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ABSTRACT 

This paper aims the numerical study of the heat transfer and fluid flow of a Closed Brayton Cycle (CBC) 

regenerator that is part of TERRA microreactor. This regenerator consists in a cross flow heat exchanger, 

where heat transfer occurs between internal fluid flow in radial tubes and external fluid flow passing 

perpendicularly to the tubes, which are disposed in a symmetrical cylindrical set where the number of tubes in 

the axial and radial directions can vary. In the simulations, mass flow inlet is varied for a fixed geometry. The 

fluid flow solution is provided by a commercial CFD solver and the entropy generation number calculation is 

later computed for optimization purposes. As a result, the entropy minimization method provides the regenerator 

configuration that enables the highest energy conversion efficiency. 

  

1. INTRODUCTION 

Gas turbines are widely used in various industry segments. In the aerospace market context, 

this technology is a basic requirement for electric power generation and propulsion. It is well 

known that one of the best ways to study turbine performance with minimum cost is to use a 

CFD platform in order to predict flow behavior inside its components. Many studies have 

been made in engine performance optimization by considering a single objective in 3D CFD 

simulations or experimental research, attempting to decrease fuel consumption or increase 

thermal efficiency [1, 8]. The optimum configuration can be obtained in several ways, which 

depend on type of objective function, optimization algorithm and applied constraints. The 

study of second-law related objectives, like entropy generation minimization (EGM), has 

received much attention in thermodynamic optimization, and it has been considered in many 

studies for thermal system design [1-7]. EGM was used by Ye [2] to design a refrigerant 



circuitry of a fin-and-tube condenser and Park [3] used EGM to design a submerged 

combustion vaporizer. If there is a necessity of optimizing a group of parameters, a multi-

objective analysis can be converted into a single-objective optimization by the usage of a 

figure of merit. Jafari [1] did multi-objective CFD optimizations of diesel engines, Shao [4] 

optimized an air distribution of grate cooler design by multi-objective analysis using EGM 

and genetic algorithm; and Liu [5] developed a multi-objective shape optimization of a plate-

fin heat exchanger using CFD and multi-objective genetic algorithm.  

The TERRA (Tecnologia de Reatores Rápidos Avançados) microrreactor is a brazilian effort 

to develop a fast reactor in order to use nuclear fission for electricity generation in high 

specific power conditions, which would impact on smaller demands of size for these types of 

reactor. This technology would be suitable for space missions and also for power supply in 

hostile environments, like in deep sea, forests or deserts [9]. The Closed Brayton Cycle 

(CBC) was chosen as power conversion system for the TERRA reactor because it uses gases 

as working fluid (avoiding the problem of vibration caused by phase change in the cycle) and 

it allows a high efficiency-heat rejection area ratio, which is desirable for keeping the reactor 

as much compact as possible without compromising its performance. In this context, the 

motivation of this paper is to make a single-objective and second-law based optimization of 

the TERRA CBC heat exchanger, or regenerator, using 3D CFD simulation and EGM.  

Like shown in Figure 1, the regenerator is a cross-flow heat exchanger in a shell-and-tube 

shape, where cold fluid from the compressor and hot fluid from the turbine share the same 

involucre but following different paths along the regenerator tubes. Thermal contact is made 

between fluids through conduction coupled tube walls.  This phenomena pre-heats 

compressor fluid and decreases demand from heat source, increasing system first law 

efficiency. The HX performance depends on geometry, fluid mass flow and inlet 

temperatures for both hot and cold fluid inlets. 

The model used for simulation is an adaptation of a NOELLE 60920 turbomachine, which 

was originally used as Auxiliary Power Unit (APU) for French aircrafts. Fig. 1 shows a CAD 

representation of the adapted version of the NOELLE 60920
1
. The adaptation aims the 

creation of a CBC prototype with the replacement of the combustion chamber by a heat 

source and the usage of a water reservoir as a heat sink. This prototype is going to be used for 

experimental tests in order to collect data for the TERRA CBC design.  

