselt number for the base run indicates that convective heat 
transfer is the dominant mode of heat transfer in this case. 
Increase in Nusselt number with Reynolds indicated that 
convective heat transfer is emphasized by turbulence up to the 
optimum Reynolds number.  

 

Case No. 2: Effect of hydraulic diameter on heat transfer 

To study the effect of hydraulic geometry on the heat transfer 
coefficient and Nusselt number, base geometry was modified 
by changing hydraulic diameter of each pipe from 1mm to 
2mm and to 3 mm. Wall thickness of each pipe was kept 
constant at 0.5 mm and length of each pipe was 100 mm. The 
operating and boundary conditions, numerical schemes and 
convergence criteria were the same as specified in the 
numerical model section. 

Figure 5 shows normalized average wall heat flux and average 
Nusselt1 number for upper and lower walls of the middle pipe 
carrying hot sCO2 for different hydraulic diameters. The 
results were normalized with first run of inner pipe was Dh = 1 
mm. Both normalized wall heat flux and Nusselt number 
follow similar trends decreasing with increasing hydraulic 
diameter. Wall heat flux and Nusselt number on the lower wall 
decreases at a higher rate than on the upper wall. This 
emphasizes heat transfer enhancement is better in case of the 
smaller diameter. With advent of 3D printing technology for 
metallic components, it is now possible to leverage increased 
efficiency of micro channels while maintaining structural 
safety of the heat transfer equipment. 

 

Fig. 4: Effect of hydraulic diameter on heat transfer 

 

Case No. 3: Effect of cross section on heat transfer  

To test effect of cross section on the heat transfer, base 
geometry was modified to achieve three different cross 
sections (Table 3). For all the pipes in modified geometries, 
hydraulic diameter of 1 mm, wall thickness of 0.5 mm and 
overall length of 100 mm was kept constant. The operating 
and boundary conditions, numerical schemes and convergence 
criteria were same as specified in the numerical model section. 

 

 

 



Table 3:  Modified Geometries 

Geometry 
Description of 

Variation 

No. of 
uniformly 
spaced ribs 

Rib 
Thickness, 

mm 

Base Circular 0 0 

CSVAR1 Square 0 0 

CSVAR2 Circular with ribs 4 0.3 

CSVAR3 Square with ribs 4 0.3 

 
Table 4: Average temperature in degrees Kelvin at the 
inlet and outlet of each pipe  

 Innermost 
Pipe 

Middle 
Pipe 

Outermost 
Pipe 

 Inlet Outlet Inlet Outlet Inlet Outlet 
Base 476 674 854 629 476 538 
CSVAR 1 476 655 854 635 476 536 
CSVAR 2 476 573 854 516 476 571 
CSVAR 3 476 677 854 703 476 833 

 

Calculated solid and fluid domains temperature distributions 
for each of the four cross sections located halfway between 
inlets and exits of the pipes at 50 mm from each end are 
shown in Fig 6. Maximum temperature reduction for hot fluid 
and wall heat transfer was obtained for circular pipe with ribs. 
Optimizing the number of ribs, rib thickness and rib spacing 
could create geometry that maximizes heat transfer with least 
material and manufacturing cost.  

 
 
 
 
 
 
 
 

 

 
Circular Cross Section 

 
Circular Cross Section with Ribs 

  

 
 
 
 
 
 

 
 
 

 
Square Cross Section 

 
Square Cross Section with Ribs 

 
 

Fig. 6: Effect of pipe cross section geometry on heat 
transfer 

 

Heat Transfer Efficiency 

Total amount of heat per unit time extracted from the hot 
stream equals mass flow rate of the hot stream multiplied with 
the temperature drop of the hot stream and multiplied with the 
specific heat. 

Pumping power needed to maintain the given cold streams can 
be evaluated as the product of pressure drop along the cold 
streams multiplied with the sum of mass flow rates of the cold 
streams and then divided with the density of the cold fluid. 

Hence, heat transfer efficiency is the ratio of the total amount 
of heat per unit time extracted from the hot stream divided by 
the pumping power needed to maintain steady hot and cold 
streams. Using an average value of Cp = 1250 J kg-1 K-1 and 
using mass flow rates from Table 2 and temperature drops 
from Table 4, Table 5 shows that geometry CSVAR2 (circular 
with ribs) is the most effective. 

 
Heat 

extracted 
Watts 

Pumping 
power 
Watts 

Heat 
transfer 

efficiency 

Base 67.21 194.4 0.346 

CSVAR 1 131.1 344.5 9.38 

CSVAR 2 404.75 805 0.5 

CSVAR 3 362.4 1486.15 0.244 



CONCLUSIONS 

Supercritical CO2 proves to be an efficient fluid to enhance 
heat transfer in micro channels due to the significant variation 
of its thermo physical properties with temperature. For a given 
geometry and operating conditions, heat transfer improved 
with increase in Reynolds number and increase in mass flow 
rate up to a point and then decreased with increase in 
turbulence. This suggests further investigation to attain the 
optimum mass flow rate for given conditions to achieve 
maximum heat transfer in an energy efficient manner. Varying 
hydraulic diameter confirmed that reducing the hydraulic 
diameter increases the heat transfer. With use of high strength 
materials and manufacturing techniques such as 3D printing, 
development of intricate geometries can be leveraged to 
improve the heat transfer. Amongst four different cross 
sections numerically tested, it indicated uniform temperature 
distribution and highest heat transfer for circular pipes with 
ribs. Further investigation, to obtain optimum geometry by 
varying number of ribs, rib thickness and placement of ribs to 
maximize heat transfer, is necessary.  
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