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AB STRA CT

Experimen tal test runs were con ducted to determine

the lift and drag forces acting on the bow seal of the

captured air bubble  tes tcraf t  XR—3.  These forces were
plotted versus velocity for  var ious  ope ra t ing
condi t ions.
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I. IN T RQ~~~~~,~Q.~

A. B A C K G R O U N D

Since t he  ear ly  sixties, the concept of a ir  cushion
vehicles (ACV ) has grown into an extensive research and

development  prog ra m for  the N a v y .  ACV ’s h a v e  been developed
for  overland operation, sea operat ion , or a combina t ion  of
both. The general term for such a vehicle designed to

operate solely on or over water is the Surface Effect Ship

(SES). Surface effect ships are usually classified as

either captured air bubble craft (CAB) or hovercraft .

Hovercraft are severly size limited because of the large

power requ i rements  to l i f t  the vehicle clear of the  su r face .
For this  reason , the hove rc ra f t  is u n s u i t a b l e  to the  N a v y  as
a large tactical SES .

The CAB p r inc ip le  , as a high—speed , o v e r — w a t e r  vehicle,
was conceived at the  U . S  Naval  Ai r  Deve lopmen t  Center ,
Johnsvi l le, Pennsylvania in 1960. The captured  a i r  bubble
craft requires a relatively small power plant because much

of the c ra f t  weight  is supported by a bubble of pressurized
captured air (approximately 80%). As the name suggests,

this captured air is trapped in a plenum chamber beneath the

craft’s wet deck. The plenum chamber of the testcraft XR— 3

is shown in Figure 1. In order to maintain plenum pressure,

air is contin ually supplied from a fan system to the rubble

region to account for air loss due to venting, turbulent

en trainmen t, and other losses. The relatively small air

resupply required for the ca ptured air bubble vehicle

7
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results in the low power requirement mentioned earlier .

Since such a small amount of the ship is actually in

con tac t with the wa ter , there is a significant reduction in
hydrodynamic resistance as the ship is propelled through the

water. This reduction in drag is the primary reason that

CAB type vehicles can achieve speeds up to three times that

of convent ional  ships t h a t  cleave the  water .  In ear ly
exper imen t s  with  a two—ton SES, the Navy foun d tha t only 80

horsepower was needed for a speed of 30 miles per hour,

whereas a conventionally designed shi p of the same size

requires about 500 horsepower (Reference 1)

In order to fu lly exploit the future potential of the

SES, the Navy ’s Surface Effect Ship Project Office (SESPO)

has sponsored extensive research and accumulated much

valuable  da ta,  Resul ts  of this research  have  begun  to
materia l ize and are becoming more and more visi b le to the
public (Reference 2) . One early design target was to

produce a craft weighing approximately 4000 tons and able to

make 80—100 knots. Today there are two 100—ton SES

testcraft and a 22—ton SES testcraft in operation as well as

the 3—ton XR—3. In addition , the Department of Defense has

ordered the design of a 3000—ton  SES k n o w n  as the  3KSES.
Construction of the  3KSES is sch eduled to begin in t he  ea r ly
1980’ s.

The tactical advantages of large modern warships which

can attain speeds of 100 knots are awesome indeed. For

military applicat ions the SES possesses these significant

attributes:

(1) high surface speed and quick reaction time

(2) multi—thou sand ton payload potential

8 
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(3) m u l t i — t h o u sand mile range

(L I ) loiter  a b i l i t y  e i ther  on or of f  the bubble

(5) relative invulnerability to torpedoes, mines and
missiles

(6) s tabi l i ty in high sea state condi t ions .

Perhaps  one of the most fa r  reaching e f f ec t s  of t he  SES
will be to restore the  pr imacy of the su r face  sh ip  over  the
submar ine , since the  SES is ext remely  well  suited to the
a n t i — s u bm a r i n e  w a r f a r e  (ASW) role. The Navy has long

recognized the need for advanced weapons systems and high

speed marine vehicles to maintain its national defense

posture. This research thesis has been performed in support

of this mission. In ordor to improve the  design of f u t u r e
surface effect ships, it is necessary to identify and
inves t iga te  all the sources of lif t and drag on the  craf t .
Only after lift and drag charact eristics have been optimized

will overall craft performance be optimized. This research

deals with the determination of the lift and drag forces

acting on the bow seal of the XR-3.

