
 
XXXV Meeting of the Italian Section of the Combustion Institute 

1 
 

AN IMMERSED VOLUME METHOD  
FOR COMPLEX GEOMETRIES TREATMENT  

IN COMPRESSIBLE REACTIVE FLUIDS 
 

D. Cecere*, E. Giacomazzi*, F.R. Picchia*, N. Arcidiacono*,  
F. Donato**  

donato.cecere@enea.it 
      * Sustainable Combustion Laboratories, ENEA, Via Anguillarese 300, Rome, Italy 

** ENEA, Via Martiri di Monte Sole, Bologna, Italy 
 
 
Abstract 
An efficient Immersed Volume Method (IVM) for the unsteady computation of 
compressible viscous flows with complex shaped stationary geometries and staggered 
finite difference approach on a non uniform Cartesian grid is presented. A background 
Cartesian mesh is generated for each staggered variable and a finite volume approach is 
adopted in the layer near the immersed boundaries by means of cut cell method. 
Accurate description of the real three-dimensional geometry inside the cell volume is 
preserved by means of triangulated surface description instead of approximating it by a 
plane. The overall second-order accuracy of the base solver is preserved by means of 
high order flux reconstruction in the cut cells. The numerical code solver is parallelized 
using domain decomposition and message passing interface. The robustness and 
accuracy of the method is proved simulating a stoichiometric Methane/air premixed 
flame anchored by means of a cube at Re = 3200.  
 
 
Introduction 
 
The development of Large Eddy Simulation (LES) as a methodology for different 
kinds of turbulent flows, ranging from problems of scientific interest to those with 
engineering applications, has been possible due to the rapid increase in 
computational power. The primary goals of a successful LES in engineering 
computational fluid dynamic problems, are accuracy, robustness and handling of 
complex three-dimensional geometries. In fact many flow physical problem 
involve geometrical complexities with irregular boundaries that usually are not 
aligned with the grid. 
Two major classes of methods are suitable for treating arbitrarily complex 
geometries with cartesian grids and distinguished on the basis of their approach to 
impose boundary conditions in the cells cut by the solid interface. The first is the 
classical Immersed Boundary (IB) methods where special interpolations are 
adopted to set the value of dependent variables in the cut cells [1]. These methods 
are attractive because of their simplicity, but their major drawbacks are the 
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occurrence of non-divergence free velocities in incompressible flows and spurious 
non physical pressure oscillations in compressible or density variable flows since it 
does’t strictly conserve quantities as mass, momentum and kinetic energy near the 
irregular boundaries. A second class of IB methods is the cut-cell method (also 
called Cartesian grid method) introduced first by Clarke [2]. The cut-cell method is 
based on a finite-volume discretization of the flow equations in the cells cut by the 
immersed interface and the discrete conservation is verified. 
With a staggered grid, the density volume cell and the cells associated with each of 
the three velocity components are at different locations and will generally have a 
different shape when they are cut by an embedded boundary. A cut cell scheme for 
a staggered grid must deal with this extra complexity in a consistent manner. The 
purpose of this work is to present a new efficient, conservative, hybrid high-order 
accurate Cartesian cut-cell method, called Immersed Volume Method (IVM) for 
the compressible flows solved by a finite difference code on three-dimensional 
not uniform cartesian staggered grids. The geometrical accuracy of the intersecting 
surface is determined only by the stereolithography representation (STL) and not 
by the IVM method. In fact, for each cut cell, unlike classical cut cell methods, the 
intersecting surface is not approximated by a plane but the STL triangulation is 
retained (see Fig. 1 where intersecting surfaces with different normals can be 
identified). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Example of STL boundary surface representation and cut cell. Black 
line: cut structured cell; Blue line: immersed boundary surface/cut cell intersection; 

gray line: immersed boundary surface represented by triangulation, gray solid: 
internal solid part of the immersed. 
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This method is also suitable for the extension to solid/fluid heat conduction and to 
moving boundaries. The full geometrical characteristics of the cut cells are 
identified in a preprocessor procedure. Flow variables fluxes are computed in the 
cut cells and in a second adjacent layer to couple IVM with the finite difference 
method of the general code. The IVM method solves exactly the flow variables in 
the cut cells and links the velocities and energy fluxes to the thermodynamic 
variable changes, overcoming in this way the drawbacks of classical IB methods. 
The flow variables are stored at the cut-cell centroid and, to ensure numerical 
stability for small cells, the basic idea is to combine several neighboring cells 
together by adopting a slave-master cell merging technique [3] so that the 
interfaces between merged cells are ignored and waves can travel in a newly 
combined larger cell without reducing the global time step. 
 
