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Abstract 

The CO2 power cycle has gained attention as an alternative to the classical Rankine and 

Brayton cycles during this transition to sustainable energy production from the current 

available methods that have a prime share of greenhouse gas emissions. The power cycle 

mainly consists of turbomachines and heat exchangers in which the study on heat 

exchangers is crucial to optimise better performance. The heat exchangers involve the heat 

transfer process in which CO2 is an interesting working fluid that has complexities in thermal 

hydraulic designs, particularly near the saturation dome where the properties change 

abruptly. The work focuses on analysing the heat exchanger in a complete numerical 

perspective mainly to analyse the process involved and also to characterise their 

performance.   

Keywords: Recuperator, Supercritical CO2, Printed circuit Heat Exchanger, Heat Transfer 

 

Resumen 

El ciclo de energía del CO2 ha llamado la atención como una alternativa a los ciclos clásicos 

de Rankine y Brayton durante esta transición hacia la producción de energía sostenible a 

partir de los métodos disponibles actualmente que tienen una parte principal de las 

emisiones de gases de efecto invernadero. El ciclo de potencia se compone principalmente 

de turbomáquinas e intercambiadores de calor en los que el estudio de los intercambiadores 

de calor es fundamental para optimizar un mejor rendimiento. Los intercambiadores de calor 

involucran el proceso de transferencia de calor en el que el CO2 es un fluido de trabajo 

interesante que tiene complejidades en los diseños termohidráulicos, particularmente cerca 

del domo de saturación donde las propiedades cambian abruptamente. El trabajo se enfoca 

en analizar el intercambiador de calor en una perspectiva numérica completa principalmente 

para analizar el proceso involucrado y también para caracterizar su desempeño. 

 

Palabras clave: Recuperador, CO2 supercrítico, Intercambiador de calor de circuito 

impreso, Transferencia de calor 
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1. Introduction 

1.0 Overview 

Power generation and industrial sector has a prime share of contribution to greenhouse gas 

emissions.  For the sustainable and green energy production, Supercritical carbon dioxide 

(SCO2) as working fluid in the power cycle is an attractive option due to its distinct 

advantages of high density, low compressibility thereby reduced compression work, resulting 

in higher efficiencies, compactness and capital cost savings. SCO2 power cycles [1]  have 

gained the attention for energy generation either for stand alone layout with a 40 % of 

average thermal efficiency or for combined layout with efficiencies ranging from 50% to 60%. 

Due to the energy generation benefits, SCO2 can be used in many applications including 

nuclear power, solar thermal, coal, waste heat recovery, geothermal, fuel cells and wind 

power. Recently, SCO2 Brayton cycles can also be integrated into the solar power tower [2] 

due to their compactness and high efficiency thereby replacing the conventional Rankine and 

Brayton cycles. 

The schematic [3] diagram and temperature entropy (T-s) diagram of SCO2 Brayton cycle 

consisting of primary heat exchanger (heater) and internal heat exchangers (recuperator and 

precooler) along with a turbomachinery components (turbine and compressor) are shown in 

the Fig. 1.1.  

    

Fig. 1.1 Schematic and T-s diagram of SCO2 Brayton cycle [5] 
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The operating conditions of the heat exchangers are crucial factors in the SCO2 power cycle. 

Inorder to increase the thermal efficiency, large amount of heat to be recovered after the 

turbine exit where recuperators play the role. Shell and tuve heat exchangers (STHE) are 

widely used due to their reliability but high capital costs [3]. Because of the inefficiency due to 

the large volume and minimum heat transfer area of STHE, compact heat exchangers such 

as Printed Circuit Heat Exchanger (PCHE) are more interested in recuperator applications.  

Precoolers, the component that is placed before the compressor, plays a significant role in 

controlling the temperature and thereby maintaining durability and desired inlet conditions for 

the compressor. Due to the high heat transfer rate, minimal physical size and being able to 

withstand high pressure resistance; PCHE is one of the solutions for precoolers beside 

traditional heat exchangers.  

Traditionally, Shell and tube heat exchangers (STHE) are used in the power cycles which 

has inefficiencies due to their large volume and small heat transfer area. PCHE, which was 

developed by HEATRIC company [4], is more efficient and compact when compared with 

older trend STHE. The equipment of the SCO2 power cycle operates at high pressure and 

high temperature. Printed Circuit Heat Exchangers (PCHE) are mature technology that can 

withstand higher thermal stresses and can operate with pressures up to 1000 bar [5] at the 

same time providing higher heat transfer rates. PCHEs are commonly used as recuperators 

and pre-coolers in the SCO2 power cycle due to their design which has a significant role in 

the cycle's performance. Besides PCHE [6] ; Plate fin heat exchanger (PFHE), Micro shell 

and tube heat exchanger (MSTE), Additive manufacturing heat exchanger (AMHX), and 

Polymer derived ceramic composite (PDCC) heat exchanger are also used in SCO2 

applications in which PCHE and MSTE shows better heat transfer area per unit area. For 

PCHE there are different options for heat transfer for different Reynolds numbers compared 

with MSTE, hence PCHE is a promising technology for heat exchanger applications. Flow 

channels of the PCHE are fabricated by photochemical etching on a flat metal plate and are 

diffusion bonded under high pressure and temperature to form a heat exchanger block as 

illustrated in the Fig. 1.2.   
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Fig. 1.2. PCHE Block 

There are mainly five types of configurations for PCHE which include straight channel [7], 

zigzag channel [8], s-shaped fin [9], airfoil shaped fin [10] and sinusoidal shaped fin [11]. 

Depending on the flow channel configuration, there is  continuous flow channel type (straight 

and zigzag channel) and  discontinuous flow channel flow type (s-shaped, airfoil shaped, 

sinusoidal shaped fins). The cross sectional patterns of continuous flow channel type are 

semicircular [11,12], circular, rectangular, trapezium [13] and triangular [14]. Due to the 

nature of chemical etching, the flow channels are commonly used as semicircular in the 

cross section. The cross sectional pattern of discontinuous flow channel type is currently 

studied with rectangular in shape. Semicircular with zigzag flow configuration with hot and 

cold fluid is shown in the Fig. 1.3. 

  

Fig. 1.3. Semicircular with zigzag flow configuration  
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1.1. Objectives 

The main objective is to analyse the thermal-hydraulic performance of straight channel semi 

circular PCHE used for the SCO2 power cycle. The aim is to analyse the performance of heat 

exchanger based on different parameters including the mass flux, heat flux and pressure 

conditions. Focus on analysing locally the heat transfer coefficient, Nusselt number, 

Reynolds number, bulk temperature and enthalpy, heat flux, velocity and temperature 

profiles, friction factor. Finally, to compare the numerical results from the work with the 

available correlations. 

The secondary objective is to familiarise with the CFD related tools and also to analyse the 

theoretical studies on heat transfer to real practical application. Even though I have 

experience in solving theoretical aspects based on some assumptions for solving heat 

transfer, the CFD tool is a great tool to analyse fluid behaviour completely. I aim to 

understand all the principles behind working on CFD simulations. 

Lastly, I aim to analyse how to start a research topic.  For that, the available literature is 

studied and tried to figure out the missing area of research and also the highly interesting 

area of the work. Also it is to understand how they manage different topics in real practical 

life. 

1.2. Scope of the Work 

The key output from the project is the numerical investigation on heat transfer and friction 

factor on PCHE. The duration of the project was from september 2021 to april 2022. As an 

initial stage, literature reviews are done on PCHE at different viewpoint including 

understanding the inlet and outlet headers of PCHE, whether the flow is steady or transient 

evolution, how the numerical investigation methodologies are done, what kind of geometries 

(straight, zigzag, s-shaped etc.), dimensions and boundary conditions, is there some 

experimental datas to validate the numerical setup. Among different patterns on PCHE, the 

most widely used straight semi circular pattern is chosen as an objective of the study 

because to compare the study with many available correlations proposed.  

