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Comparison Propeller-Waterjet Propulsion at Low Speed

Va=8.23 m/s (Advance speed 16 kn) No correction for wake.

Pdyn=33866 Pa (Dynamic pressure = Va^2*density/2)

Af=0.4 m2 (Frontal area, dia 650 mm plus small canopy) Fins and rudders not included.

Cd=0.07 (Drag coefficient. Best shape, l/d ~5.5 has Cd=0.04, but in reality 0.06>0.09)

R=948 N (Hull drag=Af*pdyn*Cd). Note; bare hull drag.

Now we continue to check a propeller for this setup, we use daddy’s method; pencil, paper and Taylor prop diagrams (we will correct for attainable speed later).
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Paq=7804 W (Va*R, this is the effective transport power).

Etap~0.7 (Propeller efficiency, first estimate to find range, select within 0.6>0.8).

From Taylor prop diagram, 4-bladed, BAR 1.0, find the optimum P/D for etap=0.7 (Note that this is NOT the optimum propeller!). That operating point corresponds to:

Bp=6.2 (load coefficient, = n*sqr (Pshaft)/Va*2.5). Dimensions here n=rpm, Psh=hp and Va=knots.

Delta=97 (de=n*D/Va). D=prop dia in feet.

P/D=1.35

This gives us the required shaft power: Psh=11149 W (=Paq/etap), =15.15 hp. Obviously far beyond what you have available. You have a shaft power of about 7600 W (=10.3 hp), assuming transmission losses of 5 %. Now as there are no waves involved in submerged operation, the shaft power is f(Va^3), so the possible max speed with your motor will be 16*(7600/11149)^0.33, which boils down to 14 knot with your 8 kW motor. The corresponding drag is 726 N.

Then back to Mr Taylor and the Bp number: with Va=14 knot and Psh=10.3 hp, we find n=6.2*14^2.5/sqr(10.3); which is 1437 rpm. Using n and Va in the delta expression, you find the prop dia 0.954´, or 288 mm. Pitch is 389 mm. The tip speed is then 21.7 m/s, which secures non-cavitating operation. 

Here the Taylor diagram for 2-bladed prop, better suited for this purpose :
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All marine propulsions that rely on a mechanism imparting an increase in velocity of the working fluid, obey the same physical laws. No matter if we are talking about an oar, paddlewheel, jet or propeller; in the physical sense, they are all pumps by definition! There is a slight difference concerning inflow factors between the machines with a submerged inlet, and those operating ventilated from the surface or supercavitating, they are a separate breed.

The easiest way to demonstrate the performance calculation of a jet unit, is a straightforward calculation from a given shaft power and solve for two or three speeds. If the configuration is unknown, as in Tom’s example, the solution needs an iteration loop for flow, one for pump specific speed and hydromechanical efficiency (see below), one for tip speed (to produce required pressure), and one for cavitation performance. If you plan to do this on a regular basis, it is easy to use Excel format or equivalent, and automate the looping, but with some experience, manual iteration is very quick! There are other schemes, using nomograms for velocity ratios and theoretical momentum efficiency as a function of inlet losses, but they do not serve the illustrative purpose equally well.

Again, we start with a guess on pump hydromechanical efficiency (etap). NOTE: this is NOT the propulsion efficiency as with propellers!! Sounds like backwards engineering, but there is a rationale to it! Pick etap from diagram etap as function of ns, where ns is specific speed. This is a type number that describes the pumps physical configuration from: ns=n*sqrQ/H^0.75 (n=shaft rpm, Q=flow in m3/s, H=pump head in m (equals pump pressure/(9.81*fluid density))). Here, we begin with etap=0.75.
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1/
Pf=7600*0.75, ie 5700 W. 

This is the fluid power available, and equals (flow * pressure). Now we want to know what pressure we have to accelerate the flow; alas, pick a flow. We start with 0.1 m3/s.

2/
pp=5700/0.1, ie 57000 N/m2 (pp is the pressure from pump action).

In addition to this comes the dynamic pressure from the incoming flow, or whatever remains thereof after all the losses we have in the intake, plus the hull boundary layers, have swallowed their share. These are often lumped together in a common ”inlet loss factor”, resulting in an ”inlet efficiency”, etain.

3/
pid=0.5*7.2^2*1000/2 N/m2 (etain here ~0.5, Va=7.2 m/s for 14 kn, 1000 is water density).

4/
pn=pp+pid; here 69960 N/m2.

This is the pressure pushing Q (here 0.1 m3/s) through the jet nozzle. During the passage thru’ the nozzle, there are losses to the flow, mainly friction, so only ~95% (etan) is available to increase the velocity.

Now we can solve the jet velocity from the pressure difference over the nozzle:

5/
Vn=sqr(pn*etan/500); here 11.53 m/s.

According to the momentum law, the thrust we can get from this is the mass flow (ie density*Q) times velocity change.

6/
T=Q*1000*(11.53-7.2); here 433 N @14 knots.

7/
ns=n*sqr(Q)/(pp/9810). 

Now is time for the first iteration loop. We recheck etap, either with the available rpm, or select optimum ns and get the optimum shaft rpm’s. In this case, with n=2000 rpm gives ns=169, indicating a slightly diagonal impeller configuration and etap ~0.70 to 0.75. First etap value selected is thus slightly optimistic as there will be additional losses in the impeller inlet due to strong velocity gradients after the double bends in the inlet channel. This done once, select next flow values, one above, say 0.12 m3/s, and one below, say 0.08 m3/s (you will find that the optimum flow for the example is 0.08 m3/s, giving T=436 N). From here on, there is little need to recheck etap, unless first flow was way out of reason. Nozzle area comes from Q/(Vj*my), where my is a contraction coefficient compensatingfor velocity gradients in nozzle flow, ~0.98.

When iteration for optimum flow comes to a satisfactory end, it is time to check if the pump is capable of  producing the final pressure (pp); iteration loop no three. This mainly boils down to the blade outlet tip speed needed for this configuration. This is pure pumping technology; the 2000 rpm mentioned above, is about minimum for this pump. The pump design is outside the scope of this comparison.

That done, it’s time for the cavitation check, which will influence the impeller inlet area and the maximum rpm. Generally, there should be no problems, provided the inlet tip speed is kept below ~35 m/s for operation close to sea surface. In this case, we are below that and have the benefit of a higher static pressure, so no need for further cavitation check.
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As you can see from the diagram here, this thrust is far below what you get from a propeller. The achievable speed is ~11 knots (5.66m/s)! We burn 7.6 kW of shaft power and get a nominal ”transport power” of  ~2999 W (5,66 m/s*530N), that is a total propulsion efficiency of 39 %, compared to 70 % for the 4-blade propeller, and even higher for a 2-bladed one! QED!

If you spend a few minutes fiddling with the numbers, you will see that the inlet losses are the real culprit for the waterjet. Flush inlets, as in surface vessels, will have etain from 0.6 to some 0.75 if veeeery good design! But the losses are taken from the hull, so the hull drag should be increased to compensate, see hatched lines! The reason I selected the low value of 0.5 for etain is that the inlet on Tom’s sub is positioned in the aft part of the hull, where the boundary layers are thick and have lost much of the original dynamic energy. Pitot type ”ram” inlets can provide slightly higher pressure recovery in the throat, but unfortunately that is balanced by increased bend losses and an increase in vessel drag! 

