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6.1 Vertical Axis TECD

The results presented in chapter 5 suggest that the highest rotor vorticity

down-stream of the HATT occurs for the fastest inflow. Down-stream of the

VATT, however, the fastest inflow does not appear to cause the highest values

of the rotor vorticity, despite the strong vortex bound to the blades of the rotor.

The strongest vortices, observed in Fig. 6.9, are located down-stream of the rotor

for vtip/vR/2 = 4.5, 5 and 5.56 at approximately zR/2+R/2 above the seabed. The

rotor vorticity field for vtip/vR/2 ≥ 6 is dominated by dissolving vortices which

are transported away from the seabed.

Figure 6.10: Y-slice of the tide induced wake vorticity field of the fully developed

wake, from top to bottom: vtip/vR/2 = 4, 4.5, 5, 5.56, 6, 6.67, 7.

153



6.1 Vertical Axis TECD

The planar section (y-slice) through the tide induced wake vorticity, ω∗, is

shown in Fig. 6.10. Similarly to the rotor vorticity field, ωw, presented in Fig. 6.9,

the tide induced wake vorticity contains a row of long, narrow regions of high

|ωw|, which are increasingly inclined. The pattern observed in Fig. 6.10 loses

coherence further down-stream of the rotor, where the vorticity structure starts

to disintegrate.

The structure of the rotor vorticity down-stream of the VATT appears to

be more ordered than the rotor vorticity down-stream of the HATT, where the

initially regular helical structure breaks down at a distance proportional to the

rotor radius. The contrast between the two presented structures could be due to

the relative levels at which the vorticity iso-surfaces are selected since the vorticity

magnitude of the VATT and the HATT are of a different order. The strongly

structured wake of the VATT might not be realistic, however, since the wake

development does not account for the turbulence in the tidal stream as discussed

in section 2.4.7. In real flows at tidal sites, the turbulence intensity varies between

50% in slack waters and 10% during strong tides according to Thomson et al. [50].

The non-zero turbulent intensity suggests an earlier disintegration of the vorticity

structure would occur if turbulent effects were considered.

The presence of the VATT in the flow induces the tide induced wake vorticity,

which has a bigger influence on the flow than in the case of the HATT (presented

in chapter 5). Up to 13% of the induced vorticity occurred due to the reaction

of the boundary flow to the presence of the device in operation, which would

not have occurred if the flow had been approximated as uniform. The maximal

magnitude of ω∗ is compared to the maximal magnitude of ωw in Fig. 6.11 for

the set of the velocity profiles presented in Fig. 6.6.
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6.1 Vertical Axis TECD

Figure 6.11: Composition of the induced vorticity ωI = ω∗ + ωw of the fully

developed wake, max |ω∗| vs. max |ωw|.

From Fig. 6.10 it follows that the tide induced wake vorticity field for

vtip/vR/2 = 4 has the most influence on the flow down-stream of the VATT among

the investigated inflow conditions. Indeed, the highest tide induced wake vorticity

occurs close to the seabed for vtip/vR/2 = 4 and 4.5.

The induced vorticity ωI = ω∗ + ωw is responsible for changes in the velocity

close to the seabed. The near-bed velocity determines the excess bed shear stress

(EXSS). The EXSS is zero where the flow is not strong enough to erode sediment

from the seabed, according to the model for the sediment uplift. On the other

hand, a positive EXSS indicates the motion of sediment into suspension. The

spatial distribution of the EXSS of the fully developed wake is shown in Fig. 6.12,

from which it can be observed that the high values of the EXSS are concentrated

immediately down-stream of the VATT for all investigated inflow conditions.

The magnitude of the EXSS within the area proportional to R2 down-stream

of the device is expected to be bigger for faster inflow conditions, i.e. lower values

of vtip/vR/2. This is, however, not the case for vtip/vR/2 = 4, where the smaller
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6.1 Vertical Axis TECD

EXSS can be attributed to the smaller magnitude of the rotor vorticity observed

in Fig. 6.9.

Further down-stream of the VATT, the positive EXSS persists, in contrast

to the zero EXSS further down-stream of the HATT, presented in chapter 5. It

should be noted that for vtip/vR/2 = 4 and 4.5 the EXSS reaches more than 50%

of its maximal magnitude at a distance approximately 4R from the rotor, where

the dissolving vortices re-approach the seabed, as observed in Fig. 6.9. At a

distance approximately 6R down-stream of the rotor, the EXSS contains streaks

of higher and lower values, effectively reducing the average EXSS. The position

of the streaks coincides with the highest values of the tide induced wake vorticity,

presented in Fig. 6.10 for vtip/vR/2 = 4 and 4.5. Such an observation suggests

that the tide induced wake vorticity could act against the rotor vorticity, lowering

the impact of the VATT on the seabed for the two fastest inflow velocities (i.e.

vtip/vR/2 = 4 and 4.5).

The evolution of the EXSS averaged over the studied area of the seabed is

illustrated in Fig. 6.13. The EXSS varied in time even after the induced vorticity

reached the end of the computational domain. Fig. 6.13 shows that the averaged

excess bed shear stress (AEXSS) for vtip/vR/2 = 4.5 is bigger than the AEXSS for

vtip/vR/2 = 4, in contrast to the AEXSS for the HATT, presented in Fig. 5.19.
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6.1 Vertical Axis TECD

Figure 6.12: The excess bed shear stress induced by the fully developed wake,

from top to bottom: vtip/vR/2 = 4, 4.5, 5, 5.56, 6, 6.67, 7.