First of all, in order to be familiar with the CFD tools, the laminar flow in a circular pipe for air 

is studied for constant temperature. Then the study is conducted with turbulent flow for air 

with constant wall temperature in which all the turbulence models, schemes, solver are 
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compared and validated with the experimental datas. After the comparison, the less error 

methodology is opted for the SCO2 cases which is the main objective of the project.  

Lastly but most importantly, work covers the CFD study of PCHE with SCO2 fluid on heat 

transfer phenomena, friction factor for a turbulent flow for a semi circular channel inside 

PCHE having constant cross sectional area. Numerical investigation is done for the fluid 

SCO2 domain and validated with the experimental datas.  

The complete CFD analysis of PCHE as a whole and also with two fluid domains along with 

the solid part are excluded from the study. Only one fluid domain is studied at constant heat 

flux for SCO2 for precooler and recuperator conditions. The one fluid domain to be studied is 

well projected using Fig. 1.4 [15] where a bundle of semi circular straight tubes are packed 

inside a PCHE.  

 

Fig. 1.4. PCHE with straight semi circular channel domain projected 

It is important to consider the study of heat exchanger in the cycle (off design conditions) 

rather than alone while carrying out optimization methodologies. Due to the unavailability of 

real datas from the complete power cycle perspective, it is not worth to analyse the heat 

exchanger as a whole alone at least now but definitely when having off design conditions. So 

with this point of view, it is better to study the phenomena in a single or double channel in 

which one channel is selected for our project.   

 

https://paperpile.com/c/C83uiZ/4PkM
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1.3 Literature Review 

Literature review is the starting step of the project where PCHE is studied from all 

perspectives to understand clearly the available studies and also to update to the latest. 

Different perspective of the review includes the overview on different types of heat 

exchangers of SCO2 and their comparisons. Review on precooler and recuperator 

conditions along with analysing the developed correlations from these literatures. Lastly but 

not least the review on the inlet and outlet headers for flow distribution for PCHE. The 

different sections of the review are detailed below. 

1.3.1 Studies on compact heat exchangers for SCO2 

Lee et. al [6] figures out the characteristics, advantages and limitations of the state of art of 

different compact heat exchangers with high temperature and pressure conditions.  Except 

for the micro shell and tube heat exchanger, every compact heat exchanger is subjected to 

fouling but still unclear how much it can impact SCO2 power systems. Fouling can be solved 

with in-service inspection for micro shell and tube heat exchanger but scalability is still an 

issue. Wang et. al [16] presented the new simulation methods based on existing heat 

transfer correlations for micro shell and tube heat exchangers (MSTEs) having lower 

computational cost. The presence of baffles enhances the heat transfer in shell pass and 

also at tube pass due to the temperature properties of CO2 near the pseudocritical point. The 

paper also analyses numerically the effect of baffle spacing on pressure loss and heat 

transfer performance. SCO2 Brayton cycle with a diffusion-bonded PCHE as a precooler is 

introduced in the study of Lu et.al [17], and is structured using chemical-etching channels for 

the SCO2 side and plate-fin channels for the water side. When compared to the conventional 

PCHE, the core volume is reduced by 49% and the heat transfer rate per unit volume is 

increased by 145%. Saeed et. al [18] proposes the effects of different designs of PCHE with 

different  channel configuration, heat exchanger effectiveness and Reynolds number on the 

performance of SCO2 cycle. After the optimization study to trade off the overall cycle 

efficiency and the size of heat exchanger with different fin configurations including straight, 

zigzag, C-shaped, S-shaped and air foil channel; results conclude that C-shaped and zig zag 

geometries have better cycle efficiency with minimum heat exchanger size. Kim and No [19] 

investigated thermal hydraulic performance of PCHE experimentally and numerically for a 

wavy pattern and developed correlations for fanning friction factor and Nusselt number for 

PCHE for various angles. Khan et al. [20] proposed correlations for friction factor and nusselt 
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number for PCHE with wavy flow channel. Heat transfer enhancement is higher for wavy 

channels and increases with Reynolds numbers and angle of bends when compared with 

plane channels. Kim et al. [21] studied the thermal-hydraulic performance of conventional 

zigzag and optimised airfoil shaped fins for PCHE. The results demonstrate that the new 

model with airfoil has the same heat transfer performance but a pressure drop 1/20th when 

compared with conventional zigzag channel arrangement. That is, significant pressure drop 

is observed near the bending point of the zigzag flow channel.  

1.3.2 Studies at recuperator conditions 

Matteo et.al [22] analysed 1D model with design and off design operating conditions of a 

630kW PCHE  for recuperator conditions. Modelling procedure is validated with numerical 

data obtained from 3D CFD simulations for elementary heat transfer units with two straight 

channels in cross flow and with half semi circular cross section. Meshram et. al [23] 

conducted a study to evaluate the performance of PCHE with straight and zigzag channels 

with fully turbulent conditions. Result shows that Nusselt number increases linearly with 

Reynolds number in which the Nusselt number of cold fluid is higher when compared with 

hot fluid. For the same thermal capacity, the volume of the zig-zag channel is smaller 

compared with the straight channel. For zig-zag channel configuration, results show better 

heat transfer with larger bend angle and smaller linear pitch. Correlations of nusselt number 

and friction factor are proposed and used to evaluate 1D modelling of the heat exchanger.  

Ishizuka et al [24] carried out an experiment that studied the thermal hydraulic performance 

of PCHE with a zig-zag flow channel and developed empirical correlations for  heat transfer 

and pressure drop for recuperator conditions.  

1.3.3 Studies at precooler conditions 

Thermophysical properties of CO2 fluctuates near the critical point and to provide required 

inlet compressor conditions; the precooler design [25] should be critical. Saeed et. al focuses 

on analysing a precooler using PCHE with zig-zag channel under off-design and varying the 

operation conditions including inlet and outlet temperature, flow rates in both fluid streams. 

Accuracy of the numerical model is ensured with Real Gas Property (RGP) tables to 

evaluate abrupt variations of thermo-physical properties of CO2. Wang et. al [26] assessed 

the thermal and hydraulic performance on the SCO2-water experiment platform for precooler 

conditions. The investigation states that PCHE has better comprehensive performance when 

it operates at higher pressure level and it is significantly reduced, nearly 17.6 % at 

https://paperpile.com/c/C83uiZ/nMDt
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transcritical state. Park et al. [27] conducted experimental examination of PCHE with straight 

channel under precooler conditions with typical averaged enthalpy based inlet and outlet 

datas as well as new discretization method for data reduction. Due to the significant change 

of properties near the critical point of CO2, it is difficult to predict the heat transfer 

performance near the critical point using traditional methods and hence new data reduction 

methods are proposed. Saeed et al. [28] investigated numerically the thermal hydraulic 

characteristics of SCO2-water PCHE with a zigzag flow channel and developed correlations 

for both water and SCO2. Proposed a correlation with wide operational range for precooler 

conditions. Conventional data reduction method based on averaged values cannot be used 

and hence new data reduction method based on segmental averaged values is proposed to 

examine the varying thermo physical properties of CO2 along the length for precooler 

conditions. Chu et al. [26] proposed friction factor and nusselt number correlations for SCO2 

to water for a range of 30,000 to 70,000 Reynolds number for a PCHE with semi circular 

straight channels. From the results, for the same mass flow rate the heat transfer is better 

and is about 1.2 to 1.5 times higher for SCO2 compared with water.  

