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Abstract

In this work, the results of the Immersed Boundary Method were validated and verified for bi-
dimensional cases of incompressible flow. An automated adaptive grid algorithm based on error esti-
mators was also tested. Two different error estimators were used, the Taylor criterion and the Residual
one.

A study of an immersed cylinder in a flow was also performed, allowing for a comparative study
between the obtained results with others from the literature, allowing to understand how the domain
size influences the numerical results due to the blockage effect. A case with an analytical solution was
also studied, which was ideal for the comparison of three different pairs of numerical schemes and to
choose the best one to be used throughout the rest of the work.

After completing the verification of the method and the influence of numerical schemes on the
results’ accuracy, the IBM coupled with the automated adaptive grid algorithm had to be tested in
cases with no analytical solution. To achieve this, the immersed cylinder case was studied once again,
demonstrating the computational power savings that the adaptive grid brought when compared to the
uniform refinement case. The accuracy of the results was also compared with the previous results.
Finally, this method was also tested in a NACA 0012 airfoil.

By comparing the different results it was possible to conclude that the error estimators implemen-
tation would effectively reduce the computational power needed to achieve accurate results.
Keywords: Immersed Boundary Method (IBM), Adaptive grid generator, Error estimators, Taylor
criterion, Residual criterion

1. Introduction
Over the last decades, the Cartesian grid method

has been gaining popularity. In this method, the
governing equations are discretized in a Cartesian
grid which does not adapt to the immersed bound-
aries. This allows for simpler and faster grid gener-
ation and maintains the simplicity of the governing
equations in Cartesian coordinates [1].

One example of a method that uses a Cartesian
grid generator is the Immersed Boundary Method
(IBM). The IBM was first introduced by Peskin [2]
in order to study the blood flow in heart valves.
This is a moving boundary problem where the blood
flow simulation was performed on a Cartesian grid
that did not follow the boundary geometry [3].

From the information gathered, it becomes evi-
dent that despite the high accuracy of body-fitted
methods there has been a great effort to develop
the IBM. Mainly, that comes from a need to reduce
computational times since they play a huge role in
the decision of how to discretize a domain. Hav-
ing established the superiority of IBM in the grid

generation process, there is a need to develop and
improve this method’s accuracy and also automate
the solution process.

2. Numerical Methods

The numerical method present in this work was
developed in the LASEF research laboratory of In-
stituto Superior Técnico. This work serves as a
combination of [4] where the Immersed Boundary
Method was implemented and of [5] where the er-
ror estimation criteria was implemented to body-fit
grids.

2.1. Governing Equations

The Navier-Stokes equations are the four par-
tial differential equations that are used to represent
the behaviour of fluids. For this the purpose of this
work, compressibility properties won’t be taken into
account and the flow is considered to be isother-
mal and bi-dimensional. These simplifications re-
sult in Equations 1 and 2 which are the Navier-
Stokes equations for incompressible flows.
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∇ · u = 0 (1)

∂u

∂t
+∇ · (u⊗ u) = ∇ · (ν∇u)− 1

ρ
∇p (2)

2.2. Discretization Schemes
Different numerical schemes were used for uniform

and adaptive refinements. The different levels of
refinement present in the adaptive grid made the
use of more complex schemes necessary.

The linear interpolation was used only in the
study-cases where the uniform criterion refinement
was used. This interpolation is done by computing
the intersection point zf between the surface plane
of the cell face f with Equation 3.

zf = P0 + η
LIN

(P1 − P0) = P0 + η
LIN

d (3)

Vector d is the distance between cells P0 and P1

centroids and the blending factor η
LIN

is calculated
using the projection of (f − P0) and d vectors to
the face normal which results in Equation 4.

η
LIN

=

(f − P0).Sf
Sf .Sf

(P1 − P0).Sf
Sf .Sf

=
(f − P0).Sf
(P1 − P0).Sf

(4)

The diffusive scheme, used only in uniform re-
finement cases, consists in computing the value of
the dependent variable gradient ∇φ at the face
centroid f using the information from surround-
ing cells. The central difference scheme used has
a second-order accuracy and the gradient (∇φ)f is
calculated with Equation 5 using two points.

