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\ .
cles (ROV's). The concept of using a tilting type nozzle for improved maneuvera-

_ " bility is discussad. Though the propulsion” efficiency of jets is less compared t6

that of the pio‘f lers for the velocity ranges usually eneountered\ih ROV move-

ments, the i n of jet propulsion is nsidered in view of the advan-

: t-gu. in improving maneuvering qualities. Also, the limplleit’._y o! the system and

. “less ' ity in pressure comp i adds to its advantages.This study, con-

cerftrates on-the lelect\on of an optimum nozzle configuration for ROV's

\n expenn‘ul sef-up was des:gned and fabricated ror this mvuuphon

Ten dllmnt ‘plexi-glass mul nozzles were.used for five dnﬂmt cm:ulnr disk |

shaped drag plates, simuh&pg the drag of the ROV motion under water. Enerq
losses vere both -experimentally and ically. Walkeffects

-an open water wave tank lor the same nngv of speeds. It waa tonnd that the

LD lsi eﬂ'lcllncy is i for one particul nonlo over.a wnde range of

low rates encountered in the expe&menh Finally, a feasible duxp of a jet pro-

3 polled ROHIb'tl}ﬂng type nnﬂuk presented. This design could be fabricated
and tested for commercial prodnctlon.)\‘ ) -

d in the i | tank were e d by towing the model in"

-~
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. CHAPTER 1

INTRODUCTION .

1.1 GENERAL:
L4

The high cost of employing' commerciul divers for underwater éxplontion

~ £ " & and mspecuon of plpehnwplnﬂ‘orms ,and other marine mstnllnholu, has led to

O.he development of umotely opernted underwater vehlclu (ROV's). Although" .

ese vehicles are_small and slow-moving, they reach depths far beyond diver's

. capabilities [14]. Generally, divers reach to depths like 1500 feet whereas, the

ROV's go down anywhere between 6090 to 20,000 feet depending on the degree °
of sophistication- of the vehicle [15], to perform complex operations as underwater
mining.

A number of systéms are available for underwater exploration. The major

systems include: . :

~ Wet. diving such as seuba, bouice and snbuulion djving. !

- One atmosphere mnnned vehicles, w:th mampulnlon and cameras, either tet]
ered.or autonomous. .
- Remg:élru‘peiitgd vehicles (ROV's), v;vich mliipulntors‘nnd/or cameras, either
tethered or untethered. ’ ’

Of the nhove menhoned systems, remotely operated vehicles (ROV's) hlva
R

N
emerged in the last five years as a domi tool for




of sub-ogean-resources [19],(21]. The following propulsion syjjems are presently in

use: - . -

Propellers [L] driven by 5, /
a) one atmosphere electric motor. ¢ x \
b) pressure compensated, fluid-filled electric motors.

c) pressure compensated hydraulic pumps and motors.

Water jets fascinated man for a long time as a means of propulsion of sea

crafts. However, i is only during the last two decades that it has received serious

i jon in m and li as a means of propulsion. Water

jets were ptudml by various nuthun for the pmpuhmn of surface marine cnl’u in’

such areas as the perfc ‘ analysis [20], hydrod; “design princi| [29],

application to high speed vessels [1,2], componeht study [23] and, experimental
and theoretical investigation [5,(7),[10],[11]. The state-of-the-art [3),(26]: and its

practical considerations [7],(8],[8] were also dealt with in other studies. 4

There are clrcumstancT under which wnter jets are decidedly prefened over

propellers. These mcl\lde' openuon in shlllow wa;sr, high speed crul‘u low noise

levels, easy maneuverab tx and, weed and ice infested areas. C\grrant.reuons for

water jet pmpnl:wn not bem; ldopted more ly are: low 1l efficiency,

high cost of the unit, welght and space pennlhu By proper matching 'of the

water jet i _‘ unit to a given ication, higher are feasible. .




1.2 SCOPE OF THIS INVESTIGATION:

Though jets were used for propulsion of marine vehicles, its application to
ROV propulsion was not tried before. This study is an outcome of the previous

lack of experi results on and i

interest in the feasibility of usiu‘g a

' jet propulsion systex for small, slow-moving ROV's which u: t fluid for

its movements.
~ # - =
The experimental study in this investigation is aimed at studying the effect

of different nozzle profiles on’ the"propulsion performaice and drriviag at the

nozzle. The' al set-up is designed and fabricated, taking into
account the purpose of this investigation. Ten different nozzles of various conical

profiles &re used and for each nozzle, the thrust, the vehicle velocity and head at

——— - _inlet and exit are measured for different flow rates through the mozzle. Also, for

/

each nozzle, these parameters aré measured for different drag plates simulating

the drag of the moving vehicle under water.

The’ wall effects of the i | tank are d by towing the

- modei in the wave tank. Als(, a design of a jet propelled ROV with tilting type

nozzlés is presented in this study.

1.3 ORGANIZATION OF THE THESIS:

In Chapter ‘2 of this thesis, a review of the jet propulsion system is

P d. An jon is derived for ‘optimum efficiency of propulsion, neglect-




ing the inlet head recovery. 4 Y

ter S explains the various parameters and an insight into tin:e“;crm
. n

infolved in uating the performance. ‘ “
4 describes the i | izatiop of the thesis. Details of
upeTt&l ub-'np, test d and i n ion are d in this
) _chapter. o R

In Chapter 5, the rqn[_u of the experiments, the discussion and a com-.
. pirisoe with the tlleor?etic_l.l solutions are presented.

“In Chapter 6, & fll;ib]O design of an ROV with tilting type nozzles'is put-

forth. .~ : !
o : -
Finally, the summary and jions of this i igation are d in
B 3 o
Chapter 7. ¥ ’ 2 i
S 3 o=
~
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STATE-OF-THE-ART AND-LITERATURE REVIEW

2.1 GENERAL:
‘i
Ouly during the last t¥o decades jet prop

was given

and its application was pril l‘ ily towards surface vessels. With the

" advent of ROV’serig.l), jet system was Lhought of 8s a means of pro'pulxion and
|

i Tfé} brief deseription of the basic elements involved in the jet sys- -

R s - . I
tem is presented. _X\‘Zerits and demerits of |jet system are discussed. An expression
is derived fof propulsion efficiency neglecting the inlet head recovery.

2.2 STATE-OF-THE-ART: k #

Most water-jet propulsion systems as hasized in li [3],[28], have three
= \ Hal
basic elements (fig.2). These are, _ *

(i) an intake duct which inducts fluid from outside the ¢raft,

\ ~

(i) & pump for-transmitting energy to this fluid, \—/' . Vs

(iii) an exhau®f duct.and nozzle which guide the jet of fuid outside.




.
e
— I~
¥ li
*
[
- — WINCH/ SxiD/AFRAME |
; . ComOUIIY W ContRouen ¢

. ARMORED CABLE




)
© = Y
= e
- ., . B
S R
ELECTRICAL * ? N
POWER N / . i )
3 HYDRAULIC
3 - POWER
. W[ H+oH o
- o wrake foueTNG ] o Jovetine ) Lo o
’ FORWARD HOTION
(EXCHANGE OF
. <=1 MOMENTUM)
- S
- ¥
- Fig 2 Schematic of Water-Jet Propulsion System for ROV's .
i ’ N . e 5




of perf e ch istics are to be carried out depending on the

particular application lxzi_ £

. 281INLET:

- f

' ol .
The inlet or scoop_ location depends on the hull and water-jet propulsion sys-

tem configuration [5). The msjor design location considerations are in keéping the

vertical distances (whicki produce elevation losses) short, keeping the inlet

immersed in water to prevent aeration, providing sufficient water flow to the

- pumps to produce the required thrust, and /preventing or delaying the inception

of cavitation. Good nlet system design requires low internal losses a.n;iﬁhigh resis-.

tance to cnyitntion during the take-off mode and low externsl drag during crpise

[22]. The scoop must capture the free stream flow efficiently under a range of i

operating conditions bft,“lﬂ take-off and’ cruise. - <=
The et effect of cavitation, in and around theilet, is two fold:
(i) cavitation can produce significant erosion of the inlet material,
(ii) cavitation can degrade the pump performance due to excessive inlet/diffuser
hu«i I and, ultimately, complete ciloking of the flow which\stlrvgth’e pump.

Deﬂmhvo eyaluation of inlet performance [lﬂ] involves the determination of

how aﬁcxen&ly ‘the water can be clptured' over what nnge a! wvelocities mlet

will-iot significantly degrade this cap 8, lnd how much the hull

dreg is.affected by the presence of the inlet. It is possible that some inlet designs
could be low in internal loss but have high external drag effects. An-inlet with




poor flow will experience-a Jarge energy or head loss. A wire mesh to screen off
H 3 .

the debris is desirable in some applications.

