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Comparing Different Materials for Rotor-Can in
Flooded Generators
F. Wani, J. Dong, A. Yadav and H. Polinder

Φ Abstract -- Flooded Generators have been proposed as a
possible solution to eliminate the risks due to the seal failure,
and improve cooling in tidal stream turbine generators. In a
flooded generator, the stator-rotor gap is filled with the
seawater; this poses a serious corrosion risk to the material
inside the generator. For this reason, a can or a protective shield
is used on the stator and the rotor surfaces in the watergap.
This paper compares different rotor-can materials based on the
eddy current losses in the rotor-can, and its impact on the
temperature inside the generator. Due to the flooded gap, the
temperature rise in magnets, because of rotor-can eddy current
losses is much lower than in a corresponding airgap machine.
Thus from the thermal point of view, the choice of the rotor-can
material is less critical in a flooded generator than in an airgap
generator.

Index Terms-- Tidal stream turbines, Flooded Generators,
Permanent Magnets, Rotor-can, Eddy current losses,
Demagnetization.
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Fig. 1. An example of a Tidal Stream Turbine: Nova M100
[©Nova Innovation]

INTRODUCTION

IDAL energy is predictable, which makes it more
favorable than other forms of renewable energy. A
typical example of a pod-type (propeller type) tidal
stream turbine is shown in Fig. 1. Tidal turbines are
submerged in the seawater. Usually, the generators are
placed in a sealed enclosure to prevent direct exposure to the
corrosive seawater. However, the risk of seal
breakdown/deterioration always exists, possibly resulting in
the generator failure [1]. To eliminate this failure mode, and
improve the overall reliability of the tidal turbine system, a
generator capable of operation when the stator-rotor gap is
flooded with the seawater has been proposed. Such a
generator is commonly known as the Flooded generator. This
paper compares different shielding materials in the rotor-can
of the flooded generator.
Fig. 2 compares the conventional airgap generator and
the flooded generator. As we can see, in direct-drive
permanent magnet (PM) flooded generators, protective
shields on the rotor and the stator surfaces in the watergap
are necessary to
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Fig. 2. Sectional view of two types of tidal PM generators: (a) airgap (b)
flooded.