(∇φ)f = (φP1
− φP0

)
d

d.d
(5)

The schemes used for the unstructured grids that
resulted from the adaptive refinement were created
using the WLS method. These schemes were built
using linear polynomial centred in the face cen-
troid with the computational values of the neigh-
bour cells.

φ(x) = φf + (∇φ)f .(x− f) (6)

where φf and (∇φ)f are the convective and diffusive
values, respectively, so both can be computed in the
same regression. The cells included in this type of
regression have at least one of the face vertices.

To improve the accuracy of the schemes at non-
structured grids or to compute the gradient terms
of the governing equations, the variables gradients
∇φ at the cell’s centre have to be computed. The
Gauss method was used in order to calculate these

gradients. The computation of φf is made using the
convective scheme of Equation 3 or of Equation 6.

The continuity and momentum equations are
coupled and there needs to exist an algorithm to
handle the coupling of pressure and velocity. The
choice of this algorithm is important because it can
affect the accuracy and stability of the solution.

SIMPLE and PISO are the two different algo-
rithms that are usually used in this situation. De-
spite PISO offering faster convergence speeds [6],
the algorithm used in this work is the SIMPLE. The
main advantage of this algorithm is being more ro-
bust which is important since the local refinement
will cause a non-smooth grid locally which would
cause the problem to diverge when using the PISO
algorithm. This algorithm has been extensively de-
tailed in several works like [7] and [6].

2.3. Immersed Boundary Method
The first step to implement the IB method is to

divide each type of cell into three different groups
according to the location of their vertices. Cells
with all their vertices located in the fluid zone are
called fluid cells, similarly, cells with all their ver-
tices located in the solid zone are called solid cells,
and finally, cells that have vertices located in both
fluid and solid zones are called ib cells. An ib cell’s
face that is shared with a fluid cell is called an ib
face.

The fluid cells are isolated from the remaining
cells, creating an immersed boundary containing all
ib faces. To this boundary is then applied a Dirich-
let boundary condition for velocity and a Neumann
boundary condition for the pressure correction.

Figure 1: Conservative cut around a solid body in
a Cartesian grid. [6]

2.4. Error Estimation criteria
The two different error estimation criteria that

will be used in the course of this work are the Taylor
and Residual ones. The purpose of these criteria is
to estimate the error and the areas to be refined.

The Taylor criterion is calculated with Equation:

ET =
1

2VP

∣∣∣∣( ∂2φ

∂xi∂xj

)
P

∣∣∣∣ (Mij)P (7)
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where ET is the Taylor series based error estima-
tion, VP is the cell P volume, (Mij)P is the cell P

inertia tensor and
∣∣∣( ∂2φ
∂xi∂xj

)
P

∣∣∣ is the Hessian ma-

trix.
The accuracy of the error estimation is dependent

on the values of the Hessian matrix according to
Equation 7. The components of this matrix were
based on placing the values of the closest solid point
in the face of the immersed boundary. This is a very
simplistic approximation. To improve the accuracy
of the criterion, the accuracy of the Hessian matrix
must be improved. To do that, the values were
changed to the values calculated by a second order
interpolation introduced by [8]. The new values to
be included in the Hessian matrix can be calculated
with:

∂2u

∂x2
= 2a3 + 2a6y (8)

∂2u

∂y2
= 2a4 (9)

∂2v

∂x2
= 2b3 (10)

∂2v

∂y2
= −a5 − 2a6x (11)

where ai and bi are the least-squares coefficients.
In order to calculate the Residual criterion, a cu-

bic order polynomial regression is computed with
the information from the first and second neigh-
bours by vertex. With this regression, new val-
ues are computed for the cell’s face and gradients.
These new values will then be compared to the
values obtained with the diffusive and convective
schemes. Computing again the residual values us-
ing Equation 12 allows for this comparison.

