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ABSTRACT 

In che pose. significant research effon has been directed coward che deep sea, leaving rhe 

coasral and esruarine (rhe mosr producrive pans of rhe ocean) research lacking. Consequenrly, 

Harbor Branch Oceanographic lnsrirurion (HBOI) has been working co provide shallow waJer 

scienrisrs rhe necessary sysrems and cools 10 equal deep worer capabiliries. Research vessels 

·--:> 
ope raring in shallow warer have an imponant design consrrainr: "rhe propulsion s:ysrem must 

ope rare and maneuver rhe vessel wirhour denrucrion 10 rhe ecologically sensirive areas". 

Design of propulsion systems for maneuverabiliry of shallow draft vessels will be imponanr for 

jurure acriviries. panicularly rhose which will nor impinge on rhe bonom. or physically 

damage rhe bonom when run aground. 

This projecr is an experimenral effon 10 develop a propulsion s:ysremfor rhe maneuverability 

of shallow warer craft used by Harbor Branch Oceanographic lnstirurionfor aquaculrural 

research purposes. The appropriate jer propulsion sysrem with rhe rotating nozzle assembly is 

designed to suit the existing conditions. Nou.le protorype conjigurarions (converging, straight 

and divergingj were resred and the experimental results are presented. 
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NOMENCLATURE: 

a.,. . . . . . . . . . . . . . . . Acceleration of the craft 

A,. . . . . . . . . . . . . . . . Projeeted frontal drag area 

A,. . . . . . . . . . . . . . . . Projected side drag area 

A, .. . ............. Exit area of the noule 

C0 , • . . • . . . . . . . . . . . Frontal coefficient of drag 

C0 , • • • • • . . • . . . . . . . Side coefficient of drag 

D,. . . . . . . . . . . . . . . . Frontal drag of craft 

D,. . . . . . . . . . . . . . . . Side drag of craft 

F8 • • • • • • • • • • • • • • • • Buoyancy force of the craft 

g . . . . . . . . . . . . . . . . Acceleration due to gravity 

M, . . . . . . . . . . . . . . . . Mass of the craft 

P;. . . . . . . . . . . . . . . . Input power to hydraulic motor 

P, .....•. . ........ Pressure of hydraulic fluid 

Q ............ . ... . Flow rate of hydraulic fluid 

T . .... . .... . ...... Thrust of noule 

V; .......... . ..... Velocity of jet 

V •..... . .......... Velocity of craft 

W, ..... ... .. .... .. Weight of the craft 

p . ..••••.......... Density of water 
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I. INTRODUCTION: 

Significant research effort has been directed in tl1e past for the development of 

systems for use in the deep oceans. Consequently, the shallow coastal and estuarine 

regions have been given very little emphasis. Harbor Branch Oceanographic 

Institution (HBOI) has been working to provide the necesssary systems and tools for 

the shallow water scientists. Research vessels operating in shallow water have an 

important design constraint -- the propulsion system must operate and maneuver the 

vessel without destruction to the ecologically sensitive areas. Aquacultural research 

limits the use of research craft primarily to maneuverability in shallow waters and the 

propulsion system should not prove to be harmful to the marine life species. This 

narrows the choice to wateijet propulsion systems. 

The science of wateijet propulsion has been in existence since 1661 when jet

propelled craft were experimentally evaluated in England. By 1900, disadvantages of 

hydraulic jet propulsion surfaced as ducting losses and weight considerations. The 

succeeding years till today have not been extremely enlightening in the field of 

waterjets. The advantages of such a system may not have yet been fully realized. 

The past few decades have seen an increase of interest in waterjet propulsion of 

marine craft. Recently, the idea of jet propulsion with tilting type nozzles [l) was 

concieved by the authors for the propulsion of remote-operated underwater vehicles 

(ROVs). 
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Water jets have been studied by various authors for propulsion of surface marine craft 

for deep water applications in such areas as performance analysis [2], hydrodynamic 

design principles [3], application to high-speed vessels [4,5], component study [6] and 

experimental and theoretical investigation (7) . l11e state-of-the-art [8,9) and its 

practical consideration [I 0, I I), also have been dealt with in other studies. 

Basically a waterjet is a marine propulsor in which water is fed to "internal pumps" 

which add energy and expel the water aft through a nozzle. Since water is exhausted 

at a higher velocity than that of the incoming stream there exists a resulting 

momentum exchange. This momentum exchange results in a net thrust being 

achieved. 

Potential benefits of nozzle/jet propulsion compared to a propeller system [I, I 2) 

include the following: 

• The jet propulsion system is much simpler than the propeller system. 