To express the over-all impact of the VATT on the seabed, the mean of the

AEXSS over the time interval which represents the final stage of wake devel-

opment shown in Fig. 6.4 was evaluated. The temporal mean of the averaged

excess bed shear stress (MAEXSS) is presented in Fig. 6.39 for the inflow condi-

tions listed in Table 6.2. The MAEXSS increases with the inflow velocity when

vR/2 ≤ 1 m/s, i.e. vtip/vR/2 ≥ 4.5. In contrast to the MAEXSS down-stream

of the HATT, the MAEXSS down-stream of the VATT, which is presented in

Fig. 6.39, did not show a simple dependence on the inflow velocity. Instead, the

impact of the VATT on the seabed is reduced for the inflow of vR/2 = 1.25 m/s

to the level observed for vR/2 = 0.90 m/s.
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6.1 Vertical Axis TECD

Figure 6.13: The AEXSS evolution for the VATT.

The choice between the HATT and the VATT configurations of the TECD

could mitigate the impact of the device on the seabed. The flow down-stream of

the VATT could be more influenced by the tide induced wake vorticity than the

flow down-stream of the HATT. The impact of the VATT on the seabed, which is

represented by the EXSS averaged over the studied are of the seabed, appears to

be lowest for the inflow faster than vR/2 = 0.90 m/s, i.e. vtip/vR/2 ≤ 5.56. Higher

EXSS might occur further from the VATT, beyond the computational domain,

however, since the cases when the inflow velocity is smaller than vR/2 = 1 m/s

suggest that the affected area down-stream of the VATT is limited and its extent

depends on the inflow.

Indeed, the rotor vorticity, which affects the flow the most, is elevated by

the boundary flow further down-stream of the VATT (as seen in Fig. 6.9 for

vR/2 < 1 m/s). Moreover, the rotor vorticity starts to disintegrate further down-

stream of the device. This results in a shorter extent of the region of positive

EXSS, observed for vR/2 < 1 m/s in Fig. 6.12.
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6.2 Cross-Flow TECD

6.2 Cross-Flow TECD

The vertical axis turbine defined in section 6.1 is placed horizontally into the tidal

flow, so that the position of the rotor hub is zhub = 0.85R. The impact of such

an arrangement on the seabed is the focus of this section. The horizontal VATT

is referred to as the cross-flow tidal turbine (CFTT) in this dissertation.

Similarly to the VATT, the CFTT is placed in the boundary flow, defined by

Eq. 5.4 with

A =
vhub

log
(
zhub
ks

+ 1
) . (6.2)

The cross-flow geometry has advantages over the vertical configuration. Al-

though a CFTT does not benefit from the ability to extract power from multiple

directions, the horizontal orientation permits a row of CFTTs to be installed on

the seabed, using one generator for two CFTTs. The CFTT is considered here in

two operating conditions, clockwise and anti-clockwise rotation. The clock-wise

sense of rotation is defined in Fig. 6.14.

Figure 6.14: Clock-wise sense of rotation of the CFTT.

The power extraction capacity of the CFTT is illustrated in Fig. 6.15, where

the error bars express the oscillations caused by the azimuthal variation in the

blade loading during a single rotor revolution, as described in Scheurich [3].

The progress of the VTM-simulated rotor vorticity field down-stream of the

CFTT, which operates clock-wise (CFCTT) is presented in Fig. 6.16, and the

corresponding development for the device in anti-clock-wise operation (CFATT)

is presented in Fig. 6.18. The structure of the rotor vorticity field down-stream

of the CFCTT is illustrated in Fig. 6.17.
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6.2 Cross-Flow TECD

Figure 6.15: Power coefficient of the CFTT and the VATT.

Figure 6.16: Illustration of the evolution of the rotor vorticity field for the

CFCTT, simulated by the modified VTM.
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6.2 Cross-Flow TECD

Figure 6.17: The rotor vorticity field of the fully developed wake down-stream of

the CFCTT.

Figure 6.18: Illustration of the evolution of the rotor vorticity field for the CFATT,

simulated by the modified VTM.
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6.2 Cross-Flow TECD

The rotating blades of the CFTT induce trailed and shed vorticity which is

transported down-stream by the boundary flow. The induced vorticity structure

becomes increasingly inclined with increasing distance from the rotor due to the

vertical gradient of the inflow velocity.

In an analogy to the investigation of the changes in the flow down-stream of

the VATT during the tidal cycle, the flow down-stream of the CFCTT and the

CFATT was studied for the set of inflow conditions presented in Fig. 6.19. The

vertical gradient of the inflow acting on the CFTT is illustrated by the difference

of the inflow velocity across the rotor in Fig. 6.20 for the inflow conditions listed

in Table 6.3.
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Figure 6.19: Set of velocity profiles used to represent a part of the tidal cycle.
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6.2 Cross-Flow TECD

Figure 6.20: The difference of the inflow velocity across the CFTT.

vtip/vhub 7.00 6.67 6.00 5.56 5.00 4.50 4.00

vhub [m/s] 0.71 0.75 0.83 0.90 1.00 1.11 1.25

∆v0.66R [m/s] 0.16 0.17 0.19 0.20 0.22 0.25 0.28

Table 6.3: The inflow conditions in relation to the difference in the inflow velocity

across the CFTT.

