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Dimensioning factors for wj pump optimizing

Now having got a feeling for the parameters (or not?!), we can apply a more stringent engineering approach. Knowing that the hull drag at the specified speed must be equal the propulsor thrust, see equation 6 above, we also have the effective power needed for this situation:

8/
Pe=T*Va,  or  Pe=Q*(density)*(Vn-Va)*Va;

The pump has to supply the increase in dynamic pressure times the flow, and in addition to that, it has to cover for the losses occurring in the inlet channel and the exit nozzle:

9/
Pp=(density)/2*(Vn^2-Va^2+losses)/etap;

Now we arrive at a final figure for the total propulsion efficiency, which of course is the quote between effective power and power spent. After some manipulation of the arithmetics, setting Vn/Va=k; we get:

10/
etatotal=2*(k-1)/(k^2/etan-etain)*etap;

If you consider a configuration whithout inlet and nozzle losses, the expression can be reduced further to:

11/
etatotal=2*Va/(Vn+Va)*etap;

Here again we have the classical expression for the total propulsion efficiency of a free propeller, Vn here equals the exit velocity Vout after the propeller. As we are interested in ”confined propulsors” where etan and etain are unavoidable, equation 11 is only shown to demonstrate its origin. For the jet analysis we must use the number 10 equation. If you now plot etatotal over the Vn/Va ratio for a given pump efficiency and nozzle efficiency, with etain as parameter, you get a set of curves with etatotal depending on velocity ratio and losses. The optimum velocity ratio is a function of both etain and etan!

In the example I calculated for you previously, the numbers obtained were: Vn=11.53 m/s, Va=7.2 m/s, etain=0.5, etan=0.95 and etap=0.75. Inserted in #10 we get etatotal=0.41. As you can see in the diagram below, the max efficiency depends on both jet velocity ratio and losses. This means that you cannot select the machinery proportions at random; for instance if you increase the flow (keeping shaft power constant), the resulting jet velocity is reduced, ie the velocity ratio goes down. Unless your losses are reduced simultaneously, the net thrust is reduced.
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Pump characteristics

Before we check the inlet factors, it is wise to have a basic understanding of  the pump characteristics, and how the pump (impeller plus stator) interacts with the inlet and exit ducting. All rotodynamic pumps generate a pressure increase that is depending on the volume flow. The product flow times pressure (in m3/s and N/m2) equals the Hydraulic power imparted to the fluid. This power is what we use for propulsion, and it has a maximum at a specific operating point. Close to the best efficiency, the characteristics of axial and diagonal impellers only differ in terms of  curve inclination. This difference is not reason to treat the types differently; for both the working point is primarily based on the velocity relations in the inlet.

In the graphic presentation of pump performance, you seldom find Pressure, but Head, in meters of liquid column (m aq). This is because in this format, one Q-H diagram is good for all fluid densities. The power curve, however, is only correct for 1000 kg/m3, and must be adjusted for other fluid densities. Below I have recalculated an axial experimental unit we tested long ago, from 3000 rpm to 1500. It is very close to your needs, and fine to demonstrate the procedure. With a slight trimming of the trailing edges of  the vanes to reduce the max head generated, it would be close to perfect.
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The two ”system head” lines describe the metering pressure difference across the duct system at varying flows. Primarily, the diff pressure across the nozzle is the determining factor. The steepness of the system characteristics (those curves are simple parabolas, exponent 2.0) is fine tuned by varying nozzle diameter. At H=8.75 m and Q=0.82 m3/s the hydraulic power from the pump is balanced by the nozzle requirements. This is the operating point at bollard pull (provided there is no cavitation). When the vessel is making speed ahead, here 16 knots, ie 8.23 m/s, the total dynamic head available from the velocity is 8.23^2/(2*9.81) m aq. Due to the unavoidable losses in the inlet, we can only capture a fraction, corresponding to ”etain” from this, here 0.6*8.23^2/(2*9.81), or 2.07 m aq. This ”ram”  head is acting as if we had a corresponding head increase to the pump performance.

To show the effect of this, you can either ”lift” the pump characteristics accordingly, or easier, move the system characteristics down 2.07 m. The latter is easier when you have a set of curves. Now you can see that the operating point has moved slightly and is now occurring at Q=0.084 m3/s and H=8.2 m aq, which is spot on the maximum efficiency flow. The power required is 0.084*8.2*9.81e3/0.76 W, ie 8891 W. A reduction of  rpm’s to 1448 rpm, would get the power required down to your 8 kW, and the operating point to Q=0.081 and H=7.6 m aq approximately.

Now the pressure across the nozzle is (7.6 + 2.07) m aq, which, with a loss of 5% gives a Vn of 13.4 m/s. The resulting thrust at 16 knots is 420 N. The total propulsion efficiency is 43.2 %. If you go back to eq 10, using a possible etap =0.76 and etan =0.95, you will find that the inlet efficiency needed to reach a thrust of 500 N @ 16 knots is about 90 percent, which is unrealistic with any type of inlet arrangement, known to the industry today! 
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