prevent the corrosion of the magnets and the failure of the
winding insulation, respectively. This protective shielding
material should ideally be corrosion resistant, have low
electrical and high thermal conductivity, along with strong
water-repellent properties. However, it is difficult to find a
material which possesses all these properties, and thus a
study of different materials becomes necessary.
Both metallic and non-metallic materials can be used as
the protective coating or can. Non-metallic materials such as
epoxy, glass fiber reinforced plastic (GFRP), and other
carbon fibers have been used in some cases [1],[2]. GFRP
could be an excellent candidate for protective coatings as it
is non-corrosive and non-conducting, has good fatigueresistance and can be molded into complex shapes without
machining. However, GFRP composites are susceptible to
mechanical and electrical failure in the long term due to
water ingression [3]. Thus, to provide adequate protection
against water ingression, it is usually recommended to use a
higher thickness of the GFRP than metallic materials. The
thickness of the coating material contributes to the magnetic
reluctance, and consequently, influences the volume of
magnets required. Magnets being expensive, it is preferable
to minimize the coating thickness to keep the overall costs
down.
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On the other hand, metallic materials such as nonmagnetic steels (e.g. 304L Austenitic Stainless steel),
Inconel, and Titanium are used due to their corrosion
resistance and excellent waterproofing properties.
Furthermore, they may also partially shield magnets from the
spatial and the time harmonics of the stator field, thereby,
reducing the losses in the magnets. However, these materials
add to the overall eddy current losses in the machine [4],[5].
From the above discussion, it is clear that both
electrically conductive as well as non-conductive materials
maybe used in the protective cans. However, using a
conductive material on the stator side causes excessive eddy
current losses [6]. Therefore, in this paper we analyze an
intermediary design which uses the GFRP coating on the
stator side, and a metallic can on the rotor side. As the eddy
current losses in the rotor-can are much lower than in a
conductive stator-can, smaller thickness of the metallic can
over GFRP, might actually minimize the lifetime cost of the
generator.
The temperature rise in the magnets resulting from the
eddy current losses in the rotor not only reduces their
remanent flux density, but may also cause irreversible
demagnetization, as shown in Fig. 4. Therefore, the thermal
performance of the PM generator must be carefully analyzed
while selecting the rotor-can material.
This paper studies different rotor-can materials by
comparing the amount of eddy current losses in the rotorcan, and more importantly, its impact on the temperature
inside the PM generator, especially the magnets. Both airgap
and flooded generator designs are considered, and compared.
The main contribution of the paper is to show how different
rotor-can materials affect the rotor loss and magnet
temperature in different generator configurations. The results
provide a valuable guidance to the design of tidal generators.
In the next section, tidal generator design parameters, and
different rotor-can materials studied are presented. Section
III describes the methodology adopted to calculate the eddy
current losses in the PM generator. Section IV briefly
highlights the lumped parameter thermal model of the
flooded generator. In section V, eddy losses in the rotor-can,
and the PM temperature for different rotor-can materials are
presented. Conclusions from this paper are given in section
VI.
II. SYSTEM DESCRIPTION
Eddy current losses in the rotor depend on the stator
winding layout. PM machines with integer slot windings
have negligible losses in the rotor due to the space
harmonics. Hence, the choice of the material for the rotorcan is not as critical in these machines [6]. However, same
cannot be asserted about the PM machines with fractional
slot concentrated windings as they contain significant spatial
harmonics in their stator magnetomotive force. For this
reason, a fractional slot PM machine with a base winding of
12/10 (slots/poles) is analysed in this paper. This slot-pole
combination is frequently used in the design of PM
machines.

Fig. 3. A part of the 2D cross-section of a Flooded Generator.
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Fig. 4. A typical BH-curve for a NdFeB type permanent magnet.

The dimensions corresponding to the PM generator are listed
in Table I. The spatial harmonic spectrum corresponding to
this slot-pole combination is depicted in Fig. 5.
Following materials for the rotor-can have been
compared:
• Non-magnetic Stainless steel 304L
• Inconel Alloy 718
• Titanium SP 700
• GFRP C-glass
The materials have been chosen as they cover a wide
range of thermal and electrical properties, and have been
previously considered in Permanent Magnet Canned motors
[4]. Obviously, these materials also satisfy the basic criterion
of being waterproof and corrosion resistant. Their relevant
electrical and thermal properties are given in Table II. As is
the case usually, materials with good thermal conductivity
also have higher electrical conductivity.
In the case of flooded generator, the water in the statorrotor gap is not assumed to flow freely in and out of the gap.
This is because in most flooded designs, some sort of debris
seal would be present to prevent marine life from getting into
the watergap, and/or to prevent any loss of material (or fluid)
into the ocean from the machine [7].
III. EDDY CURRENT LOSS CALCULATION
A. Assumptions in Eddy current loss model
The rotor eddy current loss calculation method used in this
paper is based on the following main assumptions:
 Rotor losses because of the stator slotting are
neglected.
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 End effects in the rotor can are neglected. Induced
currents in the rotor-can and PMs only have axial
components.
 Rotor back-iron is assumed to be unsaturated, and
laminated. This also implies eddy current losses
in the rotor iron are negligible.
For solid rotor iron, the effect of saturation might be
substantial. This normally results in higher losses in the
back-iron, compared to what has been calculated assuming
the linear iron, as the skin depth changes [8]. For the
permanent magnets and the rotor-can, saturation in the rotor
iron usually means lower losses. In this paper, however, the
same assumption of linear rotor iron (with laminations) is
applied for the PM generator with different rotor-can
materials, without any significant loss of generality.
B. Loss Modelling in the Rotor
Due to the sector symmetry in most electrical machines,
modelling a base-winding section is adequate for
electromagnetic loss analysis. The same approach has been
adopted in this paper. To speed up the eddy current loss
calculation model, a linear current density is imposed on the
stator bore as a boundary condition, as shown in Fig. 6. This
approach has been widely adopted in the literature [8], [9]
and simplifies the model significantly.
The linear current density imposed on the stator inner
radius is given by [9]:
3N ph
Ks =
K soν K wν sin(upωr t ± νθ s + θu )
(1)
 Iu 
π Rs u
ν
where, Nph is the number of turns per stator phase, Iu is the
phase current of time harmonic order u (such that u = 1 is the
TABLE I
DESIGN PARAMETERS FOR PM GENERATOR
Parameter
Rated Power
Rotor speed
Remanent density in
magnets
Magnet conductivity
Watergap radius
Watergap radial length
Stator can thickness
Rotor can thickness
Magnet-arc to pole-pitch
ratio
No. of pole-pairs
No. of slots
Slot depth
Slot width
Magnet height
Current density in the
stator slot
Slot fill factor
Stack length
Stator and rotor yoke
heights
Specific hysteresis loss at
1.5 T and 50 Hz
Specific eddy current loss
at 1.5 T and 50 Hz

