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ABSTRACT

A concept investigation has been carried out into the possibility of using a tip driven electro-magnetic propulsor as part of a waterjet propulsion unit.  The primary advantage is that there is no need to insert a drive shaft within the waterjet inflow. This reduces significantly reduces cylclic variations in the propulsor inflow and removes an area of flow separation around the shaft.  It also provides the designer with greater freedom as to the types of propulsion systems available and where they can be placed within the ship.  The viability of the concept has been examined by considering the performance of axial flow electromagnetic thruster developed for the ROV market and numerically studying its performance within a typical waterjet inflow.  A study was also conducted to examine the scalability of such propulsion units.   It is concluded that for a typical size of waterjet with an input power requirement of 90kW and diameter of 0.25m the maximum delivered power at 2,200 rpm would be 66kW.  With the added benefits of no shaft induced losses this should deliver a higher thrust than comparable conventional waterjet units.
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INTRODUCTION

Waterjets can be regarded as propulsion units without appendages when considered from the overall hull design. However, an intake grill is located at the duct opening in the hull to prevent the ingress of debris, and a rotating impeller drive shaft is located within the inlet duct. This, along with the curvature of the duct, causes a sheared velocity field for the impeller to operate in. In addition, upstream areas of flow separation as occurs around the drive shaft will cause energy loss (wake) within the fluid flow.  The zones of wake flow will cause cyclic variation in impeller blade performance.  These fluctuations acts as sources of noise and vibration for fatigue loads.  

One method of overcoming this problem would be to drive the waterjet impeller via the blade tips. A tip-driven impeller completely eliminates the presence of the drive shaft protruding through the waterjet duct walls and upsetting the onset flow to the impeller. Furthermore, the length of the waterjet inlet duct must be kept as short as possible, to avoid additional added weight from the entrained water, and the ramp angle of the duct must be as shallow as possible, to avoid excessive flow distortion. In conventional waterjet systems, with shaft driven impellers, these two dimensions are constrained by the position of the engines. A rim-driven impeller should allow greater flexibility with the positioning of the duct within the hull.

It is evident that minimising flow non-uniformity at the waterjet impeller plane ensures good propulsive efficiency and reliability. On existing waterjet systems for instance small flow straightening vanes are often installed on the lower surface of waterjet inlet just upstream of the impeller.  The presence of the drive shaft can create detrimental ‘shadows’ at the impeller plane resulting in rapidly varying pressure gradients and fluctuating blade loadings, reducing impeller efficiency and increasing the susceptibility to fatigue. The use of a rim-driven impeller would result in the elimination of the large upstream drive shaft and its bearing and associated seal through the inlet wall, producing a more uniform inflow.
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Figure 1 - Schematic diagram of a tip-driven propeller.

The idea of rim (or sometimes tip) driven propulsors has existed for several years. Prototypes have been constructed and tested [1,2,3], to varying degrees of success, but there is only a limited amount of work that has been published on the performance, efficiencies and practicalities of building and using such units. Drawbacks with the concept have included poor system efficiencies and friction losses from bearings and seals [4]. Because of these problems, few designs have come to fruition and tip-driven units have not been seen in general applications. 

Radojcic[4] highlighted that latest developments in seal design now make mechanical tip-driven propellers a practical proposition. However, there still remains concern as to whether the gains in efficiency due to the removal of the drive shaft, boss and relevant appendages would be curtailed by larger friction losses in the seals around the periphery. However, the use of an electromagnetic drive (Figure 1), with the absence of any physical contact between the drive system and the propulsor, overcomes some of the sealing problems associated with mechanical drives. Such units have been proposed in the past for underwater vehicle applications, but general conclusions have indicated lower efficiencies[1,2], compared to standard ducted units, because the electromagnetics and hydrodynamics have not been optimised. Modern developments in permanent magnet motor design now mean high efficiencies are achievable[5].