The structure of the rotor vorticity field for the investigated set of velocity

profiles is shown in Fig. 6.21 and Fig. 6.22. The rotor vorticity field is illustrated

by the iso-surface of 10% of its maximal magnitude for vtip/vhub = 4. Similarly to

the rotor vorticity of the VATT, the regions of high vorticity, observed in Fig. 6.21

and Fig. 6.22 for lower ratios vtip/vhub, are separated by spaces where the rotor

vorticity is smaller than 10% of max |ωw|. The separation occurs for both the

CFCTT and the CFATT.

The differences in the inner structure of the rotor vorticity field between the

CFCTT and the CFATT configurations are presented in Fig. 6.23-Fig. 6.29, where

the horizontal black line denotes the position of the seabed. The range of the

values in Fig. 6.23-Fig. 6.29 is the same as in Fig. 6.9.
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6.2 Cross-Flow TECD

Figure 6.21: The rotor vorticity field down-stream of the CFCTT of the fully

developed wake, from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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6.2 Cross-Flow TECD

Figure 6.22: The rotor vorticity field down-stream of the CFATT of the fully

developed wake, from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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6.2 Cross-Flow TECD

Figure 6.23: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 4.

Figure 6.24: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 4.5.

The results indicate that the position of the strongest vortices, which are

marked by the darkest colour in Fig. 6.23-Fig. 6.29, depends on the sense of

rotation of the device. Down-stream of the CFCTT, the strongest vortices occur

at a height of approximately zhub + 0.33R, while down-stream of the CFATT, the

strongest vortices are closer to the seabed, below the height of zhub.
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6.2 Cross-Flow TECD

Figure 6.25: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 5.

Figure 6.26: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 5.56.

As presented in chapter 5, the structure of the rotor vorticity down-stream of

the HATT, namely the elevation of the rotor vorticity field by the boundary flow,

resulted in a reduction of the influence of the HATT on the seabed. Motivated by

the results for the HATT, the elevation of the rotor vorticity from the seabed for

the two operating conditions of the CFTT is compared in Fig. 6.23-Fig. 6.29. The
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6.2 Cross-Flow TECD

influence of the flow down-stream of the devices on the seabed is qualitatively

different for the CFCTT than for the CFATT. The differences between the two

operating conditions of the CFTT are illustrated by the planar section through

the rotor vorticity field, perpendicular to the direction of the inflow, denoted as

‘x-slice’. The x-slices of the rotor vorticity for the two operating conditions are

compared in Fig. 6.30 and Fig. 6.31.

Figure 6.27: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 6.

The rotor vorticity approaches the seabed again after the initial elevation by

the boundary flow for the CFCTT and the CFATT. The locations where the rotor

vorticity is transported initially away from the seabed and where the flow further

down-stream disturbs the seabed again depends on the inflow velocity.
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6.2 Cross-Flow TECD

Figure 6.28: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 6.67.

Figure 6.29: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 7.
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6.2 Cross-Flow TECD

Figure 6.30: X-slice of the rotor vorticity field of the fully developed wake down-

stream of the CFCTT, x = 8.72R, from top-left to bottom-right: vtip/vhub = 4,

4.5, 5, 5.56, 6, 6.67, 7.

Figure 6.31: X-slice of the rotor vorticity field of the fully developed wake down-

stream of the CFATT, x = 8.72R, from top-left to bottom-right: vtip/vhub = 4,

4.5, 5, 5.56, 6, 6.67, 7.

170



6.2 Cross-Flow TECD

All of the investigated inflow conditions result in the appearance of two lobes

in Fig. 6.30, the shape of which varies with the inflow, time and distance from

the rotor. The distance x = 8.72R is chosen to serve the analysis of the excess

bed shear stress. The inner structure of the rotor vorticity field for the CFATT

contains the lobes only for vtip/vhub = 7 and those are observed further from

the seabed (denoted by the black line in Fig. 6.31) than the lobes in the rotor

vorticity down-stream of the CFCTT.

The tide induced wake vorticity, ω∗, is illustrated by its ‘y-slice’ (the planar

section perpendicular to the seabed and the rotor plane) in Fig. 6.32 for the

CFCTT and in Fig. 6.33 for the CFATT. The maximum of |ω∗|, observed for

vtip/vhub = 4, is smaller than the maximum |ω∗| for the VATT for both configura-

tions of the CFTT. The CFCTT induces higher values of |ω∗| than the CFATT.
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6.2 Cross-Flow TECD

Figure 6.32: Y-slice of the tide induced wake vorticity field of the fully developed

wake down-stream of the CFCTT, from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56,

6, 6.67, 7.
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6.2 Cross-Flow TECD

Figure 6.33: Y-slice of the tide induced wake vorticity field of the fully developed

wake down-stream of the CFATT, from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56,

6, 6.67, 7.
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6.2 Cross-Flow TECD

The tide induced wake vorticity represents less than 9% of the vorticity in-

duced by the presence of the CFTT on the seabed, ωI . The ratio max |ω∗|/max |ωw|
increases with increasing inflow velocity. The composition of the induced vortic-

ity field is illustrated in Fig. 6.34 for both operating conditions of the CFTT and

the VATT.

Figure 6.34: Composition of the induced vorticity field of the fully developed

wake, max |ω∗| vs. max |ωw|.

The presence of the CFTT on the seabed generates high near-bed velocity (via

the induced vorticity) and, consequently, high excess bed shear stress (EXSS). In

contrast with the HATT and the VATT, the region of positive EXSS within 2R

down-stream of the CFTT is not the most affected area of the seabed, since the

CFTT induces the highest EXSS further from the rotor. Moreover, the structure

of the EXSS for the CFTT is more complex than the EXSS observed for the HATT

and the VATT, for which the seabed is most influenced by the ordered part of

the induced vorticity field immediately down-stream of the devices. The EXSS
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6.2 Cross-Flow TECD

down-stream of the CFCTT for the investigated inflow conditions is presented in

Fig. 6.35. The spatial distribution of the EXSS for the CFATT is displayed in

Fig. 6.36.