B. THE XR— 3

The captured  air bubble  t es tc raf t  X R —3 was cons t ruc ted
by the  David Taylor  Model Basin (Na val Ships Resea rch  and
Development Center) in 1965. This three—ton vehicle is 24

feet in length wIth a 12—foot beam It is propelled by a pair

of long—shaft 55 hor sepower Chrysler  o u t b o a r d  eng ines .  See
Figures 2 and 3. Air is provided to the plenum and the

seals by five single—cylinder air cooled internal combustion
engines throug h single stage axial fans. A 110—volt

,9



1500—watt a.c. generator provides power fr~r the da ta
acquisition system .

Imme diately after its construction the XB—3 was put

through a limited test p rog ram by personnel  at NSRDC . In

July of 1967 the A nnapolis D ivision of NSRD C (A NNA DIV) took
over the  project  and conducted bot h calm and r o u g h  water
tests. Modi f ica t ions  were made  in the design of the  I R — 3  to
make it less vulnerable to structural failure (Reference 3).

Full operation of the XR— 3 at ANNAD IV NSRDC was not achieved

until mid—October 1967, and the tes t program was ter mina ted
shortly thereafter. The project was taken over by

Aero jet-General Corporation for further tasting and

evaluation. Aerojet—General conducted more than 100 hours

of waterborne testing in San Diego Bay in the sunner and

fall of 1968. In March 1970, the XB—3 was transferred to

the Naval Pos tgradua te Schoo l (NPS) , M on terey, Californ ia

for investigation of basic and advanced surface effect ship

technology.

C . NAT U RE OP THE PROBLEM

The lift and dra g exerted on the bow seal of a surface

effect ship result from aerosta tic pressure and hydrodynamic

action. The aerostatic pressure results from the plenum

pressure acting across the rear face of the bow seal and the

internal over—pressure of the seal. Since the plenum

pressure is not constant, measuremen t of this force is not

an easy task. A thorough analysis of the forces acting on

the stern seal of the XR— 3 has bean done in Reference ~~~.

The forces on the bow and stern seals are not equal due to

several reasons. The two seals are of similar shape and both

a~ e raked aft from top to bottom (see Figure LI) . The plenum

pressure tends to force the stern seal up and out of the

10

- - - - - - - - -- - - - .-.- --- -



wa ter , but at the same time , it tends to force the bo w seal
down in to the water . Also, the stern seal experiences a

much different flow environment in that some air vents under

the seal during almost all operating conditions .

Information regarding the pressure distribution in the

p l e n u m  is con ta ined  in Refe rences  5 and 6.

Measu remen t  of forces on the bow seal is f u r t h e r
complicated by the  seal ’s f l ex ib i l i ty .  The ab i l i ty  of the
seal to ab sorb wave energy is des i rable  since it acts like a
shock absorber and creates a smooth ride, ev en through rough
water. To determine the hydrod y namic forces on the bow seal

it is neces sary to ne~s u re the total lif t and drag forces
and then subtract the aerostatic force. The lift and drag

forces were measured directly from the load cells from whic h

the bow seal was mounted .  Sinc e the seal is not r ig id  and
there  is no way of knowing the exact shape of the seal at

any ins tan t, it is not possible to accurately determine the

aerostatic force on the seal. A television camera was

installed in the plenum to take pictures of the bow seal to

help determine its shape durin g various operating

conditions, but due to the large “rooster—tail” wake created

b y the seal , the picture was useless for this purpose.

D. THE BOW SEAL

The bow seal of the XR—3 consists of a rectangular frame

120 inches by 146 inches, construc ted of two—inch angle

aluminu, stock. The seal is reinforced in the fore and ~f-t

direction by three—inch aluminum channel stock. The seal bag

is a rubberized fabric, rive ted and glued to the alum ±num

frame . The face of the seal has twelve equally spaced L4 by
‘48 inch spring stays to maintain its shape. The seal bag is

divided into two compartments by a center membrane. This

11



m e m b r a n e  has several large holes to allow air  to f l ow  freely
between the compa rtments.
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II. E X P E R I M E N T A L  PROCEDURES

A. GENERAL

The sit e for all test runs  dur ing  th is  e x p e r i m e n t  was
San Antonio Lake , located 110 miles southeast  of M onte rey .
This lake was or iginal ly chosen as a test site beca u se it
o f f e r r e d  clean , relat ively calm , deep water  and was s ixteen
miles long. As a part of the  Monte rey  County  P a r k s  and
Recreat ion Depar tment , this lake is accessible to the  Naval
Postgraduat e School at no cost to the government . A great
advan tage  of this  site is its excellent  local faci l i t ies
inc lud ing  wide ( twe lve  lane) launching ramps , and a secure
storage area for the  XR—3 a n d  the  chase boat .