Waterjets themselves can be regarded as a form of ducted propulsor and they are one of the most popular types of shrouded systems in use today.  Since the first waterjets were used as propulsion devices the general form has not altered. A convenient impeller-engine mating method, using a horizontal shaft, has ensured that the intake duct rises from the hull bottom and turns through a bend to form a horizontal duct section in which the impeller is situated. Figure 2 illustrates a schematic view of a flush-type waterjet system and lists the relevant terminology. The pump or impeller is acts to increase flow momentum which exits as a jet and causes a reaction force which propels the vessel.  The reaction force is distributed as changes in pressure over the surface on the inlet and the impeller blades both rotors and stators. 
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	Figure 2 - Schematic diagram of a typical flush waterjet inlet duct.




Centrifugal pumps were used on some early waterjet-propelled vessels, partly because they were readily available, however, they are no longer in use on modern waterjet applications [6]. Conventional axial-flow type pumps produce good mass flow, but at lower pump efficiencies, (80% [7], and the head developed with a single stage axial impeller without deleterious cavitation is limited [8]. An answer to this problem was the development of mixed-flow pumps, in which part of the head is developed by centrifugal action. The main penalty of using mixed-flow pumps is weight; increasing craft displacement. Normally, the total weight of a waterjet installation, including entrained water, amounts to 4.5-5.5% of the displacement [9]. However, mixed-flow pumps are competitive with lighter pump designs because the achievable propulsive efficiency compensates for any resistance increases due to the weight. The majority of waterjet propulsors today are mixed-flow impellers, although a small number remain axial-flow types [6]. The axial-flow units possess a smaller diameter and are therefore potentially lighter than mixed-flow pumps. However, the rim-driven system may favour axial flow pumps.

The aim of the work presented has been to assess the implications of using a rim-driven system, both beneficial and detrimental, for use in wateret systems. The discussion concentrates on an electromagnetic drive system. However, some of the aspects could also apply to a mechanical driven system. The possible benefits and limitations are considered from both a performance and a practical point of view. 

2. Coupling of electromagnetic propulsor and waterjet inlet duct.

Separate computational fluid dynamic (CFD) models of the waterjet inlet duct and ducted RDP have been shown and proven previously [10,11].  What was needed was to be able to couple the viscous waterjet duct model to the potential-flow propeller model in an attempt to study the performance of an impeller under various waterjet inlet duct conditions. A non-rotating drive shaft has been included in a CFD study of intake duct geometry, to study its effects on the impeller performance, and to assess the benefits of using a tip-driven impeller[12].

The assumption of potential-flow neglects the influence of viscous flow and separation effects on the flow around bodies. These regions can have an important effect on the pressure distribution and hence total force acting on the body and it is essential that they are identified and their effects accounted for [13]. These effects are important, especially for off-design cases, on waterjet inlets where the presence of large separation zones can significantly change the nature of the flow arriving at the impeller. For this reason a fully viscous RANS flow solver was used for a typical waterjet inlet. Inflow velocity fields into the impeller were derived from the RANS results and imposed onto a surface panel model of the impeller. Because the imposed flow was obtained from a fully viscous solver, it was considered, at least in a qualitative sense, to have adequately taken into account the effects of phenomena such as boundary layers and separation.  Others have adopted similar approaches. Allison et al [8] described a means of coupling a lifting-surface (vortex-lattice) code to a viscous flow solver for use as a tool towards impeller design.  Also, the interaction of a potential and RANS code was used by Taylor et al [14] for the purpose of the design and analysis of a waterjet pump. The vortex-lattice model addressed the blade-to-blade interactions whilst the RANS solver captured the through-flow based upon the hub and casing geometries. A further update on this lifting-surface and RANS coupling [15] compared some revised CFD predictions with water tunnel experimental results for a mixed-flow waterjet rotor, stator and housing unit operating at 1200rpm. Velocities upstream and downstream of the pump agreed well, as did the pump pressure rise and torque.

2.1  Effect of shaft on exit flow from intake duct

For this work the geometry of a typical waterjet duct[10,16] has been modified to include a representative horizontal drive shaft. The multiblock structure of this geometry is illustrated in Figure 3, the shaft diameter was 40mm, which was based on an existing waterjet system with a similar duct diameter. 
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Figure 3  Multiblock topology of duct geometry including drive shaft




The initial mesh used for the waterjet duct and drive shaft model consisted of 128550 cells in total, 34500 of which defined the actual half-duct model. The remainder defined the flow domain beneath the duct inlet. To study the effect of cell density, a second model was created which had a total number of 279000 cells, 90000 of which defined the half-duct. The predicted pressure coefficients, Cp, along the top and bottom centrelines of the duct, obtained from each model were compared. Figures 4 and 5 illustrate the results for a limited number of locations. Flow is in the negative x direction with the start of the ramp at x=+0.8 and the lip at x=+0.2.
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	Figure 4 Grid dependency with shaft geometry, 

                         Top centreline Cp distribution.
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	Figure 5    Grid dependency with shaft dependency, 

                   Bottom centreline Cp distribution.