Figure 2: Example of a cell’s first and second neigh-
bours by vertex on the left and by face on the right
[9].

ER =

∑F
f=1 U

n
f uf − νf

∑F
f=1 (∇u)f · Sf

ap
+

+
(Vp/ρ)∇pn

ap

(12)

where uf and (∇u)f values are computed with the
cubic regression and ap is the value of the matrix
used for the momentum equations.

2.5. Adaptive Meshing Algorithm
Since a refinement step divides the hydraulic di-

ameter in half, it is possible to achieve a relation
between the error on two different refinement levels
in:

E0/E ∼ (hi/h)2 = (1/2)2 = 0.25 (13)

The maximum value for the error estimation is then
chosen and multiplied by the error reduction factor
of 0.25 calculated in 13. The result of this product
is the threshold for whether or not the cells are re-
fined. All cells with an error estimation higher than
the threshold are selected and will be refined.

When applied to coarse grids, this type of refine-
ment can result in a stiff cell distribution which can
then cause numerical instabilities and divergence.
This problem becomes more evident with the in-
creasing number of refinement levels. To improve
the general quality of the mesh and to try and avoid
these problems, some measures are taken:

• The results for the criterion are smoothed in
the domain;

• The selection of cells to be refined is expanded
to their neighbour cells;

• If in a group of cells chosen to be refined, there
are cells with different refinement levels, only
the ones with the lowest level will be refined,
preventing the accumulation of grid interface
in the same location;

• The refinement directions are cross-checked.
This causes incompatible directions of refine-
ment to be excluded;

• As the anisotropic cells stretch, it is harder to
refine them in counter direction. This prevents
the degree of non-orthogonality to become se-
vere.

This algorithm plays a vital role for this project
because achieving an accurate solution is dependent
on a grid that does not cause numerical instabilities
or that causes the solution to diverge.

3. Verification and Validation
The code used to perform the simulations of a

flow past an immersed body is compared with other
solutions from other works, and its validity is tested
using an array of cases.

3.1. Flow Around a 2D Cylinder
Flow past a circular cylinder is one of the most

studied problems in fluid mechanics due to its ge-
ometric characteristics and practical importance in
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engineering [10]. These reasons made this a bench-
mark problem with a vast amount of data from
both experimental and numerical data in the liter-
ature. Flow characteristics and drag coefficient on
the cylinder are dependent on the Reynolds num-
ber. The Reynolds number is the ratio between
inertial and viscous forces and can be calculated for
this case study with:

Re =
U∞D

ν
(14)

where U∞ is the velocity at the inlet boundary, D
the diameter of the cylinder and ν is the kinematic
viscosity of the fluid. The drag coefficient can be
calculated with:

CD =
2FD

ρU2
∞Aproj

(15)

where FD is the drag force, ρ is the fluid density
and Aproj is the projected area of the cylinder per-
pendicular to the flow (Aproj = D). Three differ-
ent Reynolds numbers were chosen to compare with
the literature available (Re = 10, Re = 20 and
Re = 40).

After analysing the range of results in the liter-
ature for the case of an immersed cylinder, it was
obvious they were inconsistent. One of the reasons
why results differed so much from one another may
be because of different domain sizes that caused dif-
ferent values of the blockage effect, impacting the
final results.

The blockage effect is created by immersing a
cylinder in a flow can alter significantly the results
obtained due to the flow confinement. The block-
age factor is the ratio between the diameter (D) and
half the height (h) of the domain (B = D/h) and
its effect is considered to be insignificant when B ≤
0.01 [11].

To confirm the effects of the blockage effect, a
study using the in-house code was done. It was de-
cided to use a body-fit grid because this code was
already tested and this effect should not vary be-
tween different methods. After several simulations
for four different domain sizes and respective block-
age values, the results can be presented in Figure
3 and Table 1. The percentage error in Table 1 is
calculated comparing the results from each grid size
to the grid with the biggest domain.

