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a b s t r a c t 

Efficient aircraft engine designs imply the presence of a surface air/oil heat exchanger placed at the by- 

pass flow separation of the engine. The heat exchanger consists of several parallel longitudinal fins that 

increase the contact area to obtain a higher heat dissipation rate. The design of these fins is an impor- 

tant task as the pressure drop generated by the presence of the heat exchanger is the largest drawback 

to be minimized in the final setup. Consequently, an efficient design of the fins that optimizes the global 

performance of the heat exchanger is highly demanded. The result of this optimization process should 

minimize the pressure drop caused by the exchanger without decreasing the heat transfer. The optimiza- 

tion methodology proposed in this work is split in two independent parts: in the first one, the fin shape 

is optimized using the adjoint method and the derived sensitivity function that controls the position of 

the fin shape design. In parallel, the range of fin thickness and distance between fins was investigated 

to have an optimized fin distribution for a given SACOC width. Once the geometry was optimized, the 

coupled conjugate heat problem is numerically solved using realistic conditions showing good accuracy 

in the two presented validations. The result for the optimized geometry presents a substantial pressure 

drop reduction with little heat transfer variation, addressing the objectives that motivated the present 

study. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Advanced oil cooling strategies for more efficient engine archi- 

ectures are one of the technological challenges that demand more 

ntense research. New engine designs based on inlet air stream 

nd the fuel circuit are approaching their limits as typical cold 

ources [1] . Complex coupled problems are found in this kind of 

echanical systems, where the thermal part must be treated ad- 

quately. It should be taken into account that the heat removal 

y the aircraft structure will be limited using composite materi- 

ls with lower operational temperature and thermal conductivity 

roperties. Furthermore, the limitation on the maximum fuel tem- 

erature decreases the viability of the fuel tank as a cold source 

2] . 

Therefore, a novel engine cooling strategy seems to be a new 

ndustrial demand [3] . In this context, the evaluation of the ther- 

al performance of an Air Cooled Oil Cooler (ACOC) heat ex- 

hanger assembled on the inner wall of the secondary duct of a 
∗ Corresponding author at: ETSIAE–UPM - School of Aeronautics, Universidad 
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urbofan, could be an interesting quantitative study. The goal of 

uch design is to use the available surface as a heat exchanger be- 

ween the air and the oil. To increase the thermal performance, 

he wet area is increased by adding longitudinal fins, reaching 

he required heat dissipation rate. Such a design implies a strong 

ompromise between the aerodynamic penalties, quantified by the 

rag increase or pressure drop, and the improvement in the ther- 

al performance of the heat exchanger. The developed research 

resents an optimization study of a heat exchanger in realistic flow 

onditions within the bypass of an engine. 

This surface air/oil heat exchanger (SACOC) can be located on 

he lip separating the engine bypass flow from the core flow, be- 

ween the fan and the downstream outlet guide vane. The SACOC is 

sed to evacuate, in the bypass air stream, a large quantity of heat 

ontained in the oil (contributing therefore to the thrust of the en- 

ine) with minimal perturbation and therefore a minimal impact 

n Specific Fuel Consumption (SFC). The coolant source is the by- 

ass mass flow delivered by the fan. Indeed, the performance of 

he SACOC is measured in terms of maximum heat release capacity 

ith minimal perturbation of the flow, in terms of pressure losses 

nd acoustic emission. 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121971
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2021.121971&domain=pdf
mailto:m.chavez@upm.es
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121971
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Nomenclature 

X, Y, Z cartesian axis 

x, y, z spatial coordinates 

u i i th component of the velocity 

field 

u ′ 
i 

i th component of the turbulent 

deviation of the fluid velocity 

p pressure field 

u exp experimental inflow profile 

T temperature field 

θ conjugate boundary tempera- 

ture 

T ∞ 

inflow temperature 

n wall normal direction 

U ∞ 

maximum inflow velocity 

ρ∞ 

inflow density 

p s outflow static pressure 

L, H, W domain dimensions 

LF IN, HF IN, W F , SF IN, LU, LD SACOC geometrical dimensions 

a, b, LB, HB, W B base geometrical dimensions 

ρ fluid density 
˙ Q heat transfer per time unit 

˙ m mass flow 

Re Reynolds number 

A xy lateral fin area 

N number of control points 

P r Prandtl number 

Nu Nusselt number 

M Mach number 

μ fluid viscosity 

ν fluid kinematic viscosity 

d h hydraulic diameter 

w average air velocity 

V volumetric flow rate 

k thermal conductivity 

R th thermal resistance 

δ boundary layer thickness 

�p pressure drop 

C p specific heat capacity 

T c temperature at the bottom of 

the fins 

h local heat transfer coefficient 

h g global heat transfer coefficient 

A f total fin area 

H c characteristic mesh size close to 

the fin surface 

H f in characteristic fin mesh size 

Surface Air Cooled Oil Coolers are normally composed of par- 

llel fins integrated in the inner wall of the secondary duct of a 

urbofan. The geometrical characteristics and location of the fins 

ithin the engine are designed to minimize aerodynamic effects 

drag and noise increments) while maximizing thermal exchange. 

his heat exchanger configuration introduces less aerodynamic per- 

urbations than current plate/tube heat exchanger modules. These 

osses were estimated at approximately 1% for the full annular sec- 

ion of a turbofan with a bypass ratio equal to 6 [4] . The analysis

f the interaction between the three-dimensional high velocity by- 

ass flow and the heat exchangers is essential to evaluate and op- 

imize the aero-thermodynamic performance, and to provide data 

or engine modelling. 

We should remark that despite much literature can be found 

egarding the heat exchangers in, for example, the electronic in- 
2 
ustry [5,6] , here we are particularly interested in the flow and 

emperature conditions present in aircraft engine applications. This 

ACOC heat exchanger concept was designed to reproduce the by- 

ass flow of a high-bypass ratio turbofan at the most critical op- 

rational point for the oil thermal system, i.e., cruise velocity and 

ake-off atmospheric conditions. The use of heat exchangers inter- 

cting with the engine bypass flow has been proposed in many 

atents [7–10] , also the open literature provides numerous refer- 

nces [11–13] . 

The geometry involved in the heat exchange is one of the most 

ritical variables of the system performance. Starting from the sim- 

lest case where forced convective heat transfer in a boundary 

ayer flow was studied over a flat plate by Pelerman [14] and Vyn- 

ycky et al. [15] , other fin geometries such as plates, strips, and 

ins can be used as heat sinks giving different performance. The 

erformance of plate fin heat sinks has been studied extensively 

y Sparrow and co-workers [16–18] , Lau and Mahajan [19] , Wirtz 

nd co-workers [20,21] by experimental tests, numerically and an- 

lytically by Kadle and Sparrow [22] , Sata et al. [23] and Jonsson 

nd Moshfegh [24,25] and both experimentally and numerically by 

wasaki et al. [26] . 