• Direct steering and maneuvering control from the propulsor is possible. 

• For weed-and-ice infested areas, places of debris, and for aquaculture shallow 

water applications, the jet propulsion is the only reliable and safe alternative. 

• Elimination of external underwater appendages is possible with a jet system. 

• A wider choice of location of propulsion machinery in a jet system makes it 

possible to have better designs. 
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Previous work concentrated on jet propulsion for high-speed and deep water 

applications. Very little literature and experimental results are available on jet

propulsion systems for maneuverability of slow speed and shallow water research 

applications. This project is an outcome of the immediate interest and lack of 

experimental results to design a jet propulsion system for maneuverability of shallow 

water aquacultural research craft. 

2. APPROACH TO TilE PROIECT: 

The aquaculture research craft under study is shown in Figure I. Use of open water 

propellers as a means of propulsion is not desirable due to safety considerations. Jet 

propulsion is the only other safe and reliable alternative solution to this problem. The 

design problem is unique in the sense that the jet propulsion system is primarily used 

for maneuvering the craft rather than as a means to propel the craft. The jet should 

not impinge the bottom nor should it have a high velocity. The research craft has a 

speed of only 0.2 m/s and the shallowness limit the maximum depth below the bottom 

of the craft to be only 0.2 m. The existing conditions in the craft allow 4 propulsion 

units driven by two 20-hp diesel engines. Four rotating type nozzle configurations are 

used to maneuver the craft. Figure 2 shows a sectional view of the propulsion system 

with intake, pump section and rotating type nozzle assembly. 
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The experimental project will be handled in two phases: 

e Design (Phase I) 

e Fabrication and Testing (Phase II) 

2.1 DESIGN: 

Design Soe<:ifications: 

For aquacultural research applications, 

(i) The velocity of the craft = 0.2 mls 

(ii) Time to reach the desired speed = 10 seconds 

(iii) The above two imply an acceleration of 0.02 mls2 

(iv) Maximum depth below the craft bottom = 0.3 m 

Design Criteria: 

Review of literature and previous "hands-on" experience by the authors on jet 

propulsion system dictates (for higher efficiencies for slow moving applications in 

shallow waters) the following: 

e Aow rate (Q) should be high -- This is achieved by using 4 nozzles 

simultaneously to maneuver the craft. 

• Vehicle veloci!Y (V.) should be closer to the jet velocity (V;) --This implies 

that the cross-sec!ional area of the nozzle to be large enough for a given now 

to have a jet velocity as low as possible. 
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Initial lksign Calculations: 

Weight of the craft W, = Buoyancy Force F8 = 80 x 10' N 

frontal drag area, A1 = I. 15 m2 

Side drag area, A, = 2.23 m2 

1 2 Drag of vehicle, D = 2 p CdA Vv 

C.,1 (for frontal drag area) = 1.6 (References 13 and 14) 

C0 , (for side drag area) = 2.5 (References 13 and 14) 

Frontal drag of the craft, 0 1 = 35.68 N 

Side drag of the craft, D, = 111.5 N 

Therefore the side drag dictates the thrust requirement. 

Flow around the craft is turbulent since Reynolds Number is 2.16 x 107
• 

Under simulated conditions, 

Thrust of the craft is T, = M, a, + D, 

Mass of the craft, M, = WJg = 8155 kg 

This yield the required thrust of 274.6 N (distributed among 4 nozzles) 

Therefore, the required thrust per nozzle = ~ 

The exit area of the nozzle, A, is limited to 0.03 m2• 
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2.2 FABRICATION AND TESTING: 

The three different prototype nozzle configurations (converging, straight and 

diverging) tested are shown in Figure 3. The nozzles are fabricated from f1ber glass in 

an epoxy adhesive matrix by moulding. This process resulted in an economic and easy 

moulding of the noule. The test set-up is shown in Figure 4. This consists of a 

hydraulic motor that drives the propulsion unit in a tank. The closeness of the bottom 

of the experimental tank and the walls to the nozzle really brings out the real scenario 

in aquaculture research applications. The oil pressure is monitored both at the inlet 

and outlet sections of the hydraulic motor. The flow rate of the oil is measured by 

means of a flowmeter. 

3. EXPERIMENTAL RESULTS AND DISCUSSION: 

Tables I, 2 and 3 give the measured values for converging, straight and diverging 

nozzles respectively. Figure 5 shows the variation of thrust obtained versus the input 

power of the hydraulic motor. The input power (kW) is calculated from the 

expression 

p xQ 
InputPower, P1=-'-- xo. 7355 

171_4 
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As expected, the thrust for the converging nozzle is higher than the other two nozzles 

for a given input power. The propulsion efficiency is higher if the jet velocity is 

closer to the craft velocity . Since the actual flow rate through the nozzle and the craft 

velocity was not experimentally found, efficiency comparison cannot be done at this 

point. However, for aquaculture applications, lower jet velocity is preferred as long 

as it satisfies the propulsion requirements of velocity and acceleration. The diverging 

nozzle was selected to propel the aquacultural research craft. 