To perform this study, a very refined grid was
used for B=0.01. Cutting the grid or adding new
cells was required in order to generate grids with
the same characteristics but different values for B.

Figure 3: Variation of the drag coefficient with the
blockage effect for Re = 40 in a body-fit grid with
the in-house code.

Table 1: Drag coefficient with the respective vis-
cous and pressure components variation with the
blockage effect

Blockage
0.077 0.033 0.01 0.005

CD 1.6028 1.5297 1.5237 1.5191
CDp 1.0558 1.0041 1.0208 1.0174
CDv 0.546971 0.525806 0.5029 0.5017

Error (%) 5.512488 0.7098 0.3058 -

It is now obvious from the previous results that
the conclusion from [11] is also valid for this work
and because of that, the domain size to be studied
from this point forward, shall respect the condition
B = 0.01 since lower values do not significantly im-
prove the results.

Having performed several numerical analyses, it
is now possible to focus on one specific Reynolds
number at a time. In this section, a comparison
between the achieved results and literature results
will be made.

Figure 4 presents the flow past the immersed
body. In this Figure it can be easily surmised that
the size of the eddies behind the solid body are very
small.

Figure 4: Pressure distribution with velocity
streamlines in the IBM(a) and in the Body-fit
Method (b) for Re = 10.
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Table 2 summarizes the results from different au-
thors. Lw/D is the quotient between the wake’s
length and the diameter of the immersed body.
None of these works studied the effect of the block-
age effect, and because of that, it is important to
understand what were the domain characteristics
for each work in order to have a better sense of why
some values differ form one to another. A more de-
tailed table is available in the appendix where more
details can be found.

Table 2: Results from literature survey and from
the present work for Re = 10.

Reference year Lw/D CD B
Lima E Silva et al. [12] 2003 0.26 2.81 -
He and Doolen [13] 1997 0.24 3.17 0.018
Sen et al. [11] 2009 - 2.795 -
Ding et al. [14] 2004 0.252 3.07 0.03125
Park et al. [10] 1998 - 2.78 0.02
Present - Bodyfit 2016 - 2.78 0.01
Present work - STAR-CCM+ 2016 - 2.82 0.025
Present work - IBM 2016 - 2.75 0.01

As expected, values from the present work fall in
the range of results calculated by other authors.

Having performed a comparative analysis for
Re = 10, it is now time to do the same for Re = 20.
Similarly to the previous section, the first step is to
do a visual analysis of the results from both IB and
Body-fit methods.

Figure 5: Pressure distribution with velocity
streamlines in the IBM(a) and in the Body-fit
Method (b) for Re = 20.

As expected, in Figure 5 it is obvious the growth
in the eddies’ size. This behaviour falls in line with
what was previously stated about the relation be-
tween Reynolds number and the size of the eddies.

Table 3 summarizes all the results obtained from
the literature survey as well as with the information
about the blockage effect and Lw/D.

Table 3: Results from literature survey and from
the present work for Re = 20

Reference year Lw/D CD B
Lima E Silva et al. [12] 2003 1.04 2.04 -
Ye et al. [1] 1999 0.92 2.03 -
Linnick and Fasel [15] 2005 0.93 2.16 0.056
Linnick and Fasel [15] 2005 0.93 2.06 0.023
Fornberg [16] 1980 0.91 2 -
Calhoun [17] 2002 0.91 2.19 -
Niu et al. [18] 2006 0.95 2.144 0.025
He and Doolen [13] 1997 0.92 2.152 0.018
Wang et al. [3] 2009 0.98 2.25 0.067
Xu and Wang [19] 2006 0.92 2.23 0.0625
Choi et al [20] 2007 0.9 2.02 0.0125
Pacheco et al. [21] 2005 0.91 2.08 0.033
Frisani and Hassan [22] 2015 0.9 2.22 0.05
Frisani and Hassan [22] 2015 0.93 2.229 0.05
Frisani and Hassan [22] 2015 0.85 2.168 0.05
Frisani and Hassan [22] 2015 0.92 2.124 0.05
Frisani and Hassan [22] 2015 0.92 2.167 0.05
Sen et al. [11] 2009 - 2.019 -
Ding et al.[14] 2004 0.93 2.18 0.03125
Park et al. [10] 1998 - 2.01 0.02
Present work- Bodyfit 2016 - 2.01 0.01
Present work - STAR-CCM+ 2016 - 2.04 0.025
Present WORK - IBM 2016 - 1.99 0.01

Once again, the results obtained in the course of
this work are similar to the values obtained by other
works when a similar B is being used.