Heat transfer in the prototype`s heat reservoirs and working fluid are made through heat 

exchangers. These are necessary system features because chemical reactions are not allowed 

in a closed loop [10]. Fig. 2 shows a schematic of the CBC prototype, which will be used for 

simulation reference in this paper. The TERRA nucleus concept is a liquid metal heat pipe 

cooled fast reactor in which the temperatures are expected to be approximately 1500 K. This 

                                                           
1
 Fig. 1 only shows the turbo-compressor assembly, composed by compressor, turbine and regenerator. Heat 

reservoirs should be attached to the inlets and outlets by the usage of heat exchangers. 



thermal energy would be converted into electricity by a thermal engine in which the working 

fluid would be a Helium-Xenon mixture, the heat source would be the reactor nucleus and the 

heat sink would be the space (using radiation panels for heat rejection) [9]. The usage of 

liquid metal for heat pipe design is justified by the temperature range of reactor operation 

[11]. The helium present in the working fluid have high heat capacity, which is a desirable 

characteristic for a gas mixture applicable to a thermodynamic cycle, and the xenon presence 

raises mixture molecular weight, which reduces the required size of system pumps for 

appropriate flow conduction. 316L Steel should be used for structural material. It`s low 

carbon content allows it to be corrosion resistant for high temperatures [12]. 

 

Figure 1: CAD model of NOELLE 60920 adaptation for CBC [10]. 

 

Figure 2: Schematic of CBC loop [10]. 

 

 



2. NUMERICAL MODEL 

2.1 Geometry 

The turbomachine regenerator is consisted of a regular cylindrical distribution of radial tubes 

whose number and position in the heat exchanger are up to optimization. This document 

refers to the results of the CFD simulation for a regenerator with a configuration of 24 tubes 

divided into 4 rows.  Several geometric changes are made in the original regenerator CAD 

design to avoid numerical instability, like the elimination of system blades and fins or sharp 

corners present in the domain. Fig. 3 shows fluid volume for geometric simplified regenerator 

and fig. 4 shows hot and cold fluid domains separately. This is the result of all geometric 

simplifications made in order to allow the confection of a good quality mesh without 

excessive refinement, which would impact on computational cost. Fig. 3-(a) indicates the tube 

that is used for grid sensitivity study, described in the next sub-section. The regenerator 

section view in Figure 3-(b) allows a better view of fluid paths.   

Some distance is applied between inlets and heat transfer area, so flow is allowed to become 

developed before getting into it. In a laminar internal flow, path length for fully development 

is expressed by equation 1[13]. As will be explained later, this paper refers to a turbulent flow 

case. Therefore, flow becomes fully developed by following a smaller length than the one 

predicted by equation 1.  The regenerator inlet is consisted by three coaxial pipes in which the 

cold fluid flows between the external and the intermediate one and the hot fluid flows 

between middle pipe and the internal one. After going through inlet pipes, the cold fluid flows 

through the tube-side of the HX, going into the tubes to the outside of the model, and the hot 

fluid fills the shell-side, bathing the tubes outer faces before leaving the regenerator. Global 

dimensions for the model are of the order of 1 m x 0,6 m x 0,6 m.  
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Figure 3: Isometric view (a) and section view (b) of regenerator geometry with 

modifications from prior design. 

 

Figure 4: Cold (a) and hot (b) domains. 

2.2 Mesh 

To check grid sensitivity of the results, a coarse mesh of approximately 3,6 million elements 

and a fine mesh of approximately 6,7 million elements are tested. In both generation methods, 

hexagonal mesh is applied for inlets, outlets and also all tubes walls and tube interior regions. 

This generation heuristic allows grid to become predominantly hexagonal. This is an 

interesting meshing option for internal flow, as elements are aligned with streamlines and can 

capture fluid motion more preciously. Also, this feature decreases the total number of 

elements, mitigating computational demand. In more complex regions, tetrahedral elements 

are applied for domain interior (can capture geometric curvatures with more versatility) and 

prismatic volumes are used in system faces vicinity (is better for boundary layer catch). The 

center temperature behavior along a chosen tube length
2
 is evaluated in both grids. Fig. 5 

shows the results of the grid refinement study, where a good agreement between temperature 

values is observed. Therefore, grid resolution is high enough to correct flow data achievement 

                                                           
2
 The chosen tube is the one indicated by the arrow in Figure 3-(a). 



in all domains, so the coarse mesh is chosen for further simulations for computational 

resource economy. Fig. 5 also shows results for mesh with nearly 1,6 million elements, where 

temperature deviations rise above  tolerance, so using coarser grids for this simulation is not 

an option. It is important to mention that this geometry has a shared topology, so there are no 

mesh interfaces
3
. A section view of the working mesh can be seen in fig. 6.  