The pressure results along the top centreline 4 compared well between the two geometries. There is negligible difference in Cp values through the duct, however, the denser mesh predicted a marginally lower pressure at the ramp inlet, where the flow enters the intake. The results are also similar along the bottom centreline (Figure 5), although there was slightly more variation between the absolute values. The denser mesh had a tendency to produce higher pressures along this wall, with the exception of the lip location (x=0.2) where a lower pressure was predicted. This reflects the lack of cells around the lip failing to capture the whole stagnation zone. The maximum change in pressure coefficients was seen to be approximately (0.05.

The trendlines shown are similar to those found during the previous calculations without shaft[10,12] although the presence of the drive shaft has produced an overall increase in pressures along the top centreline. In addition, the pressures towards the lip region, along the bottom centreline at x=0.0 and x=0.1, have also increased. Hu and Zangeneh [17] also saw similar changes in pressure coefficients near the lip with a decrease in Cp on the upstream side of the shaft, and an increase in Cp on the downstream side. 

Table 1 provides a summary of the maximum and minimum values and the standard deviation of a typical set of velocities, which were used to calculate an averaged radial velocity value at the impeller plane location at 0.7 of the maximum radius R. Both calculations were carried out at an Inlet Velocity Ratio (IVR) of 1.17 (constant mass flow rate).  It can be seen that the shaft increases the variation in axial velocity with a threefold increase in the standard deviation (SD), likewise there was an increasefor the radial flow although not as significant. Conversely, the swirl component(angular) was reduced with the presence of the shaft. 

Table 1: Summary of velocity distribution at 0.7R (m/s).

	
	
	Axial

(m/s)
	Radial

(m/s)
	Angular

(m/s)

	Without shaft
	Maximum
	18.79
	1.34
	1.72

	
	Minimum
	17.27
	0.13
	0.00

	
	SD
	0.46
	0.62
	0.93

	With shaft
	Maximum
	21.73
	1.91
	0.80

	
	Minimum
	15.41
	0.01
	0.00

	
	SD
	1.50
	0.90
	0.43


Figures 6 and 7 illustrate the predicted axial velocity profiles at the waterjet half-duct exit plane with and without the presence of the drive shaft. Figure 6 shows a marked increase in velocity towards the upper half of the plane, and a decrease in velocities towards the bottom dead centre (BDC) position. A similar reduction of velocities at this location was also seen by Watson [18]. When the drive shaft was included in the model, Figure 7, the flow towards the lower half of the plane exhibited similar patterns, however, there was also a small area of lower velocities above the shaft at TDC. It is also noted that the velocities have increased slightly from Figure 6 to 7.
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	Figure 6  Axial velocities at waterjet duct exit plane, zero trim, IVR=1.17.
	Figure 7 Axial velocities at waterjet duct exit plane, zero trim + shaft, IVR=1.17


The RANS calculations, with and without the shaft, demonstrate a marked change in the character of the flow into the impeller. Suitable modifications to the waterjet inlet and possible use of flow vanes could improve the flow uniformity further. 

2.2 
Effect on Impeller Thrust

In order to examine the influence of the flow uniformity on performance a panel code model of a four-bladed impeller was run at three advance coefficients. The output from the code provided relevant components of total force on the body which were converted, in the usual manner, into thrust coefficients, KT. Using rotational symmetry only one blade of the impeller and a quarter of its hub were defined in the geometry file for the panel code. The results provided an effective time averaged propeller performance.