2.22 DUCTING:

In a water-jet progulsion system, a certain amount of.duc‘ting must be
instatted” [22} to/move the Wner/jrom the hull inlet to the pump and from the
pump &o the exl;amt n‘ézzle. T‘Ee fl{nction of thf, duct is to deliver the correct
quantity of water to_the entrancé of the impellﬂ’eﬁiciehtly (with minimum pres-
su;-‘e loss)_ and with reasonably u;i:form vela‘city distribution, and .ta exhaust the
water eﬂicienﬂ; ‘The efficiency of the ducting system depends on the length of
the pipe, number and type of trm;s(itians, and pipe ngimess, - N '

In genml a duct system should be lnghb-wexghl (mcludlng the wengm of

wnter), have low vnbratlon levels and low hydrodynamlc loss The hghl.nun  abd_ — ’

vibration levels depend on the material property. The hydmgmnmlq lossés
. ' ks .

include friction losses at internal ducting walls, }-n‘\xing losses (pressure loss and

such as enlargg tractions, etc., and

2.2.9 WATER-JET PUMP:

B
The flinction of the pump in 8 waterjet system 'is to accelerate the sur-
muqd{ng fluid medium or increase the energy of flow, thereby producing thrust.

A pump with high mass flow rate and low hesd performance is: a major




“ o . T TR & i

requirement for efficient operation. However, a high-speed pump will keep the

# duct size end w,ei"ili of the wn‘erjgl system small.

The types of pumps utilised by various propulsion syslim designers include:
(i) centrifugal (radial fow) - high head ahd low spacific speed,
(ii) mixed flow (inclined flow) - medium head and medium specific 3peed, . 5

(;ii) axial flow (propeller) - low head and high specific speed.

- * In ROV npplu-llonl, a su‘:‘gle stage axial/mixed flow pump of sluhble capa-

- L clty is used to mimmm tha size and weight of the vehn:la and increase the pay-
load c»npauty/.

2.24 NOZZLE: - " : : |

Nozzles play s vital rolé in jet b;opubbn as a thrust unit by converting

potential energy into kinetic energy. A good ;{euign ofa noﬂh ‘depending on ‘it{h

t T application [24], will increase the Y Ision’ efficiency of the jet iderably.

The ﬁnt aspect is to determine tlle optlmum area ratio for the dulred |p§ed and

-y then streamlining the nozzle to Iuve a minimum loss. In certain eus, a variable

- area nozzle is found to be useful for a llrge range of lpe!dl !rom take-off to 7

erum cheetuﬁq; of a nozzle l‘orA icul lication is' considered essen-
. .

0 thl.-
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.
2.8 ADVANTAGES AND DISADVANTAGES OF JET SYSTEM:

2.8.1 ADVANTAGES: -

(1) For ROV Applica&ions with a jet system, lgss. pressure compensation is
required. Only the electri!: pump-motor needs to be pressure compensated.
(2) The jet system is much simpler thaw the prt‘)peller,systemz .
M piréet steering and maneuvering control from the propulsor is possible.
(4) For weed and ice infested areas and for.plnces of ‘debris, a jet system is the
only al‘t;{natiw? * ,‘ ’
(5) With a waterjet, it is possible to ‘eliminate external underwater appendages.
(6) A wider ghoice of Iocat_ion of the prdpul‘sjon machinery thsn-is normally
fodnd. ‘ o ~
(7)/El{mination of complex transmission machinery where righbnﬁgle drives are
required, such as in hydrofoilcraft s‘t‘n‘lt propeller applications.
(8) Possible alle:visti'o.n of un_derwater radiated propeller cavitation noise !hro;lgh
more control over cavitation, Ana removal of the propeller from the main body of -
water.
(9) Detrimental eﬂ‘estg of propeller vibration may possibly be alleviated due to "
conirol of umimpeller inflow ch‘nract_eris’iu over that of an open propeller.
(10) For towing (remnvnl of debris from underwater), the wuurlel.s can produce
greater ww -tope pulls than an open propeller; however, a Kort nozzle, |£ this
regard, will be more efficient. i ) W . .

4

w N
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2.8.2 DISADVANTAGES:

(1) In general, a waterjet system will not be as efficicnt as a propeller system,
)

ie,

more horsepower will be required to perform a buticulu function with a waterjet

system.

.(2) The pouibi‘]ity of cavitation at t!:e inlet system can adversely affect perfors

" mance. This means that there are several sources of cavitation to be considered.

(3) Impeller access compared with conventional propeller designs is poor, making

’lnspectio‘n, Tepair, or Temoval of debris difficult.

2.4 PRINCIPLES OF bESIGN

£.4.1 THRUST:

From momentum principles, the thrust of a waterjet is given by

T =pQGV=s4; V;"[l-(%)]

& ’ !
where, e .
Q - flowrate —A,‘- ¥ .
T= Iiimit_gr@uced. ‘

T pm d'e;.sny of the fuid

A= uenof‘tﬁajlet '

. V; = velocity of the j;t

= velocity of the vehicle

4

(1
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2.4.2 ENERGY BALANCE:

The energy balance is obtained by writing Bernoulli's equation for a stream-
line passing through the pump

Hp +Hp - H -

where,

o i
Hp =

head dwelyped by the pump

energy losses in lhe system = K ——

Vi
T

(2)

Hp = dymmlc head recovered at inlet =0 (neghglble for slow speed)

K = loss cuelﬁcient

g = acceleration due to gravity

Thus (2) reduces to
Hence

24 3 OVERALL EFFICIENCY

Hg =0 (smce inlet and d\schurge are at the same level)

. . (%)

(2b)

‘The overill efficiency of the water jet system is deﬂned 8s

pvQ,Hr Trane

@)
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where, = =
no = overall efficiency of the system

Npemp = efficiency of the pump

Substituting for ‘“T" and ‘H’ from equation (1) &nd (2b) ﬁsp‘eclively, we get

v,
=)V, 3

@)

2(1-

1

T I+K Y
where, | -7 i <

\
7 = overall efficiency of the system neglecting the pump efficiency - °
. ..
e . " ) 14 . 4
Differentiating equation (4) with respect to (v—) and equating it to zero, gives
. i 5

! - L g €
=3 » (s)

==

-

Substituting this value of V,/ V,: into equation (4), the optimum efficiency

becomes ) K3 . -

L . . : : e

x Fapa— 1
Noptimen = WFE) " (8)

(neglecting the effect of inlet head recovery). This shows that the optimum
'eﬂ‘leienéy can be m'ily n!)out 50% if hsad recovery at inlet is neglected. Also, the

lower the loss coefficient K, the higher the efficiency of propulsion will be.
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2.5 OBJECTIVES OF PRESENT INVESTIGATION:

(i) To find the optimum nozzle configuration for slow moving ROV applica-
tions.
(ii) To provide experimental results qn jet propulsion of small, slow- moving
.ROV's, l‘he‘velocities not exceeding 4 knots (Fig.3).
J .(iii) To‘ arrive aj the energy loss in the nozzle by e)g;nrimental and analytical

means. 2

(iv) To provide a feasible design of a jet prdl;elled ROV with- tilting type

nozzles which could. be used for commercial production. =




T

L A
o 1 Ve 3 4
VEHICLE VELOCITY (Vy) KNOTS —»

Fig. 3 Schematic Showing the Region of Experimental Investigation
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CHAPTER 8

- REVIEW OF PERFORMANCE PARAMETERS

.

8.1 GENERAL: \

[ “

The objective of this chapter is to show an insight into the various perfor-

mance parameters related to this investigation. Also the terms involved are
5 = s
explained Angl deﬁgea‘ A supporting documentation for the energy losses in the
TR hiaae
| e R
nozzle is provided. K
| : ’ - T
3.2 DEFINITIONS OF PERFORMANCE PARAMETERS:

" 8.2.1 OVERALL EFFICIENCY: - 0

The overall efficiency of the waterjet system is defined as

¢ TV, .

g . o= Joamy e o m
where, ’ ¢
= Oyeulleﬁcig;y of the jet system

T = Thrust produced _ J !

V, = Vehicle veloci‘& » i

p= Mass dgn;ity of the fluid (water) = 1000Kg /m® .




. g = Acceleration due to gravity = 9.81m /s

Q = Flow rate : ' .

Hp = Head developed by the pump-
. Npump = efficiency of the pump = 85%(assumed )
However in the experiment, since the head developed was measured at the

entry to the nozzle, a term called propulsion efliciency of the nozzle 7, is intro-

duced. Hence,

‘ ! _ TV, : .
B ) 'lp—m"nmy . ® ®

where, ! 2 & : -~

»/‘ H, = Heéd developed at the entry to the nozzle.

— . A term 7, which defines the overall efficiency neglecting the pump efficiency,

is taken for ideal case considering that the pump has 100% efficiency. This term

is-not used for as performance parameter in this work.
'

= gy 8.2.2 THRUST COEFFICIENT; \

v
The performance characteristics of water jets should be presented in dimension-

less ities. Thrust coefficient is one.such ter which is :he ratio of the

actual thrust measured to the' thrust which would be produced for the flow

A . . through the nozzle. It is'defined as

Kr




’ defined by the equatxon
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e
© where,
~
: .
Kr = Thrust coefficient
= Mass density of the fluid
Aj; = Exit area of the nozzle
V; = Velocity of the jet =
= =
3.2.8 FIGURE OF MERIT:
Figure of-merit is another di ional perf , obtained
by binil tl\e’ thrust/| and the jet velocity as represented by

\/ ﬁi. This is independenz: of* i’i and the pump rpm and for a given

P g R oy ind d

is p _of the absolute value of the thrust pro-

" duced. If geometrical changes are made in the model, such as the variations in

the jet ares, the static performance i$ compared on the basis of the figure of

merit. The optimum conﬂgurmon “will prodnce the maximum value of figure of

Ament regardless of the magnitude of the thnlst produced. The" ﬂgure of menj s

N
B T~ P
where, .
_Cy= l"‘igure of merit ’ ,
P = Power input. ..