The heat transfer enhancement by introducing strip fins and its 

omparison between plate and staggered strip fin heat sinks has 

een studied by Sparrow [27,28] for laminar flow cases, and by 

ther authors [29–31] . 

An exhaustive review of the heat-exchange technology applied 

o cooling-air cooler applications was performed by Min et al. [32] , 

nd particularized for cooling oil systems in Kim et al. [33] . The 

urface air-oil heat exchanger (SACOC) is located inside the engine 

an casing, and dissipates the heat from the oil into the air stream 

n the bypass duct (BPD), as shown in Fig. 1 . The main difficulty 

f SACOC design is the existence of the bypass stream, which af- 

ects the pressure drop inside the bypass duct. There have been a 

umber of studies aimed at enhancing aero-thermal performance 

y varying the fin shape of the heat exchanger. It was found that a 

odified fin surface may have a high heat transfer coefficient, but 

hat its pressure drop is sometimes excessive for wide applications. 

Several studies using computational fluid dynamics (CFD) have 

een extensively applied to the study and comparison of different 

ACOC designs. Kim et al. [34] compared numerically the perfor- 

ance of a plate and pin-fin shaped geometry as the surface of an 

ir-oil heat exchanger. Basic heat transfer and pressure drop char- 

cteristics were examined using a simplified channel model. Using 

 parametric study, the optimal fin pitches of the pin-fin geome- 

ries in stream- and spanwise directions were determined. Finally, 

he high-speed bypass effect of the surface air-oil heat exchanger 

as calculated using the geometry of a real engine. He also ex- 

mined [33] the sensitivity of finned coolers to perturbations on 

heir location and orientation using RANS simulations. Another nu- 

erical comparison between the aerodynamic disturbances caused 

y heated fins, where two different designs, continuous and inter- 

upted fins were tested in Sousa et al. [4] . 

Regarding the experimental approach to the problem in realis- 

ic conditions, a particular air/oil heat exchanger design, see Fig. 1 , 

omposed by fins aligned with the flow direction and integrated 

n the surface of the core/bypass flow splitter, downstream of the 

ow bifurcation was studied in Villafañe and Paniagua [35] . We 

hould also mention the experimental contribution based on the 

ensitivity of the complex transonic and three-dimensional tur- 

ofan bypass-flow to arrays of fins embedded on the splitter is 

erformed by Villafañe and Paniagua [35] . They assess the flow 

odifications introduced by two different fin heat exchanger de- 

igns, with continuous and interrupted fins. This work demonstrates 

he importance of aerodynamically optimized designs to minimize 

etrimental effects on propulsive efficiency. 
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Fig. 1. EPNdB configuration studied by UPV, VKI and Purdue University [4,35] . 
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Fig. 2. Computational scheme of one half of 3D symmetric finned geometry tested. 

Fig. 3. Computational scheme of the periodic 3D geometry tested. 
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The goal of this work is clear, given the typical SACOC design 

nd flow conditions, we will develop a strategy to optimize the 

esign of the fin geometry and setup to minimize the pressure 

rop due to the exchanger while keeping the heat transfer. Previ- 

us works based on shape optimization problems can be found in 

orimoto et al. [36] , Gkaragkounis et al. [37] , Subramaniam et al. 

38] but most of these studies are not referred to the conjugate 

eat transfer problem and just optimize the shape of a body in 

erms of drag, or are far from the flow conditions expressed here. 

This work is organised as follows: First, the numerical method- 

logy is presented in Section 2 . Then, a validation of the multi- 

hysics methodology for a 2D flat plate and a 3D finned geome- 

ry is performed and compared with the experimental results in 

ection 3 . Finally, in Section 4 the optimization methodology is ex- 

lained and applied to a realistic SACOC geometry, the problem is 

olved for the optimized geometry and compared to the original 

ne. 

. Numerical methodology. 

.1. Description of the problem. 

In this section, we are going to simplify the intrinsic complexity 

hat is found in the technological problem described in Section 1 . 

he first step is to use a simplified geometrical model to exam- 

ne the aero-thermal performance of a finned surface in a reduced 

art of the global geometry. In this simplified geometry, the slight 

urvature of the model normally present in industrial designs will 

e neglected in the computational domain. The modeled geometry 

s formed by fins lying on a flat base which is heated through its 

ower surface. The fin and base are both made up of aluminium. 

he coordinate system is such that the X axis follows the stream- 

ise direction, the Y axis is in the vertical direction and Z axis is 

rthogonal to the XY plane. Due to the symmetry of the problem, 

nly half of the complete geometry (only 8 of the 16 fins) will be

onsidered for the computations, see Fig. 2 . The geometrical pa- 

ameters shown in Fig. 2 are defined in Table 2 . 

The configuration shown in Fig. 2 is used for the analysis of 

he fin geometrical parameters of Sections 4.3.1 and 4.3.2 . How- 

ver, when tasks such as the shape fin optimization performed in 

ection 4.3.3 , a periodic single fin geometry is used, see Fig. 3 ,

hich implies fewer cells and consequently there is less compu- 

ational demand. 

.2. Governing equations and boundary conditions 

The conjugate heat transfer problem couples a turbulent com- 

ressible flow to the heat transfer coming from a finned surface. 

he problem domain can be decomposed in two parts: the fluid 

art ruled by the compressible Reynolds-averaged Navier–Stokes 
3 
RANS) equations, and the solid part where a heat transfer prob- 

em is solved. Both problems are coupled by the appropriate com- 

atibility conditions through the cooling fin surface, where no- 

lip velocity, temperature, and heat flux continuity are applied. 

hen possible, the distances will be non-dimensionalized with the 

ength of the fins in the flow direction LFIN, velocity with the max- 

mum inflow value U ∞ 

, density with the inflow value ρ∞ 

pressure 

ith the outflow static pressure p s , and temperatures as the Conju- 

ate Boundary Temperature, θ = 

T −T ∞ 

�T 
, where T c is the temperature 

t the bottom of the base and �T = T c − T ∞ 

is the temperature dif-

erence between the heated wall base and the inflow. Below, the 

ubindexes f and s are used to determine the fluid and solid tem- 

erature regions, respectively. 