Figure 8 presents the results for the impeller on a standard KT, J chart for the influence of the drive shaft on the impeller performance, where J is the freestream advance ratio of the vessel.  Also shown are the influence of trim and drift for the flow without the shaft. There is clearly a marked offset because of the presence of the drive shaft. This is significantly larger than the effect of either trim or drift. The drive shaft has the effect of decreasing the predicted thrust by approximately 28% across the range of advance coefficients. As a result for the same matched mass flow rate the propeller rpm has to be increased by 13% without the presence of the shaft. The presence of the shaft will therefore have a strong influence on the selection of the correct design pitch for the impeller to achieve maximum efficiency at service speed.
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	Figure 8   Panel code impeller thrust results –using radially averaged inflow velocity field with varying amounts of trim/drift and also with shaft.


3. Electromagnetic tip driven waterjet impeller

As just illustrated, the most obvious hydrodynamic benefit is the elimination of the drive shaft, which protrudes through the top wall of the duct. It has been shown that the removal of the drive shaft results in an improvement in the flow quality entering the impeller. In addition, it eliminates difficulties with shaft alignment and duct manufacture. It is generally the case that larger waterjet units are supplied to the shipyard without an inlet duct. This component has to be constructed by the shipyard [19], in addition, the forward bearing, mounted on top of the inlet or set into the aft bulkhead, and stern seal also have to be fitted by the shipyard. The resultant tolerances for shaft line-up therefore tend to be quite onerous [19]. Figure 9 is a representation of the same duct with an ETDI installation, note the unobstructed inlet duct and should be compared with Fig. 2 for typical shaft driven waterjet. A further possibility of using this type of drive is the potential of installing more than one impeller in series, thus producing a multi-stage pump.  Such a system allows recovery of swirl energy and increases overall efficiency.
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	Figure 9  Schematic rim driven waterjet installation.


In addition to reducing shaft alignment problems, the lack of drive shaft should also mean manufacture of the inlet duct is more straightforward, and hence less time consuming. A lighter structure might also be able to be used, having no need for a shaft support, reducing the weight of the jet system.

As a waterjet constitutes lost buoyancy, or added weight, it is beneficial to keep the unit as short as possible, however this means an increase in the ramp angle [20]. The ramp angle, also dictated by the height of the pump axis and engines above the base, must remain as small as possible for minimal disturbance. Use of a tip-driven impeller would disassociate the ramp angle from the position of the engines. However, the height of the inlet would still be constrained by the diameter of the impeller, and hence the drive system, at the transom. 

There is a trade off between a sufficiently large transom and large impeller diameter for better efficiency, and a sufficiently modest transom to keep hull resistance low [21]. The impeller diameter also prescribes the overall weight of the jet system. In addition, the tunnel as part of the vessel will produce suction and pressure areas, which increase or reduce drag in different operating conditions [7]. It is therefore evident that a final inlet design is a compromise, between several variables, which meets the specified requirements as best as possible. Ducts are usually designed for the cruise condition under which the vessel will spend most of its time. However, a rim-driven impeller results in greater flexibility of the tunnel dimensions, allowing for possible enhanced optimisation.

Should an electric drive be used, the only connection between the motor and the engines, or generators, is a power cable. This provides great flexibility for the location of the power plant in the vessel. It also means that waterjet units can be used in narrow hulled vessels in which engine size might have previously been a constraining parameter. There also exist possible implications for podded waterjet designs, which at present rely upon a relatively long duct to draw water up to the shaft driven impeller. A RDI means the impeller could be situated at a lower height, reducing the ducting length and hence the losses associated with it.

3.1.
 LIMITATIONS OF A RIM-DRIVEN IMPELLER

Locating the driving mechanism at the transom results in an increased weight towards the stern of the vessel, effecting the trim and resistance of the vessel. However, the extra weight would only be a fraction of the total machinery mass and positioning the power plant further forward could reduce the extra trimming moment. This flexibility is available with an electric drive.