Symbol
P
ωm
Br

Value
300 kW
30 rpm
1.25 T

σpm
Rs
g
cts
ctr
αm

5.56e5 S/m
1.2 m
8 mm
3 mm
2 mm
0.70

p
Qs
hs
bs
hm
Js

55
132
80 mm
45 mm
24 mm
3e6 A/m2

kfil
ls
hyoke

0.5
0.7 m
20 mm

pFe0h

0.5 W/m3

pFe0e

2.0 W/m3

Fig. 5. Three-phase MMF spectrum for Fractional slot concentrated
winding (12/10 single layer). Red bar represents the fundamental spatial
harmonic.

fundamental time harmonic) (A), p is the number of pole
pairs, ωr is the rotor speed (rad/s), υ is the space harmonic
order (such that υ = p corresponds to the main field). Ksoυ is
the slot opening factor, and Kwυ is the winding factor
corresponding to the υth harmonic; Rs is the stator inner
radius. The corresponding boundary condition then becomes:

n × H = Ks

(2)

where n is the normal at the surface, and H is the magnetic
field intensity just inside the boundary. The 2D model is then
solved using the finite element analysis. To further simplify
and speed up the loss calculation, the linear current density
boundary condition is transformed to the rotor frame, using
the following transformation in (1):

θ s = θ r + ωr t

(3)

This simplification gives comparable results to the full 2D
cross-section time-stepped transient model for the eddy
current loss calculation, whilst minimizing the numerical
rigor and time. At all times it must be ensured that the total
current in the rotor-can and each magnet segment
(individually) adds up to zero. This is achieved by imposing
an additional current conservation constraint on each magnet
segment:

 J dS
z

mag

=0

(4)

where, Jz is the current density perpendicular to the magnet
cross section, and Smag is the cross-sectional area of the
magnet.
The eddy current losses in the can and the magnets are
then calculated from the following equation:
J2
(5)
Ped =  z dV

σ

TABLE II
ELECTRICAL AND THERMAL CONDUCTIVITIES FOR ROTOR-CAN MATERIALS
Material
Non-magnetic
Stainless steel 304L
Inconel Alloy 718
Titanium SP 700

GFRP C-glass

Electrical
Conductivity
(MS/m)
1.39

Thermal
conductivity
(W/mK)
16.20

0.80
0.61

11.40
7

0

1
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speed machines [11]. Under this assumption, the
convective
heat
transfer
coefficient
is
underestimated.

Fig. 6. Calculation of rotor eddy losses by imposing current density on
the stator bore.