Finally, Re = 40 also requires the type of analysis
already performed for the other Reynolds numbers.

Figure 6: Pressure distribution with velocity
streamlines in the IBM(a) and in the Body-fit
Method (b) for Re = 40.

In Figure 6 the size of the eddies becomes even
larger comparing it with the Re = 10 and Re = 20.
Once again, Table 4 summarizes all the results from
the literature.

In this last case, the results for the drag coeffi-
cient can also be verified since they fall under the
values from other authors.

There are several conclusions that can be made
from this case. The domain size to study is very im-
portant, and by observing the results from the com-
parative table with the literature results for each
Reynolds it becomes evident that the disparity of
values can be caused by the different blockage val-
ues. It is simply not enough to perform analysis
with a domain size chosen by comparison with other
work. The error this effect can have in the results
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Table 4: Results from literature survey and from
the present work for Re = 40

Reference year Lw/D CD B
Lima E Silva et al. [12] 2003 2.55 1.54 -
Ye et al. [1] 1999 2.27 1.52 -
Linnick and Fasel [15] 2005 2.23 1.61 0.056
Linnick and Fasel [15] 2005 2.23 1.54 0.023
Fornberg [16] 1980 2.24 1.5 -
Calhoun [17] 2002 2.18 1.62 -
Niu et al. [18] 2006 2.26 1.589 0.025
He and Doolen [13] 1997 2.25 1.499 0.018
Wang et al. [3] 2009 2.35 1.66 0.067
Xu and Wang [19] 2006 2.21 1.66 0.0625
Choi et al [20] 2007 2.25 1.52 0.0125
Pacheco et al. [21] 2005 2.28 1.53 0.033
Tseng and Ferziger [23] 2003 2.21 1.53 0.0625
Mittal at al. [24] 2008 - 1.53 0.025
Kim et al. [25] 2001 - 1.51 0.01
Frisani and Hassan [22] 2015 2.4 1.661 0.05
Frisani and Hassan [22] 2015 2.35 1.656 0.05
Frisani and Hassan [22] 2015 2.09 1.615 0.05
Frisani and Hassan [22] 2015 2.29 1.587 0.05
Frisani and Hassan [22] 2015 2.4 1.611 0.05
Sen et al. [11] 2009 - 1.514 -
Ding et al.[14] 2004 2.2 1.713 0.03125
Park et al. [10] 1998 - 1.51 0.02
Present work - Bodyfit 2016 - 1.50 B = 0.01
Present work - STAR-CCM+ 2016 - 1.53 0.025
Present work - IBM 2016 - 1.49 0.01

is large, so it is always necessary to try and make
a compromise between domain size and computa-
tional power available for simulations.

It is also important to note that the IBM has
more difficulties converging when a uniform refine-
ment is performed when compared with a body-fit
method. The computational power and time re-
quired in this case did not justify continuing the
uniform refinement of the grid.

3.2. Analytical Singularity
The analytical case chosen to study was the place-
ment of a singularity inside a cylinder with a radius
of 0.1 in the middle of a squared domain (1 × 1).
This problem has an exact solution of the Navier-
Stokes equations, which makes it ideal to test the
IBM. The Reynolds number chosen to perform this
analysis is Re = 1000. The decision of the problem
to study and the Reynolds number was made follow-
ing the work done in [26] and [27]. The equations
that characterized the problem were altered in or-
der to place the singularity inside the domain. The
new equations 16, 17 and 18 give the exact solution
for the horizontal, vertical velocities and pressure,
respectively.

u = − 2× (y − 0.5)

(x− 0.5)2 + (y − 0.5)2
, (16)

v =
2× (x− 0.5)

(x− 0.5)2 + (y − 0.5)2
, (17)

p = − 2

(x− 0.5)2 + (y − 0.5)2
, (18)

where x and y are the Cartesian coordinates.