It is essential to be able to transmit the waterjet thrust forces reliably to the vessel. The significant part of the propelling force is carried by the impeller blades, whilst the remainder arises from the rearward facing surfaces in the duct [20]. The impeller forces must be transmitted to an interface, usually a flange connection between the inlet duct and jet at the transom, before being absorbed by the ship. In the case of a rim-driven unit, all the thrust developed by the blades would have to be transmitted through the transom, possibly requiring additional thrust bearings. Svensson[9] claimed a better position for the thrust bearings, rather than along the shaft, is in the impeller hub, transmitting the load to the transom. This arrangement would be essential for the TDI. However, contrary to Svensson [9], Warren et al [19] claimed the transom area, so far as waterjet loads are concerned is redundant, the duct itself is so much stiffer. However, Warren et al [19] may have employed a different bearing installation from the arrangement which Svensson [9] discussed.

Concern could be expressed over the ease of installation of an electromagnetic drive. However, if the TDI is manufactured as a modular unit, the construction of the drive system on the transom should not be too onerous. Components may include the stator, the impeller and rotor mounted in a bearing and the pump outer casing. Figure 9 illustrates schematic diagrams of these components. For the layout shown, the stator would first be attached to the transom, at the duct exit. Having been assembled beforehand, the impeller and rotor, mounted in the hub bearings supported by the hydrodynamic stator vanes, can then be brought into position and fixed. Finally, the remaining nozzle shell and reversing mechanism can be attached. The delicate stage of construction would be positioning the impeller and rotor within the stator ring. Strong magnetic forces exist between the two components, however, the impeller could be eased into position using guide bolts. 

A potential problem with the smaller RDP thruster units in contaminated waters is the accumulation of debris in the gap between the stator and rotor, leading to erosion of protective coatings. Whether this would be such a problem in a waterjet system is difficult to say. However, the short-term solution to this would be to use a brush-type seal around the periphery of the gap to keep larger pieces of debris out without too much friction loss. A more permanent solution might be to provide some type of flushing mechanism, which clears any trapped particles away.

4 Power requirements

The electric motor used in a prototype RDP[5] can deliver 5.5kW, at an efficiency of 88%, at its thermal limit [22], although the nominal rating of the propeller was 2kW.  Efficiency is defined as the ratio of power delivered to propeller to measured power into motor controller.  At 2kW, the motor has a higher efficiency of approximately 92%. The typical power range for waterjets is much greater than this. Power ratings of between 30kW and 260kW have been quoted for a jet with a similar impeller diameter [23]. Appendix A details the basic parametric equations, which control the performance of the motor.

So initially, using Equations [A.3] and [A.5], in order to keep the motor volume as small as possible for a given power, or to increase the efficiency for a given motor volume, it is beneficial to run the motor at a high speed, low torque condition. From the electric motor point of view this appears to be a reasonable compromise, since the power requirement does not vary significantly between the high speed and the optimum power condition, (P. Figure 10 illustrates the typical relationship between power, torque and impeller pitch ratio, for a constant thrust.
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Figure 10 Typical plot of motor power and torque versus pitch ratio for a propeller delivering constant thrust.

However, for the application considered in this study there is an additional source of loss in the form of friction loss, within the gap between the rotor and stator. This gap loss, PG,  is proportional to (3 [24], and is therefore minimised if a low motor speed is used. The friction loss in the prototype thruster are estimated to be 100W at 1200rpm. Previous studies have shown that the optimum design speed occurs when the power friction loss is approximately equal to the I2R loss [24]. It is possible to reduce the speed of the motor, for a given thrust output, if the propeller pitch is increased. However, increasing the pitch also increases the torque requirement which, assuming a fixed motor dimension, increases the predominant ohmic loss in the motor [24]. However, the ohmic losses can be minimised by using a longer rotor active length, L, and with careful selection of motor length and propeller pitch, the thrust efficiency can be maximised [24].

5 
Design of electromagnetic RIM Driven IMPELLER (RDI)

Consider a waterjet system with an impeller diameter of 250mm. For a typical operating condition, consider the delivered thrust at bollard pull conditions, zero vessel speed, to be about 6.5kN[23]. This can be achieved with approximately 90kW, and the shaft speed range for this power lies between 2125 to 3500rpm, depending on impeller. A summary of this condition is given in Table 2.

Table 2
Typical characteristics of a waterjet unit with impeller diameter ( 250mm.