4. MODIFIED DESIGN VALUES: 

For the diverging nozzle, a maximum thrust of 102.3 N corresponds to a craft 

acceleration of 0.0365 m/s2
• Time to reach the steady velocity of 0.2 m/s is 5.4798 

seconds. 

However, for the initially specified acceleration of 0.02 m/s2, a maximum steady 

velocity is 0.383 m/s (sideways) and 0.667 m/s (forward). 

5. CONCLUSIONS: 

The experimental study on the nozzle thrusts for the jet propulsion of a shallow water 

craft reveal the following: 

(i) A maximum thrust of 120. I N was obtained for the converging nozzle. 

(ii) The diverging nozzle was selected based on the aquacultural research applications 

of lower velocity and thrust. 
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(iii) The modified values of velocity are 0.383 m/s (sideways) and 0.667 m/s 

(forward). 

(iv) The modified acceleration is 0.0365 m/s1
. 

6. FUTURE WORK: 

The selected diverging nozzle would be mounted on the aquacultural research craft 

and the actual velocity values would be experimentally found to find the propulsion 

efficiency. 
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lliRUST 
PRES SUR rr..ow INPlJf INPiff 

lliRUST 
NO. Olr-F. RATE POWER !'OWER 

(lbO 
M'(psil QCgpm) (hp) (kW) 

(N) 

I 0 .0 300 0 .8 0 .14()() 0 .1029 0.0000 

2 2.5 375 1.5 0 .3282 0 .2414 11.1206 

3 3.0 450 1.7 0.4463 0 .3283 13.3447 

4 10.0 700 1 .3 0.9393 0 .6909 444822 

5 10.5 725 2.5 1.0575 0 .7778 46.7063 

6 17.5 1000 2.9 1.6919 1.2444 77.8439 

7 20.5 1100 3.4 1 .1820 1.6049 91.1855 

8 22.5 1200 3.6 2.5204 1.8538 100.0849 

9 26.5 1300 3.9 2.9530 2 .1756 117.8778 

10 27.0 1400 4.0 32672 2 .4030 120.1019 

Table 1: Experimenlal resulls for Converging Noulc 

THRUST 
PRESSUR A..OW INPlJf INPlJf 

ll!RUST 
NO. DIFF. RATI: POWER POWER 

(lbO 
61' (psi) Q(gpm) (hp) (KW) 

(N) 

I 0.5 300 1.1 0.1925 0.1416 2.2241 

2 1.0 350 1.2 0 .2450 0 .1802 4.4482 

3 5.0 550 2.0 0.6418 0 .4720 22.2411 

4 7.5 700 2. 15 0 .8781 0.6458 33.3617 

5 9.0 725 2.25 0.9517 0.6998 40.0339 

6 11.0 715 2.40 1.0852 0 .7982 48.9304 

7 13.5 1050 2.70 1.6540 1.2165 60.0509 

8 17.0 llOO 2.90 1.86ll 1.3688 75.6197 

9 18.5 1100 3.05 2.1354 1.5706 81.2911 

10 24.0 1300 3.70 2.8063 2 .0640 106.7573 

II 26.0 1400 3.85 3.1447 2 .3129 115.6537 

Table 2: Experimental results for Straight Nov.lc 
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TIIRIJST 
l'llliSSUR A.. OW lNPlJf INPtfr 

lllRUST 
DIR'. Rl\lC POWER rowrn 

(lbl) 
llP (psi) Q(gpml (bp) (KW) 

(N) 

0 .0 300 1.05 0.1838 0.1352 0.0000 

1.0 350 1.15 0.2348 0.1727 4 .4482 

2.0 400 1.50 0.3501 0 .2575 8.8964 

3.0 500 1.80 0 .5251 0 .3862 13.3447 

7.5 650 2. 10 0 .7964 0.5858 33.3617 

10.0 750 2.50 1.0939 0 .8046 44.4822 

14.5 1100 3.40 2.1820 1.6049 64.4922 

17.0 1200 3.70 2.5904 1.9052 7.5 .6197 

19.0 1300 3.75 2.8442 2.0919 84.5162 

23.0 1400 3.85 3.1447 2.3129 102.3091 

Table 3: Experimental results for Diverging Noule 
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