Considering the air as an ideal gas, the continuity, momentum, 

nd energy non-dimensional equations for the steady, compress- 

ble, and turbulent flow are: 

∂ρu i 

∂x 
= 0 , (1) 
i 
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Fig. 4. Boundary conditions imposed at the different surfaces of half fluid domain 

(symmetric hypothesis). 
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Fig. 5. Boundary conditions imposed at the different surfaces of the solid domain. 
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∂ρu i u j 

∂x j 
= 

∂ p 

∂x i 
+ 

∂ 

∂x j 

[
1 

Re 
( 
∂u i 

∂x j 
+ 

∂u j 

∂x i 
) − ρu 

′ 
i 
u 

′ 
j 

]
, (2) 

∂ρu i θ f 

∂x i 
= − ∂ 

∂x i 

(
− 1 

ReP r 

∂θ f 

∂x i 
+ ρu 

′ 
i 
θ f 

)
, (3) 

here ρ is the fluid density, u i is the fluid velocity in the i direc-

ion, p is the fluid pressure, u ′ 
i 

is the turbulent deviation of the 

uid velocity, θ f is the fluid temperature. 

The SST k − ω turbulence model is implemented to compute 

he eddy viscosity [39] . The equation of state for perfect gases is 

lso added to the system (1) –(3) . The dominant non-dimensional 

umbers are: the Reynolds number defined as Re = ρ∞ 

U ∞ 

LFIN /μ, 

he Prandtl number P r = C p μ/k f and the non-dimensional conduc- 

ivity k = k s /k f . Where μ the fluid viscosity, k f = k air and k s =
 Al the fluid (air) and solid (aluminium) conductivities respec- 

ively and C p specific heat. Eqs. (1) –(3) are complemented with the 

oundary conditions shown in Fig. 4 . 

As the problem presents a symmetry plane z = 0 , a symmetry 

oundary is included in the simulation, see Fig. 2 . 

For the inflow boundary conditions, a non-dimensional total 

ressure profile p t (y ) , provided by the aircraft engine company 

AFRAN and considered representative of this flow configuration, 

 constant inflow temperature θ f = 0 , and the turbulence intensity 

nd viscosity ratio values are imposed. 

For the outflow, a non-dimensional static pressure, p s = 1 , out- 

et boundary condition is used and the temperature is fixed to the 

nlet value, θ f = 0 . 

Adiabatic no-slip boundary conditions are used for the lateral 

ight and top walls of the tunnel. 

For the bottom wall, several zones are considered: the fins, 

here no slip boundary conditions are used for the velocity and 

eat transfer is allowed, and the region with no fins, where adi- 

batic and no-slip boundary conditions are assumed for tempera- 

ure and velocity respectively. 

The non-dimensional equation that models the heat conduction 

ffects of the conjugate heat transfer problem in the solid region 

nside the fins is: 

 

2 θs = 0 , (4) 

here θs is the solid temperature. The boundary conditions ∂θs 
∂n 

= 0 

nd θs = 1 are used for the fin surface and the fins horizontal base,

espectively. 

Additionally, the coupling between both the compressible fluid 

roblem and the heat transfer problem is given by the CHT bound- 

ry conditions θs = θ f and 

∂θs 
∂n 

= k 
∂θ f 

∂n 
on the body/fluid interface 

roviding the continuity of thermal fields and heat flux between 

he body and flow at the interface. 

Similarly to the fluid case, a symmetry plane is used for the 

hermal problem, being the rest of the boundaries adiabatic, with 
4 
he only exception of the bottom wall which is isothermal with 

emperature θs = 1 , see Fig. 5 . 

In summary, the problem depends on the geometry, the inflow 

rofile, and the parameters Re , P r and k . 

To solve correctly the velocity boundary layer, we will ensure 

hat y + < 1 . As the fluid is a gas, the P r ≈ 1 , the velocity and the

hermal boundary layers thickness will be both equivalent δv ≈ δT . 

.3. Computational tool 

As compressible and turbulent effects are taken into account, 

he energy equation is coupled with the momentum equation and 

he speed of sound is not fixed. A finite volume code is used to 

iscretize both the fluid mechanics and the heat transfer coupled 

roblem. 

The coupled system of Eqs. (1) –(3) and (4) are solved using 

n implicit second-order discretization method to compute the 

avier–Stokes equations and to calculate the density, temperature, 

ressure and velocity fields at the steady state. Despite the equa- 

ions are written in non-dimensional form to list the number of 

on-dimensional parameters that influence the problem, the inter- 

al computation of the code uses the dimensional version of the 

quations, and consequently when non-dimensional results such as 

he reduced temperature are presented they require to be postpro- 

essed. For these steady simulations, an iterative process is used to 

nsure the steady state condition to be satisfied with low residuals. 

o accelerate the solver convergence, a coupled algebraic multigrid 

ethod [40] based on V fixed cycles is used. 

For the conjugate heat transfer analysis, the energy equation 

s solved throughout the fluid and solid domains with an im- 

licit thermal coupling at the fluid/solid interface. The coupling be- 

ween Eqs. (1) –(3) and (4) is performed at each iteration on the 

ody/fluid interface, forcing the continuity of the temperature field 

nd energy conservation between the solid and the flow at the 

nterface. In the absence of source terms at this interface, energy 

onservation implies heat flux continuity. These compatibility con- 

itions are additional equations that must be satisfied in combina- 

ion with the fluid and thermal subsystems to solve the coupled 

roblem. 

.4. SACOC optimization 

At this point, we should explain what are the optimization 

riteria that are followed for this kind of problem. According to 

he industrial criteria agreed with outstanding companies such as 

AFRAN, the minimization of the pressure drop, see Eq. (5) , is the 

ain objective of the optimization process. 

p = 

∫ | ˙ m | p t ∫ | ˙ m | 
∣∣∣∣ −

∫ | ˙ m | p t ∫ | ˙ m | 
∣∣∣∣ . (5) 
inlet outlet 
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Fig. 6. Location of control points at iteration design zero. 
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Fig. 1 [15] ). 
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Of course, the largest heat exchange achieved better, but this 

s a secondary objective, being the pressure drop as the real cost 

unction. In this section, an optimization process will be described 

o modify the shape of the fins according to the following objec- 

ive: 

• Minimize the pressure drop, �p, between two planes before 

and after the fin location. 

Once the pressure drop is minimized during the optimization 

process, the heat exchange is monitored, ˙ Q , between the fluid 

and the fin surfaces, in order to confirm that no strong varia- 

tions were observed. To optimize this magnitude, the fin shape 

and the setup of the different fins will be studied. Apart from 

the fin shape on the XY plane, the additional geometrical de- 

grees of freedom of the system analyzed are: 
• The gap between fins, 
• the fin thickness. 