Until recently the only disadvantages to this test site

h a v e  been geographic ones  — its dis tance  from the  Naval
Postgraduate School and the high summer temperatures there

(about 100—110 degrees Fahrenheit) . These high temperatures

require that the electronics be sheltered and ventilated

well to preclude overheating . During the time perio d when

these tests were run (.3une—September 1977) another problem

became quickly obvious. California was exper~ encing an

extremely severe drought, and the wa ter level at San An tonio
Lake dropped so low that the XR—3 could no longer be

launched from the normal operating ramp (an alternate ramp

some distance away  had to be used). Also, by this time the
water  level was some 50 fee t  lower t han  n o r m a l  caus ing  t he
lake to become more  na rrow . While  there  was  still more  than
adequate  space to maneuver  as necessary to comple te  the  test

13
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runs , it  became increasingly d i f fI c u l t  to f i n d  large  areas
of calm wa te r  due to wake  tu rbu lence  f rom smaller  pleasure
c r a f t .

Prior  to each day ’s runs , the  tape was marked a n d  the
voice t r ack  was annota ted  wi th  any  per t inent  i n f o r m a t i o n .
All equ ipment  was then calibrated on the  level area of the
boat r a m p  before launch .  Expe r imen ta l  runs were made to
de te rmine  the  total l i f t  and  d rag  forces act ing on the  bow
seal and also to determine the e f f ec t s  of seal pressure and
center  of g r a v i t y  on t hese forces.  R u n s  were  conducted at
the d i f f e r e n t  centers  of g r a v i t y  as indica ted  a n d  the  bow
seal by— p ass was adjusted dur ing  these runs to achieve
various bow seal pressures. Data poin ts were  t a k e n  over  the
en t i re  range  of tes tcraf t  speeds b~ increas ing power  tc the
outboards  increme ntal ly  u n t i l  each d 3sired speed had f u l l y
stabilized. Data  nea r the t r ans i t i on  point  was the  most
d i f f i c u l t  to obt ain because of the i n s t a b i l i t y  of the
t e s t c ra f t  in this  region;  however , accura te  data could be
obtained by reducing power i nc r emen ta l l y  f r o m  the p o s t — h u m p
region.  In order to v e r i f y  tha t  the  recorded p lenum
pressure was a c tua l ly  the  pressure ac t ing  on the  bow seal ,
the  pressur e along the  rear  face of the  bow seal was
measured . This pressure was found to be the same as the
recorded plenum pressure w i th i n  e x p e r i m e n t a l  accuracy.

B. DATA ACQUISITION SYSTE M

An extensive i n s t rum e n ta t i on  system is available aboard
the X R—3.  In t h i s  series of tests , the  pa rame te r s  of
interest  were thrust , ve loc i ty ,  p l e n u m  and  seal pressures ,
pitch ang le  and all load cell forces.  The th rus t  of each
outboard motor is t r a n s m i t t e d  to a ba lanced—br idge  loa d cell
by a para l le logram l inkage , which ensures t h a t  only
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longi tudinal forc es are recorded. The o u t p u t  of the  load
cell is ampl i f i ed  to a r a n g e  of 0 .0  to 1.0 volt d.c.
compat ib le  wi th  the onboard tape recorder .  This vol tage
corresponds to a t h rus t  r a n g e  of 0 to 500 pounds . The
t est c ra f t  velocity is measured  by a Pot ter  velocity meter
located on a support ing s t rut  in the und i s tu rbed  water  ahead
of the t es tcraf t  . This dev ice is a f l owm e t er  consisting of
a small  magnet ized f ree t u r b i n e  in an a x i a l  duct in the
projectile shaped probe. The rota t ing t u r b i n e  wheel induces
a s inusioda ]. voltage in a p ickup  coil located in the  body of
the probe. The f requency of this s ignal  is directly
proprotiona l to t he  f low th rough  the mete r , so also to the
tes tc ra f t  velocity.  A veloc ity condi t ion ing  un i t  , which
contains a f requency  to voltage converter , produces a signal
of 0.0 to 5.0 volts d .c .  corresponding to tes tc raf t
velocities of 0 to ‘40 knots. The signa l is then split , one
bra nch being r educed in vol tage to a r a n g e  of 0 .0  to 1.0
volts d.c. compa tible with the data recording system . The
other signal is used to dr ive a d .c.  vol tmeter , w h i c h  has
been calibrated in knots , located on t he  pilct’ s i n s t r u m e n t
pane]. .

