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Figure 6.28: FSI (Grid 3, ∆t=0.001s): Pressure distribution within one period

each value.

From both tables it can be seen that for all grids and time-steps, the drag coefficient
has two frequencies of oscillation. The first coincides to the lift frequency, while the
second is twice higher and has about 2.5 times bigger amplitude. Therefore, the relation
between the drag and the lift frequencies is not influenced by the spatial and temporal
discretisations.

Table 6.3 shows that the space discretisation errors on Grid 1 dominate the time-step
errors. This is the reason for the first order of convergence of the frequencies on this
grid as well as for the sensitivity to the time-step of the average and the maximal
values of the lift coefficient. Though the results for the drag coefficient for the different
time-steps are in a better agreement, it can be concluded that the space discretisation
errors on Grid 1 are dominant.

The prediction of the frequencies improves as the grid is refined. Time-steps 0.001s
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Figure 6.29: Drag (left) and lift (right) coefficients at Grid 1 for different time-steps dt
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Figure 6.30: Drag (left) and lift (right) coefficients at Grid 2 for different time-steps dt

and 0.0005s give identical frequencies for Grid 2, while a second-order convergence in
time for Grid 3 is achieved.

Although on Grid 2 the amplitudes of the drag coefficient are second-order and its
average value first-order accurate in time, no time order of convergence for the lift
coefficient can be found. Nevertheless, it can be observed that the results on Grid 2 at
time-steps 0.001s and 0.0005s are nearly the same.

It can also be seen that Grid 3 gives a very good estimation of the maximum lift coeffi-
cient. Despite that the time order for the average lift coefficient cannot be determined,
the values for time-steps 0.002s and 0.001s are only slightly different. In addition, a
second-order time accuracy for the average value and the second amplitude of the drag
coefficient is obtained. The amplitude of the first frequency, however, is first-order ac-
curate in time discretisation. Considering the relative errors of the compared variables
to the time-step independent solution on Grid 3, it can be observed that they are minor
for time-step 0.001s.

Contrarily to the temporal discretisation, the estimation of the errors due to the spatial
discretisation is more difficult. For time-step 0.004s no order of convergence for any of
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Figure 6.31: Drag (left) and lift (right) coefficients at Grid 3 for different time-steps dt

Grid time-step Lift coefficient
[s] frequency average maximum

1 0.004 10.638 0.00977 2.24997
1 0.002 10.695 (1%) 0.022481 2.292781
1 0.001 10.724 (0.5%) 0.0286138 2.3173138
1 0.0005 10.738 (0.28%) 0.033863 2.336363
time order 1.1 - -
grid indep. 10.754 - -
solution -

2 0.004 10.87 0.017058 2.279158
2 0.002 10.929 0.024509 2.305909
2 0.001 10.959 0.02614 2.31084
2 0.0005 10.959 0.029618 2.316918
time order - - -
time-step - - -
indep. sol. - - -

3 0.004 10.87 (1.4%) 0.028115 2.278015 (0.3%)
3 0.002 10.989 (0.36%) 0.023062 2.284462 (0.029%)
3 0.001 11.019 (0.09%) 0.023665 2.285065 (0.002%)
time order 1.98 - 3.4

time-step indep. 11.029 - 2.28512722
solution

Table 6.3: Lift coefficient - results, time-discretisation errors

the values may be found. The reason is that this time-step is rather big and the time
discretisation errors are dominant.

For the other two time-steps, firstly, the frequency of the lift coefficient will be consid-
ered. In both cases a second order of convergence has been obtained as it is pointed out
in Table 6.5. Grid 2 and Grid 3 predict the oscillation frequency with minor relative
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drag coefficient
Grid time-step frequencies average amplitudes

[s] first second first second
1 0.004 10.638 21.277 4.7337 0.0825 0.2235
1 0.002 10.695 21.39 4.7492 (1%) 0.0977 (26%) 0.236 (5%)
1 0.001 10.724 21.448 4.7652 (0.7%) 0.1035 (21%) 0.2413 (3%)
1 0.0005 10.738 21.477 4.775 (0.5%) 0.1083 (17%) 0.2446 (2%)
time order 1.1 0.6 0.3 0.7

indep. 10.754 4.799 0.1317 0.2496
solution

2 0.004 10.87 21.739 4.6989 0.0793 0.23431
2 0.002 10.929 21.858 4.7074 (0.23%) 0.0924 (9%) 0.2462 (1.8%)
2 0.001 10.959 21.918 4.7112 (0.14%) 0.1001 (1.6%) 0.2497 (0.4%)
2 0.0005 10.959 21.918 4.7144 (0.08%) 0.1015 (0.3%) 0.2507 (0.08%)
time order - 0.7 2.5 2.2

indep. - 4.7184 0.1017 0.2509
solution

3 0.004 10.87 21.739 4.6588 0.0724 0.2327
(0.15%) (27%) (6%)

3 0.002 10.989 21.978 4.6645 0.0857 0.2439
(0.03%) (14%) (1.5%)

3 0.001 11.019 22.039 4.6656 0.0926 0.2467
(0.006%) (7%) (0.038%)

time order 1.98 2.3 0.95 2
indep. 11.029 4.6659 0.1 0.2477

solution

Table 6.4: Drag coefficient - results, time-discretisation errors

errors.