&
zle from the relationship V; = —=.

whicﬁ’reducu to 50 )

32
Cy= [_;_(,A,)'/f P] (10a)

3.2.4 VELOCITY RATIO:

Velocity ratio is another non-dimensional parameter which is used for com-
parison of performance between the nozzles.'It is norrn’llly used for the plotting
of performance curves. The value .of the v:eloeity ratio ‘merely shows a relation-
ship between the velccity ol the vehicle to .the velocity of the set and sinfe it is a.
ratio, the perl'ormnnca of the nozzla could be eomplred by '.he use of this

mﬁ!:r_/ The velocity of the velnele ls measured expenmentnlly and the velo-
city of the jet is obtnned-by knowing” the flow rate and the ult\‘a the noz-

Q " . ° 7

Aj =

8.2.5 REYNOLDS NUMBER:

Reynolds numberis  nou-dimensional number which is & ratio of the,inertia

forces to the viscous forces. It is defined by

. ~ (11)

where, .

R, = Reynolds numi:ey at exit of nozzle




- 8.8.1 HEAD LOSS IN THE NOZZLE:

O - me 2 ‘ -
—

= Exit diameter of the noule/'/
p = Mass density of water =1000 Kg /m?

p = Absolute viscosity of water/at 15 Celsius = 1.139 X 102 Kg /m-s

Taking v = p/p, the reynolds number becomes \
(11a)—
= 1.139 X 10 m?%/s
3.9 PARAMETERS INVOLVED IN ENERGY LOSSES: 8 S

- The head loss in the nozzle are due to various factors like friction. The head
loss necessaril, } occurs when there is a ﬂow through the nozzle, which eonveru %

the potential energy mto the kinetic energy. The head loss due to friction is given ’

. by the “Dncy-Weisbuh' egullion o
. B - -
: f C
sl B m=1 577 (12
L ’ v
‘where, ,
= Head loss in the-nozzle /.' :F -
i '

r~ . :
J = Friction factor depends on surface roughness and reynolds number




L= Length of the nozzle

V, = Velocity under consideration

d = diameter of the nozzle under consideration

3.9.2 LOSS COEFFICIENT: .

Them efficient is a di ional tndi:lutbioo(lhe‘.‘

A .
energy loss to the velocity head at the exit of the nozzle. It is defined by

— A Hy

Y]
1 .

(13)

where, P

&
K = Loss coefficient
”L . Energy loss in the nonle
V;%/2 ¢ = Velocity hud at the exit of the nozzle 4

—~

=
z
8.4 DETERMINATION OF THEORETICAL LOSSES:

The theoretical losses in the mozzle are de&'ermin;d by—~using ‘Darcy-
Weisbach' equation (12) by integration of cylindrical strips across the length of

the noatle. The notzle is divided into strips and each strip is approximated t n_-

" cylinder by taking the average diameter over the small length. The velocity m

obtained by knowmg the ﬂow rate and the lvenge diameter of the strip under.

counsideration. Als\unlng the surfue roughness " (¢=0.001) for the machining
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operation undertaken with polishing, and from the average diameter ot the smp
the relative roughness c/d is calculated. Also the uyn'dﬁ! number is caleulatéd
for each strip and from the moody's chart,-thé friction factor forya strip is found
‘nnd thén/the ‘Darcy-Weisba:h' formula is applied for éach strip to'get the energy |

loss for the stnp l"mally, summation of these energy losses in these strips gives

the oveiall energy loss in the nozzla under consideration.
- ' 3

A compiter program (program 1 in appendix A) is written ﬂnd out the
-
energy losses in the nozzle by lntegratlon ol’ the losses in the strips |nd -program 2

(in appéndix A) gives the jon of the loss icients from the
: - s

loss in the nozzle.

3.5 DETERMINATION OF EXPERIMENTAL LOSSES:

, The expérimental Iosses are deterrhined by finding the total head at the inlet,

. and at the_exit of thé nozzle and then taking the difference between the total
hég;i at_the inlet and t‘he total head at the exit,‘Piezo— electric pressure tnnsdl}é—
ers ;onnected to the pitot tube assembly are used t(lflnd the total head accu-
rately until repeatability is obtained. ngram 4 (in npp‘endi;: A) gives the cnlcu—
lation for the. energy losses from the mesured data obtained rrom the pnezo—

electnc pressure tnnsducers v . \\

AES




& -
CHAPTER |

EXPERIMENTAL QRGANL’A_ATION AND TEST Pl’lOCEDUR’E

.n‘ . .~ ” 5 b ¥
“. " 41GENERAL: . N }

*. " The experimental noxnm v£ designed with the objective of investigating

the use of water-jet | Ision for ROY applications. The influence of the various
: » -
parameters relating h{h‘a performance is recognised and reported in fiterature
=y :

|3),[8],[21|. The expérimental set-up was designed ‘(l";ig.ll)) and successfully use;l to

d ine the perf

' 4.2 EXPERIMENTAL SET!UP:

4.2.1 TEST SET-UP: -
i )

=4 The test set-up consists of a rectangular tank of dimen‘sions 183cm x 183cm x

190cm (Figs.4 and 5). A high flow rate ce];trifugd pump nnd/l'wo\ rotameters in

pn;nllel (calibrated for the ex?e‘rin_unt) are used to measure the flow with two

" gate valves,_one.below each ;vtﬁneter, to, vary the fow rate. A rotating water-'

tight i(;int located at the bottom'of the fixed vertical pipe (Fig.6), and a nozale at ~

¥ the back. end of the lever irm are used. The pump draws wu,;r from the tank

- and discharges it, into the same tank through the lllbme’!ed noazle, thereby
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rotating the whole leyer arm assembly about the rotating joint. In the front end
oPthe lever arm, there is & provision to put different drag plates” to simulate the
drag of the vehicle unde‘r water. There ;s a provision for replacing the nozzle by
means of a screw assembly (Fig.7). There are two cylindrical huoyant floats }
benealﬁ the nozzle to compensate for the welght of the lever arm' to avoid uneven ..

weight tmnsmltted to the rotating joint.

4.2.2 THRUST PLATE ASSEMBLY: ! ’

~ .

The thrust phtu are held A‘rum the top of the expenmentnl tank by\neans
of a fixture and clamps. The ﬁxtlue houses two beams running across the Jngth
] of the tank. In one of the beams, two holes are drilled alligning the holes in the
thrust plates to fix the thrlls! plates by means ‘of bolts without ;ny play. Clamps
* . »

are used as an auxiliary means of support.
g 4.2.8 THRUST MEASUREMENT SET-UP:
( :
N v
The thrust plate a.‘:\Sembly resembles a cantilever beam and the thrust being

applied to the end of the ilever beam. Th; defl 1 by the 3
: thrust phttt are sensed by stlxsin glgu mounted on the surface of these plnlu.. ( &
¢ L The;e éage}?ai-e}ive;l a water proof coating and connected by a full-bridge cir-
e cuit (Fig.il)so) that there is minimum error due to temperaturg difference
v between these gages and ‘sensitivity isv increased. The strain gages are connected

to an amplifier and in turn to a multimeter and an oscilloscope. The previous ' __
o s
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calibration o‘f the strain gages in.terms of load and strain-directly gives the unk-

_‘nown‘grust, knowing the strain developed.
L #
4.2.4 TOTAL HEAD MEASUREMENT SET-UP:

A pit;:t-tube assembly (Fig.12), is‘used for the measurement of total head at
the inlet and exit of the nozzle. A fixture slides o;er the no-z;le and grips it when
stationnry.rx rod which holds the pitot-tube assembly can be ,mv.;ved along paral-
lel to the axis- of the nozzle. This [ncility’makes the measurement of the total

head at the inlet and exit oll the nozzle along the c_entre-line' possible. The pitot-

tube assembly is d to a pi lectric pressure d which in turn,

. is connected to an amplifier, a multimeter and an oscilloscope. Previous calibra-

tion of the pressure transducer in terms of the pressure and voltage direc(y gives

the unknown total head, knowing the voltage produced.