 

Figure 5: Grid refinement sensitivity study. 

 

Figure 6: Regenerator grid topology. 
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 This means that model surfaces that are in contact share the same grid topology, so no further interpolations are 

necessary to solve physical properties from one body to another. 
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2.3 Physical Model  

2.3.1 Governing equations 

The solid and fluid materials used for CBC prototype simulations are respectively air and 

aluminum. Both materials relevant properties can be seen in table 1. Other assumptions are 

steady, incompressible and subsonic 3D flow with constant and isotropic properties. Later in 

this paper, it will be shown that this optimization demands inlet flows of Reynolds number up 

to more than 14.000, so it is necessary to model turbulence. Flow conditions explained before 

are found to be compatible with realizable k-𝜀 model with non-equilibrium wall function. 

This model doesn’t require too small values of 𝑦+4 for the grid because it solves flow for 

domain interior and uses a wall function to calculate the boundary layer next to volume faces. 

The CFD platform used for simulation applies the Finite Volume Method (FVM) to solve 

domain flow by its discretization and the production of a linear system applying linearized 

versions of the relevant conservation equations in cells centers. In this case, system is solved 

by Gauss Seidel method with under relaxation factors. The important equations for basic heat 

exchanger modelling are continuity, momentum and energy conservation, which are 

expressed, respectively, by equations 2, 3 and 4. 

 ∂ρ

∂t
+ ∇ ∙ (ρV⃗⃗ ) = 0 

(2) 

 
ρ [

∂V⃗⃗ 

∂t
+ (V⃗⃗ ∙ ∇)V⃗⃗ ] = −∇p + ∇ ∙ τ̿ + ρf  

(3) 

 
ρ [

∂h

∂t
+ ∇ ∙ (hV⃗⃗ )] = −

Dp

Dt
+ ∇ ∙ (k∇T) + ϕ 

(4) 

 

with 𝑓  being the sum of the body forces per unit mass, k the thermal conductivity,  𝜏̿ the 

stress tensor, ℎ the specific enthalpy and  𝜙 the dissipation function related to the work done 

against viscous forces [14].  𝜙 can be expressed as: 

 

 
ϕ = (τ̿  ∙  ∇) =  τij

∂Vi

∂xj
  

 

 

 

 

 

(5) 

                                                           
4
 𝑦+ is a non-dimensional parameter used by the solver to evaluate the distance between model surface and first 

boundary cell center. 



Table 1: Materials Properties 

 Air Aluminum 

ρ (kg/s) 1,225 2719 

cp (J/kgK) 1006,43 871 

k (W/mK) 0,0242 202,4 

μ (Pa.s) 1,7894 . 10−5 - 

 

2.3.2 Boundary conditions 

Like explained before, HX performance depends on geometry, inlet temperatures and inlet 

mass flows. This simulation aims to optimize mass flow keeping fixed the other two 

variables.  Table 2 shows boundary conditions applied for all simulations. The inlet 

temperature values are imported from Giannino [10] who did a first law optimization in the 

whole CBC by applying pressure drop and heat transfer equations to each component in an 

iterative routine. The applied percentage of turbulent intensity is a recommendation of 

ANSYS Inc. [11] for ordinary heat transfer phenomena simulation. 

Some assumptions are made to simplify case solution and focus analysis on heat exchange 

area. External walls for both fluid domains are considered adiabatic and heat transfer between 

regenerator structure and fluids are only allowed in HX tubes. Inlet velocities are the same for 

both hot and cold circuits and vary from 0.4 m/s to 18 m/s, giving Reynolds numbers of 

approximately 800 to 35000. Also, pressure outlets are used with 0 gauge pressure in 101325 

Pa operating conditions. 