1.3.4 Studies at non uniform inlet conditions 

Guo et. al [29] proposed the mal distribution of inlet flow and non uniformity in inlet 

temperature on cross flow heat exchanger with SCO2 working fluid can enhance or 

deteriorate heat transfer without a significant increase in pressure drop.  The effect of 

headers at the inlet can cause the non uniformity in the flow. Correlations related to shape 

factor, dimensionless core length and thermo-hydraulic performance of PCHE for non 

uniformity of fluid flow are analysed. Wang et. al [30] proposed modified hyperbolic inlet 

header after analysing four different inlet headers which reduces the flow non-uniformity by 

around 46% and increases the overall performance by around 39.5%. Heat transfer and 

friction factor correlations of different configurations are available mainly from experimental 

analysis and numerical study. It is required to validate our CFD numerical study using 

experimental datas or even numerical results available that are already validated. Once 

validated it can further adapt the same numerical setup in any geometrical patterns for 

comparison studies. There is a lack of common correlation for a wide range of temperature 

and also for different geometrical dimension variations. The part on developing common 

correlations needs to be investigated. 
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1.4 Outline of the Thesis 

Chapter 1 reports the overview of the power cycle, introduction to PCHE, Literature review, 

Scope of the work and the state of art.  

Chapter 2 outlines all the mathematical relations and CFD related equations and methods 

used. The chapter also details the wall functions and y+, Turbulence model  realisable 

model,  SST model, detailing the SIMPLE solver used, the spatial discretization 

explaining the different schemes including second order Upwind, QUICK and the Least 

Squares Cell-Based Method. 

Chapter 3 describes the numerical study of circular straight pipe with constant cross section 

for the laminar flow with Re100. Velocity profile, friction factor, heat transfer phenomena is 

analysed and detailed. Details of the input data, mesh, methodology used, and the solver are 

explained. Finally, the results are validated and compared for heat transfer, friction factor with 

the available correlations and the velocity profile with the analytical results.  

Chapter 4 details the numerical study for the turbulent flow through a straight constant 

circular pipe. The velocity profile, Nusselt number, heat transfer coefficient, bulk temperature, 

wall shear stress is analysed for constant heat flux and constant wall temperature and results 

are compared and validated with the available correlation. The geometry, boundary 

conditions, mesh and y+, methodology used to solve the problem, the turbulence model, and 

finally the results are detailed.   

Chapter 5 explains the numerical study on thermal and hydraulic analysis for a semicircular 

fluid domain on PCHE conditions for SCO2 fluid. The study conducted locally for the fully 

developed turbulent region for heat transfer, heat transfer coefficient, bulk temperature, 

friction factor. Input details on geometry, mesh and boundary conditions, wall function, 

turbulence model, variable properties using UDF, and finally the results along with the 

comparison of available correlation are presented.  

Chapter 6 discusses the conclusion with the outcomes of the project and also the future 

works of the project. 
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2. CFD Model  

2.0 Overview 

The chapter details the governing conservation equations used to solve the model, wall 

modelling strategies detailing the wall functions and y+, the turbulence model used in the 

simulation namely  realisable Model and  SST Model, the SIMPLE solver, the spatial 

discretisation explaining the Upwind and QUICK scheme along with the cell-based method. 

The chapter also explains the processing methods and equations used for the model. The 

geometry is developed in ICEM and the solution is done using fluid simulation software 

FLUENT [31].  

2.1 Basic Mathematical Relations 

The flow through a three-dimensional control volume is governed by the conservation [32] of 

continuity, momentum and energy equations which are detailed in the following subsections.  

2.1.1 Continuity Equation 

Continuity equation is expressed using the conservation of mass shown in the Eq (2.1). The 

rate of change of mass through a control volume is equal to the mass through the faces. 

   

Where,  is the accumulation term and  
 
 is the convective term.  

2.1.2 Momentum Equations 

The rate of change in momentum in all directions in a control volume is equal to the sum of 

forces acting in that control volume which is expressed in Eq (2.2). 
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Where,  
 
 is the accumulation term,  

 
 is the convective term,  

 
 is the 

body forces due to gravitational effects,  
 
 is the external force,  is the static pressure,  

 
 is the stress tensor,  is the molecular viscosity,  is the unit tensor  

2.1.3 Energy Equation 

The energy equation [33] used in ANSYS FLUENT is expressed in Eq (2.4). 

 

          Eq (2.5) 

where  is the effective conductivity,  is the thermal conductivity and the is 

the turbulent thermal conductivity.  
 

is the diffusion flux. The first three terms in   

 

 represent the energy transfer due to conduction, 

species diffusion and viscous dissipation respectively.   denotes the heat of chemical 

reaction and any other volumetric heat sources defined. where  is the sensible enthalpy. 

For ideal gases the  is given in Eq (2.6) where is the mass fraction of specie .   

      Eq (2.6) 

is in given in Eq (2.7) where  is 298.15 K. 

    Eq (2.7) 
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2.2 Wall Modelling Strategies 

Inorder to solve the turbulent flow, the mesh cell height near the wall is very important. Wall 

functions or enhanced wall treatments and y+ covers the strategies used for wall modelling 

and is explained in the following section.  

2.2.1 y plus 

For the turbulence, high velocity which in turn high Reynolds number is required. At the wall, 

velocity should be zero and there must be a layer near to the wall that has a velocity having a 

laminar pattern and this layer is called viscous sublayer. So, to catch the phenomena in the 

viscous sublayer, the centre of the first cell between the outer wall and the adjacent cell need 

to be in this viscous layer. y+ shows whether the mesh has an inside viscous sublayer or not. 

In order to do the y+ estimation, following methodology with step-by-step calculations are 

done and are as follows. 

I. Evaluate the Reynolds number  

II. Estimate the skin friction coefficient  using Schlichting correlation [34] shown in Eq 

(2.8). 

 for    Eq (2.8) 

III. Calculate the wall shear stress  using the Eq (2.9). 

     Eq (2.9) 

Where,  is the density (kg/m3),  is the average velocity (m/s),  is the skin 

friction coefficient.  

IV. Calculate the friction velocity  [35] shown in Eq (2.10). 

       Eq (2.10) 
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Where is wall shear stress (kg/ms2),  is the density (kg/m3) 

V. Calculate the first cell height or wall distance y [36] shown in Eq (2.11). 

      Eq (2.11) 

Where,  is the dynamic viscosity (kg/ms),  is the density (kg/m3), is the friction 

velocity (m/s).  

2.2.2 Wall Functions 

For turbulent flows, the first cell from the wall should lie in the thin viscous sublayer thus 

requiring very high fine mesh and thereby increasing the computational time for problem 

solving. Wall functions are introduced to solve this problem and allow the use of relatively 

larger finer mesh near the wall. Wall functions are applied based on the law of wall [37] 

shown in Fig. 2.1 where the importance of y+ are introduced. The different regions of the 

turbulent boundary layer are viscous sublayer ( <5), transition or buffer layer (5< <30) 

and turbulent or log layer ( >30). While solving turbulent problems,  should not be in the 

buffer layer but can be in viscous sublayer and also in log layer depending on the type of 

application. The logarithmic law of the wall is valid for flows with higher Reynolds and far 

from the wall with negligible viscous effects. 

Viscous sublayer: for <5,    Eq (2.12) 

Buffer layer: for 5< <30,  not defined yet thus  Other two 

equations intersect at  =11.225 

Log layer: for >30,   Eq (2.13) 

     Eq (2.14) 

https://paperpile.com/c/C83uiZ/vyBw
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Where,  is the non dimensional distance,   is the dimensionless velocity,  is the 

friction velocity,  is the velocity parallel to the wall,  is the constant = 5 for smooth wall, 

=9.8 is the empirical constant,  is Von Karman constant and is equal to 0.4187 for smooth 

walls.  

 

Fig. 2.1. Law of wall  

 

2.2.2.1 Standard Wall Function 

Due to the computational limitations in mesh, the first cell cannot be placed in viscous 

sublayer but if able to place in log layer, then standard wall functions are used. These 

functions are suitable for predicting reasonably good values for higher Reynolds numbers. If 

this function is used, the dimensionless distance y+ should be used between 30 and 300. 

Wall functions should never be used if y+ less than 30. This approach is actually simplifying 

the wall to fluid interaction, sacrificing accuracy but allowing more complex and bigger 

domains to be studied.  
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2.2.2.2 Enhanced Wall Treatment 

It is a wall model in which the separate models of the two-layer approach are blended using 

a damping function making the transition between the two approaches smoother. Log layer 

and viscous sublayer (if available) blends together to comply with the results like the law of 

wall but still with some uncertainty in buffer layer.  