%
4.2.5 MATERIALS:

) " The rotating joint and the lever arm assembly are made 'o!_ alurhinium. The pipe

connections upto the fixed vertical pipe holding the rotating join‘t are made of 2”
PVC pipu.\ The fixed vertical 2" pipe is.made of steel. The drag plates and buoy-
ant floats ate made-of wood (Fig.8) and#®PVC, respectively. The nozzles are made *

of transparent plexi-glass because of its advantages to observe flow on cavitation,

in easy machinability, and miniri surface h
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|
4.2.6 NOZZLES: 28

Nozzles are fabricated from 75 mm diameter transparent -plexi-glass-rod. Ten

Tudi

different conical nozzle ging, straight, and diverg-

. ing sections (Fig8) were made and tested. In all cases, the inlet diameter of the .

nozzle and length of the nozzle were fixed at 52.8 mm and 80 mm, respectively.
‘ . B
The first 75 mm is conicsl and the remaining 5 mm is & straight cylindrical sec-

tion. Thi‘s is,_done to- avoid the possible scattering of the jet and maximise the
. 5

thrust. ° — e -
. . P
4.8 INSTRUMENTATION:
I </
48,1 THRUST: : : ’ "

-

Tempemure compensated strain gages are primarily used for the measurément of
thrus\g. ’l‘wo’d.iﬂ‘erent thrust plates éScm x 5¢m x 0.6cm and 85¢m x Sem'x 1.2cm,
f each \housing four strain gages are used (Fig.11). The former plate is vl‘lsed for
thrusts less than 40 newtqps, while_the laléer for hhms;.s ére’ater,thnn 40 newtons.
The full-bridge c‘i_rcuit with the strain indicator is employed for the thrust meas--
urement. The strain gages are given a pter proof conﬁng.Previons'enélznbutinn of
these gn.nun.tmn_s of load and‘\sthfn”dhectly give the unknown thmst,‘knowing
the ind-ncad ‘u.tuin. The frifion lt the rotating joint is added to th-is observed

zt;mst‘ to give the overall net thrust of the nozzle.

.




- 4.9.0 FLOWRATE: S 2

S . . Theflow ratesare measured using the rotameters in-parallel. These are calibrated

% ’ in terms of volnrne flow (cublc meters per second). The flow rates are varied by

D gate valves; m}e posmoned below esch rotameter 50 as Yo have mdep;nden!

operation.

4.3.3 LINEAR VELOCITY: 8 #
» .

o — ' The angular velocity is fifst found by noting th’g time taken for a definite number

of rotations by using a stop watch correct to oné];inndredth of a second. Know-
L N'ing the radius (length) of the lever arm, the linear velocity is calculated using the

. » g
relation: . . . \ ¢ =

Linear velocity = Angular Velocity x radius ollgyel/mn
N -

4.8.4 TOTAL HEAD: 7

‘The Total head at the inlet of the pozzle is measured using“l pitot. tu_l?e assembly
and piezo-electric pressure transducer (Fig.12). The electrical signal (output) of

‘the transducer is amplified by an amplifier and then observed in 8 multimeter

. 1\

and oscllloanpe (aa volts). The previous
'

pressure and voltage directly give the unknown pressure (or the whl

p of the pressure in -

terms ol'
head), knowm; the voltage produced by the transducer. #
%, . .
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44 TEST PROCEDURE: -

.The _unk is“filled with water to a particular l_e.vel which is maintained
throughout the experiment.d study. However, the nozzle and the drag plate were
fixed before filling up the tank. The thrust plate is placed against.the front face

. of the drag plate for thrust measurements for diﬂ‘e’rent flow rates. With’ t_l{e same
'urlngement, the totai head is measured at inlet’and exit of the nozzle using a
pnot tube. For veloclty meullrements, the thrust plate is nmoved add thes
us!mbly is n.llowed to rotate simulating the motion of the vehxcle under ther

“The wnl! effects are then compensated.

N » '
44.1DATA REC@DING: X ’

All the instruments are turned on 30 mmutes belore each test to allow a
wmn-up period. The caps of !he piezq-eledtfic pressllre lr.snsducers are removed,
clenn;d with cotwwswnbs, rhpped in tunér degrenser and reupped each time .
they are mounted through a brass holder Great cm?tnken in mounting the

. microdot cannectols to the pressure tnniducers and ampijﬁers as the sllghtest
llIINI}‘ ot dirt o: humidity near the :onnechon or a twist in the connector, pro-

duced 8 dnﬂlng'b\;tput voltage. ’l'he output of the chuge amplifier is fed to the

multimeter, an oacllloacope, and & ploner The strain gages are _connected to the

strain ind le piezo-electri pmsure |nd the strain gages are

calibrated - so ‘th’ ¢ the voluge menuremsnu dlrectly give the thrust or the total

N
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Wlth the tbrust plate ngmnst the drag plate, for different ﬂow rates as meas-
ured by a rotameter, the strain indicator readings are noted down. Also with l\le
pitot. tube membly, the total head at the inlet and exit o e nozzle is measured

@
\\. .
using a pmg-electnc pressure transducer. .~

* The angular velocity is measured by a stop watch correct to one-hundredth

of a second. In ord€r to check the repeatability of the results, each parameter i
‘
measured at leasbgten times under similar conditions until nabl

values (within 10%) are obtained.

4.4.2 NOTICEABLE PROBLEMS/ 'RECOMMENDATIONS:

In general, there was a very good consistency h\' the thrust and total hedd

—measurements within the range of 10% deviation. The average of the readings is

taken to be the final value. Also the temperature of the water used during the

experimental investigation was around 15 degrees celsius.
P h

Certain p\r;l;l}tst&cammendltions noticed include: N
(i) Frequent removal and mounting-of the thru‘st platé and pitot-tube assembly
made}t a must to gtick on to the small experimental tank.

(ii) Also the water-tight rotating joi‘nl needs to be removed and gressed at the
start of the experiment 50 that the friction is almost the same as when cnlibr‘l‘ied
(iii) The use of an AC motor could be avoided if a DC motor was lvnlable, tlu
results in steady rpm throughout the course of the experiment u-rqpecuve of lha
load fluctuations.

(iv) The output of-the piezo-electric pressure transducers sometimes shoots up .
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5 ) .
and much care is to be taken to getgepeatability and consistent vajues. So also
with the strain zages, where fluctuations nre‘quite unavoidable.

(v) The thrust of the nozzle is to be applied gradually so that the strain readings

are not erroneous. . " -

%

4.5 ‘WATER,TIGHT JOINT' FRICTION CALCULATION:
The l‘rlchon of ¥ the wster-ught ratntmg joint is found experimentally. The
_dr;g phtu are removed from the end or the lever arm assembly and !he assem-
bly i is len stationary. The flow through the nozzle -is gradually mcrensed until the
Iever arm assembly just starts to move at a stendy mm|m||m speed From the
Aow nte, knowing the area of the jet (snme as the exit area of the nozzle), the
thrust is calculated using the relauon. =
T =pA; V,-z
where,
T = Thrust produced by the nozzle

p = Density of thafuid (water)

= Area of the jet

= Velocity of the jet " R -

This thrust should be equal to'the v{ri}tion at the joint. It is observed tHat
for flow tate of 9.11 X 10~ m%/s, fc‘r}he jet area of 2.01 X 107 m?, the assem-

.bly moves at a steady speed. From these values, the l’riq?{z is found to be 4.128

Newtons. i

2
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4.6 WALL-EFFI ECT COMPENSATION: ’

The wall effects arise due to the presence of the walls glose to the!et as the
-assembly rotates in the tank. Hence wn;ll effects have to-be compensated to avoid
the effects of the clmgn;ss of the walls and:the back eddies-{whirl) formed by the
;et There was also noncaable ‘stirring- effect’ of apparatus to the finite mass of

" water inside lhe tank (at higher speeds of the model in lke tank). The effect of
this stirring is to cause some unsteadlness in the motion of the model. The
unevenness of this is reduced by taking the veloqity‘over a large number of rota-
tions of the n’xodel.\ligweyer, these were compensated when t}:e assembly was
towed in the wave tank, Thus, theory based on sleady‘operst{on is justified.

The compensation is done (F;g.la] in the !oligwing way: The arm assembly
is put in thé wave tank and towed at d{ﬂerent velocities. The drag is measured
using a force tn‘msducer. Friction"of the rotating water-tight joint is added to the
drag to Eiv;_e the total drag (the actual thrust or‘drli in the experimen;,nl tank).
The deviation of this total drag and the Ahrust pro/ducéd. éives thé compensation

. —y s - e s . .
'_// fo\r the wall effects and it is found to be wnhu; 30% for thé range cl‘ speeds

d in this

) \ i oo e




Fig. 13 Photograph of the Wall-Effect Compensation
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CHAPTER 5

e

EXPERIMENTAL RESULTS AND DISCUSSION

5.1 GENERAL: H .
' ~N

This chapter is organised into three major sections. The first part is a discus-

I tank, for various nozzles.

In the second part, the energy losses are presented -and compared with the
i . :

theoretical results. In the last part, the wall-effect compensated results aré put-

forth. The ex;:erimenm work is limited to finding an optimum nozzle for a rangé,
o -

of flow rates and velocities encountered T real practice for ROV's. The general
A » e

water-jet propulsion system for surface vessels have been studied in depth by

various authors (1),(7],(8},(9],[10},(28].