All data tak en onboard the X R — 3  a re  a u t o m a t i c a l l y
recorded on a Penco model 120 — B magnetic  t a p e  recorder .  This
recorder wil l  s imul t aneously  record f o u r t e e n  channe l s  of
data f rom ‘the e lectronic sensors plus t h e  obse rva t i cn s  of
the pilot on the voice edge track.  The i n p u t  range  f o r  each
channel  is — 1 . 0  to 1.0 vol ts  d.c. wit h an accuracy of 1/2%.
The recording uni t , located in a com pa r t m e n t  i m m e d i a t e l y  a f t
of the pilot ’s cockpit , is controlled by means of a remote
control panel on t he  pilot ’s I n s t r u m e n t  pane l .  The 110— volt
a.c. generator  suppl ies  the  26—vol t  d.c. power r e q u i r e d  by
the recorder. In addition , a d ig i tal  vo l tm e te r  is connected
to the data inputs th rough  a ro tary  se lector swi tch  e n a b l i n g
the pilot to easil y moni tor  the Input  to any  channel  as the
expe r imen ta l  tests are being conduc ted .  The easy

15



por tab i l i ty  of the Peico recorder a l lows it to be t aken  f rom
the X R — 3  to the mobile d a t a  f ac i l i t y  at  the  complet ion of
each day ’s operat ions so t h a t  the  data m a y  be i m m e d i a t e l y
reduced and ana lyzed .  Refe rence  7 con ta ins  addi t iona l
in fo rma t ion  on the  data collection and recording sys t em.

C. DA TA REDUCTION

The XR— 3 iobil e data f a c i l i t y  is con ta ined  in a Champion
motor  home. A port ion of the  interior f u r n i s h i n g s  h a v e  been
removed and a complete  data reduction system instal led.
Power fo r  the data systems in the mobile  f a c i l i t y  is
supplied by a self contained gasoline powered 110 volt a .c . ,
5000 wat t  a.c.  generator .  A Penco power supply  is used to
provide  power  to the  tape  recorder , whi le  all other
equ ipmen t  uses the 110—vol t a.c. power direct ly

In addition to the tape recorder , the  dat a reduc t ion
equipment  in the mobile  f a c i l i t y  consists o f :

(1) Signal  selector and condit ioning un i t

(2) Analog to digital  conver te r  and calculator i n ter f ace
module

(3) Monroe Model 1880 calculator

(1$ ) Monroe Model PL—4 digita l X-Y plotter

(5) Hewle t t—p acka rd  Model  7100—B two channel  s t r i p  chart
recorders. See F igure  5.

The signal selector and  condi t ioning u n i t  is t h e  heart
of the data reduction system. It condi t ions the  raw analog

16
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dat a fro m the  tape recorder to supply the proper s ignals  to
the strip chart recorder and to the Monroe  calculator  for
display on the ~onroe I—! plot ter .  The signal condi t ioning
uni t  accepts fou r t een  raw analog inputs  from the  four teen
channels Cf data on the tape recorder. A selector panel
allows the operator to output  any given parameter  on any of
n ine  output  channels. In add i t i on , a su mm ing  circu it is

provided which is utilized to provide a to ta l  t h rus t  signa l
by combinin g the port and starboard th rus t  signals. The
uni t  also provides a means  for  ad jus t ing  the ra n ge of the
conditioned output , and  f i l t ers out high f requency  noise
f rom the data.  Any  two channels  of analog data  may be
displayed on each s t r ip  char t  recorder. The condit ioned
analog dat a may also be converted to digi ta l  for m for
fu r the r  calculations on the  Monroe calculator , or to be
pl otted on the X—Y p lo t ter .A more thorough description of
the data reduction system may  be found in Reference 8.

D. XR—3 TE STC RA F T MODIFICATION

Imm edia te ly  a f t e r  the exper imenta l  work  r ega rd ing  the
stern sea]. (Reference 4) was completed , an extensive
modif icat ion of the  X R —3 was begun by the technica l s ta f f  at
the Nava l  Postgraduate School. In o rde r to p e r f o r m  the
desired exper iment , it was necessa ry to remove t h e  bow seal
(since it was bolted directly to the wet deck) and suspend
it f rom a system of l i f t  and drag cells so t h a t  the
applicable forces could be measured (see Figure 6) . I t  was
decided that the most direct so lution to the problem was to
swa p the seals because then the former stern seal could be
used as a bow seal wi thou t  rebuilding the l i f t  and  drag
cells ’ a t tachment  points. Of course , new mounts  fo r  the
cells needed to be constructed on the hul l  , b ut th at w as

easily done .