2.2.2.3 Resolving viscous sublayer 

The viscous sublayer or the first cell from the wall need to be resolved in some cases where 

accuracy in predicting the heat transfer is required. For this enhanced wall functions with y+ 

less than 1 with a growth rate of 1.2 is maintained.  Hence higher computational time is 

required for solving this strategy.   

2.3 Turbulence Model 

2.3.1   Realizable Model 

  Realizable Model [38] differs from the  Standard model is that it accurately predicts 

the mathematical constraints on Reynolds stress for turbulent flows. The difference is the 

correction in the transport equation where the stress becomes a positive quantity. But when it 

is changed to negative for  standard model thus non realisable. Also, this model provides 

better performance for flows involving rotational, boundary layers having strong change of 

pressure gradients. The equations used for Turbulent kinetic energy  (the turbulence 

energy) and turbulent dissipation rate  (dissipation per turbulent kinetic energy) are provided 

in Eq (2.15) and Eq (2.16).   

 Eq (2.15) 

            Eq (2.16) 

https://paperpile.com/c/C83uiZ/6GYl
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Where is the generation of turbulent kinetic energy due to velocity gradients,  is the 

generation of turbulent kinetic energy due to buoyancy,  is the fluctuating dilation to overall 

dissipation rate,  and  are constants,   and  are turbulent Prandtl numbers,  and 

 are the source terms    

2.3.2  SST Model 

This model is most commonly used to capture most of the effects of turbulent flow conditions. 

In addition to the conservation equation, two additional transport equations are solved and 

hence the name two equation model. Turbulent kinetic energy  (the turbulence energy) and 

the specific turbulent dissipation rate  (rate of dissipation per turbulent kinetic energy) are 

the two transport variables shown in Eq (2.17) and Eq (2.18). 

  Eq (2.17) 

  Eq (2.18) 

SST models means Shear Stress Transport Model is a combination of both  and   

models.  is a high reynolds model in which it is used in far from wall region whereas  

is a low Reynolds model and is used near the wall region, that is in the viscous sublayer.  

Thus, the SST model is used as a blending function in which one indicates  model and 

zero indicates the model used is . Thus, more reliable over standard models in predicting 

the flow boundary separation   
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2.4 Numerical Methodology 

2.4.1 SIMPLE 

The SIMPLE (Semi-Implicit Method for Pressure Linked Equations) [39] uses a relationship 

between corrections of pressure and velocity to obtain pressure field and to update mass 

conservation equations; in a short this algorithm is commonly used to solve Navier Stokes 

equations. Velocity corrections are explicitly solved and the discretized momentum equation 

and pressure correction equation are implicitly solved and hence the name semi-Implicit 

method.  

2.4.2 Second order Upwind Scheme 

The quantities at each face of the cell are calculated with second order accuracy through 

Taylor series expansion of the cell centres solution about the cell centroid. The face value 

 is calculated using the Eq (2.19). 

    

Where,  is the cell centred value,  is the gradient in the upstream cell, 
 
is the 

displacement vector between the face centroid and the upstream cell centroid.  

2.4.3 QUICK Scheme 

Quick (Quadratic Upstream Interpolation for Convective Kinematics) Scheme is a higher 

order scheme that has three point upstream weighted quadratic interpolation, It is based on 

central second-order interpolation (while ) and weighted average of second-order 

upwind (while ) of the variable. For an east face, the value is computed when flow 

direction is from left to right. The value of  for the scheme is traditionally used and set as ⅛. 

The Eq (2.20) [40] is used for evaluating the scheme in FLUENT. 
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    Eq (2.20) 

Where, is the west cell face to face distance, is the point cell face to face distance, is 

the east cell face to face distance, W is the west centroid point, P is the centroid point of 

evaluation, E is the east centroid point,  is the convected variable at the centre, is 

the convected variable at a face 

2.4.4 Least Squares Cell-Based Method 

The gradient  is normally evaluated using Green-Gauss Cell-Based (Least accurate but 

cheaper than other two methods), Green-Gauss Node-Based and Least Squares Cell-

Based. In which Least Squares Cell-Based method [41] is used as it has higher accuracy on 

irregular unstructured meshes and also less expensive to compute than node-based gradient 

and is expressed in Eq (2.21). The linear system of the equation is solved and the gradient of 

the cell centre is computed by multiplying the weight factor into vector difference for the x, y, 

z coordinates and is expressed in the Eq (2.22), Eq (2.23), Eq (2.24).   

    Eq (2.21) 

    Eq (2.22) 

   Eq (2.23) 

   Eq (2.24) 

Where,  and  are the centroid of the cells,  is the vector between two centroids, , 

,  are three components of a matrix of weights for each cell.  

https://paperpile.com/c/C83uiZ/i8f1
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2.5 CFD Post Processing 

Post processing of the results are also done from FLUENT and also using Microsoft Excel. 

Inorder to obtain the velocity profile, lines are created radially at different intervals of the fluid 

domain from inlet to outlet. For post processing the heat transfer and pressure, iso-surface 

are created radially at different sections of the fluid domain. In this iso-surface, iso-points are 

created. From these iso-points and iso-surfaces the results are processed locally by using 

different surface integral calculation options provided in FLUENT and are detailed below. 

Finally, from these results, using the Microsoft Excel the values for the Nusselt number, 

friction factor and related correlations are calculated. The equations for calculating in Excel 

are already detailed in corresponding chapters. 

2.5.1 Surface Integrals Calculation 

2.5.1.1 Mass-Weighted Average 

Mass-Weighted average of any quality is calculated as the ratio of the summation of the 

selected field variable multiplied by the absolute value of dot product of momentum vector 

and facet area of the section and is divided by the summation of absolute value of dot 

product of momentum vector and facet area of the section shown in the Eq (2.25).  

    

2.5.1.2 Vertex Average  

The vertex average of any field variable on a surface is calculated as the ratio of summation 

of values of the vertex of that field variable to the total number of vertices on that surface 

which is expressed in Eq (2.26).  

     Eq (2.26) 
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3 Laminar pipe flow with constant properties 

3.0 Overview 

This chapter analyses the case of circular straight pipe for analysing the velocity profile, heat 

transfer and pressure correlations for the laminar setup using the CFD tool. Reynolds 

number with 100 is used for the simulation for air as a fluid. The chapter details the velocity 

profile, friction factor, heat transfer coefficient, Nusselt number, meshing and geometry 

generated from ICEM, along with all results from CFD analysed locally at different locations 

from inlet to outlet and also compared with the correlations. The main reason for this study is 

to familiarise all the CFD related tools and thereby be able to validate whether all the setup is 

correct or not. The study of laminar cases is very helpful and is easier to work with CFD tools 

thereby supporting and stabilising my focus on turbulent cases.  

3.1 Velocity Profile 

When uniform velocity is provided at inlet, the flow molecules evolve gradually being more to 

the centre and slow down near the wall due to viscous stress. The profile of flow velocity for 

the circular straight tube from inlet to a certain length is shown in Fig. 3.1. After a certain 

length the flow is fully developed and a stable velocity profile is achieved. The laminar 

velocity profile of the fluid domain is parabolic in shape and is assumed to have only the axial 

velocity component. The entrance length for a fully developed laminar flow [42] is expressed 

by the following Eq (3.1). 

    Eq (3.1) 

Where,  is the entrance length, D is the diameter of the tube and Re is the Reynolds 

number 
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Fig. 3.1: Velocity Profile for the circular straight tube [42,43] 

The velocity profile from CFD model can be validated with the analytical solution and hence 

this a great tool for validating the CFD results, The analytical solution for the velocity profile at 

steady state [44] is defined by the Eq (3.2) given below  

   Eq (3.2) 

Where is the average velocity at that cross section, R is the pipe radius. 

3.2 Friction Factor 

For a circular pipe with laminar flow, the friction factor is inversely proportional to the 

Reynolds number and is shown in the Eq (3.3). 