5.2 EXPERIMENTAL TANK RESULTS:

)
‘

Program .'\i‘rund 8 (in u’ppeqdix A)’ gives the calculation of ‘the propalsion

efficiency and &hrust from.the measured data, The results n_p(plaued for com-

parison. It can be s_een\bh‘at as tEe nozzle exit diameter is increased from 18 mm»
to 64 mm (fgr the same inlet diameter of 52.834 mm), the pmpillsion efficiency’s
increased upto.an exit. diameter of 44mm and later upon further increase in exit

diamefer, the em;:lency d;opped down (Figs. 14 to 19). -
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The highest propulsion efficienoy of 42% was reached, for the ‘no-drag plate' con-

dition. Comparison of the efficiency curves for different nozzles with different

PR Mo .,

.
drag plates reveal the same type of characteristic, showing that the nature of the

performance 'u‘ almost a constant. #

The main point to be disc he\rfin is the vnriiﬁun of efficiency with vari-
ation of exit diameters. Thiigh the velocity of jet decreases.as the exit diameter
is'increased, there is a peak value for efficiency. This can be visualised con3ider-

e

ing lhe fact that the eﬂ'lclency is maximum when the velocity. ol the veluc e’

“close to the veloclty he | jet. But when the exit diameter is mcreued more, zhg
veiiiele velocity drops more rapidly th‘h the jet veloci;y. '.hereby' making-their— '

difference more and consequently, leading to the reduction in efficiency. 5 =
—

: s —
The fact that efficiency is maximum C:en the velocity of vehicle is close to

" the jet velocity is applicable to high sp where the inlet hesd

reeovery.unnok_bo neglected. However. aqumon (5) has been derived Ior slow -
- z

speed idations as in ROV‘a, ing the inlet ‘head rmﬂry That is the

reason why the experimental values of effi iciency are lesser than 50% as dlcuted
by equation (5). Also, the points where the propul.uon el’men:y is mummlml the

vehicle velocity- is found eloser to the_jet velm:lty than M. oth! points gvhich is
L3 e

qulu ngood campnuon

“ 5
3




Improving the eﬂ'm necy necmanly involves the lowering of the pump head
' and i mcrensmg the ﬂow frate Lowenng the pump hesd needs the mcorpc:auon of

an axial fow | pllmp for slow moving applications. Incrensa in flow rate does nol.

mean an increase in gozzle size. More than one nozzle can be incorporated aty, °

|
suitable locations in the vehicle for easy maneuverability.

the.theoretical energy l;m’é:urves from N10 to NI is due to the Tacl that the tur-

bulence is higher|for lower numbered nozzles as-the exit diameter is smxli;; for &

no W ~ )
The reason %r the greater différence in error between’the experimental and
2 P

L

.

. given flowr This/ varial ion, of the degree of turbulence might have caused thig ,

3 ‘

difference. | ¢ \ » £
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5.4 WALL-EFFECT COMPENSATED RESULTS:

hefrﬂults after wall effects have been‘compenuted are shown in the figures
23 to 50. It cn; be seen that s the vellicl_e velocity becomes higher, the wall
effects tend to be more. The propulsion emeien-ey for ‘no-drag plate’ condition ’
was almost the same, whereas for theﬁoﬁ‘q\ drag plate mnditiq;s. the wall effect
colmpenntion resulted in the increase o!_th.é prop:ll:ion‘eﬂiciel’:cy by about 10 to
25%, which is qui;e considerable. _

a5 .
5.5 DISCUSSIONS:

—

.~ Figures 23 to 28 give an idea of the vehiel‘g }elocitia for different flow utan..
The vehicle velocity is observed to be maximum for ‘no-drag plate' condillnn\lq_r
N2. Also, N;"h-it the highest vebicle velocity for all drag pltes.
From Fig.20, the maximum eﬁicienq of 43% is _t’ibtnined for the mninu;m
flow rate of 9.1 x 10 m%/s for N5 without a drag plate. Also NS has overall
good performance characteristics for range of flow rates from 2.5 x'lg’,llo 9.1 x

107 1!1‘]‘. N1, N2, N3, N4,..N10 ha'k maxitnum efficiencies of 16%, 22%,

- 4 P
20%, 35%, 43%, 40%, 41%, 38%, 31%, 26% respectively, From Fig.30, the max-

imum eﬂ';eiency of, 0% is obtdined for the '}El_ximum fow rate of 0.1 x

10"‘ m’/.l for. N5 with 20 cm dismeter tirlg plate. N5 has overall good perfor-

_ mance charactetistic from 3.5 x 10 to 0.1 x 10 m3/s. N1, N2PN3, N4,...N10

have maximum efficiencies of l?%; 21%, 28%, 33%, 30%, 37%, 38%, 36%, 20%, -

and ;5% -tupu—:llvcly.
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Fig. 28 Vehicle Velocity Vs Flow Rate for 36-cm Plate (Compensated)
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From Fig. 31, the maximum efficiency of 37% is obtained for maximum flow

rate fof 9.1 x 10 m3/s for, N5 with 24 cin drag plate. N5 has overall good per-
for: ance characteristics for range éf flow rates from 3.5 x 102 "lo q.l X
10 m%/s. N1, N2, /N3, N4,...N10 have maximum efficiencies of 14%, 10%,
?6%, 31%, 31%, 35%, 36%, 34%, 289?/24% respectively. From Fig.32, the max-
imum effciency of 32% s obtsined for maximum fow rate of 0.1 x 10 m3/s foh
N5 with 28 cm diameter dr;g plate. N5 has overall good performance characteris-
tics fof, the range from 3.2 x 10 to 0.1 x 10 m3/a. N1, N2, N3, N4,...N10
have mﬁximurﬂ-eﬂieienciu of !2%, 17%, 22%, 26%, 32%, 30%, 31%, 20%, 26%,
L 21% rupe{cﬁ{!ely.
v
From Fig. 33, the maximum efliciency of 28% is obtained for maximum tlow
rate of 8.1 x 10° m3/a for N5 with 32 cm diameter drag plate.\Ns has overall
good' performance characteristic for the ra‘izge from 3.2 x 102 t0 9.1 x 107 m?¥/s.

N1, N2, N3, N4,.~..N10 have maximum efficiencies-of 10%, 14%, 19%, 23%, 28%,

28%, 27%, 25%, 21%, 18% respectively. From Fig.34, the maximum efficiency of

25% is obtained for maximun flow_rate of 9.1 x 10 m®/s for N5 with 36 cm
diamete; drag plate. N—S has overall good petformance characteristics in the range
from 3.3 x 107 to 9.1 x 10° m%/s. N1, N2, N3, N4,...N10 have maximum
. x

efficiencies of 9%, 13%, 17%, 21%, 25%, 23%, 24%, 23%, 19%, 16% respec-

tively, .- T T - . % |

4 \ _

From Fig. 35pN2 gives the maximum thrust of 117 newtons compared to
“~other nozzles for the flow rate of 8.7 x 10~ m3/s. In addition, N1, N3, N4, N5

has the maximum thrust of 81, 101, 75, 54 newtons for flow rate of 4.1 x 107, 8.5
« K .
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x 103, 8.7 x 107, 0.1 x 10° m3/s respectively. This is due to the h:ct that the
ﬂow; gets choked for N1, N2, N3, N4, N5 at these flow rates. Thrust is reduced
from N6 to N10 as the exit diameter of the nozzle is increased and the maximum
flow rate is held constant. A friction of 4.128 Newtons must be compensated for
at the rotating watertight joint before the thrust is measured. —

—_—

Figs. 36.to 41, show the wall effect compensation for no drag plate, 20 cm,
24 cm, 28 cm,32 cm, 38 cm diameter ;h-ug pl;te:. For no drag plate the wall ~
effects are less. Wall effects increase as the vehicle velocity increases and the max-

imum encountered is around 25% for the maximum speed of 1.6 m/s with 20 cm

- drag pluﬁhe maximum’ wall effects decrease as the size of the drag plate is

increased from 25% (max) to 10% (min).

Fig. 42 gives the thrust coefficient versus velocity ratio. It is seen that the
values fall within the theoretical range (dotted lines). Figs. 43 to 48 show how the
p[opuhion._elﬁciegcy varies with the velocity ratio. Fi;s. 49 to 54 give an idea of
how the figure of merit varies with the velocity ratio. Figs. 55 to 60 give the
results* put in non-dimensionalised parameters i.e. Propulsion efficiency versus
Reynelds n_umbey.

These graphs indicate that as the flow rate is increased, the thrust and hence

the vehicle vciocity is i d. Ce ison of the "' iency curves for different
no:;lu'@ith;iﬂ;n:\t drag plates reveal the same type of characteristic.

5 The' point to be noted is the variatiol ol" efficiency with the change in exit
diameters, Though the velocity of jet decr;nu as the exitv_diameter is il;cral-sed, .

there is a peak value for efficiency. The ;eﬂ‘ieiencf is at a maximum when the
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velocity of the yeliicle is close to the velocity of the ‘je!. As'the exit diameter is

increased further, the vehicle velocity drops more rapidly than the jet velocity,

ther;by incre‘asiné the difference and 1 lé;l‘di’lig to & reduction in
efficiency. )

Improving the efficiency involves the lowering of the pump head and increas-"
ing the flow rate, which needs the incorporation of an axial flow pump.

