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(a) Density and velocity x-y and x-z slice
TD={5s,10s}, H=6m, t=0.

(b) Density and velocity x-y and x-z slice
TD=5s, H=6m, t=5s.

(c) Density and velocity x-y and x-z slice
TD=10s, H=6m, t=10s.

(d) Density and velocity x-y and x-z slice
TD={5s,10s}, H=10m, t=0.

(e) Density and velocity x-y and x-z slice
TD=5s, H=10m, t=5s.

(f) Density and velocity x-y and x-z slice
TD=10s, H=10m, t=10s.

Figure 6: Density and velocity x-y and x-z at different heights with different door opening
times.
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In this section we plot slice plots of the density (showing the evolution of the water surface),
the velocity, 3D plots of the isovolume of the density (showing the evolution of the water sur-
face). Additionally we plot the flow rate through the door over time, and the average velocity
in the door section and in the first 10m section of the tunnel.

Figure 6 shows the density and velocity at different times and height settings. As we can see
in figure 6 (b) and (e), the turbulent mixing is slightly higher for figure 6 (e); and the velocity at
the bottom of the tunnel is also higher in both cases (TD={5s and 10s}) for H=10m.

(a) Water isovolume TD={5s,10s}, H=6m,
t=0s

(b) Water isovolume TD=5s, H=6m, t=5s

(c) Water isovolume TD=10s, H=6m, t=10s

(d) Water isovolume TD={5s,10s}, H=10m,
t=0s

(e) Water isovolume TD=5s, H=10m, t=5s

(f) Water isovolume TD=10s, H=10m, t=10s

Figure 7: Water isovolume at different heights with different door opening times.

Water isovolume in the simulation can be seen in figure 7, where we can see water splashes
closer to the door as the gate opens; it is due to pressure difference between tank and tunnel
[29] and variable density model which is mentioned in section 3.1. Figure 8 shows the flow
rate through the gate. As we can see here, the gate opening time and water height do have a
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influence over the water flow rate through the opening gate.
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Figure 8: “Spending” flow rate through the door.

Figure 9 shows the average velocity at the door section. It is clear that the velocity is higher
at the door section for H=10m compared to H=6m (for the same opening time TD=5s).

The average velocity at the downstream side of the tunnel is plotted in figure 10. It shows
that for TD=5s and H=6m, the velocity increases gradually up to 6 m s−1 until t = 4s, after that
the velocity goes down. On the other hand, for TD=5s and H=10m, the velocity is higher, up
to ca. 8 m s−1. This behaviour is similar to the case of TD=10s. Thus we can conclude that the
water height influences the average velocity at the bottom of the tunnel.
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Figure 9: Average x-velocity in the door section.
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Figure 10: Average flushing x-velocity in the first 10m-section of the tunnel.

6 CONCLUSIONS

In this paper we provide computational results for Direct FEM simulations of the primi-
tive 3D variable-density incompressible Navier-Stokes equations. We investigate the MARIN
marine engineering benchmark and a storm drain system.

The simulation results for the MARIN benchmark qualitatively capture the evolution of the
pressure signals in the sensors. The discrepancies are quantitatively of approximately similar
magnitudes as the state of the art published in the literature, e.g. in [30, 28].

For the storm drain problem, the density and velocity fields have a 3D structure, a triangular
jet shape, at the exit of the door. The door opening time does not appear to have a large influence
on the structure or magnitude of the velocity. The water height in the tank has a significant
influence on the magnitude of the velocity in the flushing section at the beginning of the tunnel.

In future work we would like to study the mesh sensitivity of the method and implement a
robust adaptive method, similar to what we have developed for constant density turbulent flow,
to enable adaptive error control.
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