      Eq (3.3) 

Where,  is the friction factor,  is the Reynolds number. Reynold number explains 

whether the flow is laminar, transient or turbulent. In general, Reynolds number [45] less than 

2300 is considered as laminar flow, Reynolds number between 2300 to 4000 is considered 

the transition region and Reynolds number greater than 4000 is considered turbulent flow. It 

is the ratio of inertial to viscous forces and is defined in the Eq (3.4) below 
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      Eq (3.4) 

Where   is the density of the fluid (kg/m3),  is the velocity of the fluid (m/s),  is the 

diameter of the pipe (m) and  is the dynamic viscosity of the fluid (kg/ms).  

The skin coefficient friction  [46] is denoted by the following Eq (3.5) where is the viscous 

shear stress at the wall,  is the average velocity of the fluid,  is the density. 

      Eq (3.5) 

 

The pressure loss due to viscous effects can be obtained from the well-known theoretical 

Darcy-Weisbach equation [47] and is defined with the following Eq (3.6).  

        Eq (3.6) 

Where  is the pressure loss per unit length, the Darcy friction factor,  the density of the 

fluid (kg/m3),  the mean flow velocity,  is the hydraulic diameter of the pipe. 

3.3 Heat Transfer  

The project involves the analysis of heat transfer for the fluid domain alone and without 

considering the solid part of the tube. Inorder to validate the simulation results, it is important 

to compare with the available correlations of Nusselt number. The Nusselt number [48] is a 

dimensionless number and is defined as the ratio of convective heat transfer to conductive 

heat transfer at a specific boundary in a fluid domain. Nu is expressed using the following Eq 

(3.7) 
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      Eq (3.7) 

Where  is the Nusselt number,  is the overall heat transfer coefficient (W/m2K),  is the 

hydraulic diameter (m),  is the thermal conductivity (W/mK). The overall heat transfer is 

obtained using the relation shown in Eq (3.8). 

      Eq (3.8) 

Where,  is the heat transfer rate at the wall (W/m2),  is the temperature of the wall (K) 

and  is the fluid bulk temperature (K). Fluid bulk temperature [49] at a given cross section 

accurately gives the average temperature based on the pressure at a given cross sectional 

slice of the fluid domain.  From Bulk enthalpy, bulk temperature is obtained and is detailed in 

chapter 05.  

3.4 Input Data 

The geometry and boundary conditions for the domain are detailed in Table 3.1. The case in 

this chapter with air as a fluid is studied with constant properties in order to make sure that all 

the CFD system runs smoothly and correctly before proceeding to variable properties that is 

done in the CO2 case.  
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Description Data 

Diameter of the pipe 0.01m 

Length of the pipe 0.1m 

Reynolds number 100 

Inlet Velocity 0.1461 m/s 

Inlet Temperature 363.15 K 

Wall Temperature 323.15 K 

Properties constant 

Fluid air 

Pressure Constant with 101325 Pa  

Table 3.1: Geometry and boundary conditions 

3.5 Methodology 

3.5.1 Geometry & Mesh 

According to the dimensions provided in Table 3.1, the geometry and meshing of the pipe is 

developed using ICEM software. For the geometry, the physical surface is defined as inlet, 

outlet and lateral. The O-ring type mesh is provided to maintain finer meshes near the lateral 

wall surface and also avoiding the singularity at the centre of the pipe for obtaining accurate 

results. The number of nodes provided are 235500. The Fig. 3.2 shows the pipe with hexa 

meshing. y+ values are normally important in turbulent flows but in order to guarantee a 

better and fine mesh near the wall for laminar flow, the equation Eq (3.9) [50] is used for 

defining the first cell height of the fluid domain from the wall.  

    Eq (3.9) 



Page 36  Report 

 

 

Fig. 3.2: Geometry and mesh for laminar flow pipe 

3.5.2 Solver  

The meshing file from ICEM is imported to FLUENT for further setup and solution of the 

case. The solver used is pressure-based type with absolute velocity formation. Gravity 

effects are neglected. The energy equation used for solving is detailed in Chapter 02.  

Viscous model used is laminar. Only the fluid domain is considered and without the lateral 

solid tube. The fluid domain is with air considering constant properties of 323.15K 

temperature obtained from CoolProp as shown in the Table 3.2.  

Description Data 

Density 1.0925 kg/m3 

Specific Heat Cp 1007.4 J/kgK 

Thermal Conductivity  0.0281 W/mK 

Viscosity 1.9635E-05 kg/ms 

Table 3.2: Properties of the fluid domain 

The scheme used for solving is SIMPLE with steady state conditions. Second order Upwind 

Scheme is used for energy and momentum calculation. Velocity inlet, Pressure Outlet, 

Constant temperature at wall with no slip and stationary wall are the boundary conditions 

used. The convergence criteria with 1-06 is used for the equations for continuity, velocity and 

energy.  

3.6 Results & Analysis 

The simulation results from CFD are analysed, compared and validated with the analytical 

solutions. The results from the simulations provide minimal error from the actual values and 
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thereby proving that the CFD setup done is correct for the laminar case. The detailed review 

of results is provided in the section below. 

3.6.1 Velocity Profile from CFD 

The velocity profile from inlet at 0m, at 0.025m, at 0.05m, at 0.075m and outlet at 0.1m are 

analysed and are plotted along with the analytical solution for a fully developed laminar flow 

and is shown in Fig. 3.3.   

The velocity profile at three-fourth and outlet coincides with the analytical solution.  This 

means after the minimum entrance length for the laminar flow, flow is fully developed and it 

continues. Inorder to visualise correctly the outlet velocity profile against analytical profile is 

plotted as shown in figure 3.3. The results from CFD coincide with the analytical and thus 

developed model is validated. 

 

  

Fig. 3.3: Velocity profiles from CFD vs analytical profile 

3.6.2 Heat Transfer Results from CFD 

The temperature contour at the 0.01m cross section of the fluid domain is shown in Fig. 3.4 

(a) and at 0.05m is shown in Fig. 3.4 (b).   
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(a)                (b) 

Fig. 3.4: Temperature contour at different cross section  

The Nusselt number is calculated at different cross sections of the pipe at different cross-

sectional slices at equal intervals. The results of different Nusselt numbers from inlet to outlet 

at equal intervals are shown in the Table 3.3 below. 

 

Locations Nusselt values 

0.06 m 3.688 

0.07 m 3.689 

0.08 m 3.692 

0.09 m 3.696 

Table 3.3: Nusselt number from CFD at different sections of the pipe  

The Value of Nusselt number is 3.66 [51] for uniform wall temperature and 4.36 for constant 

wall heat flux. So, the heat transfer results from CFD are validated with the Nusselt 

correlation. The averaged Nusselt number for the fluid domain for fully developed flow from 

0.06m to 0.1m from CFD is 3.691 and the results have error of 0.86% when compared with 

the correlation and hence the model on heat transfer is validated. Fig. 3.5 details the results 

of Nusselt numbers at different slices of the pipe along with the correlation results.  
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Fig. 3.5: Nusselt results from CFD vs correlation 

3.6.3 Friction Factor 

The friction factor is also analysed at different sections of the pipe and the averaged value 

from 0.06m to 0.1m is 0.16 at the fully developed laminar flow region with error of 0.12% 

from the correlation and thus the model is validated. 

 

Fig. 3.6: Friction factor results from CFD vs correlation at different sections of the pipe 
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4. Turbulent pipe flow with constant properties 

4.0 Overview 

This chapter describes the turbulent flow through a straight circular pipe with constant 

properties, also as a further extension to Chapter 03. The CFD simulation is done for 

constant wall temperature and the results are analysed locally from inlet to outlet at different 

sections. The local results at the fully developed turbulent region and at the section where 

without reverse flow shows greater consistency with the available correlation. The chapter 

explains the velocity profile, Nusselt number, heat transfer coefficient, bulk temperature, wall 

temperature, shear stress at wall, turbulence method, wall functions with all detailed results 

and analysis. 