The EXSS generated by the presence of the CFCTT in the boundary flow

is influenced by the structure of the induced vorticity, composed of the rotor

vorticity and the tide induced wake vorticity. Initially, the rotor vorticity, ωw, did

not the contain distinct lobe-shaped structures which are observable in Fig. 6.30.

Once the tide induced wake vorticity, ω∗, has reached its maximal values close to

the seabed, the lobes of ωw start to develop. The lobes of ωw then generate the

high EXSS in a number of spikes further down-stream of the CFCTT, which are

most apparent for vtip/vhub ≤ 5.56 in Fig. 6.23-Fig. 6.25.

Further down-stream of the CFATT the rotor vorticity is encountered closer

to the seabed than is the reach of the blades, which is noticeable especially for

vtip/vhub = 5.56 and 6 in Fig. 6.26 and Fig. 6.27. The location of the area of high

EXSS corresponds to the region where the induced vorticity re-approaches the

seabed, which is particularly apparent for vtip/vhub = 5.56 in Fig. 6.26, and the

maximum of the EXSS occurs in the area where the induced vorticity is closest

to the seabed.

The EXSS averaged over the studied area of the seabed (AEXSS) is presented

in Fig. 6.37 for the CFCTT and in Fig. 6.38 for the CFATT.
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6.2 Cross-Flow TECD

Figure 6.35: The excess bed shear stress induced by the CFCTT, from top to

bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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6.2 Cross-Flow TECD

Figure 6.36: The excess bed shear stress induced by the CFATT, from top to

bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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6.2 Cross-Flow TECD

Figure 6.37: The AEXSS evolution for the CFCTT.

Figure 6.38: The AEXSS evolution for the CFATT.
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6.2 Cross-Flow TECD

The AEXSS down-stream of the CFTT depends on the operating condition

of the device. The AEXSS for the CFCTT indicates that the wake did not reach

a stabilized state, which could characterise the behaviour of the flow, within the

studied time interval. Indeed, not only is it the case that the AEXSS for the

CFCTT did not stabilise, the AEXSS continues increasing with time.

The AEXSS for the CFATT, in contrast with the CFCTT, indicates that

the impact of the device on the seabed can be characterised by the mean of the

AEXSS over the time interval in which the AEXSS stabilised, [t0, tEND].

Although the AEXSS for the CFCTT continues increasing with time, the

temporal mean of the AEXSS (MAEXSS) is used to compare the results for the

CFCTT and the CFATT. The MAEXSS for the CFCTT, the CFATT and the

VATT for the set of inflow conditions, listed in Table 6.3, is presented in Fig. 6.39.

The increasing nature of the AEXSS for the CFCTT is demonstrated by the large

error bars, which are calculated from the maximal change of the AEXSS over the

interval [t0, tEND].

In contrast to the results obtained for the HATT, the MAEXSS for the

CFCTT, the CFATT and the VATT do not exhibit a dependence on the in-

flow velocity which can be well approximated by a simple algebraic model. The

MAEXSS for the CFCTT, the CFATT and the VATT did not exceed 2.5 over the

studied time interval for any of the investigated inflow conditions. Furthermore,

the influence of the VATT and the CFATT on the seabed stabilises over time. It

needs to be emphasized, that this is not the case for the CFCTT.
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6.3 Summary

Figure 6.39: The temporal mean of the AEXSS for the VATT, the CFCTT and

the CFATT.

The spatial extent of the impact needs to be taken into account in planning of

array-installations of CFTTs. Unlike the HATT, which, according to the results

presented in section 6.1, would cause sediment uplift in the confined area in

the immediate vicinity of the device, the results presented here suggest that the

CFTT would influence the motion of sediment further than 5R down-stream of

the rotor in both operating conditions. The location of the most affected area of

the seabed depends on the inflow velocity. Since the set of the inflow velocities

represent phases of the tidal cycle, as described in section 5.3, the flow down-

stream of the CFTT may inflict shear stresses at a distance from the device

which would vary during the tidal cycle.

6.3 Summary

The flow through the rotor of the vertical axis tidal turbine (VATT) and the

cross-flow tidal turbine (CFTT) was predicted by the VTM equipped with the
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6.3 Summary

model for the inflow in the form of a velocity profile. A sequence of velocity

profiles was used as the inflow conditions for the VTM simulations, with the

aim of uncovering the effect on the seabed during the tidal cycle caused by the

VATT and CFTT in operation. The impact of these devices on the seabed is

expressed by the excess bed shear stress (EXSS), which indicates the rate of

uplift of sediment into suspension. The EXSS differs with the geometry of the

TECD.

Both, the VATT and the CFTT cause an inclined vorticity structure to form

down-stream of the rotor, the inclination of which is due to the vertical gradi-

ent of the inflow velocity. The gradient of the inflow promotes the elevation of

the induced vorticity, effectively reducing the area of the seabed affected by the

VATT. The tide induced wake vorticity influences the EXSS down-stream of the

VATT, which represents up to 13% of the vorticity induced by the presence of

the device on the seabed. The highest EXSS occurs immediately down-stream of

the VATT, similar to the results for the horizontal axis configuration presented

in chapter 5. The VATT configuration, however, invoked positive EXSS beyond

2R from the rotor. The results indicate that the extent of the area affected by

the VATT depends on the inflow velocity, with a longer extent for faster inflows.