However, for the rest of the variables the spatial order of convergence and the grid
independent solution cannot be determined.

time-step
0.002s 0.001s

spatial order 1.96 1.96
grid indep. 11.01 11.04
solution

Relative Grid 1 2.9% 2.9%
error Grid 2 0.7% 0.7%
% Grid 3 0.19% 0.18%

Table 6.5: Lift coefficient frequency: Space discretisation errors
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Before commenting the absence of a spatial order of accuracy, the average value, the
frequencies and the amplitudes of oscillation of the global horizontal displacement of
the point B will be considered. The obtained results are presented in Table 6.6.

displacement
Grid time-step frequency average amplitude

[s] first second first second
1 0.004 10.638 21.277 0.0015791 0.56400E-04 0.10073E-04
1 0.002 10.695 21.39 0.00158266 0.67825E-04 0.10510E-04

0.5% - 12.7%
1 0.001 10.724 21.448 0.00158629 0.72940E-04 0.10818E-04

0.3% - 10%
1 0.0005 10.738 21.477 0.00158838 0.77624E-04 0.11064E-04

0.1% - 8%
time-order 0.8 - 0.3
time-step 0.001591 - 0.1204E-04
indep. sol. -

2 0.004 10.87 21.739 0.0014684 0.5372E-04 0.98009E-05
2 0.002 10.929 21.858 0.0014705 0.6369E-04 0.10246E-04

- 11.9% -
2 0.001 10.959 21.918 0.001472 0.6935E-04 0.10394E-04

- 4% -
2 0.0005 10.959 21.918 0.001472 0.7127E-04 0.10823E-04

- 1.4% -
time-order - - 1.6 -
grid indep. - - 0.7226E-04 -

3 0.004 10.989 21.978 0.0014083 0.49949E-04 0.097E-04
(0.16%) (29%) (10%)

3 0.002 10.989 21.978 0.00141027 0.59069E-04 0.10019E-04
(0.03%) (16%) (7%)

3 0.001 11.019 22.039 0.00141061 0.64247E-04 0.10243E-04
(0.004%) (9.5%) (5%)

time-order - 2.6 0.8 0.5
grid indep. - 0.00141068 0.7105E-04 0.1077E-04

Table 6.6: Horizontal displacement at point B: results, temporal discretisation

There are two principal frequencies of oscillation of the horizontal displacement of the
point B such that the second is twice higher than the first. These frequencies exactly
coincide to those of the drag coefficient and their convergence properties have been
already studied. An exception is the result on Grid 3 for time-step 0.004s caused by
the very big time-step.

It can be noticed that the average displacement is very well predicted on every grid.
A first order time accuracy is achieved on Grid 1. The order improves as the grid is
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refined. Time-steps 0.001s and 0.0005s lead to identical results on Grid 2. Order of
convergence 2.6 is received on Grid 3.

With regard to the amplitudes of oscillations Grid 1 shows a very poor temporal conver-
gence. Grid 2 gives order 1.5 for the bigger amplitude, while the order for the smaller
one cannot be determined. Nearly a first-order time-accuracy for the amplitudes has
been obtained on Grid 3. The reason for the slow convergence on the finest grid is that
time-step 0.004s is not small enough.

To find the spatial order of convergence, the results obtained for time-steps 0.002s and
0.001s on the three grid levels are considered. The grid independent solutions and the
convergence orders for each time-step are presented in Table 6.7. The relative errors
to the predicted grid independent solutions are also given.

displacement
average amplitude

first second
∆t = 0.002s

space-order 0.9 - 0.2
grid indep. 0.00134041341 - 0.0863E-04
solution

Relative error:
Grid 1 18% - 22%
Grid 2 9.7% - 19%
Grid 3 5% - 16%

∆t = 0.001s
space-order 0.9 - 1.5
grid indep. 0.00134079859 - 0.10595E-04
solution

Relative error:
Grid 1 18% - 6.5%
Grid 2 9.9% - 2.3%
Grid 3 5% - 0.8%

Table 6.7: Horizontal displacement at point B: spatial discretisation

For both time-steps a first order of accuracy is obtained for the average displacement.
However, the estimated grid independent solutions almost coincide. For time-step
0.001s a very good convergence for the second amplitude is achieved. On the other
hand no spatial order for the first amplitude can be determined.