	Bollard Thrust (kN)
	6.5

	Power (kW)
	90

	Shaft speed range (rpm)
	2125  to  3500

	Angular velocity (rads/s)
	223  to  367

	Torque (Nm)
	418 to 254


Assuming that the characteristics of the electromagnetic motor are similar to those for the prototype TDP, and these basis values are designated by suffix 1, i.e. P1=2kW, D1=0.25m, L1=0.028m, and (1=125.67rads/s. 

To keep the gap friction losses (PG) as low as possible, consider the new motor speed to be at the lower range of the quoted values, say 2200rpm. This result in a power increase to P2=3.7kW, which is still within the thermal limit of 5.5kW. A secondary result is to increase the gap friction by 6 times. Now for this speed the volume of the motor needs to be increased to obtain the power required. However, because the diameter is fixed at 0.25m only the length can be altered. Using Equation (A.8), the length would need to be increased by 24 times, resulting in L2=0.69m.

Further possible size and speed combinations are presented in Table 3. Cases 5 and 6 have been presented in Table 3 to demonstrate the effect of substantially reducing the length of the motor by increasing its diameter.

Table 3: Possible motor characteristics for supplied 90kW power.


(electrical efficiency assumed at 88%, for gap losses see Table 4)

	
	Electrical Power (kW)
	rpm
	L (m)
	D (m)
	Delivered Power (kW)

	Basis Motor
	2
	1200
	0.028
	0.250
	1.67

	
	3.7
	2200
	0.028
	0.250
	2.66

	Case 1
	90
	2200
	0.687
	0.250
	65.83

	Case 2
	90
	2500
	0.605
	0.250
	62.55

	Case 3
	90
	3000
	0.504
	0.250
	56.03

	Case 4
	90
	3500
	0.432
	0.250
	48.58

	Case 5
	90
	2500
	0.300
	0.355
	43.6

	Case 6
	90
	2500
	0.421
	0.300
	54.36


The values for the delivered power were calculated taking into account the known electrical efficiency and the fiction loss in the gap. The gap losses are proportional to the coefficient of friction, Cf, gap length, (3 and R4 [25], where R is the radius of the rotor, [10].
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where Cf is given by [26]
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where ( is the relative surface roughness and the Reynolds number, Rn, is based on the diameter and peripheral speed of the rotor. Taking the size of the gap into account increases the gap power loss by a considerable amount. Table 4 illustrates the total increase in gap losses, as a function of speed, length and diameter.

Table 4: Total increase in gap loss, taking into account gap size.

	Case
	Basis
	1
	2
	3
	4
	5
	6

	Total Unit Gap Loss
	1.0
	133.7
	166.5
	231.7
	306.2
	356.1
	248.4

	% of electrical power
	5.0
	14.9
	18.5
	25.7
	34.0
	39.6
	27.6


Comparing cases 5 and 6 in the above tables it can be seen that, in terms of the gap loss, it is more beneficial to increase the length of the motor than the diameter. This case study considered the power of the equivalent basis motor to be increased to 3.7kW, however, it has been suggested that 5.5kW can be achieved before its thermal limit is reached. This increase in the basis power would result in smaller dimensions than those listed in Tables 3 and 4.  

It can be assumed that the mass of the unit is dependent principally on the motor volume Vm.  The basis motor has a mass of 10kg and so for a 90kW power motor the mass would be 240kg.  

5.1
System Design

Figure 11 shows three different system configurations for the power flow from energy source through to waterjet. It can be seen that the conventional route a) which requires a gearbox requires considerably more power, 600kW compared to 460kW for direct drive b). A further slight reduction is possible through the use of the rim driven system with the direct drive associated with the gap friction being less than the typical losses in a drive shaft.  This simple analysis assumes that the impeller system has an improvement of 5% in efficiency through the removal of the upstream drive shaft.

	

	Figure 11  Power input to waterjet using typical efficiencies for output thrust of 9.5kN


Overall, it is the removal of the need to position the generator and engine next to the motor; a benefit shared by all diesel-electric system, which provides considerably more freedom when integrating the waterjet into the hull system

6.
CONCLUSION

6.1 The use of a rim-driven impeller in a waterjet propulsion system has been proposed and the implications assessed. It has been seen that the concept offers potential benefits in the form of hydrodynamic performance improvements, easier assembly and integration into the hull, and greater flexibility in machinery location. 