Immersed Volume Method 
 
In the Immersed Volume Method a finite volume approach is applied to the two 
cell’s layers (unlike general cut cell methods) adjacent to the solid surface. The 
first layer consists of cells that are directly cut from the solid surface, while the 
latter is formed by fluid cells that are in contact with cut cells. 
The presence of this second layer is needed to connect the finite volume method 
with the finite difference scheme of the general code. Because of the staggering 
arrangement, momenta are located half a cell width from thermodynamic variables 
and consequently four control volumes are defined associated to the three momenta 
and scalars (density, total energy, chemical species). Rather than storing the flow 
variables at a Cartesian cell center, the variables are collocated at the true cut-cell 
volume centroid and the fluxes of these variables are estimated at the centroids of 
the faces bounding the cut-cell. In order to do this, for each of the four general 
variable (scalars and velocities), the geometric characteristics of the cut control 
volume have to be known. The geometric features of a 3D cartesian cut cell as the 
mass volume centroid, the volume of fluid, the polyhedron faces’s areas and 
centroids are then used to evaluate interpolation of variables and to calculate the 
fluxes in the solution of the Navier-Stokes equations. A triangulated surface mesh 
is used to represent the boundary surface (see zoom in Fig. 2). After calculating all 
geometric properties of the cut cells, the problem associated to small cut cells is 
solved by means of a merging technique [3]. The complete set of filtered transport 
equations expressing the conservation of mass, momentum, species, energy and the 
thermodynamic equation of state describing the gas behavior are solved. 
While the flux evaluation is straightforward in structured grid areas, it becomes 
more difficult on partial surfaces at fine-coarse cell interfaces and near boundaries. 
In the proposed formulation, a second order least-squares method is utilized to 
obtain a discretization scheme which is flexible in terms of the local mesh topology 
and the presence and shape of embedded boundaries. 
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Because of the staggered approach and in order to avoid spurious oscillations, the 
least square method is replaced by a Moving Least Square method (MLSM) in the 
calculation of the velocities on the slave’s face cell and in the general evaluation of 
temperature, enthalpy and species gradients in case of reactive flows. The inviscid 
surface fluxes are formulated using a modified version of the advection upstream 
splitting method (AUSM). The general convective or diffusive term Qi in the 
transport equation for a second layer cell is: 

          
        (1)                          
                    
   

where Vol2l is the volume of the second layer cell, IVM
pif ,  is the flux, on the positive 

face p (n, stands for the negative one) with normal i, calculated by the finite 
volume solver of the IVM  method, fd

pif ,    that calculated by the general finite 

difference code and the coefficient )(, npic  is 1 if the positive (negative) face is in 
contact with a cut cell, 0 otherwise. The dynamic Smagorinsky model is adopted 
for the evaluation of turbulent viscosity and fractal model is used to couple 
turbulence and combustion [4].                               
                                                                                                                                                                          
Results 
 
The accuracy and robustness of the Immersed Volume Method is validated by 
computing a three-dimensional test case with the LES of a stoichiometric preheated 
(650K) premixed Methane/Air flow past a cube at Re = 3200 in a square duct. 
The flow past a cube with combustion is chosen as an appropriate validation test 
case, because of its sharp edge boundaries, cut cells with internal volume and 
faces’ centroids and sharp density and velocities gradients. The Reynolds number 
based on bulk quantities at the duct section (assuming its half width as reference 
length) crossing the cube leading edge is ReLED = 3200 and the maximum Mach 
number is ~ 0.05. For the three-dimensional simulation of a uniform flow past a 
cube, a computational domain -:[−2L, 3.5L]x[−2L, 2L]x[−2L, 2L] is used, L being 
the cube size. 
A reduced kinetic mechanisms for the CH4 with 5 chemical reacting species and 3 
reactions is adopted. The premixed stoichiometric mixture is preheated up to 
650 K since in a previous simulation with an inlet temperature of 300K the 
flame was stretched by high velocity gradients. 
The Cartesian not uniform domain has 120x80x80 grid points in the axial 
and spanwise directions. It is clearly visible the separation region that 
occurs near the lower edge of the cube and the consequent formation of a 
lateral first recirculation region at the side walls immediately after the 
separations. The flame is attached in the second recirculation region 
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downstream of the cube bluff-body and because the first lateral vortex is 
able to go up stream up to the leading edge of the cube (see Fig. 2).   
 
 
 
 
 
 
 
 

Figure 1. Premixed flame past a cube: a) Temperature isosurface (1500K) colored 
by axial velocity Uz and Temperature slice; b) x-z plane of instantaneous Uz with 
streamlines.  
 
Conclusions 
 
A cut-cell based Cartesian grid method for three-dimensional compressible 
flows and not uniform staggered grid is presented for the first time. The 
robustness of IVM method is tested with high Reynolds numbers LES 
without adopting multigrid techniques. A LES of premixed bluff body flame 
is also presented to demonstrate the capability of the method to strictly 
conserve quantities as mass and energy in problems with strong density 
gradients as premixed combustion, overcoming the drawbacks of classical 
IB methods. 
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