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Molten salt nanofluids

Carbonate salt eutectic + SiO2

26 % enhancement

Shin and Banerjee, J Heat Trans., 2011
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“nano-Fin Effect” 
(nFE)

Corrosion reduced by 50~100%
Lee, J.*, Kuchibhotla, A.*, Banerjee, D., and Berman, D., 
“Silica Nanoparticles as copper corrosion inhibitors”, 
Materials Research Express, May, 2019.
https://doi.org/10.1088/2053-1591/ab2270



Introduction

The 7th International Supercritical CO2 Power Cycles   ● February 21 – 24, 2022   ● San Antonio, TX, USA 8

Supercritical fluids exist at temperatures and pressures
exceeding the critical point.

They can exist as “liquid-like” or “gas-like” states, and the
differentiator between the two states is also known as the
“Widom Line” / “Frenken Line”.

P-T Phase diagram
Critical properties of 𝐶𝑂ଶ

Fomin, Y. D., Ryzhov, V. N., Tsiok, E. N. & 
Brazhkin, V. V. Thermodynamic properties of 
supercritical carbon dioxide: Widom and 
Frenkel lines. Phys Rev E 91,2015.

https://doi.org/10.1103/PhysRevE.91.022111
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Motivation
The motivation of this study was to explore the efficacy of heat exchangers involving 
forced convective heat transfer of supercritical fluids (tube side) integrated with air 
cooling (i.e., in free convection). 

Goal
The goal of this study was to determine the forced convective heat transfer characteristics of 
supercritical carbon dioxide (sCO2) in air-cooled tube heat-exchangers.



Methodology (Investigation of Thermophysical 
properties of sCO2)
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The thermophysical properties of sCO2 was obtained from NIST database for pressure, P=8.12MPa and temperature 
variation, T=450 – 700[K]. Properties investigated are:

• Specific heat at constant volume, 𝑐௩
• Specific heat at constant pressure, 𝑐௣
• Density, 𝜌

• Thermal conductivity, 𝑘

• Dynamic viscosity, 𝜇

• Kinematic viscosity, 𝑣

• Thermal diffusivity, 𝛼

• Prandtl number, 𝑃𝑟



Methodology (Pipe Flow Analysis)
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2D Numerical and Analytical investigation of the hydrodynamic and thermal characteristics of 𝑠𝐶𝑂ଶ flowing in a 
circular horizontal pipe.

Boundary conditions

Dimensions

Boundary conditions and fluid properties

Heat Flow visualization



Methodology (Pipe Flow Analysis)
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2D Numerical and Analytical investigation of the hydrodynamic and thermal characteristics of 𝑠𝐶𝑂ଶ flowing in a 
circular horizontal pipe. Numerical simulation performed with ANSYS Fluent  2019R19.1

Boundary conditions and fluid properties

Heat Flow visualization

Model and Assumptions

Pressure based solver

Steady State

Constant properties (Incompressible flow)

Constant ambient condition (synonymous to constant surface 

temp condition)

Laminar flow for Re (10, 100, 1000 and 1500); 

Turbulent flow for Re (5000 and 10000) with k-w SST (shear 

stress transport) model

Energy on



Methodology (Pipe Flow Analysis)
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2D Numerical and Analytical investigation of the hydrodynamic and thermal characteristics of 𝑠𝐶𝑂ଶ flowing in a 
circular horizontal pipe. Numerical simulation performed with ANSYS Fluent  2019R19.1

A quadrilateral mesh with refinement at the inlet 
and outlet sections

Mesh refinement was performed until there was 
no significant change to bulk mean temperatures



Results (Investigation of Thermophysical 
properties of sCO2)
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𝑐௩ as 𝑇 𝑐௣ as 𝑇
𝑐௣ as 𝑇

for 450 ≤ T ≤ 520
for 520 ≤ T ≤ 700

for 450 ≤ T ≤ 700
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𝑘 as 𝑇 for 450 ≤ T ≤ 700𝜌 as 𝑇 for 450 ≤ T ≤ 700

Results (Investigation of Thermophysical 
properties of sCO2)
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𝑣 as 𝑇 for 450 ≤ T ≤ 700𝜇 as 𝑇 for 450 ≤ T ≤ 700

Results (Investigation of Thermophysical 
properties of sCO2)
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𝑃𝑟 as 𝑇 for 450 ≤ T ≤ 700𝛼 as 𝑇 for 450 ≤ T ≤ 700

Results (Investigation of Thermophysical 
properties of sCO2)
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Results (Pipe Flow Analysis)

𝑚ሶ as Re and D

ṁ= Re πD/4

v =ṁ/(ρA)

𝑣 as Re and D

Incompressible flow 
assumption
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Results (Pipe Flow Analysis)

Len_hyd =0.05Re‧D (for laminar)
Len_hyd =60D (for turbulent flow)

Len_th =0.05Re‧D‧Pr (for laminar)
Len_th =60D (for turbulent)

In laminar region, 𝐿௘௡_௛௬ௗ ∝ 𝑅𝑒 𝑎𝑛𝑑 𝐷; 𝐿௘௡_௧௛ ∝ 𝑅𝑒,𝐷 𝑎𝑛𝑑 𝑃𝑟
In turbulent region, 𝐿௘௡_௛௬ௗ and 𝐿௘௡_௧௛ ∝ 𝐷 
In laminar region 𝐿௘௡_௛௬ௗ ൐ 𝐿௘௡_௧௛ ,∴ 𝑃𝑟 ൏ 1
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Results (Pipe Flow Analysis)
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f =64 / Re,  Re<2000 (for laminar flow)                              
f = (0.79 In (Re)-1.64)-2 for 3000 < Re < 5×106

∆𝑃 ൌ 𝑓
𝐿
𝐷
𝜌𝑣ଶ

2
In laminar and turbulent region, 𝑓𝛼 ଵ

ோ௘
Larger tubes give smaller pressure drop and vice versa.
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Results (Pipe Flow Analysis)

𝑁u ൌ 0.023Re
ర
ఱPr୬ ஜౘ

ஜ౩

଴.ଵସ
ሺn ൌ 0.3 for coolingሻ Dittus-

Boelter

Dittus-Boelter under-predicts the Nusselt number in the laminar
regime.