We will split the global optimization process in two indepen- 

ent parts: first, we will perform a parametric study of the fin 

hicknesses and the distance between fins of the symmetric con- 

guration (see Fig. 2 ), both directly related to the number of fins. 

econd, computing the periodic model (see Fig. 3 ), we will opti- 

ize the geometric design of the fin shape on the XY plane based 

n the adjoint method [41,42] , using the pressure drop per lateral 

n surface area �p/A xy as the objective function, which means that 

e will improve the aerodynamic design of the fin while the heat 

xchange is kept as constant as possible. 

To perform the second part, the adjoint method is used. The 

djoint method is an efficient process to predict the influence of 

nput design geometry, D , on some engineering cost function of 

nterest, L , which as we already said, in our case, is based on 

he pressure drop generated by the SACOC divided the lateral fin 

rea, �p/A xy . The process is performed in two major steps. First, 

n steady state solution, also known as primal solution , Q , is com- 

uted on an initial grid with control points X 

0 . In the second step,

he adjoint problem based on the previously numerical solution, 

s evaluated. This evaluation computes the sensivities of the cost 

unction with respect to the different design parameters: 

dL 

dD 

= 

[
∂L 

∂X 

+ 

∂L 

∂Q 

∂Q 

∂X 

]
dX 

dD 

(6) 

here dX 
dD 

is the Jacobian matrix. The linear system created is 

olved by means of a GMRES algorithm. The cost of solving the 

inear system of equations is similar to solving the primal flow 

olution in terms of iterations and computational time. As result, 

he most sensitive zones of the geometry are detected on the grid 

oints. The gradient of this sensitivity map indicates the move- 

ent of the grid points through the control points to obtain an 

ptimized cost function. An example of the sensitivity map for 

he initial periodic configuration described will be illustrated in 

ection 4.3.3 . The control points are moved according to the previ- 

us step of the optimization process, as a consequence the geome- 

ry and mesh are modified and a new iteration is performed until 

n optimized geometry is obtained ( Fig. 6 ). 
5 
This iterative process is finished when the variation of the cost 

unction value is below a given tolerance. 

. Numerical verification and validation 

In this section, two test cases are defined to verify and validate 

he computational tool. The two cases, named as V 1 and V 2 , are: 

1. V 1 : This verification computes a conjugate heat transfer prob- 

lem for 2D flat plate (without fins) in turbulent regime. The 

Nusselt number and the temperature isolines will be compared 

to previously published solutions of the problem [15] . 

2. V 2 : A 3D validation will be performed including the presence of 

fins in the geometry. The case selected for comparison is pre- 

sented in Kim et al. [34] , where computational and experimen- 

tal results are shown. 

.1. V 1 : flat plate 

For this verification without fins, a previous study by Vynnycky 

t al. [15] , has been used as reference. In this work, the heat trans-

er associated with the forced convection flow over a rectangular 

onducting slab sited in an aligned uniform turbulent stream is 

nvestigated in 2D analytically and numerically. Both internal and 

xternal thermal conductivities are taken into consideration using 

 conjugate heat transfer model based on the full compressible 

avier–Stokes equations and the heat equation for the slab. 

.1.1. Setup 

A schematic description of the modeled problem is given in 

ig. 7 . The fluid domain is rectangular with a height, H/b = 1 , and

ength, L/b = 3 . The conducting slab is defined by a height, a/b, and

ength, b. And the distance from the slab leading edge to the inlet 

oundary condition is x/b = 0.5. 

We assume that the lower side of the slab y = −a/b is held at 

 uniform temperature θ = 1 , whilst the vertical boundaries of the 

lab are both insulated. 

The ambient forced flow is characterized by a uniform veloc- 

ty, U ∞ 

, and temperature, T ∞ 

. It is also assumed that in the fluid

oundary upstream and downstream the slab the heat flux, the 

ormal outflow and the viscous shear are zero. All lengths were 



M. Chávez-Modena, L.M. González and E. Valero International Journal of Heat and Mass Transfer 182 (2022) 121971 

Fig. 8. Grid convergence study using a coarse, a medium and a fine grid compared with the reference work [15] for the local Nusselt number Nu (left) and Conjugate 

Boundary Temperature θ (left) along the convective wall with Re = 10 4 , Pr = 0 . 01 , κ = 20 and λ = 0 . 25 . 
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on-dimensionalised with the slab length b, velocities with U ∞ 

and 

emperatures as explained in Section 2.2 . 

Regarding the domain spatial discretization, a hybrid mesh 

ormed by structured elements for the fluid boundary layer and 

he slab, and unstructured elements for the upper part, is used. 

he boundary layer is fully resolved using y + values below one. 

This verification test was computed for Re = 10 4 , k = 20 , a/b =
 . 25 and two different Prandtl numbers, P r = 0 . 01 , 100 . The re-

ults obtained were compared with numerical and analytical re- 

ults from the reference work [15] . 

The efficiency of this problem can be quantified in terms of the 

ocal Nusselt number Nu (x ) , defined on the top of the slab as: 

u (x ) = −∂θ f 

∂y 
| y =0 1 / 2 ≤ x ≤ 3 / 2 . (7)

The average Nusselt number is defined as: 

u = 

∫ 3 / 2 

1 / 2 

Nu (x ) dx. (8) 

.1.2. Grid convergence 

First, a grid convergence test was performed for P r = 0 . 01 using

hree different grid resolutions. The number of elements for each 

rid are 7 . 44 × 10 3 (Coarse), 2 . 26 × 10 4 (Medium) and 9 . 55 × 10 4 

Fine). Fig. 8 shows the mesh convergence process, consequently, 

he local Nusselt number, Nu , given by the Eq. (7) , and the Con-

ugate Boundary Temperature, θ , approximate the reference results 

15] as the mesh quality is increased. A convergence analysis based 

n the infinity norm, not included here, gives an error ≈ 1% be- 

ween the medium and fine grids. Once the grid convergence test 

s satisfied, the following results are computed with the finest grid. 

.1.3. Results 

Fig. 9 compares the analytical and numerical values of the lo- 

al Nusselt number, Nu , and the conjugate boundary temperature, 

, along the convective wall. A good agreement between the ref- 

rence results and those presented in this work is observed, pro- 

iding a good approximation of the heat transfer dissipation with 

n accurate temperature distribution over the slab. In the reference 

ork [15] , there are no Nu analytical results available for the case 

 r = 100 . 