The adaptive grids obtained at the final levels of
refinement for each criterion are shown in Figure 7.

Figure 7: Analytical Singularity: Final grids for the
different criteria.

The error distribution in Figure 8 has a higher
concentration in the diagonal region near the cylin-
der. One important thing to note from error esti-
mation distribution from Figure 8 is that the Taylor
criterion over-estimated the error in the computa-
tional boundary. This will lead to an increase in
the cells number, decreasing the computational ef-
ficiency.

Figure 8: Analytical Singularity - Velocity magni-
tude error field on the left and error estimation cri-
terion values on the right for the level 8 of the Taylor
criterion.
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Figure 9: Analytical Singularity - Velocity mag-
nitude error field on the left and error estimation
criterion values on the right for the level 7 of the
Residual criterion.

From the error estimation distribution for the
Residual criterion, it is possible to see that this
criterion is better at detecting the error in the di-
agonals of the domain and that it does not over-
estimate the error in the computational boundaries.

For a better comparison between each criterion, a
measure of efficiency should be used. The measure
chosen is the ratio between mean and maximum er-
rors. In Table 5 the efficiency values for the most
refined grids of each error estimation criteria can
be analysed. The uniform criterion is the one with
the lowest efficiency and the analytical one has the
highest efficiency as expected. The real comparison
is between the Taylor and Residual error estimators
and the Residual criterion seems to be far more ef-
ficient.

Table 5: Analytical Singularity: Efficiency Values
for the most refined grid of each criteria.

µu µmag
Uniform criterion 0.0352 0.058
Analytical Criterion 0.305 0.384
Taylor Criterion 0.084 0.14
Residual Criterion 0.197 0.252

In Figure 10 a comparison between criteria is pre-
sented. The analytical adaptive criterion is the best
at lowering the maximum error but both error esti-
mation criteria exhibit a similar behaviour, evidenc-
ing their good capabilities in reducing the compu-
tational error.

Figure 10: Analytical Singularity - Comparison be-
tween the different criteria of the error decay with
1/
√
Nc.

This case-study is also a good opportunity to
compare the diffusive and convective schemes used
with others available in the SOL code. Figure 11
presents the results for the analytical adaptive cri-
teria with different schemes. The GPS is the ghost
points family scheme, the FLS uses the Face Least
Squares scheme and the pair GQS uses a Least
Squares scheme for the diffusion and a triangular
interpolation with skewness correction as the con-
vection scheme.

Figure 11: Analytical Singularity - Comparison be-
tween schemes for the analytical criterion.

After a simple analysis of Figure 11 the FLS
scheme is clearly proven to be a better choice
for performing all the computational analyses with
adaptive grids since the decrease in error is more
evident with this scheme and it does not have the
same instability problem of pair GQS that caused
the simulation to diverge.

4. Results

The main purpose of this work was to implement an
automatic refinement criteria that would be able to
reduce the computational power needed to achieve
accurate solutions using the Immersed Boundary
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method. In the previous chapter, these criteria were
compared with computational methods from other
works and with analytical solutions, where it’s pos-
sible to conclude that these error estimation criteria
allow for solutions with a better grid convergence,
improving the capabilities of the initial IBM. In the
present chapter, the results with the verified adap-
tive algorithm for different flows will be presented.

4.1. Flow around a 2D cylinder with Adaptive Cri-
teria

This is the case already introduced in Section 3.1
but now tested with adaptive grids.

Figure 12: Relative error between both adaptive
criteria and the body-fit method for Re = 10.

Figure 13: Relative error between both adaptive
criteria and the body-fit method for Re = 40.