6.2 For a full analysis, the overall view of the propulsion system has to be taken into account, including the implications of changes to the power plant, and possible changes to the intake duct design. These have been analysed and again showed considerable benefits.

6.3 The fact that only an axial-flow impeller has been considered during this study does not mean the proposed drive system is unsuitable for mixed or centrifugal pump systems. The drive would still work for these pumps, although, changes would be necessary for the blade tip to rotor fastening.

6.4 It has been shown that the removal of the drive shaft significantly reduces magnitude of the cyclic variations in velocity.

6.5 The effect of the mean flow has to be considered when designing the impeller to operate at maximum efficiency at the service condition.

6.6 Careful matching of motor design and impeller torque characteristics are required to maximise performance.
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Appendix A

The power, P, of an electric motor is related to its basic dimensions and electric and magnetic loadings[A.1]:





P = kBA
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where B is the magnetic flux density, or magnetic loading, in Tesla, A is the electric loading in amps/m, ( is the angular speed of the motor in rads/s, D is the diameter of the stator bore, L is the active length of the rotor and k is a constant that depends on the type of motor and the particulars of its windings. In the case of the brushless Permanent Magnet (PM) motor used for the prototype TDP, k is approximately equal to 2. The expression between the brackets ((D2L/4) is the volume of the motor, Vm.

The magnet and electric loadings, B and A, are also largely dependent upon the type of motor. In case of a tip driven motor, B=0.4T, which is lower than usual because of the relatively large gap between rotor and stator. A typical value for PM motors is B=0.8T. The electric loading is defined as the total rms ampere conductors in stator slots per rotor peripheral length,
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where Nc is the number of conductors around the stator diameter, and I is the current in amps. It can therefore be assumed that the value of kBA remains fairly constant for a particular motor type. So it can now be written:





P = k2Vm(




(A.3)




where
 k2 = kBA.

and since torque, Q = P/(, it can be assumed




Q = P/( ( Vm ( motor mass.



(A.4)

For a propeller producing constant thrust, I ( Q, and hence





I2R loss ( Q2 




(A.5)
Stator Thickness

The motor volume in Equation [A.1] only takes account of the length and internal diameter of the stator. A further consideration is the thickness of the stator core, which determines the overall diameter of the motor. The core length, Lc, or stator thickness, is proportional to the magnetic flux, (, carried through it, and





( = BAp




(1)




where 
Ap is the pole area.

Hence for a given magnetic flux density, B, as the number of poles is increased, the stator core thickness can decrease, Figure A.1 illustrates this with schematic diagrams of basic 2 and 4 pole motors.
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Figure A.1 - Schematic diagram of 2 and 4 pole PM motors.

However, it is not always practical to increase the number of poles in order to reduce the size of the stator. In the case of the prototype motor there are three stator teeth for every pole, around which the windings are wound, which have to be wide enough to carry the magnetic flux without saturating. If a greater number of poles are used there will come a point when the teeth are too thin and too difficult to manufacture. Furthermore, with a greater number of poles, a larger proportion of magnetic flux is lost between adjacent poles. For example, the prototype RDP uses 24 poles, which is adequate for diameters of between 200-300mm [22]. However, as the stator diameter increases, the core thickness, as a proportion of the diameter, decreases.
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		Figure A8.1 - New CFX duct geometry including drive shaft.

		Figure A8.2 - CFX shaft geometry grid dependency, Top centreline Cp distribution.

		Figure A8.3 - CFX shaft geometry grid dependency, Bottom centreline Cp distribution.

		Figure A8.5 - Coupling of CFX4.1 model and Palisupan model.

		Figure A8.6 - Trim orientation.

		Figure A8.7 - Axial velocity variation across impeller plane.

		Figure A8.8 - Angular velocity variation across impeller plane.

		Figure A8.9 - Axial velocities at waterjet duct exit plane, zero trim, IVR=1.17.

		Figure A8.10 - Axial velocities at waterjet duct exit plane, zero trim + shaft, IVR=1.17

		Figure A8.11 - Panel code impeller thrust results - using radially averaged inflow velocity field.

		Figure A8.12 - Blade loadings in uniform velocity field.

		Figure A8.13 - Blade loadings - duct at 0 degrees trim.