The losses in the nozzle were found to decrease as the exit diameter of the
nozzle was mcressed -(table 1). However, zhe koss coeﬂ'lclents were decrensmg as
the exit dlameter was increased (table-2 nnd 3)."Theré is no correlmon belween
the losses occuring in the nozzle to the propulsion efficiency obtained. The pro-
pulslbn efliciency depends on the parameters like head developed by pump, the.

flow rate, the jet and vehicle velocities, and thrust produced. The loss

of the whole system will play a role in determining the propulsion eﬂ'lcie‘ncy since

losses in the nozzle are only about 5 to 10% of the entire losses.
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Nozzle |  Flow Rate | Exptl. Loss 'ﬁ_mncicu Loss
“type 'Oxm-' ms | Hyg(m) Hy r(m)
ﬁx T 43 0.354 0.303
lf{z 6.8 * « 0213°
N3 85, 0.110
N4 88 0075 0,063
Ns 9.1 0.043 0.036
No 9.1 0.034 0.020
~ N7 " 9.1 0.026 0.026
N8 0.1 0.021 0,018
No 9.1 0.018 0.018
“N10 9.1 o.oh ’ - 0.013

Table 1

Experimental and Theoretical Energy Loss (Maximum)
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Nozzle Flow Rate Exptl. Loss Coeffit. | Theoretical Loss Coefft.
type | @x103 m¥/s Kg X107  Kpx10?
; X -
,N1 148 2.3 MR
N2 2.08 288 o ol o 1.82
N3 2.08 2.63 F'/ 178
N4 231 2&1—’ 0 2 O
Ns 292 -] 251
N6 321 341 275
N7 321 3n 3.04
N8 380 301 3.35
No 380 " am 372
N0 450 375 301 L
. /
Table 2 Exptl; and Tk ical Loss C (» 2
" L
1. 5
\
- /
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[
]
5 Nozzle |  Flow Rate | Exptl. Loss Coefit. | Theoretical Loss Coeftt.

type | @ X103 m3/s Kgx102 K7 X102
N1 C41 : 166 1.40. S

= ‘N2 68 172 B v

. . i .
’ N3 85 R . 148 -
N4 838 BT 1.63
; - . E
Ns | o1 2.32 201
Ne | s 91 : 254 225
. N7 0.1 T 200 - 2581 1 -
" s
N8 9.1 392 281
. ! & ‘
No 0.1 347 . 3.34
. i

N10 - 91 350 3.56

Table 3 Exptl.vanﬂdT ical Loss Coeflicients (Minimum)
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CHAPTER 6

5 _ FEASIBLE ROV DESIGN WITH TILTING TYPE NOZZLES

6.1 GENERAL: ¢

This chapter deals with the feasible design of a )8t propelled ROV with tilt- -

ing type nozzle. The’ vehicle is-designed gautnlly buoyant’

5 i }hecked for stability. Tha‘expe.time‘ntgl results .from the 32 cms’ diameter drag

|

N .
. ‘Plate can be utilised for this ROV design. Detailed drawings of ‘the vehicle are

presented. Also, a‘control flow diagram is given. The hydraulic system presently

in use is described and compnre;‘l with the design.

= '6.1.1 ORIGINALITY OF THE ROV DESIGN:
The proposed ROV dﬁi;n tame out of an innovative idea of using a jet pro-‘

I 4

The design

. pulsim{ system for small, sl 'a ing ROV
100% orig'inll and upto date, this type of propulsion with 1.il-¢ing type nozzles
have not been tried for ROV applications. The tilting l;pe nonlu- impmv‘e the

o maneuverability of the vehicle. The whole system b‘:eamu simpler and compact.

The fadt that less Bumber of components need to be pressure compensated, adds
o <

to the advnn!uqe over the previous designs.

N
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6.2 FEASIBLE ROY DESIGN:

6.2.1 DESIGN BEQUIREMENTS:

It is essential that the following requirements are satisfied:

(i) the centre of gravity (G) and the centre of buoyancy (B) are on the same vert-
ical line. This is necessary to avoid any overturning couple.
(ii) the centre of gnvit‘y {G) should be well be!ow the centre of buoyancy (B).

This is necessary to ensure, stability of the vehicle in all propulsion modes.

6.2.2 ROV COMPONENTS:

‘The description of the cémponenu used in‘ the ROV design is presented. The

materials chosen are to be light in weight, fow in cost’and suitable for ocean
— s R . 3

environment. _ -

e (i) Mgtors: There are two motors used in this design. One is the main propulsion

° -
motor (three phase 440 Volts AC), with variable frequency for adjustable speeds,

' stepper motor (with double end shaft), for tilting the nozzles. This hasa capabil-
: ’ ity of 18 degree rotation per step. Both these motors are fluid filled pressure

compensated electric motors, .

(ii) Pump: Amraxtal flow pump with high discharge to produce the required thrust

is ux ."}‘bé discharge can be varied with the speed ~ol‘ the propulsiop-motor. A

! ~-Altér mesh at the inlet of the pump is essential £6 screen off the debris.
NI .- i C ! 3
e b y . ;

) H

N The power required to drive the designed vehicle is 5 h.p.(m‘nximum)‘ Second is a )
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i (iii) Solenoid valves: Tw; pre;sure’compensned solenoid valves are \:sed: one for
each nozgle to permit differential flows These valves could.be of two types as
either open/close or gradual open and padual close. ﬁere, gmdu;xl open‘ and gig- >
dual close type is preferréd. S )

2 . \ i

(iv) HuII/Structure The ROV has an enclosed type of hull which reduces tht
drag compnred to the open frame construcuon. Flbr&,reﬁ]orced Plastic is nsed
because of its strength and resistance to corrosion. For b\loynnc):, liquid foam (a
ki:\d of syntactic foam) is used because of its ability to to reach great™depths
(20,000 feet) and can bt_a used in any volume or shape. l

(V) Sensors: The primary sensor for most ROV's is the TV csmera For illumina~
tion, a light source is essential. For search of debm and recovery applicatio 3, 8
sonar system is needed. Velllicle status monitors include a wide variety of sensors,
but three of the more important ones are the compass, deﬁihumeter_, and the
altimeter. NDT e;uipment is needed if «the ROV is to perform some non-

destructive testing. A.lso, Astrobe fBiash is essential fo: easy location of the ROV

while recovery. hd y
6.8 ROV DESCRIPTION:
C
The ROV hu a” lar-box” like a with di ions of 590 x

52 x 300 mm"/hnvmg smooth corner sections and welghmg about 40 K& The
intake ig located at the front end in the centre nnd is cyhndrlcn.l){nvm; an cut-

side diameter of 125 mm with slight tapenng of 8° inward. The intake gnd is

connected to a high flow rate azr'inl flow pump. There is s wire mesh at the inlet

s 45
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to the pum’p t‘o avoid the intake of debris. The discharge is varied by the speed
of the drive motor (diameter 140 mm), by varying the‘l‘requency from b;ud. 'i‘he
dl:iv_e_j motOg‘ is cognected to the pump b;' a large coupling with provision to
absorb-shocks. The impeller diameter is ahoue 140 mm. There are two outlet
discharge 'sections.uf 45 ml;g diameter from the pump and which in turn is c‘on-
nected to a 50 mm diaméter ducting. The ducting is’separated at the ends and
.segl;d'bearingp are employed; one at each end w(hcilitate the rotation of the
nozzles along with\the 90 elbow ducting. Nozzles are connected .at the' end of

the elbow joint.’ -

A stepper motor of 80 mm diameter and 100 mm'iE_ length is placed such ,
s s that its centre of gravity lies 128 mm above and on the s;m; vertical line as the
centre of gravity of the ROV. The :t‘ebper motor has a double end shaft and two
fibre reinforced plastic spur gears (of PCD 128 mrh) are attached; one at each end “
of the shaft. There are two bearings between the gears and the stepper motor.
These spur gears mesh with the gears of the same PCD and same number of
teeth mounted on .the du;tix;g. ‘Two spheroidal ;::nlves, one for each ducting, are
Py ;/ﬁiued in front oi' the gears. These are of the gradual open/close type to facilitate
’,/ 4 easy maneuvering of the vei:ic;le. ‘
. A balancing weight section of 120 mm diameter and 80 mni‘z length is posi-
.tioned at Ih;ea: €nd of the ROV with its .centrelinle at a height of 110 mm from
,: ‘the bne".'kl..up weights- are placed lat the bottom oir the ROV in line with the .

. ROV’# centre of gravity. These ensure prop: .,'l and neutral b y for

T the ROV. Since the ROV is neutrally buoyant, a flexible air bag (operated in case
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of power failure) is placed at the'top centre end of the ROV for recovery of the
vehicle. The hogxt end of the ROV (about 100 to 160 mm) is for equipment auch\
as TV/Camera, NDT, SONAR, etc., All the electrical components such as the
main propulsion motor, the stepper motor and solenoid valves need to be pressure
compensated by enclosing them in a oil container and exposing one end o the
ambient pressure by means of bellows. !