Figure 14: Relative error between both adaptive
criteria and the body-fit method for Re = 20.

In Figure 12 it is possible to see how the drag co-
efficient error converges with the increase in cell’s
numbers. Both criteria are fast to converge but the
Residual adaptive criteria does not over-estimate
the error in the computational boundaries and it
refines a more broader area of the cylinder. The
Taylor adaptive criteria on the other hand, adds un-
necessary cells to the computational boundary and
the refinement in the cylinder zone is less smooth.
The same conclusions as for Re = 10 can be made
for Figure 14 but now, the Taylor adaptive criterion
is even faster to converge. In Figure 13 it becomes
more apparent the values obtained through the Tay-
lor adaptive criterion tend to approximate those of
the Residual adaptive criterion with the increase in
number of cells. One of the reasons why the Tay-
lor adaptive criterion needs a larger number of cells
is the unnecessary refinement in the computational
boundaries.

4.2. Flow Around the NACA 0012 airfoil

Figures 15 - 17 summarize the results for the IBM
with the different criteria used by comparing them
to the results from the most refined body-fit grid.
The lift coefficient for α = 0◦ was not compared
since it is approximately zero as expected.

Figure 15: Cd error relative to the body-fit method
for α = 0◦.

The uniform criterion has a 2.37% error when
compared to the most refined grid of the body-
fit method. Both criteria have also failed to con-
verge to a clear result before instabilities in the grid
caused the simulation to diverge. Despite this, the
results have a relative error lower than 1% when
compared to the body-fit method.

8



Figure 16: Cd error relative to the body-fit method
for α = 10◦.

The uniform criterion of the IBM has failed to
converge despite the high number of cells. For this
attack angle, the Residual adaptive criterion simu-
lation resulted in a 0.04% error when compared to
the body-fit method. More refinement levels should
be used for a more clear convergence of this method,
but the instabilities in the simulation caused it to
diverge. Despite the lack of more refinement lev-
els, the error between the two final levels for this
criterion is only 0.43%. The Taylor criterion has
converged for a 4.77% error.

Figure 17: Cl error relative to the body-fit method
for α = 10◦.

The Taylor criterion has a small error value of
0.03%. The Residual criterion on the other hand
has the largest error of 3.6% but it is still to con-
verge. Once again, more levels of refinement for
the Residual criterion would be useful, however the
simulation failed to converged after the present re-
sults.

A possible justification for the difference in re-
sults for α = 10◦ is that the flow for this angle of
attack is unsteady. The literature is clear that for

α = 0◦ the flow is steady, however for α = 10◦ there
is not a consensus and the flow may have become
unsteady causing the differences in values between
the error criteria and the body-fit method.

5. Conclusions
In this work, an extensive study of the IBM results

was made with the purpose of verifying and validat-
ing the method by comparison with other works.
After validating the method, the error estimation
criteria could then be applied and the results com-
pared to see the benefits these criteria bring. Imple-
menting these criteria to generate adaptive grids al-
lowed a great reduction in the computational power
needed to successfully simulate flows.

An extensive study of an immersed 2D cylinder
case was made for Re = 10, Re = 20 and Re = 40
both with and without the adaptive criteria. This
served as an ideal example to show the capabilities
of an automated adaptive grid algorithm coupled
with the error estimation criteria since it demon-
strated how much computational power could be
saved.

Finally, the IBM with adaptive refinement was
also applied to a NACA 0012 airfoil. This case
proved more of a challenge for both body-fit and
IBM generated grids.

With the studies performed in this Thesis, it is
clear the benefits in terms of accuracy and computa-
tional power both criteria brought to the IBM. The
Residual error estimator proved to be a better crite-
ria, with more efficient adaptive grids and smooth
refined areas. The Taylor error estimator on the
other hand had some instability problems caused
by non-smooth grids and it also over-estimated er-
ror in the computational boundary, adding unnec-
essary cells to the grids, and therefore increasing
the computational power need to solve each simu-
lation.
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