The mean averaged EXSS (MAEXSS) increases with the inflow velocity when

vR/2 ≤ 1 for this device. Furthermore, faster inflow conditions result in lower

values of the MAEXSS than for the inflow of vR/2 = 1.

The CFTT is considered in two operating conditions, clock-wise and anti-

clock-wise rotation, defined in Fig. 6.14. Both, the clock-wise CFTT, referred

to as the CFCTT, and the anti-clock-wise CFTT, referred to as the CFATT,

influence the seabed through the induced vorticity. The rotor vorticity together

with the tide induced wake vorticity, which represents up to 9% of the induced

vorticity for the CFCTT, generate high EXSS down-stream of the device. The

CFATT impacts the seabed over a narrower, elliptical region of high EXSS. The

maximum of the EXSS averaged over the studied area of the seabed is smaller for

the CFATT than for the CFCTT. The far-reaching impact of the CFTT on the

seabed contrasts sharply with the findings for the HATT and should be considered

in any array deployment projects involving CFTTs.
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6.3 Summary

The configuration of TECDs affects significantly the nature of the impact of

the flow down-stream of the devices on the seabed. The thorough study of the

HATT, presented in chapter 5, indicates that the impact on the seabed is confined

to an area close to the rotor. The results for the VATT suggest that the greatest

influence is in the region surrounding of the device, however, the seabed further

down-stream could also experience shear stresses induced by the presence of the

VATT. Finally, the results for the CFCTT indicate that this device would, in

relative terms, have the most variable impact of all the studied configurations of

TECDs, with the greatest effect on the seabed in the area further from the rotor

dependent on the inflow velocity.

The presented results uncover the variability of the impact of a TECD on the

seabed with the configuration of the device.
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Chapter 7

Conclusions and Future Work

The main purpose of the research presented in this dissertation was to explore

the connection between a TECD and the Environment and the nature of the

interactions within the TE system. The focus was on the physics of the small-

scale three-dimensional phenomena in the flow through the rotor of a TECD

with the aim of contributing to the understanding of the impact of TECDs on

the seabed. The results show that the three-dimensional effects in the flow down-

stream of the rotor could indeed influence the marine environment over scales of

a few centimetres.

Three types of TECDs were modelled by high-resolution three-dimensional

computer simulations using the VTM, a state-of-the-art computer model. The

visualisation of the flow through the rotor obtained from the VTM made the

analysis of the three-dimensional phenomena occurring in the rotor wake pos-

sible. The first TECD is defined as a three-bladed, horizontal-axis device, and

calibrated to represent a commonly used commercial design. The horizontal axis

configuration of the TECD is referred to as the HATT in this chapter. The sec-

ond TECD is also a three bladed device, defined as a vertical axis tidal turbine

(VATT). The third TECD is technically the rotor of the VATT placed hori-

zontally into the flow, referred to as a cross-flow tidal turbine (CFTT). The

CFTT is considered in two operating regimes: rotating clock-wise (CFCTT) and

anti-clock-wise (CFATT) around the axis, which is parallel to the seabed and

perpendicular to the down-stream direction. The VATT and the CFTT repre-

sent alternatives to the horizontal axis configuration, which are considered for
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commercial deployment.

The flow through the rotor of the HATT was initially investigated under the

assumption that the inflow velocity is uniform, i.e. that the velocity of the tidal

flow is a constant vector. The outcomes of this investigation, discussed in chapter

4, motivated the implementation of a more realistic model of the tidal flow into

the VTM, which was then used to study the influence of the TECDs on the

seabed. The more realistic inflow model comprises the inflow velocity in the form

of a velocity profile and, since the assumption of the non-uniform inflow velocity

implies the presence of a vorticity field in the absence of the rotor, the model

includes the vorticity in the free-stream. The free-stream vorticity was simulated

as time-invariant since the changes of tidal velocity over the time scales relevant

to the wake development are negligible, according to available experimental data.

As opposed to the original version of the VTM, where the total vorticity

field was spatially confined, the modified version of the VTM which includes

the non-uniform inflow model needs to account for a boundless vorticity field.

The modified VTM simulates the total vorticity in the flow, which comprises the

free-stream vorticity and the vorticity induced by the presence of the rotor, the

latter consisting of two components, the rotor vorticity and the tide induced wake

vorticity. The first component originates at the blades of the rotor similarly to

the vorticity field induced by the rotor under the uniform inflow condition. The

second component represents the interaction between the tidal flow and the rotor,

an interpretation which is based on the fact that the tide induced wake vorticity

is zero in the uniform inflow case.

The modified VTM which incorporates the simulation of the two components

of the induced vorticity uses a time-invariant grid geometry. The time-invariant

grid replaced the adaptive grid, which was devised under the assumption that the

inflow is uniform and that the total vorticity field is spatially confined. The new

grid management reduced the length of the simulations below the time typically

required by the original VTM to investigate the uniform inflow cases. The flow

down-stream of each of the TECDs was simulated by the modified version of the

VTM, in order to analyse the flow through the devices for a range of the inflow

conditions and rotor parameters.
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The relative difference between the shear stress, imposed by the flow on the

seabed down-stream of the TECDs, and the critical bed shear stress, is called

the excess bed shear stress (EXSS). The EXSS is used here as a measure of the

changes in the sediment motion, caused by the presence of the TECDs, on the

seabed. Furthermore, the spatial distribution of the instantaneous EXSS provides

qualitative information about the effects of the TECDs on the seabed. The EXSS

is needed to evaluate both the amount of sediment eroded from the seabed due to

the presence of the TECDs and the concentration of the sediment suspended in

the flow down-stream of the rotor. To express the overall impact of the TECDs

on the seabed, the temporal mean of the excess bed shear stress averaged over

the studied area of the seabed (MAEXSS), is employed.