Table 2: Boundary Conditions 

 Cold Inlet Hot Inlet Cold Outlet Hot Outlet 

Temperature  (K) 372,58 732,03 - - 

Turbulent Intensity (%) 5 5 5 5 

Gauge Pressure (Pa) - - 0 0 

   

2.4 Solution Methodology 

Pressure based solver with pressure-velocity coupling is used for this simulation. This is 

another recommendation from ANSYS Inc. [12] for subsonic and incompressible flows. To 

get a precise solution without compromising convergence stability, second order upwind 

interpolation methods are applied to all conservation variables, except for energy, which stays 

on first order upwind.  Under relaxation factors for solution controls stay as shown in Table 3. 

These parameters control iterations convergence as predicted by equation 6, where φi and Ri 

are respectively solution and residue for iteration i and α is an under relaxation factor. Area 

weighted average temperature in both outlets is monitored during solution to check for 



problem physical stability. These variables are found to stabilize in around 100 iterations. 

Solution proceeds for 300 iterations, but residues stabilize after 150. In the case of 0.4 m/s 

inlet velocity, mass and heat transfer imbalances respond for respectively 0,001156% of 

minimum mass flow and 0,055858% of minimum enthalpy flow. Maximum value for 𝑦+ is 

26, which is consistent with the realizable 𝑘 − 𝜀 viscous model.  

 φi = φi−1 + αRi (6) 

 

Table 3: Under Relaxation Factors 

Variable Value 

Density 0.8 

Body Forces 1 

Turbulent Kinectic Energy 0.8 

Turbulent Dissipation Rate 0.8 

Turbulent Viscosity  1 

Energy 1 

 

2.5. EGM Analysis 

The entropy generation method was proposed by Bejan [17], following the principle that 

every thermodynamic system destroys available work due to irreversibility. This method uses 

a second-law based Performance Evaluation Criteria (PEC) to minimize work availability 

destruction. Fig. 5 shows the main parameters for EGM evaluation in an infinitesimal control 

volume.   

According to the Gouy-Stodola Theorem, if 𝑇0 is the environment temperature and �̇�𝑔𝑒𝑛 the 

generated entropy in the system, equation 7 can be used for lost available work (LAW) 

evaluation. In an open system with steady flow (Fig. 7), maximum available work is 

expressed by equation 8, where 𝑇𝑖 responds for heat sources temperatures. The last term in the 

right-hand side of eq. 8 represents the availability of heat transfer interaction between system 

and heat reservoir with temperature 𝑇0 to produce useful work. It is numerically equal to work 

production in an ideal Carnot thermal engine [7]. 

 

 

 

 

𝑊𝑙𝑜𝑠𝑡 = 𝑊𝑚𝑎𝑥 − 𝑊𝑟𝑒𝑎𝑙 =   𝑇0�̇�𝑔𝑒𝑛 

 

 

(7) 

 
𝑊𝑚𝑎𝑥 =  ∑�̇�(ℎ − 𝑇0𝑠) − ∑�̇�(ℎ − 𝑇0𝑠) + ∑�̇�𝑖(1 −

𝑇0

𝑇𝑖
)

𝑖𝑜𝑢𝑡

̇

𝑖𝑛

 
(8) 

 



Entropy is produced in heat exchangers by fluid friction, which causes pressure drop, and 

heat transfer mechanism between fluids and tube walls
5
. These contributions can be expressed 

in terms of mass flux since there is a linear relationship between these variables. In this cross 

flow arrangement, irreversibility is produced in both cold and hot side. The differential 

equation for entropy generation in a heat exchanger internal flow is expressed below [2], 

where 𝑇𝑤 is wall temperature and 𝑇𝑖𝑛 is inlet temperature. 

 

 

 
dSgen = 

Tin − Tw

TinTw
dq̇ −

ṁ

ρTin
dp 

 

(9) 

 

Figure 7: Entropy balance in control volume for internal flow [2]. 

Bejan [17] determined an equation to compute for entropy generation of a heat exchanger in 

terms of its inlets and outlets state functions, which can be comprehended as an integral form 

of equation 8 with the term dq̇ in the right-hand side being dismembered in terms of fluid 

temperature.  For a heat exchanger with fluids containing the same thermophysical properties 

in both sides, entropy generation can be expressed by equation 10, where subscripts 1 and 2 

respond respectively for hot and cold fluids. The irreversibility terms shown in this equation 

can be easily identified by pressure drop or heat transfer entropy generation contribution. 