4.1 Input Data 

4.1.1 Geometry  

The geometry details for the fluid domain are detailed in Table 4.1. In this chapter, fluid 

selected is air and is studied with constant properties for Reynolds of 5000 in order to make 

sure that all the CFD system runs correctly and comparable before proceeding to variable 

properties. The studies are carried out for constant temperature and are detailed in the 

following sections. 

Description Data 

Diameter of the pipe 0.01m 

Length of the pipe 0.25m 

Reynolds number 5000 

Properties constant 

Fluid air 

Table 4.1: Geometry details for the domain 

4.1.2 Boundary Conditions 

The boundary conditions used for the solver are detailed in Table 4.2. 
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Inlet  Velocity inlet 7.3037 m/s 

Outlet Pressure Outlet  

Lateral Wall No slip condition 
Constant temperature 

 
323.15 K 

Temperature Inlet Temperature 363.15 K 

Pressure Operating Pressure (Assumed 
Constant) 

1 bar 

Turbulence Turbulence Intensity 5% 

Table 4.2: Boundary conditions 

4.1.3 Mesh 

The generated mesh contains 481000 cells. This mesh is provided with hexahedral shape 

having O-grid type meshing developed in ICEM shown in Fig. 4.1. The mesh provided are 

finer and maintained y+ between 30 and 300 inorder to have turbulent flow inside the log 

layer and thereby it was able to apply wall functions.   

 

Fig. 4.1: Meshing for the fluid domain 

4.2 Methodology 

4.2.1 Velocity Profile 

For turbulent flow, there exist eddies of different sizes which inturn adds some additional 



Analysis of CO2 Power Cycle Heat Exchangers  Page 43 

 

shear stress. Turbulent flow mainly consists of inner layers namely the viscous wall layer, 

overlap or buffer layer and outer layer. The viscous wall layer near to the wall has velocity 

gradients that are relatively high due to the non-slip boundary conditions where laminar 

shear stress is high compared with turbulent shear stress. Also the thickness of the wall layer 

is too small and this is very important in heat transfer phenomena near the wall. The overlap 

region of the layer consists of both laminar and turbulent flow. For the outer layer, the velocity 

gradients are relatively small and it covers almost all of the fluid flow. The turbulent shear 

stress is large compared with laminar shear stress in this layer region.  

For the flow to be fully developed turbulent flow, there must be a minimum entrance length 

and the empirical formula suggesting this is given in equation 4.1 

     Eq (4.1) 

Where, is the minimum entrance length (m),  is the diameter of the pipe (m),   is the 

dimensionless Reynolds number.  

The analytical solution for the fully developed turbulent flow is denoted by the following 

equation 4.2 

   Eq(4.2) 

    Eq(4.3) 

Where,  is the velocity at each cell, is the maximum velocity,  is the mean velocity,  

is the radius of each cell,  is the inner radius of the pipe,  and  [52] are power law 

exponents and  is the friction coefficient. 

4.2.2 Friction Factor 

For a circular pipe with constant cross section, the friction factor for a turbulent flow is 
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denoted [53] by the following Blasius equation 4.5.  

    Eq(4.5) 

4.2.3 Heat Transfer  

In this chapter, heat transfer is analysed with constant temperature at the lateral wall. The 

results of heat transfer from the CFD are validated with the available Nusselt number 

correlation for the turbulent flow for the straight circular pipes. Many correlations exist for the 

Nusselt number for straight pipes in which the most widely used are provided below.  

The Dittus-Boelter empirical correlation [54] for a fully developed flow is shown in the 

equation 4.6 and is analysed for constant properties 

   Eq(4.6) 

The Gnielinski empirical correlation [55] is used to analyse the Nusselt number for a fully 

developed flow and is shown in the equation 4.7 

   Eq(4.7) 

This equation is valid for the  and   

4.2.4 Turbulence Model 

 SST,  Realisable with EWT and wall functions are used as the turbulence model for 

studying the case. For the solution, the SIMPLE scheme is used for the pressure velocity 

coupling equation. For the spatial discretization least square cell based gradient is used. 

Momentum, turbulent kinetic energy, specific dissipation rate, energy equations are solved 

using QUICK and second order upwind schemes in order to compare the results.  The 

details regarding the turbulence model are already covered in the Chapter 02. 

https://paperpile.com/c/C83uiZ/bdKj
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4.2.5 Residuals for Convergence 

The convergence criteria of 1-06 is achieved for the x,y,z velocity, continuity, energy, specific 

dissipation energy, dissipation energy, turbulent kinetic energy.  

4.3 Results & Analysis 

4.3.1 Velocity profile CFD results 

The velocity profile of fully developed turbulent flow from CFD results along with the 

analytical solution is provided- in Fig. 4.2. The results from CFD coincide with the analytical 

ones at the centre point of the fluid having maximum velocity and thus the results are 

validated. The variations of the profile from the centre of the fluid to the wall is due to the 

constraints in the analytical solution. Also, the analytical values in the transition layer are still 

unknown, making some little deviation in that region. The value for the n is 6 [58] and m is 1 

shows better alignment with the CFD results. Study is conducted by changing the value for n 

equal to 7 and m equal to 2 to see the influence of these constants.  

 

Fig 4.2: Velocity profile analytical vs CFD 

4.3.2 Temperature profile 

The result for the temperature profile for the fluid domain having fully developed turbulent 
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flow with constant temperature at the wall with 323 K is plotted in the Fig. 4.3.  

 

Fig 4.3: Temperature contour at the surface of 0.2 m 

The bulk temperature of the fluid decreases along the axial direction of flow due to the 

constant wall temperature as is shown in Fig 4.4. 

 

Fig 4.4: Bulk temperature along the fluid domain 

The variation of temperature radially from the wall to the fluid is shown in Fig. 4.5.  
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Fig 4.5: Temperature variation radially at surface   

4.3.3 Constant Temperature with Local Nusselt Number 

The Nusselt number is evaluated locally in the axial direction of fluid flow as already 

explained in Chapter 03. The results from the CFD and the empirical correlations of 

Gnielinski and Dittus Boelter are plotted in Fig. 4.6. CFD analysis is done for different models 

which include  SST with SIMPLE solver with second order scheme and QUICK scheme, 

 with SIMPLE solver with QUICK scheme for SWF (standard wall function) and EWT 

(Enhanced wall treatment).   with SWF shows high deviation from the correlation. So, for 

heat transfer,  SST are selected from here onwards for the further study as it has shown 

less percentage of error from the correlation. The second order upwind and the QUICK 

scheme shows similar values. 
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Fig 4.6: Local Nusselt number with different methods from CFD vs correlations 

The percentage of error for the different schemes and methods are provided in Table 4.3. 

The  SST SIMPLE with QUICK solver has 8.5% error from the Dittus Boelter correlation 

and 0.23% from the Gnielinski Correlation. Second Order Upwind also shows less error. But 

 with standard wall functions deviate from the correlation, thus this methodology is not 

recommended.  with enhanced wall treatments has a certain percentage of error, but still 

it can also be used for the turbulence model according to the results.  
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  SST Simple-

Second order 

 SST Simple-

Quick 

 Simple-

Quick SWF 

 Simple-Quick 

EWT 

Average nusselt 

number 
17.019 17.021 31.102 21.618 

Gnielinski 

Correlation 17.062 17.062 17.062 17.062 

% error 0.248 0.239 82.295 26.707 

Dittus Boelter 

Correlation  18.603 18.603 18.603 18.603 

% error 8.511 8.502 67.194 16.211 

Table 4.3: The percentage of error from CFD vs correlations 

4.3.4 Friction factor analysis with Constant Temperature 

The friction factor is evaluated locally at different sections that is already explained in 

Chapter 03 from inlet to outlet for different schemes and the numerical results are plotted in 

the Fig. 4.7. According to the results, the  with enhanced wall treatment shows 3.27% of 

error from the correlation.  SST with QUICK scheme has 14.07% of error from 

correlation. But  with standard functions show a high percentage of error and hence 

cannot be used in the turbulent flow model simulations. 
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Fig 4.7: Comparison of friction factor with different scheme with correlation 

Table 4.4 shows the average friction factor from different cross sections and the percentage 

of error from the available correlations. 