Where, σ is the electrical conductivity of the material. The
integral is evaluated over the volume of the material where
the loss occurs. The induced current density itself is
calculated from the induced electric field Ez such that:
∂A
Ez = − z ; J z = σ Ez + J ez
(6)
∂t
where Az is the magnetic vector potential normal to the 2D
modelling plane, and Jez is the circulating current because of
the additional current constraint of (4).
C. Iron Loss in the Stator
The total iron loss density in the stator is calculated using
the Steinmetz equation [10]:
2

2
 f e   Bˆ Fe 
 f e   Bˆ Fe 
pFe = 2 pFe 0 h   
 + 2 pFe 0 e    ˆ 

 f 0   Bˆ0 
 f 0   B0 

2

(7)

where, fe is the frequency of the field in the iron, Bˆ Fe is the
magnetic flux density in the iron; pFe0h and pFe0e are the
specific hysteresis and the eddy current losses (W/m3) at
magnetic flux density B̂0 of 1.5 T and frequency, f0 of 50 Hz.
IV. LUMPED PARAMETER THERMAL MODEL
In this section, the lumped parameter model used in the
thermal analysis of the flooded PM generator is briefly
outlined. The objective of this analysis is to check the effect
of changing the rotor-can material on the magnet
temperature, and also on the maximum temperature in the
stator slot.
First, a lumped element thermal network is developed
for the flooded PM generator. For the airgap generator,
modifications are made wherever necessary, such as in the
airgap. Various thermal nodes in the machine are connected
by means of the thermal resistances, either determined by
conduction or by convection, radiation is mostly neglected.
However, some empirical convective heat transfer coefficient
equations do contain some contribution due to the radiation.
Later, some empirical equations are given to estimate the
various heat transfer coefficients required to determine the
convective thermal resistances in the thermal network model.
The thermal model presented here is based on the
following assumptions:
 No axial velocity of water in the flooded gap is
assumed. That is, the flow in the watergap is
Taylor-Couette.
 Heat flow in the radial and the axial directions are
independent of each other.
 No heat flow in the axial direction is assumed in the
stator/rotor iron because of the laminated structure.
 No axial heat flow is assumed in the stator-rotor gap
as the axial fluid flow is restricted. This is a
reasonable assumption to make in direct-drive low

A. Thermal Network
A highly accurate thermal analysis of the electrical
machine requires complex finite element analysis and
Computational Fluid Dynamics simulations. But for most
practical purposes, a lumped element thermal network gives
reasonable results, and is a good approach while comparing
different designs/materials. An example of the thermal
network in the stator slot is shown in Fig. 7.
It should be noted that the nodes which also double as
heat sources are modelled using a T-equivalent network;
details about the T-equivalent network can be found in
multiple references, such as [11], [12]. For the sake of
brevity, we do not delve into the details of the thermal model
of the PM generator here. References cited above describe
thermal modelling of PM machines in detail.
B. Convective Heat Transfer coefficients
When a solid surface is in contact with a fluid, the thermal
resistance at the interface is calculated using the heat transfer
coefficients. Correct estimation of these heat transfer
coefficients is the most difficult task in the thermal modelling
of electrical machines. In this paper, however, the focus is
not on accurate calculation of the heat transfer coefficients.
Here, it suffices to stick with the empirically derived
equations to calculate these coefficients.
For a Flooded PM generator, heat transfer coefficients
have been used at the following interfaces:
1) In the Watergap: In low speed applications, heat flow
is mainly radial, if no forced cooling is used. Heat from the
rotor is mostly evacuated from the stator housing via the
watergap, unless the rotor shaft provides a low resistance
path. The heat transfer coefficient in the watergap, αg is a
function of the Nusselt number (Nu) such that,

Nuλ
(8)
dh
where λ is the thermal conductivity of the water in the
watergap and dh is the hydraulic diameter. Nusselt number is
a function of the fluid properties as well as the physical
dimensions related to the fluid flow. The equations to
determine the Nusselt number in (8) are based on the Taylor
number, details are mentioned in [11].