17



Even though this modif ica t ion  seemed s t r a igh t fo rwa rd ,
sever al m aj o r  problems were encountered in the process. The
bow and  stern seals were thought  to be exactly the same size
since they  were constructed identical ly;  however , the  f rames
we re s l igh t ly  d i f f e r e n t  in size which made  the f i t  qui te
d i f f i cult. Also , th e holes in the seals ’ f rames ( through
whi ch the seals were bot h o r ig ina l ly  bolted to the wet deck)
we re spaced d i f f e r en t l y  so that  the holes didn ’t lice up
properly when the seals were swapped .

The by—pass  duct ing f r o m  the bow seal to the p l e n u m  was
also modif ied to achieve better control of bow seal pressure
during exper imenta l test runs .  This by—pass  exit duct  was
cut down f rom a 192 square inch area to a 64 square  inch
area. The by—pass system fo r  ad jus t ing  bow seal pressure is
a le ver in the cock pit w h i ch controls a door cover ing  the
exit duct . With the by—pass  fu l ly  open , the  seal pressure
dro ps almost to plenum pressure (about 20 psf) and wi th  the
by—pa ss fu l ly  closed , the seal pressure reaches about  35
psf . Befo re this modIf ica t ion , the b y — p ass mechanism used by
the  pilot was essentially a l w a y s  fu l ly  ope n or f u l l y  closed.
This is be cause the by—pass exit duct area was so l a rge  tha t
even a small  opening of the door caused most of the
overpressur e to be lost. This new smal le r  by—pass  du ct ing
area allows for be tter inc rementa l  contro l of the bow seal
pressure.

On the first day this series of tests were begun ,

another  problem was discovered tha t did not  exist before  the
modi f ica t ions  were completed. There was a strong source of
electromagnet ic  in te r fe rence  on the X R — 3  which comple te ly
blanked out all data inpu ts .  Af t e r  this  intolerable noise
was traced to the  starboard engine ’s igni t ion  system ,
on—site t rouble  ‘shooting was unable to isolate the exact
cause . The solution to this  problem was to rep lace  all
igni t ion parts  to the engine . Even though  this problem was
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easily corrected , it did cause the testing schedule to slide
th r ee weeks , wasting valuable  test t ime while awai t ing
parts and mainte na nce.
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III. gXP~~ Ifl~~~~J~ ~~~2i~I~ ~iiQ ~~~~~~~

A system of co mplex and varying forces acts on the  bow
seal of the Z R— ) over the ent i re  velocity spectru m
investigated in this exper imental  test series. Ma n y  of
these forces are dependent upon  the shape of the seal and
the amoun t  of the  seal which  is immerse d dur ing various
operat ing conditions. Nei ther  of these quan t i t i e s  was
dir ectly measureable during this exper im ent .  The i n t e n t i o n
of this work is to isolate all forces on the bow seal and to
measure the m as they  are t ransmi t ted  f r om the seal to the
h ull of the XR—3 t h r o u g h  the  load cell a t t achmen t  points .

The pre dominant drag force on the  bow seal is the force
created by the bow seal overpressure , whi ch is only s l ight ly
greater  tha n the p lenum overpressure . This  overpressure
acts against  the  a tmospher ic  pressure on the upper  portion
of the seal and against  t he  hydrostat ic  and h y d r o d y n a m i c
pressures on the immersed portion of the seal . This force
is actual ly  a negat ive  drag in the convent ional  sense. Tha t
is, the force tends to push the XR—3 through the water .
A nother  drag force is caused by the h yd rodyna m ic  act icn of
the water  as it im pact s the  immersed area of the bow sea l as
the  X R — 3  moves for ward .  This drag force is posi t ive  and
opposes the motion of the craft . The hydrostatic pressure
also adds a positive contr ibut ion to the total  drag force.
There is also an aerodynamic source of d rag  on t h e  bow seal
created by the air f low as it impacts the exposed bow sea l
frontal  area; however , due to the low test velocities this
force was negligible. The sum of drag forces  on t he  bow
seal was always negative . In other words , the to ta l  effect
of the drag of the bow seal is to help propel the XR—3
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th rough  t. -
~ water during all operat ing condit ions.