  SST Simple-

Second order 

 SST Simple-

Quick 

  Simple-

Quick SWF 

  Simple-Quick 

EWT 

Average friction 
factor 

0.008 0.008 0.015 0.010 

Correlation 0.009 0.009 0.009 0.009 

% error 14.185 14.073 58.410 3.268 

Table 4.4: Average friction factor along with percentage of error from correlation 

After validating the results for Nusselt number, friction factor and velocity profile with the 

correlation and with the CFD, results obtained are realistic and comparable. This chapter 

was a great tool to identify in more detail about the turbulent flows, wall functions and 

modelling strategies. This chapter gives a confidence to confirm the setup used which is very 

important when modelling for variable properties at super critical temperatures and 

pressures. 
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5. Turbulent semi-circular pipe flow with variable 

properties 

5.0 Overview 

Heat transfer in supercritical CO2 of PCHE for the Brayton Cycle is analysed for the 

recuperator condition. Study is conducted for fully developed turbulent conditions to evaluate 

the heat transfer phenomena. Varying mass flux and varying heat flux are done for 

evaluating the heat transfer coefficient. The detailed methodology and the results are 

summarised in this chapter. 

5.1 Input 

5.1.1 Geometry and Mesh for Recuperator condition 

For the case for recuperator conditions, the semicircular channel with hydraulic diameter of 

1.17mm with 1000mm in length is provided. Hexahedral structured mesh with y+ 100 is 

provided. The meshing of the fluid domain is shown in Fig. 5.1. 

 

Fig. 5.1: Meshing for recuperator condition 

5.1.2 Computational Domain for Recuperator condition 

The domain is discretized non uniformly with O-grid type mesh is provided radially with 

strictly controlling the desired y+. To meet the requirement of wall modelling for the 

recuperator conditions, the log layer is placed the non-dimensional distance y+ equal to 100. 
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Also, 511212 computational nodes are provided which is the maximum limited value for the 

students version to evaluate the domain.  

5.1.3 Boundary conditions for Recuperator condition 

The boundary conditions used for the recuperator conditions for the computational domain is 

detailed in Table 5.1. 

Inlet  Mass flux inlet 

Outlet Pressure Outlet 

Lateral Wall No slip condition 
Constant heat flux 

Temperature Inlet Temperature 

Pressure Operating Pressure  

Mass flow rate Variation study conducted 

Turbulence intensity  5% 

Table 5.1: Boundary conditions for the recuperator  

5.2 Turbulence setup 

5.2.1 Wall Functions and y+ 

As already explained in Chapter 2, wall functions are used to solve the log layer region 

avoiding the viscous sublayer. For the recuperator condition, y+ is maintained between 30 

and 300 which is in the log layer to evaluate the heat transfer phenomena.  

5.2.2 Turbulence Model 

The shear stress transport SST  Turbulence model is used which gives the robustness 

of   for bulk flow and the precise calculation of Wilcox modified  model near the wall. 

Quick scheme is selected for the approximating the convection terms which has relatively 

more accuracy when compared with the second order upwind scheme. The SIMPLE 

algorithm is used for coupling the pressure and velocity.  
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5.3 Solution 

5.3.1 Properties of Supercritical CO2 

The properties of CO2 are calculated using CoolProp [56] for a range of temperatures with 

constant pressure in Matlab. An array of properties for a given range of temperature are 

created and loaded to FLUENT using UDF. Firstly, calculate the properties for a given range 

of temperature using CoolProp and then load it to FLUENT. FLUENT asks for properties for 

the corresponding temperature and is given back from the created array. The properties for 

the given range are shown in Fig. 5.2 

 

(a) Specific heat vs Temperature 

 

(b) Thermal conductivity vs Temperature 

https://paperpile.com/c/C83uiZ/4hwS
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(c) Density vs Temperature 

Fig. 5.2. Properties for (a) Specific heat, (b) Thermal conductivity and (c) Density for a range 

of temperature from CoolProp  

5.3.2 Convergence criteria 

In order to have a good convergence for the simulation, the convergence criteria of 1-06 for x-

velocity, y-velocity, z-velocity, continuity, energy, specific dissipation energy, dissipation 

energy, turbulent kinetic energy. For the easy convergence of the solution, under relaxation 

factor for energy is 0.995 and for turbulent kinetic energy, specific dissipation rate, turbulent 

viscosity is 0.7 to get solutions to be stabilised during the iterations.  

5.3.3 Heat transfer  

The heat transfer coefficient is calculated from FLUENT using the following steps. Firstly, 

calculate the bulk enthalpy using the Eq (5.1) 

      Eq (5.1) 

Where is the bulk enthalpy,  is the density,  is the axial velocity,  is the enthalpy at a 

point on the selected slice, dAc is the cross-sectional area of the selected cell. Then find the 

bulk temperature is a function of bulk enthalpy and the pressure using Eq (5.2). 
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            Eq (5.2) 

All correlations used to compare the turbulent flow Nusselt results are already explained in 

chapter 04.  

5.4 Results & Analysis 

The analysis is carried out for the recuperator conditions with high temperature and pressure 

detailed in the following sections. Due to the lack of realistic wall temperature from the 

experimental data, constant heat flux is adapted for the calculation. 

5.4.1 Temperature Profile 

Temperature profile at different locations for the reference case with heat flux of 20 kW/m2, 

mass flux of 760kg/m2s and at pressure of 7.5Mpa. The temperature profile at a surface 

0.3m and 0.5m from inlet are shown in Fig. 5.3 and Fig. 5.4 respectively.  

 

Fig. 5.3: Temperature contour at a surface 0.3m from the inlet 

 

 

Fig 5.4: Temperature contour at a surface 0.5m from the inlet 
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The bulk temperature against the axial direction of flow is plotted in Fig.5.5. It is observed 

that when the constant heat flux is provided, the temperature of the cold fluid increases. 

When constant heat flux is provided, the enthalpy changes linearly. The properties are not 

fluctuating strongly, so the specific heat and density are almost constant providing this linear 

behaviour.  

 

Fig 5.5: Bulk temperature vs axial distance for the fluid domain 

5.4.2 Heat Transfer results  

Heat transfer is analysed locally for varied mass flux and for varied heat flux. The results 

obtained are compared with the classical Dittus Boelter and Meshram correlation and are 

plotted in the variation study sections. 

Meshram [23] provides correlation specifically for recuperator conditions in which the Nusselt 

number for straight and zig-zag channels for a given range of temperature, that is for hot 

between 500K to 730K and cold fluid between 400K to 600K. The Nusselt number according 

to the correlation is shown in Eq (5.3) and the results corresponding to the correlation is 

plotted in the section for variation studies. 

                                             Eq (5.3) 

The properties of specific heat, thermal conductivity and density along the axial direction of 

flow are provided in Fig. 5.6.  
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(a) 

 

(b)  

(c) 

Fig 5.6: Properties of (a) specific heat (b) density and (c) thermal conductivity along the axial 

direction of the flow 
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5.4.3 Variation study of mass flux 

Mass flux is varied from 150, 300 and 760 kg/m2s in order to analyse the influence of Nusselt 

number. The results are taken after the entrance length for a fully developed flow and the 

average is taken from inlet to outlet. It is observed from the result that when the mass flux is 

increased, Reynolds number is increased which causes the increase in Nusselt number. The 

variation of different mass flux for the 3 different cases along with the correlation are plotted 

in the Fig. 5.7. The variation study on mass flux shows that the increase in mass flux has a 

significant role in increasing the Nusselt number there by higher heat transfer performance. 

When changing the mass flux from 300 to 760 kg/m2s, the Nusselt number changed rapidly 

with 50% of increase. 