The outcomes of the present research are presented in the following section.

7.1 Research Outcomes

The research questions listed in section 1.2, which defined the objectives of this

dissertation, are addressed here for all three investigated configurations of the

TECD.

7.1.1 What does the wake of a TECD look like?

The results of the VTM’s simulations indicate that the flow down-stream of a

TECD is governed by the vorticity field induced by the device and that the

structure of the induced vorticity field depends on the inflow model. Two inflow

models were used to simulate the flow down-stream of the HATT.

When the inflow velocity is assumed to be uniform, the vorticity originates

at the blades of the HATT, hence it is called the rotor vorticity. This vorticity

field contains filaments that form a helical structure immediately down-stream

of the device, the strength of which depends on TSR. The results suggest that

as the rotor vorticity is transported down-stream of the HATT by the flow the

helical structure initially becomes deformed, and subsequently disintegrates fur-
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ther down-stream at a distance which depends on TSR, leaving behind a cluster

of fragments of the vorticity filaments.

When the inflow velocity is approximated by a velocity profile, the total vortic-

ity present in the flow down-stream of a rotor consists of the free-stream vorticity

and the induced vorticity, which is modelled as the superposition of the rotor

vorticity and the tide induced wake vorticity. The rotor vorticity has a greater

influence on the flow field down-stream of the HATT than the tide induced wake

vorticity, for all investigated rotor configurations. The relationship of the two

components of the induced vorticity fields is possible to quantify by the ratio of

the maximal magnitude of the former to the maximal magnitude of the latter,

which is more than fifty for the HATT, more than seven for the VATT and more

than ten for the CFTT.

The structure of the rotor vorticity down-stream of the HATT exhibits similar

features for both inflow models. In both cases, this vorticity field forms an ordered

helical structure, composed of three tip vortex filaments, which disintegrates fur-

ther down-stream of the HATT. The findings indicate a difference between the

two cases, nevertheless. The vertical gradient of the inflow velocity is likely to

cause the rotor vorticity to incline in comparison with the rotor vorticity of the

uniform inflow case.

All of the investigated configurations of the TECD studied by the VTM result

in the induced vorticity to be inclined due to the vertical gradient of the inflow

velocity, with an initially ordered induced vorticity structure which disintegrates

further down-stream of the rotor. Moreover, the results suggest that the induced

vorticity further down-stream of the HATT as well as the VATT is transported

away from the seabed by the boundary flow. Consequently, the HATT and the

VATT configurations could have a limited influence on the seabed. The induced

vorticity down-stream of the CFTT is also predicted to be transported away from

the seabed in vicinity of the rotor, however, in contrast to the other two rotor

configurations, the induced vorticity is likely to approach the seabed again further

down-stream of the CFTT.

Since the inflow model in the form of a velocity profile is considered to be

more realistic, only the data produced by the modified version of the VTM,
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incorporating this feature, are used to assess the impact of the TECDs on the

seabed.

7.1.2 How does the wake affect the flow velocity close to

the seabed?

The velocity of the flow at a height of 10 cm above the seabed (called the near-

bed velocity) is likely to be influenced by the structure of the induced vorticity

field. The results indicate that the near-bed velocity exceeds the free-stream ve-

locity in the regions which are most influenced by the rotor vorticity. For the

HATT configuration, the helical vortical structure immediately down-stream of

the device is predicted to cause the high near-bed velocity to be confined within

4R down-stream of the device. As a result, the shear stress on the seabed could

exceed the threshold for sediment uplift in the vicinity of the HATT. The find-

ings for the VATT suggests that the highest near-bed velocity occurs also in the

vicinity of the rotor. In contrast to the findings for the HATT, the area further

from the VATT is likely to be affected by the device as well. The modelling of

the CFTT configuration yields data qualitatively different from the other two

configurations. The near-bed velocity down-stream of the CFTT is predicted to

reach a maximum further from the rotor for both investigated operating condi-

tions (CFCTT and CFATT). The predicted location of the high near-bed velocity

is correlated to the region where the rotor vorticity approaches the seabed again.

7.1.3 What effects do the devices have on the sediment?

The EXSS down-stream of the TECDs is needed to determine the amount of

sediment eroded from the seabed. The dependence of the EXSS on the speed of

the tidal current was studied for all three configurations of the TECD.

The study concludes that both the HATT and the VATT are expected to

generate the highest EXSS immediately down-stream of the rotor. The high

EXSS down-stream of the HATT is likely to occur closer than 4R to the device

for all investigated inflow conditions. Furthermore, a positive EXSS could be
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found beyond 4R down-stream of the VATT. This indicates that the extent of

the area affected by the VATT is larger for faster currents. The MAEXSS down-

stream of the HATT consistently increases with increasing inflow velocity, while

the MAEXSS obtained for the VATT only increases with the inflow velocity when

vR/2 ≤ 1 m/s. Indeed, the results suggest that the currents faster than vR/2 =

0.9 m/s can cause the MAEXSS to be lower than the value for vR/2 = 0.9 m/s.