Fig. 10 compares the isosurfaces of the conjugate boundary 

emperature, θ , with �θ = 0 . 1 for both configurations ( P r = 0 . 01

nd 100). The simulation presents a very good agreement when 

ompared to the results from the reference work [15] , being able 

o reproduce the thermal conductivity through both subdomains 

fluid and solid). Notice how, for the lower P r number, the thermal 

oundary layer is more developed in the fluid due to the high ther- 

al conductivity. On the other hand, the simulation with P r = 100 
6 
hows a larger temperature gradient inside the slab, while in the 

uid the temperature variation is confined to a thin boundary layer 

lose to the slab surface. 

To justify the small differences between the computed results 

nd those presented in Vynnycky et al. [15] , it is important to men-

ion that in the referenced work the inflow is kept uniform from 

/b = 0 to x/b = 0 . 5 . Consequently, the boundary layer is not de-

eloped and no viscous and heat transfer effects are considered for 

/b > 0 . 5 . This consideration explains the differences between the 

umerical results obtained by the preliminary computation per- 

ormed by our results and the results found in Vynnycky et al. [15] .

Additionally, it is important to mention that the thermal and 

iscous scales are proportional to the Prandtl number, being the 

hermal resolution required in the thermal boundary layer, T + = 

 

+ P r. Therefore, in the simulation P r = 100 , the thermal resolution

 T + ) is more demanding than the viscous resolution y + , it will re-

uired a y + = 0 . 01 to obtain a T + = 1 and to resolve correctly with

ore accuracy the thermal boundary layer. However, in an indus- 

rial context where the Prandtl number required is P r ≈ 0 . 71 at 

tandard conditions, the thermal resolution is less demanding than 

he viscous resolution. Therefore, ensuring y + < 1 both the thermal 

nd the viscous boundary layers will be numerically well resolved. 

.2. V 2 : 3D flat plate with fins 

This second test case is inspired on the experiments performed 

y Jonsson and Moshfegh [43] . A straight channel model is used to 

xamine the aero-thermal performance of a plate fin surface hav- 

ng a bypass passage. Several fin geometries were set inside the 

ind tunnel in Jonsson and Moshfegh [43] , being the one with 

arallel plate fins the one selected for this validation. As result, the 

undamental heat exchanger performance with a 3D turbulent flow 

nder ideal conditions was examined. 

.2.1. Setup 

As this second test case is inspired from an experimental paper 

43] , where the geometry is expressed in dimensional units, see 

able 1 . 

These dimensions correspond to the fin-channel configuration 

ith aspect ratios HFIN/H = 0 . 33 and WF/W = 0 . 84 for the width

nd height respectively, see [43] . The number of fins is equal to 

ine and the tested heat sinks were milled in aluminum of thermal 

onductivity k s = 200 W/(m K). 

The computation has been performed in the periodic configu- 

ation described in Section 2.1 (see Fig. 3 ), consequently only one 

n will be considered in the computation. In Fig. 11 the domain 

s shown and the following boundary conditions are indicated: no- 

lip and conjugate heat transfer boundary conditions are applied 
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Fig. 9. Local Nusselt number Nu (left) and Conjugate Boundary Temperature θ (right),compared with the reference work [15] , at the convective wall with Re = 10 4 , Pr = 

10 −2 , 100 , κ = 20 and λ = 0 . 25 . 

Fig. 10. Isosurfaces of conjugate boundary temperature ( �θ= 0.1) of analytical [15] (top) and numerical (bottom) results with Pr = 0 . 01 (left), 100 (right), Re = 10 4 , κ = 20 

and λ = 0 . 25 . 

Table 1 

Geometrical dimensions of the wind channel and fins ex- 

pressed in meters for the second test case, see [43] . 

Dimension Notation Length [m] 

Channel length L 0.2 

Channel height H 0.03 

Channel width W 0.0637 

Fin base length LFIN 0.0528 

Fin height HFIN 0.01 

Separation between fins SFIN 5 × 10 −3 

Fin thickness WFIN 1 . 5 × 10 −3 

Fins width WF 52.8 

Distance leading edge Fin-Inlet LU 0.025 

Table 2 

Geometrical dimensions of the wind channel, SACOC and fins ex- 

pressed in meters. 

Dimension Notation Length [m] 

Channel length L 3 × 10 −1 

Channel height H 1 × 10 −1 

Channel width W 1 × 10 −1 

Distance leading edge SACOC-Inlet LU 7 . 6 × 10 −2 

Distance trailing edge SACOC-Outlet LD 3 × 10 −1 

Fin height HFIN 2 × 10 −2 

Fin base length LFIN1 1 . 25 × 10 −1 

Fin top length LFIN2 1 . 05 × 10 −1 

Separation between fins SFIN 2 . 175 × 10 −3 

Fin thickness WFIN 1 × 10 −3 

Fins width WF 4 . 9 × 10 −2 

Fin base lenght LB 1 . 33 × 10 −1 

Fin base height HB 1 . 5 × 10 −3 

Fin base width WB 5 . 8 × 10 −2 

Fig. 11. Computational setup for the 3D validation case V 2 with one fin and peri- 

odic boundary conditions. 
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7 
n the fin walls; the velocity, temperature, turbulence kinetic en- 

rgy and the dissipation rate of the turbulent kinetic energy is pre- 

cribed with a uniform distribution at the inlet, and static pressure 

s imposed at the outlet. The values of the boundary conditions for 

he turbulence variables k and ω are given by Agonafer and Moffat 

44] . Duct walls (top and bottom) are modeled as adiabatic walls 

ith no-slip boundary conditions. 

Regarding the grid structure, a fine hybrid mesh formed by 

tructured elements for the fluid boundary layer and the slab, and 

nstructured elements for the upper part, with 5 . 8 × 10 5 elements 

s used. The boundary layer is fully resolved using y + values below 

ne. A convergence analysis, not included here, shows a good com- 

romise between accuracy and computational cost for this mesh. 
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Fig. 12. Pressure drop, �p, (left) and thermal resistance, R th , (right) for the second validation case, V 2 , at different Reynolds numbers. Experimental values are obtained from 

[43] . 
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Table 3 

Location of mea- 

surements sections. 

Section X [m] 

UMS1 0 

DMS1 0.25 

DMS2 0.4 

DMS3 0.5 

Table 4 

Air and Aluminium physical properties. 