Finally, the average number of the performed predictor-corrector iterations per time-
step for each grid is given in Table 6.8. Let us remember that for every grid a two-level
multigrid is applied so that maximum 5 V-cycles per iteration within the fluid solver
are allowed. The iterative process continues until the convergence criterion (ε = 10−4)
for the fluid is satisfied.
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time-step Grid 1 Grid 2 Grid 3
0.004s 5 5 7
0.002s 5 5 5
0.001s 3 3 4
0.0005s 3 3 -

Table 6.8: Average number of predictor-corrector iterations per time-step

It can be seen that the number of iterations depends more on the temporal than on
the spatial discretisation. The reason is that as bigger the time-step is as bigger the
structural displacements and the fluid domain deformation are. Therefore, the used
as initial guess fluid variables obtained at the previous time-step will be not anymore
a good starting approximation. Hence, for the biggest time-step the most prediction-
corrections are needed. As the time-step is reduced, the fluid grid deformation be-
comes smaller and accordingly, the number of iterations also decreases. It was already
mentioned that time-step 0.004s is rather big for Grid 3. Therefore, here, the most
iterations for finding the fluid-structure equilibrium are required. For time-step 0.002s
the number of iterations is the same for all grids. Only 3 prediction-corrections are
necessary for time-steps 0.001s and 0.0005s.

Conclusion

All results predict the frequencies of oscillations for the coefficients as well as for the
considered displacement. The temporal discretisation errors are reduced as the grid is
refined. A second order of time accuracy is achieved on Grid 3. The frequencies are
also slightly depend on the spatial discretisation. For time-steps 0.001s and 0.002s a
second order of convergence in space is obtained.

The average values of the drag coefficient and the displacement as well as the maximum
of the lift coefficient show very good convergence in time discretisation. However, only
for the average displacement an order in spatial discretisation can be determined.

Due to the deformation of the cylinder caused by the fluid dynamic forces, the new
position of the fluid domain boundaries depends on the displacements of the boundary
grid points that are calculated by the structural solver. Therefore, for the different
grids the corresponding fluid domains may be also different. Hence, the reason for the
received poor spatial order of convergence is the rather coarse Grid 1.

Finally, the computations showed very small dependence of the number of predictor-
corrector iterations per time-steps necessary for finding the equilibrium between the
fluid and the structure on the spatial discretisation. Additionally, as the time-step is
reduced, the needed prediction-corrections are also diminished.
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6.3.5 ’Explicit’ versus ’implicit’ coupling algorithms

In the previous two sections the implicit coupling algorithm has been used to solve
the test example successfully. On the other hand sections 6.1.1 and 6.1.2 showed that
the explicit method may be applied to tasks with small structural displacements. It
is interesting to find out how the explicit coupling strategy behaves for FSI problem
including finite deformations. To answer to this question, the test example defined
in section 6.3.1 is going to be solved using the explicit coupling method. In order to
compare the two coupling strategies the same flow initial conditions are chosen.

Hence, just once per time-step data will be exchanged between the fluid and structural
codes. At every time-step the converged solution of the fluid subproblem is achieved
at first. Then the structural solver is applied to find the displacements of the wall of
the cylinder.

To study the effects of the spatial discretisation the coarsest (Grid 1) and the finest
(Grid 3) grids will be used. As it was already pointed out in section 5.4, small time-
steps are required for stability. In order to compare with the implicit coupling method,
time-step 0.0005s is chosen for Grid 1 and time-step 0.001s - for Grid 3.

Additionally, for computational acceleration a two-level multigrid for each of the sim-
ulations is again applied.

First the results on Grid 1 and time-step 0.0005s will be considered. The obtained
drag and lift coefficients are presented in Figure 6.32.
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Figure 6.32: Explicit coupling (Grid 1, ∆t=0.0005s): Time history

Though in the beginning the drag and the lift coefficients follow the ones obtained by
the implicit method, after 20 time-steps disturbances appear. Since no care for the
fluid-structure equilibrium at every time-step is taken, the fluid dynamic forces are
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overpredicted. Due to the higher forces the structural solver receives bigger deforma-
tions than the actual ones. Hence, an increasing error appears and slowly leads to
non-physical oscillations in the coefficients. In the same time the big variations in the
fluid forces result into different displacements for the cylinder wall. Consequently, the
previous time-step fluid field is not anymore a good approximation for the searched
time-step. Therefore, the computational time also increases with each next time-step.

The amplitude of the non-physical oscillations as well as the fluid forces steadily mag-
nify. Finally, this leads to a very large unphysical deformation of the cylinder and to
divergence of the computation.

In Figure 6.33 the time history of the drag and the lift coefficients for Grid 3 and
time-step 0.001s are shown.
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Figure 6.33: Explicit coupling (Grid 3, ∆t=0.001s): Time history

Despite the grid refinement and the small time-step, the explicit coupling algorithm
again produces non-physical oscillations and finally diverges. On the other hand the
implicit coupling method gave the best results for this spatial and temporal discretisa-
tions. Hence, a much smaller time-step is required for convergence. A further reduction
of the time-step would lead to unnecessarily large computational time. On the other
hand the implicit coupling strategy is stable and sets no restriction on the time-step
size. Therefore, the implicit coupling method is more efficient for FSI problems with
finite deformations than the explicit one.