' ’

6.4 NOZZLE CONFIGURATIONS: - . , »
- . P 5
The configurations that could be used for ROV applications fall into two
" P .
categories:

(i) Stationary type

(ii) Swivel type

(i) Stationary type: In this case the nozzles are held stationary witl; respect to the *
ROV body. Hence for each direction of motion of the ROV, there is a nozzle in "
that diree_lion. That is to say for six motions (Fig. 85), there should be six nozzles
with suitable solenoid valves. This increases the weight and the drag of the ROV.
Rotations are possible by differential flow !hmugh‘n pair of nozzles. -\’\ :

(ii) Swivel types In this case, the nczzles aré swivelled with respect to the ROV

5

body. glénce,_;ml_y one pair of ‘nozzles is required. Also, this type ensures motions

in all possible directions by swivelling the\noule to the required direction. For

'-’ rotations, u.in the case of stationary type, differential flow through the nozzles

'would be required.




-109--
z s
e ; UP/DOWN ) ;
cwrcew
ROTATION

«——+ FORWARD/ REVERSE

ey

«—> FORWARD / REVERSE

- . a

ROTATION [ &0

= CW/CEW UP/DOWN

i ’ . a

«——» FORWARD / REVERSE

& Fig. 65 ROV Movements and Nozzle Positions . s




-110 -

"Component Weight(Kg)
Propulsion Motor 15
Pump e 3
Stepper Motor 5

’ Solenoid Valve(2) 2
W}Camera, NDT equipments 5
Rectifier AC/DC o 2
Bearing(4) 0.25
Gear(4) 025
Flange Coupling 0.20
Nozzle Arrangement(2) 0.50
Other Accessories 5

The total weight of the ROV is 40 Kg. The centre of gravity (G) is located on lhe/

same vertical line 70 mm below the centre of Buoyancy (B).
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" , In comparisons of bn.th the.rtypu, witl’l reference to ROV applications, the
", swivel type is preferable due to:
* (i) Lower system weizht.
(ii) Movements in all possible directions is attainable.
(iii) ln-zprc_:ved manéuvering qualities.
(iv) Less drag.
)

v) System‘is\ simpler. / J

# However, the system with a swivel type needs a stepper motor for rotating the |

nozzle pair precisely to the required direction. This makes pressure compensation
D (e

< of the stepper motor essential. —

= 6.5 EXPERIMENTAL SIMULATION:

£ . The designed vehicle in forward lati imull the im | drag |
obtained by using the drag plates. This is done by considering the vehicle to be B
Lelliptical box-shaped and ®quating the vehicle drag and the 'rnodel disc drag,
knowing the coeflicient of drag for both these cases. The a;tual drag considering
the cross section alone for both the ROV and the model will be different (the disc
has a higher drag); However, sinc; the drag coeflicients are taken quite precisely,
. wa.can‘e-quate Lhu; two drag and find the size ‘o[ the disc which has the same

drag as the designed IiOV: .

%Cnvﬂt‘-v vyt . N

Drag a] the vg;ﬁcl\
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Cp y =~ 0.525 (considering the section to be elliptical - 40: shaped; reference 27)

"
Drag of the model dise = %c“, b Ay Vy?
!

Vy is same for both simulation and design cases.
Cp a X_1.03 (considering circular disc drag plate for reynolds number greater
than 2X 104 reference 27)

Using the drag formula for the model disc, the drag of the circular disc plate can
be found. - .

Under simulated conditions, drag of both cases should be the same.

Thus,

i .

1 1

3%v P Ay Vyt= 2 %M P AM vy?
Hence,

Ay =

Com A.V

* Since Ay = % Dy?and Ay =30 X 52 em?,
o
?

Dy =32 em diameter disc plate for forward translations

Dy =2 44 em diameter disc»pl({z for vertical translations

Tho'ugh—ihe;e’might be some means of estimating wake induced drag, a

, direct imation for the i " 1 set-up under i igation is difficult. l-low-

ever, since the velocity is meuura ;ver a large number of l.-avoluuons, the effect

of wake will have been impTicit] nsidered in the m d velocity. Alter a few
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" revolutions, the 'éxperimental observations demonstrated a steady state
behaviour. The unsteadiness due to the walls have however been compensated by
towing the model in the wave tank and the compensated velocities are used in

the calculation of the propulsion eﬂ'lciey:y

6.6 EXPERIMENTAL RESULTS IN ROV DESIGN: =
The experimental results obinined in this investigation giva' an insight into
the jet. propulsion system for small, slow-moving ROV applications. Firstly, the / .

of the fliciency (around 40%), that is obtained by usiné

.jet propulsion for stow speed applications. Secondly, the energy losses that are
occuring in the no‘zz‘les for these mngé of flow rates required to prope] the ROV.
Finally, the experiments help fo choose the best nozzle for a particular applica-
tion taking into account the low rate and the drag of the ROV. Intgrchmging of

the nozzles could be done with ease to obtain the best performance of the ROV.

6.7 HYDRAULIC SYSTEM: " .
d

The system that is currently in use is the hydraulic system. This is bgsical}y
an elee}lo—h)’&uﬁﬁc system having inherent bndvan!sgu as reliability, ease of
mninlennnce‘. and versatility in adaptation of underwater work tools. Normally, a
pressure compensated electric mowrvia used to drive a continupusly running posi-~
tive displacement hydraulic pump at a certain upbgd. Sys‘tem pressure is set at a

-
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definite level over ambient sea water pressure by high pressure reliel valve. A
pressure reducing valve provides a less pressure supply for various low power

requirement actuators (Fig.66).

. A fully pressure compensated hydraulic system could be utilized. This

’
includes a reservoir, with a compensating bladder, within which all valving is

contained. This compensated system is a.lsg tied into the thruster shaft housings
to eliminate high pressure seal and p}wure housing requirements. With this, -tha
hydraulic Jgslem is capable of application to far greater depths without
mndiﬁeati;m 7 —

Fig.ﬂ':l, shows an electrical and control system used in the hf@nulic system.
The power converter consists of a tapped lhr:aphnu lrmfon’ner set in or;‘_ler to
;ccgmmodste a variety of line voltage and umbilical cable len_sths, a gmnnd.
detector, lppl’op:hte circuit ymtectm‘s and a motor starter. A fully pressure com-
pensated submersible electric motor drives the hydraulic pump. Tfhig motor is
operated co;uinuously with a constant load and as a result, voltage regulation
problems are nearly non-existent. Other electrical equipments are operated from
transformers and regul;t‘ed voltage supplies (AC/ DC).

But howevgr. due to more number of components to be pr;uure compen-
satec_l in the case of a hydraulic system, the dnign' putforth in this thesis is pre-
ferred. ‘l"-ig.ﬂ;gi;u: the block dis‘g’rlm of a computer control of an ROV. It is
discretised into two areas, namely the :ompuus\on board and the ROV. The

complete history of the vehicle at each position is well monitored with vehicle

feed back, and a good control of the vehicle is achieved. Fig.60 gives the block
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diagram of the various parameters controlled by the computer and guid}mce sys-

tem of the ROV. . . e
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Fig. 68 Block Diagram of Control System for ROV [22]
. . —
B .
' I —
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CHAPTER 7

SUMMARY AND,CONCLUSIONS

) .. s

%

7.1 DISCUSSION: . -

& s

The results of the research reported in thig thesis is an outcome ofs previous

£y

lack of experimental resultw evarﬁte the feasibility of using a jet propulsion’

> f

system for small, slow-moving ROV's: (velocities not ding 4 Khots), utilising

. )

is aimed/at

-
ambient fluid for its . The
P v

s ¥ TR
studying the effect of different conical nozzles on the propulsion performance and .

arriving at the nptimum.nozzle cou'ﬁgurta’tiqn.

Ten different nozzles of various conical profiles were us_eii for- five dil]‘e;eh:t
circular shaped disk type drag plates simulating tp:e drag: of xu.\ ROV mov:ing
under wate‘r. The energy Ias; in the hozzleswas ﬁielermined l;y experimen(.‘nl and
analytical methods. A feasible design of a jet .propilled ROV with tilting type
nozzles is pr;zsented. Compensation for wall eﬂ'%_cl.s were d‘o“ﬁ’u by .toviling the
model in an open w’nier wave tank, :

It was fﬂlnith;t th‘e nozzle having an exit diameter of 44 mm has a better

©

d to other nozzjeg.