		Figure A8.14 - Blade loadings - duct at 7 degrees trim.

		Figure A8.15 - Blade loadings - duct at -7 degrees trim.

		Figure A8.16 - Blade loadings - duct at 5 degrees drift.

		Figure A8.17 - Blade loadings - duct at 0 degrees trim with drive shaft.

		Figure A8.18 - Axial velocities through waterjet duct, zero trim, IVR=1.17.

		Figure A8.19 - Axial velocities through waterjet duct, zero trim + shaft, IVR=1.17

		Figure A8.20 - Panel model of the waterjet inlet duct.
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		Figure A9.1 – Schematic axial flow waterjet pump installation.

		Figure A9.2 – Schematic ETDI waterjet installation.
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Chap 8

		

		Figure A8.1 - New CFX duct geometry including drive shaft.

		Figure A8.2 - CFX shaft geometry grid dependency, Top centreline Cp distribution.

		Figure A8.3 - CFX shaft geometry grid dependency, Bottom centreline Cp distribution.

		Figure A8.5 - Coupling of CFX4.1 model and Palisupan model.

		Figure A8.6 - Trim orientation.

		Figure A8.7 - Axial velocity variation across impeller plane.

		Figure A8.8 - Angular velocity variation across impeller plane.

		Figure A8.9 - Axial velocities at waterjet duct exit plane, zero trim, IVR=1.17.

		Figure A8.10 - Axial velocities at waterjet duct exit plane, zero trim + shaft, IVR=1.17

		Figure A8.11 - Panel code impeller thrust results - using radially averaged inflow velocity field.

		Figure A8.12 - Blade loadings in uniform velocity field.

		Figure A8.13 - Blade loadings - duct at 0 degrees trim.

		Figure A8.14 - Blade loadings - duct at 7 degrees trim.

		Figure A8.15 - Blade loadings - duct at -7 degrees trim.

		Figure A8.16 - Blade loadings - duct at 5 degrees drift.

		Figure A8.17 - Blade loadings - duct at 0 degrees trim with drive shaft.

		Figure A8.18 - Axial velocities through waterjet duct, zero trim, IVR=1.17.

		Figure A8.19 - Axial velocities through waterjet duct, zero trim + shaft, IVR=1.17

		Figure A8.20 - Panel model of the waterjet inlet duct.
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		Figure A9.1 – Schematic axial flow waterjet pump installation.

		Figure A9.2 – Schematic ETDI waterjet installation.
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Chap 8

		

		Figure A8.1 - New CFX duct geometry including drive shaft.

		Figure A8.2 - CFX shaft geometry grid dependency, Top centreline Cp distribution.

		Figure A8.3 - CFX shaft geometry grid dependency, Bottom centreline Cp distribution.

		Figure A8.5 - Coupling of CFX4.1 model and Palisupan model.

		Figure A8.6 - Trim orientation.

		Figure A8.7 - Axial velocity variation across impeller plane.

		Figure A8.8 - Angular velocity variation across impeller plane.

		Figure A8.9 - Axial velocities at waterjet duct exit plane, zero trim, IVR=1.17.

		Figure A8.10 - Axial velocities at waterjet duct exit plane, zero trim + shaft, IVR=1.17

		Figure A8.11 - Panel code impeller thrust results - using radially averaged inflow velocity field.

		Figure A8.12 - Blade loadings in uniform velocity field.

		Figure A8.13 - Blade loadings - duct at 0 degrees trim.

		Figure A8.14 - Blade loadings - duct at 7 degrees trim.

		Figure A8.15 - Blade loadings - duct at -7 degrees trim.

		Figure A8.16 - Blade loadings - duct at 5 degrees drift.

		Figure A8.17 - Blade loadings - duct at 0 degrees trim with drive shaft.

		Figure A8.18 - Axial velocities through waterjet duct, zero trim, IVR=1.17.

		Figure A8.19 - Axial velocities through waterjet duct, zero trim + shaft, IVR=1.17

		Figure A8.20 - Panel model of the waterjet inlet duct.
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		Figure A9.1 – Schematic axial flow waterjet pump installation.

		Figure A9.2 – Schematic ETDI waterjet installation.
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