Property Air Aluminium 

Density, [kg/m 

3 ] 1.225 2702 

Specific heat [J/kg K] 1004.9 896.0 

Thermal conductivity [W/m K] 0.024 150 

Fig. 13. Experimental non-dimensionalized total pressure profile at the inflow 

boundary. Pressure data provided by the aircraft engine company SAFRAN. 
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The Reynolds number is defined as Re = 

wd h 
ν , where the ref- 

rence length is the hydraulic diameter of the wind tunnel, d h = 

2 ·H·W 

H+ W 

. And the average air velocity is w = 

V 
A −A yz 

, where V is the

olumetric air flow rate, A = H · W is the wind tunnel cross sec- 

ional area and A yz = 1 . 35 × 10 −4 m 

2 is the fin frontal area. In our

ase, the Reynolds number range is 40 0 0 < Re d h < 14 , 0 0 0 and the

randtl is P r = 0 . 764 . In this case, due to the reduced velocities,

he compressibility effects in the fluid are negligible. 

The problem can be analyzed by the contour of the thermal re- 

istance, R th , defined as: 

 th = 

�T 

˙ Q 

, (9) 

here ˙ Q is the heat exchange and �T = T c − T ∞ 

is the temperature 

ifference between the heated wall base and the inflow. 

Finally, in terms of aerodynamic penalties, the pressure drop, 

p, is measured using two pressure taps positioned over the flat 

late in the center line with a distance, d, upstream and down- 

tream of the fin respectively. 

.2.2. Results 

The experimental measurements available were performed on 

he central fin where the flow and heat transfer process are con- 

idered insensitive to the presence of the lateral walls of the wind 

unnel. The pressure drop over the heat sink was measured us- 

ng two pressure taps positioned over the flat plate in the cen- 

er line ( Z = 0 m) a distance d = 0 . 05 m upstream ( X = 0 . 0038 m)

nd downstream ( X = 0 . 1628 m) of the heat sink respectively. The

ressure drop �p and the thermal resistance R th are both com- 

ared to the experimental measurements in Fig. 12 . As can be ob- 

erved, a good agreement is obtained between the computed val- 

es and the experimental measurements. 

. SACOC optimization 

In this section, we will apply the optimization process de- 

cribed in Section 2.4 to the SACOC problem. As explained in 

ection 2.4 , the process is divided in two independent tasks. First, 

he symmetry model is used (see Fig. 2 ) to investigate the fin 

hickness and separation effects. Second, the periodic model (see 

ig. 3 ) is used with the adjoint method to optimize the fin shape

n the XY plane. Before the explanation of the optimization pro- 

ess, the simulation setup and the grid convergence process are 

resented. 

.1. Setup 

As the geometry of this final case is inspired by future exper- 

mental campaigns, similarly to the previous case in Section 3.2 , 
8 
his case will also be expressed in dimensional units except for 

he inflow pressure profile and the classical non-dimensional num- 

ers such as the skin friction, the conjugate temperature and the 

eynolds and Mach numbers. 

The setup was introduced in Section 2.1 and illustrated in 

igs. 2 and 4 , and the geometric dimensions are listed in Table 2 .

dditionally, Table 3 contains the four streamwise coordinates x of 

he measurement sections used in this work during the numerical 

nalysis (see Fig. 2 ), and Table 4 contains the values of the fluid 

nd solid properties. 

For the inflow boundary conditions, an experimentally mea- 

ured inflow total pressure profile is imposed (see Fig. 13 ), where 

he pressure data were provided by the aircraft engine company 

AFRAN. The complementary turbulence inflow values are 5% for 

he turbulent intensity and 10% for the turbulent viscosity ratio. 
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Table 5 

Mesh convergence study. Six different meshes with different characteristic 

mesh size H c and grid size inside the fin. The pressure loss �p and the heat 

transfer ˙ Q / NFIN are monitored. 

Grid H c [mm] H f in [mm] Grid cells �p [Pa] ˙ Q / NFIN [W] 

1 12 0.5 5 . 01 × 10 5 909.51 85.12 

2 8 0.5 1 . 06 × 10 6 844.92 88.04 

3 4 0.5 2 . 80 × 10 6 796.01 95.07 

4 2 0.5 1 . 14 × 10 7 731.40 95.47 

5 2 0.25 1 . 31 × 10 7 732.70 95.43 

6 2 0.125 2 . 36 × 10 7 733.35 95.47 

Fig. 14. Global perspective of grid number 5 (top), details of the fin zone (bottom). 
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Table 6 

Pressure drop �p, heat transfer per fin and the total heat transfer ˙ Q when the 

separation between fins and the number of fins is varied inside the fins width dis- 

tance WF. The middle case NFINS = 16 is used as reference case to compute the 

variations. 

SFIN/WFIN NFINS �p [Pa] ˙ Q / NFIN [W] ˙ Q [W] 

1.0875 24 807.2 ( + 10.1%) 74.98 (-21.4%) 1799.5 ( + 17.8%) 

2.175 16 732.7 (0%) 95.43 (0%) 1526.9 (0%) 

4.292 10 667.2 ( −8.9%) 104.4 ( + 9.4%) 1044.2 ( −31.6%) 

Table 7 

Pressure drop �p, heat transfer per fin and the total heat transfer ˙ Q when the fin 

thickness and the number of fins is varied inside the fins width distance WF. The 

middle case NFINS = 16 is used as reference case to compute the variations. 

WFIN [mm] NFINS �p [ Pa ] ˙ Q / NFINS [ W ] ˙ Q [ W ] 

0.647 18 737.2 ( + 0.6%) 73.09 ( −23.4%) 1315.5 ( −13.8%) 

1 16 732.7 (0%) 95.43 (0%) 1526.9 (0%) 

1.45 14 748.3 ( + 2.2%) 108.13 ( + 13.3%) 1513.8 ( −0.8%) 
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For the outflow, the pressure outlet value is fixed to p s = 

22 , 364 Pa. Finally, the temperature difference between the bot- 

om heated aluminium fins and the inflow is �T = 100 K, being 

 ∞ 

= 300 K and T c = 400 K. Regarding the fluid and solid proper-

ies, Table 4 depicts these values. Besides, the dynamic viscosity is 

alculated through the Shuterland’s law [45] . 

In contrast to the previous validation cases, the dominant non- 

imensional numbers such as the Reynolds Re = 2 × 10 6 and Mach 

 ≈ 0 . 5 numbers are high enough that the compressible and tur- 

ulent effects should be taken into account. 

In this section, the pressure drop is computed using the 

q. (5) as the mass-flow averaged absolute total pressure differ- 

nce between the inlet and outlet sections. 

The local heat transfer coefficient h and the skin friction coeffi- 

ient C f are defined as: 

 = 

1 

T c − T re f 

k 
∂T 

∂n 

∣∣∣∣
A f 

, C f = 

1 

1 
2 
ρU 

2 ∞ 

μ
∂u 

∂n 

∣∣∣∣
A f 

, (10) 

here the reference temperature T re f is the one that satisfies the 

quation of state for both the outflow static pressure P s and inflow 

ensity ρ∞ 

, and the total heat transfer coefficient h g is the integral 

f the local heat transfer coefficient on the fin area A f . 