All  exper imental  test runs  in this series were per for m ed
wi th  a total craf t  weight  of 6090 lbs. Three d i f f e r e n t
center of g r a v i t y  positions were  tested. These wi l l  be
referred to as the forward  (FWD CG) , middle  (MID CG) or a f t
(AFT CG) positions . In the FWD CG conf igura t ion , the  center
of g rav i ty  of the XR—3 is l ocated 119.6 inches f r cm the
tern .  Likewise , the MID CG conf igu ra t ion  corresponds to a

c nter  of g rav i ty  which is 117.3 inches  f rom the s tern , and

the  AFT CG conf igura t ion  has a center of g rav i ty  which is
113.5 inches from the stern.

Figu res 7 t h rough  10 show graphica l plots of bow seal
d rag against velocity.  Figures 7 , 8, an d 9 r ep r esent the

d i f f e r e n t  center of g rav i ty  positions and Figur e 10 gives a
com b ine d plot of all center of gravity positions. It can be

seen f rom Fi gure 10 that as the center of gravi ty is moved
a f t , the  bow seal creates a la rger nega t ive  drag.  This is
because an AFT CG position causes the bow of the c r a f t  to
pit ch up s l ightly so tha t less of the bow seal is immersed ,
result ing in less hydrodyna m ic  drag.  At the FWD CG position

the bow is digging in to  the  water  causing more h y d r o d y n am i c
d rag.

At th e higher  speeds , the bow seal drag  force b ecomes
smaller in magn i tude  due to the increased h y d r o d y n a m i c  drag
at th ese speeds. The m a x i m u m  speed reached by the XR— 3 as
conf igured  for this exper imenta l  test series was
appro ximate ly  24 knots. If the  drag curves (Figure 10) are
extrapolated to a speed of about  30 knots  , it is apparent

tha t  at about 25 to 29 knot s (depending  on the  center of
gra vity position) the hyd rodyna m ic  por t ion c± drag begins to
dominate the aerostatic portion. At t h i s  point  and at higher
speeds the  net e f fec t  of bow seal drag is positive in the
convent iona l sense .
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The net l ift  force on t he  bow seal is caused p r i m a r i l y
by the displacement  of water  by the  seal. Other
cont r ibut ions  to the  lift force are due to the flow of water
beneath the bow seal and the planing action of th e seal as

the craft moves forward. The lift values represented here

are  the total lif t, includ ing that necessary to overcome the
seal’s own weigh t. Figures 11 throug h 14 show graphical

plo ts of bow seal l i f t  against  velocity.  Figures 11 , 12 , and
13 represent the different center of gravity positions and

Figure 14 gives a combined plot of all center of gravi t y
positions. These l i f t  plots are presented  here to show
g eneral trends.  Measurement  of the l i f t  forces on the bow
seal was complicated by the fact tha t  there was no
opp or tuni ty  to get good calm wa te r data . Bow seal l i f t
varies directly with wave action and since all experimental

test runs  were conducted in choppy water , the l i f t  d ata did
spread into a wide band. It is recommended tha t  f u r t h e r  calm
water  testing be done to more accura t el y de termine  bow seal
lift values.

Even though t h e  data show some scatter , the va r i a t i o n  of
lift with the cent er of gravity position is apparent. From

Figure 114 it can be seen that  as the center  of g r a v i t y  is
m oved a f t  there is less l i f t  created by the  bow seal .  This
is d ue to the fact that  as t h e  center of g rav i ty  pos i t ion
moves a f t , less of the seal is immersed and the  seal
displaces less wat er .

Fig ure  15 shows the total  seal drag of the XR-3  in the
M ID CG conf igura t ion .  Stern seal drag data used here were
obtained f r o m  Reference 1. Throughout  the opera t ing
envelope of the X R — 3 , the stern seal creates a to ta l ly
positive drag and the bow seal creates a to ta l ly  nega t ive
drag.  The net e f fec t  (or the total seal drag) is always
positive , reaching its lowest value immedia t e ly  a f tef
t r ans i t ion  at about 9 knots.
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Figure 16 show s the contribution of the seals to the
total craft drag of the XR—3 . At low speeds the  seals are
responsible for most of the drag of the craft, but after

t r ans i t ion  the seals only account for about o n e — f i f t h  cf the
total c ra f t  drag.  The r emain ing  f o u r — f i f t h s  of the drag is
caused p r imar i ly  by the  c r a f t  sidewalls.

_ _ _ _ _ _  -
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