 

Fig 5.7: Nusselt number vs Reynolds number for varied mass flux G150kg/m2s, 

G300kg/m2s, G760kg/m2s having heat flux Q20kW/m2 at pressure 7.5Mpa 

The nusselt number is evaluated locally for the different cases for varied mass flux with 

G300kg/m2s and G150kg/m2s with 7.5Mpa pressure along with the correlation are plotted in 

Fig.5.8 and Fig 5.9 respectively. 
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Fig 5.8: Nusselt number vs axial position with mass flux G300kg/m2s and heat flux 

Q20kW/m2 at 7.5Mpa pressure 

 

Fig 5.9: Nusselt number vs axial position with mass flux G150kg/m2s and heat flux 

Q20kW/m2 at 7.5Mpa pressure   

The results from CFD show close resemblance to the available correlation when analysed 

locally along the flow direction with a certain percentage of errors. From the analysis, the 

Meshram correlation shows better and closer values with the CFD study. Hence this 

correlation is very useful and recommendable for analysing the recuperator conditions. The 

percentage of error of the CFD results compared with the correlations are shown in Table 

5.2.  
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G = 760  
Q = 20k  

P = 7.5MPa 

G = 300  
Q = 20k  

P = 7.5MPa 

G = 150  
Q = 20k  

P = 7.5MPa 

G = 760  
Q = 40k  

P = 7.5MPa 

G = 760  
Q = 60k  

P = 7.5MPa 

CFD 126.83 60.32 39.28 118.05 111.54 

Gnielinski 93.11 40.26 20.05 86.09 80.92 

% error 
Gnielinski 

26.59 33.25 48.96 27.07 27.46 

Meshram 115.66 53.83 29.30 107.56 101.56 

% error 
Meshram 

8.81 10.77 25.40 8.89 8.95 

Dittus Boelter 99.02 42.34 21.52 92.05 86.76 

% error Dittus 
Boelter 

21.93 29.82 45.22 22.02 22.22 

Table 5.2: Percentage of error from the correlation  

5.4.4 Variation study of heat flux 

When the heat flux is increased, the Nusselt number is decreased and hence the heat 

transfer performance is decreased. With the heat flux of Q20kW/m2, the study shows a better 

heat transfer performance for the recuperator conditions. The comparison study is done for 

different heat fluxes with Q20kW/m2, Q40kW/m2, Q60kW/m2 and are shown in Fig. 5.10. The 

influence of the different heat flux on the fluid domain has a change in heat transfer 

performance which is due to the variation of properties. 

 

Fig 5.10: Comparison of Nusselt number with different heat flux with Q20kW/m2, 

Q40kW/m2, Q60kW/m2 and mass flux of G760kg/m2s at 7.5Mpa pressure  
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The nusselt number is analysed locally for different heat flux with Q20kW/m2, Q40kW/m2, 

Q60kW/m2 having a mass flux of G760kg/m2s at 7.5Mpa pressure are shown in Fig. 5.11, 

Fig. 5.12, Fig. 5.13 respectively.  

 

Fig 5.11: Nusselt number vs axial position with mass flux G760kg/m2s and heat flux 

Q20kW/m2 at 7.5Mpa pressure 

 

Fig 5.12: Nusselt number vs axial position with mass flux G760kg/m2s and heat flux 

Q40kW/m2 at 7.5Mpa pressure 
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Fig 5.13: Nusselt number vs axial position with mass flux G760kg/m2s and heat flux 

Q60kW/m2 at 7.5Mpa pressure  

5.4.5 Comparison study on Friction factor 

There exist many correlations for friction factors in which Farag and Meshram are detailed 

below. Farag correlation [57] for friction factor is shown in Eq (5.4). 

                                            Eq (5.4) 

Meshram correlation [23] for friction factor is shown in Eq (5.5) which is specifically for the 

Recuperator conditions. The correlation is available for different temperature ranges, that is 

for hot between 500K to 730K and cold fluid between 400K to 600K. 

      Eq (5.5) 
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Fig 5.14: Comparison of friction factor from CFD vs correlation for mass flux 

G760kg/m2s and heat flux Q20kW/m2 at 7.5Mpa pressure  

The results of the friction factor from the CFD are compared with the existing correlation of 

Farag and Meshram for mass flux G760kg/m2s and heat flux Q20kW/m2 at 7.5Mpa pressure 

shown in Fig. 5.14. Friction factor from CFD with Farag shows a deviation of 0.45% and a 

deviation of 7.39% with meshram. For the friction factor, Farag correlation gives better 

results. 

As a summary, this chapter mainly helps to identify the heat transfer phenomena, Nusselt 

number, friction factor for the SCO2 fluid at Recuperator conditions. The main outcome from 

the study is that increasing the mass flow rate can increase the heat transfer performance 

but increasing the heat flux deteriorates the heat transfer performance. The results agree 

qualitatively with the available correlation but quantitatively need to investigate without using 

wall functions and also using with other turbulence models. 
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Budget 

The project is based on a numerical approach on the analysis of CO2 heat exchangers for 

power cycles, carried out in my personal computer at home.  

The approximated cost derived from the project could be estimated as: 

PC depreciation costs (8 months usage, 4 

years depreciation)  

(8/48) * 1500 euros/PC = 250 euros 

Personnel hours dedicated (8 months x 50 

hours/month average x 30 euros/h) 

12000 euros 

Electricity (200 W x 1000h = 2000Wh) (cost 

kWh = 0.35 euros) 

0.70 euros 

Total 12250.70 euros 
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Environmental Impact 

The project is fundamentally based on a numerical approach on the analysis of CO2 heat 

exchangers for power cycles. The environmental impact of this project can be summarized 

as follows: 

• During the execution of the project, a minimum impact is considered mainly due to 

the electricity consumption of the computer where the simulations were carried out. 

These simulations were done in a personal computer, hence the environmental 

impact is negligible 

• The project is focused on understanding the operation and function of sCO2 heat 

exchangers which are crucial components. The improvement of heat exchangers can 

give a better performance to the power cycles, thereby giving a greener solution and 

minimal environmental impact. Currently the power cycle heat exchanger application 

is extended to solar energy and nuclear energy. The major emissions to atmosphere 

is due to the power generation so any improvement can increase the efficiency, thus 

providing a positive environmental impact. 

 



Page 68  Report 

 

 



Analysis of CO2 Power Cycle Heat Exchangers  Page 69 

 

Conclusions 

Supercritical CO2 fluid is a better solution for the power cycle application due to their better 

properties under high pressure and temperature. PCHE is a solution for recuperator 

applications due to its compactness. The numerical study helps to analyse deeply the fluid 

phenomena under different operating conditions. The main advantage is that its ability to 

analyse completely the physics involved in heat transfer and pressure changes in a three-

dimensional perspective with any assumptions to solve the problem. After analysing the 

laminar case, the result from the numerical setup coincides with the available correlation and 

also get insight to work on turbulent models. From the results of turbulent model with 

constant properties the results match very well with correlation even though there were few 

deviations. From the turbulence study, the importance of mesh near the wall indicates how 

the heat transfer is influenced. After evaluating the Recuperator conditions, the results show 

that increasing the mass flow rate can increase the heat transfer performance but increasing 

the heat flux deteriorates the heat transfer performance. That is with minimum heat flux and 

maximum mass flux, heat transfer is improved.  

ANSYS STUDENT 2022 R1 is an interactive tool used for solving the CFD problem. The 

geometry and mesh were developed from ICEM from Ansys. As this version is only for 

academics, it is limited to 512000 nodes and thus limits our study for different meshes and 

also for complete heat exchanger analysis. 

Current study for heat transfer and friction with single tube fluid domain will be extended to 

the double tube. Also, it is interesting to do the complete three-dimensional numerical heat 

exchanger study from the cycle perspective to further optimise the solution. There are many 

correlations for the power cycle heat exchangers but still lacking a common correlation. A 

common correlation will be developed as a future work. The properties of CO2 fluctuates 

abruptly near the critical point and precooler study will be considered in future. 
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