.2. Grid convergence 

Using one half of the geometry (symmetric model), a grid con- 

ergence process based on the pressure loss �p (see Eq. (5) ) and 

he heat transfer per fin 

˙ Q / NFIN for seven different meshes is per- 

ormed. All meshes are designed using a minimum grid thickness 

f 2 . 0 × 10 −6 mm, which implies y + ∼ 0 . 5 for the boundary layers.

he mesh convergence process is summarized in Table 5 , where 

he first column is the characteristic mesh size H c close to the wall 

n, and the second is the grid size inside the fins, H f in , see Fig. 14 .

Notice that the grid refinement can be divided in two parts: 

he fluid refinement (Grids #1, #2, #3 and #4) and the solid re- 

nement (Grids #4, #5 and #6). Regarding the fluid refinement, 

otice how the error between the different grids is reduced to 

.5% between grids #3 and #4. Finally, in the solid refinement, 

ery small differences were found between the grids #4, #5 and 

6 where the refinement inside the fins has little influence, show- 
9 
ng less than 0.2% variation. Therefore, balancing the computational 

oad and the accuracy demand, the final grid selected for the opti- 

ization process is grid number #5, that contains 1 . 31 × 10 7 cells, 

here 1 . 19 × 10 7 are for the fluid part and 1 . 20 × 10 6 cells are for

he solid part, see Fig. 14 . 

.3. Shape and setup optimization. 

.3.1. Separation between fins effect 

The effect of the separation between fins is studied in this sec- 

ion. As part of the first task, we define the reference setup with 

6 fins and dimensions according to Table 2 . 

Keeping the fin base length LFIN1 and the fin thickness WFIN 

onstant and varying the distance between fins SFIN from 1 . 08 ×
0 −3 m to 4 . 29 × 10 −3 m and consequently the number of fins

FIN. We computationally confirmed, using a medium grid that 

educes the size between fins and consequently includes a larger 

umber of fins in the WF length: 

1. The pressure drop, �p, and the total heat transfer, ˙ Q , are both 

increased as expected (see Fig. 15 ). 

2. The heat transfer per fin, ˙ Q / NFINS, decreases (see Table 6 ). 

Reducing the distance between fins, which reduces the free 

ow area, the velocity increases within the fins. However, it does 

ean a higher heat transfer. This effect is shown in Fig. 16 with the

ocal heat transfer coefficient h and skin friction coefficient. The re- 

ults have shown how reducing the distance between fins produces 

 flow constrain within the fins that reduces the heat transfer effi- 

iency. Additionally, note how the flow is accelerated locally in the 

ower part of the leading edge induced by the geometry angle. It is 

irectly related to the increasing of heat transfer and skin friction. 

.3.2. Fin thickness effect 

The second step of the analysis was performed keeping the hor- 

zontal length occupied by the fins WF, the fin base length LFIN1 

nd the distance between fins SFIN constant and varying the fin 

hickness WFIN between 0 . 65 × 10 −3 m and 1 . 45 × 10 −3 m and

onsequently the number of fins NFIN. We computationally con- 

rmed, using a medium grid, that decreasing the fin thickness and 

onsequently increasing the number of fins in the WF length, the 

ressure drop �p remains almost constant and the heat trans- 

er per fins decreases (see Table 7 ). However, this increasing of 

ns number, could compensate the loose of heat transfer per fin. 

herefore, a local maximum is found for the total heat transfer 
˙ 
 when the W F IN = 1 × 10 −3 m (see Fig. 17 ). As in the previous

est varying the distance between fins, the heat transfer per fin 

˙ 
 / NFINS increases when the fin thickness is increased. 
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Fig. 15. Pressure drop, �p, (left) and the total heat transfer, h , (right) when the separation between fins and the number of fins is varied with a fixed fins width distance 

WF. 

Fig. 16. Heat transfer coefficient (left) and skin friction coefficient (right) with three different separation between fins: SFIN/WFIN = 1.0875 (top), 2.175 (middle) and 4.292 

(bottom). 

Fig. 17. Pressure drop �p, heat transfer per fin and the total heat transfer h when the fin thickness and the number of fins is varied inside the fins width distance W F . 
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Table 8 

The lateral fin area, A xy , the pressure drop, �p, and 

the total heat tranfer, ˙ Q , during the different itera- 

tions indicated by the Adjoint optimization process. 

Geometry A xy [ m 

2 ] �p [ Pa ] ˙ Q [ W ] 

Original 2 . 30 × 10 −3 636.4 95.2 

Mod 1 2 . 30 × 10 −3 619.7 95.3 

Mod 2 2 . 35 × 10 −3 586.2 95.3 

Mod 3 2 . 38 × 10 −3 575.1 95.2 

Mod 4 2 . 43 × 10 −3 564.6 94.7 

Mod 5 2 . 50 × 10 −3 562.4 94.7 

a

F

n

i

m

m

In contrast to the previous Section 4.3.1, Fig. 18 depicts how the 

hear stress distribution barely changes in the three different con- 

gurations when the separation between fins is constant. However, 

he heat transfer increases proportionally to the fin thickness as 

he addition of material permits a higher heat transfer. 

.3.3. Shape optimization of the periodic case 

Finally, as part of the last task, Fig. 19 depicts the vector dis- 

lacements obtained from the sensitivity computation on the con- 

rol points and used to modify the SACOC geometry at the iteration 

esign zero. Notice that we use the periodic model (see Fig. 3 ) ac-

ording the values of Table 1 . 

Then, Table 8 shows the iterations of the process, where the 

ontrol points adjust the optimal shape of the fin. The final geom- 

try Mod 5 presents a lateral area, A xy , increase of 8.6% compared 

o the original design, but showing a pressure drop reduction of 

4 Pa (11.6%). Despite the iterative lateral area growth, the total 

eat transfer h is only reduced in 0.5 W (0.5%). Besides, the evo- 

ution of the pressure drop and heat transfer coefficient during the 

terations of the optimization process is presented in Fig. 20 . 
10 
The comparison between the final geometry of the fin obtained 

fter the optimization process and the original one is shown in 

ig. 21 . Notice how the shape of the optimized geometry elimi- 

ates the sharp corners and smooths the perimeter of the fin. It 

s also relevant that the bow shows a prominent bulb shape that 

oves upwards and upstream the high pressure point, which opti- 

izes the aerodynamic performance. 