Nu = 3.66 used for the laminar regime (fully developed flow) Dittus-Boelter correlation used for laminar and turbulent regime
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Results (Pipe Flow Analysis)

𝑁𝑢 ൌ
ℎ𝐷
𝑘 ;ℎ ൌ

𝑘𝑁𝑢
𝐷

The convection heat transfer coefficient,  ℎ 𝛼 𝑅𝑒 (turbulent region)
ℎ 𝛼 ଵ

஽

Nu = 3.66 used for the laminar regime (fully developed flow) Dittus-Boelter correlation used for laminar and turbulent regime
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Results (Pipe Flow Analysis)
𝑞 ൌ 𝑈ഥ𝐴௦∆𝑇௟௠ൌ 𝑚ሶ 𝑐௣∆𝑇

𝑞′′ ൌ 𝑞/𝐴௦

The heat flow, 𝑞 𝛼 D
The heat flux, 𝑞′′ 𝛼 ଵ

஽

Analytical estimates exceed 
numerical estimates of q and q’’ 
by a factor of ~2
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Results (Pipe Flow Analysis)

𝑇ஶ െ 𝑇௢௨௧௟௘௧
𝑇ஶ െ 𝑇௜௡௟௘௧

ൌ 𝑒𝑥𝑝
𝑈ഥ𝐴௦
𝑚ሶ 𝑐௣

𝑅𝑒   ൌ 𝑇௢௨௧
𝐷    ൌ 𝑇௢௨௧
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Results (Pipe Flow Analysis)

P 𝛼 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑄 𝑎𝑛𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑑𝑟𝑜𝑝 ∆𝑃
P 𝛼 ଵ

஽

Pump power, P= QΔP =A*v*ΔP

A=cross sectional area |Q=volume flow rate| ΔP= pressure drop| v = velocity

∆𝑃 ൌ 𝑓
𝐿
𝐷
𝜌𝑣ଶ

2

Analytical estimates exceed 
numerical estimates of power, P 
by a factor of ~2
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Conclusion

• The thermophysical properties of sCO2 at P=8.12MPa and T=450-700[K] is consistent with established 

trends

• Large pressure drop requires greater pumping power. Tradeoffs in cost should be determined between 

larger and smaller tubes

• Geometric simplification error of 2D assumption resulted in less accurate numerical results
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1) N. Singh, & D. Banerjee, Nanofins: Science and applications, Springer, 2013

Interfacial thermal resistance :between nanofin and liquids1)

Interfacial Thermal Resistance



Interfacial thermal resistance (Rk) is critical for heat transfer between solid and 
liquid.

Rk
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nanoFin Effect (nFE)

RT



Interfacial thermal resistance (Rk) is critical for heat transfer between solid and 
liquid.

RkRf
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Mechanisms
• Three Modes:

– Mode I: Higher specific heat of nano-particles
– Mode II: Particle-Fluid Interfacial Interactions
– Mode III: “Semi-Solid” Layering of the Liquid Phase on the nano-

particle
, , ,(1 )p TOTAL p particle p fluidC x C x C    

, , ,

,(1 )
p TOTAL p particle p compressed phase

p fluid

C x C y C

x y C
   

   
• Shin and Banerjee, 2012, ASME. J. Heat Tr. (in press)
• Shin and Banerjee, 2011, Int.. J. Heat & Mass Tr.
• Shin and Banerjee, 2011, ASME. J. Heat Tr.
• Shin and Banerjee, 2010, Int. J. of Str. Chg. In Solids
• Shin, D., 2011, PHD Thesis, Texas A&M
• Jung, S., 2012, PHD Thesis, Texas A&M
• Jo, B., 2012, PHD Thesis Texas A&M



Hot Solid Cold Liquid

Cold SolidHot Liquid

T

Solid Liquid

C

Solid Liquid

T

Liquid Solid

C

Liquid Solid

Temperature & Concentration 
Gradient

CASE 1

CASE 2

Temperature and concentration gradient has same direction at CASE1, but it has 
opposite direction at CASE2, hence this drive the heat flux bias .



Thermal Diode
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2) Define dimensionless parameter

1) Heat flux by temperature and concentration gradient

3) Dimensionless analysis

and

4) Nu. Number for diode effect

CASE1(Nu.f): Hot solid  Cold 
liquid

CASE2(Nu.b): Hot liquid Cold 
solid

Nu.D = Nu.f -Nu.b

Same direction

Opposite direction



“nanoFin
Effect”

Corrosion reduced by 50~100%
Work in collaboration with Dr. Diana Berman:
Lee, J.*, Kuchibhotla, A.*, Banerjee, D., and Berman, D.,
“Silica Nanoparticles as copper corrosion inhibitors”, 
Materials Research Express, May, 2019.
https://doi.org/10.1088/2053-1591/ab2270


