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Abstract. The purpose of this study is to create a model for topological optimization of geometries to reduce head loss 

caused by fluid recirculation. The main objective is to better handle difficulties found when designing inlet manifolds of 

internal combustion engines. The problem is analyzed in two dimensions using a finite volume code and solving 

momentum and mass equations. In each iteration, a new fluid speed profile is calculated, these are used to define fluid 

recirculation zones, these zones are then defined as solid, thus, preventing fluid circulation and reducing head loss, and 

ultimately, optimizing the geometry. The resulting optimized geometry showed a quite significant reduction in head loss, 

approximately 8%. 
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1. INTRODUCTION 

  

There is a great challenge when designing components with internal air flow, these components tend to have complex 

geometry in order to minimize head loss, some examples of that include: air conditioning systems, exhaust systems, inlet 

manifolds for internal combustion engines, etc. Inlet manifolds are responsible for supplying air or an air/fuel mixture to 

the cylinders of the engine. In an ideal scenario, the air quantity in each cylinder is the same - guaranteeing a better fuel 

usage, and consequently a higher efficiency - and head loss is kept to a minimum, however, in reality, limited space and 

complex geometries contribute to a significant head loss during this process.  

An internal combustion engine’s torque is an increasing function of the quantity of air admitted inside its cylinders, 

which means that volumetric efficiency is extremely important, some engines, aiming to increase volumetric efficiency 

even incorporate turbochargers or mechanical compressors (Wyszynski et al. 2002). Thus, optimizing the relevant 

geometries to conduct airflow to lower head loss could improve engine efficiency considerably. 

According to Stockel et al (1999), the total efficiency of a vehicle is around 15% in relation to the energy generated 

by the fuel, while 85% are lost through heat, friction, etc. As mentioned before, the existing components in an inlet 

manifold are complex, making necessary the use of computational analysis to fully optimize their performance (Lira, 

Carvalho, Costa, & Henríquez, 2017). Considering the fact that studying simulation in inlet manifolds requires 

understanding of complex geometries with internal fluid flow, topological optimization offers advantages over 

conventional optimization techniques, since the method allows shaping the geometry according to the proposed fluid 

flow. (Stephan, Häussler, & Böhm, 2009). 

Topology optimization is a computational approach to synthesize structures without predefined shapes. This freedom 

makes topology optimization a great alternative to find new, high-performance structural designs (Liu & Tovar, 2014). 

Therefore, this research aims to find a better geometry, minimize head loss, and subsequently improve – through 

topological optimization – the efficiency of systems that have the same design complications. 

 

2. METHODOLOGY 

  

The standard geometry analyzed consists of a rectangular box with one inlet and one outlet. Boundary conditions are 

specified for every node located in the boundaries of the domain and are constant throughout the simulation. The specified 

properties are: temperature, horizontal and vertical velocity of air flow, pressure and solid matrix. 

A criterion for maximum recirculation is established so that an evaluation can be made if and specific region (control 

volume) should be considered a solid wall, not allowing fluid flow. 
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Figure 1. Simplified Geometry 

 

Analyzing the simplified geometry (Fig. 1), the north and south boundaries do not allow mass flow, thus, horizontal 

and vertical velocities are null. At east and west there are two different regions, one where the solid matrix is defined as 

existent (value set to 1) and will not allow fluid flow, and a second one, where there is mass flow (inlet and outlet), and 

thus, the solid matrix is inexistent (its value is set to zero). This numerical method is based on the work done by Armengol 

(2015) that utilizes a matrix to characterize the nature of the control volume, allowing for calculations about properties 

and coefficients to be made and solutions to the governing equations to be solved in the whole domain. 

Inlet horizontal velocity is an input parameter and its value in each inlet point can be set by 
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As a simplified way to define recirculation zones, every grid node that returns a negative value for horizontal velocity 

(u < 0), will be considered above the recirculation criteria and will be treated as a solid, preventing fluid flow through 

that area. 

The properties attributed to the geometry are: length = 0,6 m, and width (a) = 0,05 m. The grid used has 301 nodes 

in the X axis and 151 in the Y axis. Air viscosity and density are considered constant and are taken at 25ºC, 𝜇 = 1,84E-5 

N.s/m² and 𝜌 = 1,19 kg/m³ (Fox, McDonald, Pritchard, & Leylegian, 2011). The flow in the inlet is considered fully 

developed and the speed profile is defined through Eq. 1 where 𝑢𝑚𝑎𝑥 = 0,1 m/s. 

Due to the bottleneck inlet, most likely big losses will be seen right underneath this region, and the air flow will divert 

from its original path, a recirculation zone will appear in this exact area, resulting in head loss, this effect is shown in 

Figure 2. 

 

 
 

Figure 2. Recirculation zone 

 

This region has great room for improvement and optimization, it’s expected that the code will identify the negative 

values for horizontal velocity in the area and create a new solid matrix after each iteration throughout that whole 

recirculation zone, reducing head loss. 

The code used is set to solve momentum and mass equations and an equation to solve head loss (derived from the 

energy equation). The equations presented below are the mass and momentum equations for a control volume in two 

dimensions. 
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The head loss is calculated from the following equation, which is a derived form of the energy equation. 
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3. RESULTS 

  

3.1 Standard Geometry 

 

A simulation was conducted on the initial, standard geometry; this result will serve as a benchmark to verify the 

difference in head loss in between the two cases. The speed profile graph (Fig. 3) shows negative horizontal velocity 

below the entrance, which normally characterizes a recirculation. 

  

 
  

Figure 3. Benchmark speed profile 

  

After reaching the stopping criteria, the head loss found for the benchmark problem was hlt = 2,549E-03 m²/s². 
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3.2 Optmized Geometry 

  

New simulations show results for a geometry that has a growing solid frame where the recirculation zone was 

previously found 

 

 
  

Figure 4. Evolution of solid matrix throughout the simulation 

  

Figure 4 illustrates six stages in the increasing size of the solid mass underneath the fluid entrance. 

Comparing the results obtained from the benchmark simulation and the optimized geometry (Fig. 5), the area beneath 

the entrance shows better results for horizontal velocity. 

 

 
 

Figure 5. Comparison between benchmark and optimized problem 

 

The results of head loss calculated for the optimized geometry was hlt = 2,349E-03 m²/s², a reduction of 7,85% when 

compared to the results in the standard geometry (around 2,549E-03 m²/s²).  
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4. CONCLUSIONS 

  

The code used was capable to identify the recirculation zone, and replace it with a solid wall, limiting fluid flow 

through those zones. The flow velocity confirms the existence of a recirculation zone by showing negative horizontal 

speeds underneath the restricted entrance, it also shows an improvement in the fluid flow when that zone is removed from 

the path followed by the fluid. 

 Lastly, the head loss found for the standard geometry was 2,549E-03 m²/s², while the one found for the new geometry 

was 2,349E-03 m²/s², these numbers show a reduction of 7,85% in head loss, confirming a better performance for the 

optimized geometry.  
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