L0§se; for nozzle having exit diameter of 84 mm were found to be minimum.

f ~

s
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I 7.2 SUGGESTIONS FOR FUTURE WORK: -~

;5

The design put forward in this thesis is, of late, a very new concept. It is
recommended to, fabricate .and test the ROV designed, from a hydrodynamic

point of view to exploit its commércial worthiness. Also, the control systems

=) ) upeéts ol/he}OV should be'looked into as regaths to programming, the proper
~ directional control of the ROV, . -
. o & 5 . ’
, ‘ i Hence to co_nclnde,,{et propulsion for ROV's is feasible in view of. better
' ’ maneuverability and control of .the vehicle. . \
-
" v
» =
'
. .
.
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PROGRAM 1:

C...na-n'-ann-nnnacvcan'anatnanl'nnntanatana-nacnnn.nnnn..
THIS PROGRAM COMPUTES THE ENERGY LOSS IN Tl‘E NOZZLE
4 THE FRICTION FACTOR TAKEN IS COMPUTED.AS P!
EQUATION IN THE

c PROGRAM.
AR RARRRRRRARAR AR ARAE R R RRA R A AR A AR AR R AR AR R A A A d A g

UNITS28, EILE='LOSS.DAT', TYPE="NEW')

ggg} 882227, E1Le=" ELONO.DAT , TYPE="01D" )
27, *)M, (A (9).J=1, M)

- _
N=1000 :
PI=3,141592 .
Y1=26.416
DO 50 J=1,M .
9.0 .
10 1—1 N
TE((CE o) AL ~(stng‘comzo
IF XGT'I)ANDéXLE ) GO TO 30
IF (X.3T.80)G0_TO
20 ¥=-0,2455466X+26.416
%o 1
30 .
0 D=(Y1+ Aq .OE-3 .
(J)'lOOO o/(pmm 199E-3) .
¢ pR?rr AQ)- .
F=0, 02803163 . 1464504E-6*RE+0.6957930E- 12*RE* * 2
¢ ' 0;ioe228E17¢REN3
. HF-rST (n/&_q .OE-3*16.0F (A (J) *42)) /(2.0*9.81¢ (PI*42) * (D**5))
¢
H—HDHE1 5
10 CoNTNUE
60 PRINT *,H .
WRITE (28,*)H
50 CONTII :
STOP '
END -




PROGRAM 2:

CHEARRRRR R R AR AR AR R AR R R AR AR AR AR R AR AR R R A E RN R RN R bR e

C THIS PROGRAM CALCULATES THE K VALUES FROM THE

| -1 THEORETICAL LOS: .
P T e R PR e

y—v- -)zf 2. o~c)

e A,
WRITE 34, 5 =
10 CONT:
. Soop
END




PROGRAM 3:

cta.una.n'ﬁlanatanl-'ato)ton.nntnntaiﬁtnthtnttniuat:--nna.n

ES THE EFFICIENCY

THIS PROGRAM CALCULATI
c.unn-nn-nnuu..u.nn.n.nnnn‘-nnnu...“. *a

— OPEN éN??l-z‘f(g?gZ:zi(mm) wéAoo)T%éo?zam) »

OPEN ‘L"ZZ FI LD

10°

. ) READ (21,')ABCDE !

y lei_n i

L 1

30 Rm ﬁu; -) i
no % T-LUN
BEE sy e
RNZ: =1c§o O'U(J *v/ 9 51'1000‘Y(J) 'N(J))

- - PRINT *,Y{(J) 31

WRITE 524 ,90) y( ). ) zd) QU(J) RNZ

60 PRINT *,Y(J) , WV.Z(J]
WRITE (24(9%) ‘{(J)( QNQZ(.s) Q.U ()

B mmn

s 70 NTI

50 CONTINUE

20 CONTINUE
STOP
END
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PROCRAM 4: : e
. S
c...u..........,................................... YT
c CULATES THE TOTAL PRESSURE EROM THE
< PRESSURE_TRANGDUGER READINGS . THF. DIEEEARNCE OF TOTAL
NLET AND EXIT GIVES THE LOSS EXPERIMENTALLY

C...n...-nnnnnnnnn g

L BEAL X(00) (200 z(zgo)zog(zoo) ,V (200) , W (200) , D (200)
Pt Zm {29963 R f o SpeL

10 "
60 NTINUE _
© READ (29, *)N, (A(I),I=1.N) £

DO 20 J=1,

READ (zz 4)D.E.E.C
U(J)=D

V(J)=F

L W(I)=C

20 CONTI
DO’70 I=1,N
READ_(26.%)5.7.U.V
G(I)=:
H(I)=
o(1)=v
70 CONTINUE .
© DO 30 K=1
1} K Yo.016 /0.049 .o
i} 0.028) /0,098

g 192
¢P10~P /3
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WRITE (23, 4o)ALoss AK

% . EGRMAT : N
30 NUé
PROGRAM 5:

CHRR AR AR R AR R R R AR R R R AR AR R R RN AR R AR AR R R AR AR R AR R NS

c HIS PROGRAM COMPUTES THE THEORETICAL THRUST AND THE
[ URED ‘THRUST AND GIVES THE PERCENTAGE ERROR.

EL‘I

[2121s]
oy

Cranw AARRA AR RRA AR

REAL Alsl?lo;.“ZImz‘lLE =1ELOWO.. DAT' 4 TYPE ='0) LD 1

«OPEN UNIT=22, EILE ='STRAIN.DAT',TYP!
UNIT=25, FILE —'MUST DAT', TYPE "N'EW

PI 3 14].592

READ 21 & I).

READ N. (B(1)

WRITE 25 ;‘ 2 i }

DO 1

Ry O'A( /(PI'D *2)

TT = 08 (A1) --zwgor-p--z)

IF (A 1)-0 0029

OT = (1.086*B(I)- 25 983) *9.81/1000.0

& 10100 I’
%0 or = §4 559-511)-235. ) 9-81/1000.0

g

100 (TT-0T) 2

T,
WRITE \(25 ‘}Aél) V3, TT,0r, PE
7 E

o
o
é§

/
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SPECIFICATIONS:

. (i) STRAIN GAGES:

Material

i Temperature range
2 . .

s Resistance -

5 ‘
‘Gage factorat 75 * F
Fatigue life

7’

>, Strein limits 5

(for 1.5 mm gage length)

‘Transverse sensitivity factor

Constantanalloy in

sell-temperature c{pe;saud

form with tough flexible
polymide film backing
-100 * to/+350 ° F :
1200 £ 03%
2.04£0.5%

[N
10° cycles at +1200pe

10%ycles n;tlsouue
3%
+10% .

7
5 (4

o’
¢ .

-
. ‘




£
@ - 1l
(ii) PRESSURE TRANSDUCERS: ) ¢
& 7
a < -
Kistler Model 606A/606L Quartz Presspre Transducer :
7
‘
Range full scale S 3000 psi (21 MPa) %
- Resolution 0.005 psi (0.03 KPa) !
%o . Maximum pressure 5000 |;si (34'MPa) - !
Sensitivity (nominal) - 5.5 peb/psi (0.8 pcb/KPa)
-
Resonant frequency (notninal) ot 130 KHz :
P : r"', . ‘ m *
_ Rise time 3.0 microseconds & st
o, B g
Linearity (zero ba.uq best straight line) +1%
Cgpacitance (nominal) . o 50 picofardds
, Insulation resistance =5 10" ohms .
AcceleFation sensitivity . <0.005 psi/g (0.03 KP./EL -
= ‘ -
Temperature effect oa sensitivity '\ <0.03% ped F . \ ‘
Temperature range g = -350 * to +450 * F i 5
Shock, .1 ms pulse width . 10005 " g
2 Case material @ Ss = B
; i > T, 2B -
Weight . > 0.502(14 gm) .
. . . o 3 L -
. L
- . ’
~
. ) Qe
- 1 * .- =
R :
v .
. \
-
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CALIBRATION: o "

The following devices were calibrated before being used:

(i) the rotameter, to ensure the percentage of flow in terms of cubic metres
—per second. A parallel .sy'stem of rotameters were calibrated by noting the time

takén for pumping out a definite volume of water.

(ii) the strain gages on the lhrust plate, so that the thrust produced is
directly related to the voltlge Stmn gnga vlere calibrated by applyln@ known

load and noting the strain prodnced by astrain indicator.

(iij) the, prusun trmsducer, to read the pr&ure developed directly in terms
%&H voltsp Prusure transducers were c:hbnted using a plswn activated oil

prasure chamber.

. % . .
In all theicases, good care was taken and repeatibility observed.

“vpen
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.

— LERST SOURRES FIT
X COSERVEQ VALUES
A '

4.00 6,00 8, 00 10.00

wxuxn VOLTAGE (volts) mmmxx
2.00 B

8
.

10,00
wwmwm PR

20.00 ' 30.00 40.00 50.00
ESSURE (psi) mmmam




3

— LERST SQURRES FIT

(volts) mmmmm
3,00 400 , s.00

2,00

wmmun VOLTAGE
1,00
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X -

LEAST SQUARES FIT
OBSERVED VALUES

2,00

(volts) smmam
1,50

1.00

" mmumn VOLTAGE
0.50

.00

Calibration of Pressure Transducer [5020/5.17 : Range=20] )

10.00  20.00 30,00
wmuxx PRESSURE (pst) manmm

40. 00

50. 00
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) 3 ——  LERST SOURRES FIT
® ] x GBSEAVED VALUES
. 2
3
8 .
»ad
oy H
-
y i
T
o
§2
E b
=z
e
£
~ * “©
'
H
2
H
‘
W &
) 750 1500 2250 3000 3750 «
maun LOAD (grams) wemm .
¢
o ol

¥
b
Calibratid™t Thrust Plate [Thin Plate]




——  _LERST SOURRES FIT
x OBSERVED VALUES

j0  1e00 1800

1200

1000

wwmx STARIN (micro in/in) mumm

1se %0

5500 w250 7000
wnmm LOAD (grass) mmsm

Calibration of Thrust Plate [Thick Plate]
E ».

vy .
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LERST SOURRES FIT
x GBSERVED VRLUES

n1g*

0,04 ~ 008

wanm FLOW AATE (cu w/s) mumm

A

&4 00

% [ ] Tho 17)
mexx PERCENTAGE OF FLOK mum

3

Calibration of Rotameter
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An example of the plotter output
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