Bejan proposed a non-dimensional parameter called “entropy generation number”, 𝑁𝑠, to be 

used as a PEC. This parameter is expressed by equation 11 and it represents the ratio between 

amount of entropy generation and cold fluid inlet heat capacity.  

                                                           
5
 In most general systems, heat transfer irreversibility is generated by flow imbalance and insufficient heat 

transfer area or insufficiently wide flow passages [17]. 



 Ṡgen = m1̇ cp ln (
T1,out

T1

) + ṁ2cp ln (
T2,out

T2

) − m1̇ Rln (
P1,out 

P1
)  − ṁ2Rln (

P2,out

P2

)  (10) 

 𝑁𝑠 = 
𝑠𝑔𝑒𝑛

ṁ2cp

 
(11) 

 

3. RESULTS AND DISCUSSION 

Entropy generation in HX has an interesting behavior with inlet mass flow. As fluid velocity 

increases, pressure drop irreversibility rises as flow static pressure falls inside components. 

This is consistent with flow pattern dependency expressed in equation 12, where 𝑓 is friction 

factor of turbulent flowing [8]. For smooth pipes internal flow, the friction factor is found to 

be a function of the Reynold number and relative roughness, and can be expressed by 

equation 13.  

 
Δ𝑃 =

𝑓𝐿𝜌𝑉2

2𝐷𝑒
 

(12) 

 
𝑓 = 0,11(

𝑒

𝑑
+

68

𝑅𝑒
)0,25 

(13) 

 

The opposite effect is seen in heat transfer irreversibility, as heat exchanger effectiveness 𝜀, 

expressed by equation 14, decreases with fluid velocity, because more heat need to be 

received to get the same temperature change for higher mass flow, like shown in differential 

form equation 15. This effect diminishes temperature gradients in fluid flow, which impacts 

on entropy generation number decrease. The expected behavior for 𝑁𝑠with Re is a decreasing 

curve that reaches a minimum and then starts to increase, which happens when irreversibility 

effects due to pressure drop overcome heat transfer heat generation decrease.  

 
𝜀 =  

𝑇1 − 𝑇1,𝑜𝑢𝑡

𝑇1 − 𝑇2
 

(14) 

 

 𝑑�̇� = �̇�𝑐𝑝d𝑇 (15) 

 

The results of the simulations are shown in fig. 8, were the expected behavior mentioned 

previously is observed. Minimum entropy generation number is 𝑁𝑠 ≈ 0,0475, obtained for 

𝑅𝑒 ≈ 15000. In 298 K ambient temperature, this would result in a entropy generation rate 

of ≈ 5,27 J/K and ≈1,57 kJ LAW. 

 



 

Figure 8: Entropy generation number and its contributions due to pressure drop and 

heat transfer. 

 

4. CONCLUSIONS 

 

This paper makes a checklist of the main steps of an ordinary heat transfer CFD simulation 

using the CBC regenerator as an example of geometry to be used as model. The complex 

geometry is a challenge to the generation of a mesh with acceptable quality.  

The Entropy Generation Method is a relatively new concept that has many research 

application opportunities, being widely explored in recent works [1-7]. This paper shows a 

simple way to couple this method to CFD in order to optimize heat exchanger parameters. 

The results obtained for optimum Reynolds number confirms the necessity of using the 

realizable k-𝜀 viscous model for turbulence solving. This model is one of the most 

recommended for high Reynolds number flows [15]. 

Even though it was a robust analysis, boundary conditions make this study still too simple to 

be applied in a real CBC prototype test analysis. It is necessary to increase model fidelity to 

experimental tests, inserting radiation and convection heat transfer in external walls, for 
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instance. Besides, this is an unbalanced heat exchanger simulation
6
, which is not compatible 

with a real CBC, where mass flow must be equal in all the circuit, so further simulations 

should be made using mass flow as inlet boundary condition.  

The high Reynolds number required to obtain minimum 𝑁𝑠 shows that other parameters need 

to vary in order to fit mass flow in TERRA nominal conditions of operation. Geometry and 

inlet temperature optimization are studies that must be made in complement to the results of 

this paper. Last, it is necessary to make a CFD analysis of the real TERRA engine, using He-

Xe mixture as working fluid and 316-L steel as structure.  
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