αg =

2) Stator House to Ambient Water: In a pod-type tidal
turbine shown in Fig. 1, the velocity of the water on the
stator housing surface of the generator is lower than that of
the free flow tidal velocity. The heat transfer coefficient at
the outer surface increases with the fluid velocity, as
convection becomes forced rather than natural. As a
conservative approach, we determine the heat transfer
coefficient assuming natural convection at the stator housing
surface. In any case, this thermal resistance is much lower
than the other thermal resistances in the radial direction
inside the machine.
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without can, this value is normally between 15-40 W/m2K
[12], [15] .
Knowing all these heat transfer coefficients, the thermal
resistances Rth at the corresponding interfaces, with surface
area, A is calculated using the equation:
1
Rth =
(10)
αA
In the thermal model, an ambient water temperature of 20°C
has been assumed. Other parameters used in the thermal
model have been listed in Appendix.
V.

Fig. 7. Lumped element Thermal Network (condensed form) representing the
radial flow of heat in the slot of the PM generator with a double-layer
winding. This can be modified to accommodate single-layer winding. Green
dots represent nodes where heat loss occurs. Black boxes denote thermal
resistances due to conduction, whereas blue boxes denote thermal resistances
corresponding to the convective heat transfer.

Thus, assuming natural rather than the forced convection
does not make significant difference in the temperature
estimation inside the machine. The heat transfer coefficient
at the outer surface of the stator housing is again found using
the Nusselt number as follows:

Nuλ
(9)
Dext
where, Dext is the external diameter of the stator housing
[13]. The Nusselt number in (9) corresponds to the natural
convection rather than the Taylor-Couette flow in (8). Hence,
the Nusselt number calculation is slightly different; here, it is
calculated from the Grashof and the Prandtl numbers given
in [14].
Calculation of the heat transfer coefficients at the end
shields to the ambient water interface can be determined
using the similar approach. However, the equations for the
Grashof and the Prandtl numbers would be different for the
end shields. Again, the appropriate equations can be found in
any heat transfer textbook, such as [13]. Heat transfer
coefficients calculated for the PM generator in this paper are
listed in Table III.

α so =

RESULTS AND DISCUSSIONS

The eddy current losses in the rotor-can and the PMs for
different rotor-can materials are listed in Table IV. As an
example, the induced eddy current loss density in the
stainless steel rotor-can and the magnet is shown in Fig. 8. It
is observed that the eddy loss density in the rotor-can is
about two orders of magnitude higher than that of the PM.
This is because of the higher resistivity of the PM compared
to the rotor-can, and also due to the segmented nature of the
magnets.
As expected, the eddy losses are the highest in the
Stainless steel rotor-can, because of its highest conductivity,
see Table IV. Consequently, the magnet temperature
corresponding to the stainless steel rotor-can is also higher.
This is shown in Fig. 9, along with PM temperatures for
other rotor-can materials. Unless the material with very high
conductivity is used where shielding effects become
substantial, losses will increase with increase in conductivity
of the rotor-can.
To assess the impact of the watergap on the magnet
temperatures, the watergap was replaced with an equivalent
airgap, and then the magnet temperatures were re-evaluated.
It was assumed that under both these cases, the losses in the
PM generator remained the same. However, in the airgap
generator no stator GFRP coating was deemed necessary,
and was eliminated from the thermal model, replacing it
with an equivalent thickness of the airgap.
It is observed that in the absence of flooding, the
temperature rise in the magnets was much higher, as is seen
in Fig. 9. Interestingly, a deviation from this trend was
observed in the case of the GFRP rotor-can. In other words,
when the rotor is covered with a GFRP coating, the magnet
temperatures increase rather than dropping by flooding the
gap with seawater. This counterintuitive behavior can be
explained as follows.