M. Chávez-Modena, L.M. González and E. Valero International Journal of Heat and Mass Transfer 182 (2022) 121971 

Fig. 18. Local heat transfer coefficient (left) and skin friction coefficient (right) with three different separation between fins: WFIN = 0.647 mm (top), 1.0 mm (middle) and 

1.45 mm (bottom). 

Fig. 19. Vector displacement on control points at the iteration design zero. 

Fig. 20. Evolution of the pressure drop (left) and the total heat transfer (right) for the different optimized designs. 

Fig. 21. Comparison between the original fin shape and the fourth and fifth itera- 

tions Mod 4 and 5. 
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To answer the question of how much depends this method on 

he mesh, the last two design iterations (Mod 4 and Mod 5) have 

een computed with an additional finer mesh. This finer grid is 

ased on the refinement values of the grid number 6 (see Table 5 ).

he results are very similar when compared to the original mesh 

Grid 5), concluding that the mesh has a small influence on this 

hape optimization process. See Table 9 for comparison between 

he different meshes. 

As can be observed, the difference between the thermal and 

erodynamic results obtained for the two different meshes (5 and 
11 
) show that the optimization process has little mesh dependence. 

hen the optimized geometry is compared to the original case, 

he pressure drop variation is between 10% and 11% and the heat 

ransfer variation below 2% . 

.4. Results for the optimized SACOC. 

As the main objective of the optimization process is to decrease 

he pressure drop caused by the SACOC presence losing minimum 

eat exchange. This statement comes from the experience achieved 

y the aircraft engine industry. We obtained an optimized shape 

ttending this requirement applying the adjoint method. Addition- 

lly, the distance between fins and the fin thickness effect is an- 

lyzed (see Figs. 15 and 17 ) and some comments are required. 

ig. 15 , expresses that both the pressure drop and the heat transfer 

re proportional to the number of fins, then if no additional heat 

ransfer is required, the number of fins should remain as 16. Re- 
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Table 9 

Comparison of the pressure drop �p and the total heat transferred power ˙ Q during the 

different iterations indicated by the Adjoint optimization process for two different meshes. 

Grids 5(original) and 6 (finer) are detailed in Table 5 . 

�p [Pa] ˙ Q [W] 

Geometry Grid 5 Grid 6 Difference [%] Grid 5 Grid 6 Difference [%] 

Original 636.4 633.3 −0.49 95.2 96.9 1.75 

Mod 4 564.6 569.4 0.84 94.7 96.0 1.35 

Mod 5 562.4 560.2 −0.39 94.7 95.0 0.31 

Fig. 22. Comparison of the pressure profiles when the SACOC contains the original fins and when they are replaced by the optimized fins at the positions DMS1 and DMS2. 

Fig. 23. Local heat transfer coefficient (left) and skin friction coefficient (right) with reference (top) and optimized (bottom) geometry. 
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arding the fin thickness, we should mention that the optimum 

eat transfer was obtained for the thickness used in the design 

ase where the pressure drop does not suffer relevant variations 

see Fig. 17 ). As consequence, the optimum design in terms of 

umber of fins and fin thickness is the one already presented as 

he design case. However, these results give useful information for 

lternative designs of the geometry based on new requirements. 

For the sake of completeness, in this section the fins of 

he particular setup described in Section 4.2 are replaced by 

he ones obtained after the optimization process performed in 

ection 4.3 where the number of fins and the fin thickness is the 

ame in both configurations. After the shape optimization, a pres- 
12 
ure drop of 77.6 Pa (10.6%) is obtained, while the heat transfer 

er fin and the total heat transfer both vary less than 0.3%. In 

ig. 22 the pressure profile between the case with the original 

ns and the optimized ones is presented. As can be appreciated 

n the fin area at the bottom part of the figure, the pressure pro- 

les are clearly modified for the test positions DMS1 and DMS2 

ownstream the SACOC, where the flow is accelerated. 

Again, Fig. 23 compares both designs in terms of heat trans- 

er and skin friction coefficients along the fin and shows the ar- 

as with highest heat transfer. In the optimized shape, this area 

s located at the bulb of the leading edge. Besides, Fig. 24 shows 

he conjugate boundary temperature contour for both the fluid and 
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Fig. 24. Comparison of the non-dimensional temperature field between the original design (top) and the one obtained after the fourth iteration Mod 4 for the fine mesh 

(bottom). 

Fig. 25. Comparison of the turbulent kinetic field between the original design and the one obtained after the fourth iteration Mod 4 for the fine mesh. 

Fig. 26. Comparison of the vorticity profiles when the SACOC contains the original fins and when they are replaced by the optimized fins at different YZ sections along 

x -direction. 
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olid. The thermal wake and the temperature distribution on the 

n are similar in both cases, resulting a very similar heat transfer. 

Finally, regarding the aerodynamics, Figs. 25 and 26 depict a 

omparison of the flow pattern downstream and around the fins 

espectively. Fig. 25 shows how the turbulent kinetic energy is re- 

uced with the optimized SACOC. Comparing both wakes, in the 

eference model the flow is detached by the sharp corner present 

t the leading edge, while in the optimized SACOC the detachment 

ccurs past the middle of the fin with less production of turbulent 

inetic energy. 

In Fig. 26 a contour plot of the vorticity magnitude is repre- 

ented for different sections along the x -direction for both designs. 

e can observe that the size and evolution of the primary vortex 

reated at the top of the external fin presents significant differ- 

nces in both cases. Note how the primary vortex is reduced in the 

ptimized model producing a wake with less vorticity intensity. 

. Conclusions 

In this work we have presented an efficient numerical method- 

logy to optimize the global performance of a SACOC. This opti- 

ization process requires the definition of an objective, which in 

ur case was given by the industry, according to which the new 

ACOC design should minimize the pressure drop between the in- 

ow and outflow sections but keeping the heat transfer similar 

o the original case. The optimization methodology presented was 

plit in two parts: first, the optimal setup in terms of fin thickness 

nd distance between fins for a given SACOC width is also studied 

y parametric variation. Second, the fin shape was optimized us- 

ng a adjoint method, where several control points refined the fin 

eometry according to the gradient of the sensitivity function com- 

uted. Once the optimal geometry is defined, a validated and effi- 

ient numerical method solves the conjugate heat transfer problem 

oupling the Reynolds averaged compressible Navier–Stokes equa- 

ions with the heat transfer equation for the solid fins. The final 

esult, when the optimized geometry is used, presents a substan- 

ial pressure drop reduction 10.6% with a negligible heat transfer 

ariation. The CFD methodology used permits a complete compari- 

on of skin friction coefficient and the heat transfer coefficient than 

xplains both the pressure reduction and the heat transfer conser- 

ation. 
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