The CFTT in both operating conditions, CFCTT and CFATT, is predicted to

generate high EXSS further down-stream of the rotor (beyond 4R). The most

apparent difference between the two operating conditions of the CFTT is the

predicted geometry of the affected region of the seabed. The CFATT is likely to

affect the seabed over a narrower region of high EXSS than the CFCTT. Down-

stream of the CFATT, this region could be almost elliptical for vR/2 = 1.11 m/s.

The MAEXSS down-stream of the CFTT is, according to the VTM’s predictions,

comparable for both of the two operating conditions, however the MAEXSS for

the CFCTT does not represent a stabilised state. More generally, the predicted

far-reaching impact of the CFTT on the seabed contrasts sharply with the findings

for the HATT.

Based on these results, the configuration of TECDs could significantly affect

the nature of their impact on the marine environment. The expected impact

of the HATT on the seabed is confined to an area close to the rotor. In the

case of the VATT, the greatest influence is likely to be in the region surrounding

the device, however the seabed further down-stream could also experience shear

stresses generated by the VATT. The CFTT would have the most variable impact

of all the configurations of TECDs, with the greatest effect on the seabed further

from the rotor, at a distance which depends on the inflow velocity.

7.1.4 Can the change of these effects over time be approx-

imated by an algebraic expression?

The variation of the MAEXSS over the period of the tidal cycle can be derived

from the predictions of the impact of the TECDs on the seabed for a number of
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inflow conditions, since those inflow conditions can be interpreted as subsequent

stages of the tidal cycle.

As mentioned earlier, the results suggest that the MAEXSS down-stream of

the HATT increases with increasing inflow velocity. In the context of the tidal

cycle this would signify that the erosion of the seabed down-stream of the HATT

increases during incoming tide. The relationship between the predicted MAEXSS

and the inflow velocity at the rotor hub and, consequently, the phase of the tidal

cycle, can be approximated by the algebraic expression Eq. 5.10 for the HATT

configuration.

7.1.5 Does the expression apply for all configurations of

a TECD?

The findings presented in this dissertation indicate that the effect on the seabed

varies greatly with the configuration of the TECD. The VATT and CFTT config-

urations are likely to have qualitatively different impact on the seabed than the

HATT. While the MAEXSS can be approximated by a monotonic function of the

inflow velocity for the HATT configuration, this does not apply for the other two

configurations of the TECD, according to VTM’s predictions. Hence, the simple

algebraic expression Eq. 5.10 is applicable only for the HATT configuration.

7.1.6 Which are the key factors influencing the effects of

the devices on the seabed?

The effect of the position of the HATT in the boundary layer on the EXSS is

of particular interest. The results suggest that the distance between the HATT

and the seabed influences the EXSS in two different ways. When the HATT

is placed so that zhub ≥ 1.3R, the MAEXSS decreases with increasing distance

from the seabed. The relationship between the position of the rotor and the

MAEXSS predicted by the modified VTM is well approximated by the expression

Eq. 5.14. When the hub of the HATT is closer than 1.3R to the seabed, the large
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gradient of the inflow velocity across the rotor area is likely to cause the rotor

vorticity field to be transported away from the seabed within a shorter distance

than in the cases when zhub ≥ 1.3R. The result for the minimum separation

zhub = 1.05R indicates that the area of the seabed affected by the HATT is

located less than 2R down-stream of the rotor. The formation of the ordered

helical structure immediately down-stream of the HATT could be disrupted by

the close proximity of the seabed. The predicted structure of the rotor vorticity is

asymmetric as a result and the asymmetry of the ordered vortical structure causes

further reduction of the impact of the HATT on the seabed. Indeed, the area

of the high EXSS is likely to be smaller when the HATT is placed 1.05R above

the seabed in comparison with the positions of the rotor for which zhub ≤ 1.3R.

The counter-intuitive conclusion is that the excess bed shear stress averaged over

the investigated area of the seabed would decrease with zhub for the HATT closer

than 1.3R to the seabed.

The instantaneous EXSS is used to evaluate the source of the sediment trans-

ported by the flow down-stream of the TECD. The motion of the sediment sus-

pended in the flow, which depends on the sediment diffusivity and sediment size,

is analysed for a range of the sediment parameters for the HATT configuration.

The results indicate that the MAEXSS is smaller for larger sediment particles

since the threshold for sediment uplift is higher for coarser sediment. The posi-

tive MAEXSS signifies that the seabed would be eroded as a result of the presence

of the HATT for sand particles bigger than 0.25 mm and smaller than 0.75 mm.

The highest concentration of the sediment is predicted to appear in the area be-

low the ordered vortical structure observed in the rotor vorticity field for all of the

investigated values of the sediment diffusivity. The distribution of the sediment

in the flow down-stream of the HATT is considered to be realistic for sediment

diffusivity between 0.002 m2/s and 0.01 m2/s. The conclusion of the parametric

study is that the sediment transport model is sensitive to the choice of sediment

diffusivity.
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7.1.7 What could be the long term consequences of the

presence of the TECDs on the seabed?

Since the erosion down-stream of the HATT is predicted to increase as the tidal

velocity increases, the amount of sediment leaving the seabed is likely to peak

when the tidal velocity reaches a maximum. Under the assumption that the

vector of the tidal velocity is directed normal to the rotor plane, the regions of

the seabed likely to be eroded most are located on either side of the HATT, in an

area proportional to the rotor radius. The high shear stresses in these two regions

could damage the foundation of the device as well as the electrical cables used

to connect the HATT to the shore. The results suggest that the erosion down-

stream of the VATT is going to be greatest close to the device, however the seabed

further from the device could be affected as well. The erosion down-stream of

the CFTT is predicted to be greatest further from the device in comparison with

the erosion near the other TECD configurations. The variable location of the

highest erosion during the tidal cycle renders the CFTT the most unpredictable

of the three configurations of the TECD in context of the long-term impact on

the seabed.