3) End-winding to end-shield: In a flooded generator, the
airflow around the end windings due to the rotor motion is
blocked by the protective cans, see Fig. 2(b). Therefore, the
heat transfer coefficient near end windings is rather small.
For this reason a conservative heat transfer coefficient value
of 6 W/m2K has been used. In conventional airgap machines

TABLE IIIII
HEAT TRANSFER COEFFICIENTS USED IN THERMAL NETWORK MODEL OF
FLOODED PM GENERATOR
Interface
In watergap
Stator outer frame to Ambient water
End shield to ambient water
In the airgap (when watergap is replaced
with airgap)

Heat Transfer
Coefficient
(W/m2K)
570
280
60
20

TABLE IV
PM AND ROTOR CAN LOSS FOR DIFFERENT CAN MATERIALS
Material

PM Loss (W)

Can loss (W)

Non-magnetic Stainless
steel 304L
Inconel Alloy 718
Titanium SP 700
GRP

601

8660

614
617
622

5132
3939
0
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Magnet Temperature ( °C)

Fig.8. Eddy loss density distribution in the rotor can and a single
permanent magnet (Rotor can material: Stainless Steel 304L). FEM
simulation software: COMSOL Multiphysics.

On the flooding gap, the heat from the stator is partly
evacuated from the rotor as well, resulting in a slight increase
of the temperature in the magnets. This is because of the
better heat transfer coefficient in the watergap compared to
the airgap, see Table III. However, there are other factors
also at play here. The amount of heat that will be transferred
to the rotor from the stator will also depend on overall
thermal resistance from the rotor to the ambient (including
bearings and shaft), and the total rotor losses. For instance, if
for the same thermal resistances in the rotor, magnet losses
were higher, in that case too, the magnet temperature would
have dropped upon flooding. This is shown in Fig. 10, where
a sensitivity analysis is performed with respect to the magnet
conductivity for the GFRP coating. The point of inflection of
temperature reversal depends on the total rotor losses and the
thermal resistances in the rotor-to-ambient path.
As far as the temperature in the stator slots is concerned,
the effect is opposite to that in the magnets, see Fig. 11. That
is, in the flooded case, the maximum temperature in the slot
is slightly higher than that of the airgap case. Again this is
because of the better heat transfer capability of the watergap,
which transfers rotor losses more effectively to the stator. As
expected, for the GFRP case, where the heat flow from the
stator to the rotor, the trend is reversed for the same reason
as above.
It is worthwhile to note that while magnet temperatures
drop significantly on flooding, the maximum slot
temperature increases only slightly. This is because the
primary heat evacuation path from the stator slot is via the
stator iron- housing-ambient water. Furthermore, in the
flooded generator the temperature distribution seems more
even, that is, the temperature difference between the slots
and the PMs is lower than in a corresponding airgap
generator.

Fig. 9. Temperature inside Permanent Magnet for different rotor-can
materials.
60
Airgap
Flooded Gap

50
40
30
20
10
0

1.7e5

2.6e5

5.6e5

1.7e6

PM conductivity (S/m)
Fig. 10. Temperature of Permanent Magnet for different PM conductivities,
under flooded gap and airgap, with GFRP coating on the rotor.

Fig. 11. Maximum Temperature in the stator slots for different rotor can
materials. Cooling effect of flooded gap is clearly evident.

Furthermore, the results in this paper are based on the
assumption that water in the stator-rotor gap is not
exchanged with the seawater. If this is made possible, it is
very likely to reduce the temperature of both the stator and
the rotor upon flooding. However, it will pose other
reliability problems.
Please note that the values given in this section correspond
to a particular machine design, which is unlikely to be the
‘optimal’ design. It is possible to design machines with
different dimensions, where the rotor losses can be
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minimized with same materials. On the other hand, the
conclusions drawn regarding the choice of the materials, and
the flooded gap are likely to hold in other designs as well,
albeit with different values or points of inflection.

[6]
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VI. CONCLUSIONS
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