To summarize, if the TECD is deployed in areas of the seabed covered by

sand, the presence of a TECD on the seabed could lead to a displacement of

large amounts of sand from the vicinity of the device further down-stream. This

displacement could cause changes in the local seabed morphology over a period

of years.

7.1.8 How could the marine environment change due to

the presence of the TECD?

The aforementioned possibility of a displacement of large amounts of sediment

due to the presence of a TECD on the seabed and the potential change of the

morphology of the seabed might influence the direction and speed of the tidal

current. This hypothetical scenario would be detrimental to the initiative of

extracting power from the tides as a part of the solution of the energy crisis,
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since a change of the strength or direction of tidal currents could worsen the flow

conditions previously suitable for power extraction.

If the devices were mounted onto the seabed with vegetation, the plants could

be exposed to the high shear stresses in periodic intervals. The damage to the

vegetation on the seabed might affect food-supply of marine fauna. Nevertheless,

the degree of uncertainty of the findings due to awaiting experimental validation

of the VTM’s predictions renders any long-term predictions of the effects on

marine flora and fauna speculative. As such the presented results need to be

treated with caution and considered to provide essentially qualitative analysis of

the near wake hydrodynamics.

7.2 Future Work

The modified Vorticity Transport Model could be extended to include surface

effects (mentioned in chapter 5) in order to simulate the hydrodynamics of a

TECD in shallow waters. The effect of surface waves on the flow down-stream

of the TECD could be evaluated by implementing a free-surface model into the

VTM. Furthermore, to fully capture all the physics of the wake of a TECD the

VTM should be amended to include the diffusion effects discussed in section

2.4.7 and to include a full no-slip condition at the seabed, improving upon the

approximation employed in the present study.

The predictions of the VTM presented in this dissertation are based on mod-

elling of small-scale flow phenomena, with the assumption that the resolution of

the grid is high enough to capture the most important flow features. These pre-

dictions could be improved if the effects of turbulence in the wake of a TECD on

the sediment motion were simulated by an appropriate sub-grid turbulence model.

An alternative to the VTM, which employs the vorticity confinement method has

been considered a valid approach to implicit sub-grid turbulence modelling [89].

A.J. Chorin [39] connects the turbulence theory for incompressible flow and the

vorticity field therein, identifying turbulence with a special case of statistical me-

chanics. Hence, Implicit Large Eddy Simulation (ILES) appears to be the most

suitable choice for the VTM. The VTM’s routines could be adapted to attain the
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ILES quality, since the ILES condition often depends on the type of numerical

scheme used to calculate advection. This approach requires thorough analysis

of the TVD advection scheme (particularly the chosen wave amplifier functions)

used in the VTM.

As mentioned earlier, the effect of the TECD on the seabed vegetation needs to

be studied. A model of growth of marine plants could be devised, and calibrated

to match the experiments of Nepf et al. [57], to assess the changes due to the

presence of a TECD on the seabed. Outcomes of the proposed research would

undoubtedly interest marine biologists who investigate the influence of man-made

structures on the marine ecosystem.

The effect of the foundations of the TECD on the seabed could alter the flow

down-stream of the device and change the location of the high bed shear stresses.

When the combined environmental impact of the TECD and its foundations is

known, the foundations could be designed to mitigate the effects of the TECD

on the seabed. The design of the TECD should be optimized to have a minimal

effect on the environment without compromising the power extraction capability.

To predict the effect of a farm of TECDs on the marine environment, rotor-rotor

interactions would need to be investigated in terms of high induced stresses on

the seabed.

The applicability of the sediment model used within the modified VTM can

be extended for a mixture of sediment types. A detailed small-scale model of

motion of particulate matter should be devised and validated by experiments.

Such a model could predict a realistic sediment diffusivity (mentioned in chapter

3) and settling velocity, which could then be used in the modified VTM.

The predictions of the impact of the TECDs on the marine environment pre-

sented in this dissertation need to be understood in an appropriate context. The

investigation was focused on small-scale fluid phenomena changing over a period

of seconds. An interface between the hydrodynamic and sediment modelling over

the scales of the TECDs and large-scale oceanographic and sediment transport

models is required to determine if the presence of the TECDs on the seabed causes

changes of the morphology of the seabed and consequently the tidal currents.

To conclude, the VTM’s simulations predict the evolution of the small-scale

phenomena in the wake of a TECD which have not been investigated previously.
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The qualitative results presented in this dissertation suggest that more attention

should be drawn to the small-scale hydrodynamics of the rotor wake. Notwith-

standing the valuable predictions presented herein, for the VTM to be employed

for further studies of the physics of the flow around TECDs, a number of signifi-

cant improvements to the model would be required, as previously identified.
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Appendix A

Simulation Parameters

Cell size Time step Grid size

Notation ∆x/R ∆t [s] VΩ

Value 0.040 0.035 20R× 4R× (zhub + 2R)

Table A: Parameters of the simulations
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Appendix B

Typical run times

Run time of Trr



Uniform inflow simulations by the original VTM 73.6 h

Variable inflow simulations by the modified VTM 28.5 h

Table B: Comparison between the typical run times needed for completion of one

rotor revolution


Run times vary with the settings of the output of the simulations.
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