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Abstract 

In 1996. the lnstitute for Marine Dynamics (MD) togrthrr with International Submarinr 

Engineering Research Limitcd (ISER) and Mernorial University of Newfoundlaiid 

( M U N )  proposrd ro design cind test ti 112 scale surfiice-piercing müst for the DOLPHlN 

scrni-subinersible vchicle. The proposed mast wtis requirrd to reduçe miist h g .  and 

hence overall vrhicle drag. md. to provide improved roll control. To improve vehicle 

roll control. a new mast was drsipnrd with a 25% of rhord plain tlap ovcr its lowcr-half 

and active air ejection ovcr its surhcc-piercing uppcr-half. Both rnrthods of roll control 

were independrntly tested in the ZOOm Clear Water Towing Tiink at IMD using a 0.5 16 

sclilc-modcl of the DOLPHIN. This work was crirried out in u r l y  1998. 

This thesis presents and discusscs the results obtriincd froni the sciile-mode1 tests. 

Specifiçally. i t  was found thrit the existing m u t  represented 54% of ovcrall vehicle drüg 

iit the dcepest operiiting draR. while the proposçd niast represented only 26% at this sümr 

draft. With air ejection irom the proposed mut .  the overall drag at the drepest draft 

inçreased slightly to 3 1%. 

The basic proposed mast configuration (no air. no fliip) provided too much vehicle 

counter-roll. However. with the inclusion of air ejection on the upper-half of the 

proposed mast. the vehicle roll moment wüs considerably reduced. in fact. for some tests 

the vehicle roll momeni was rffectively reduced to zero. It was also determined that the 

25% of chord flap on the proposed mast was adequate in providing vehicle roll control. 
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1.0 Introduction 

1.1 DOLPHIN Background 

The DOLPHIN (Derp Ocean Logging Platform with Hydrographic Instrumentation for 

Navigation) is a srnii-submersible AUV (Autonomous Undcrwatcr Vehiclel designrd 

and built by 1nternation;il Submarine Engineering Rssearch Limited (ISER). I t  wvs 

developed as rcplacçnient vesse1 fur the surface 1;iiinches uscd by the Canadian 

Hydrographic Servicc for echo sounding data collection. Sincc its initial deployment in 

the carly nineteen cighties the DOLPHlN hlrï gcnerated interest in hoth civiliün and 

milittiry circles and hiis been adaptrd to pcrform mriny diffcrrnt tasks (Figure 1 .O 1 ). 

Figure 1.01 - DOLPHIN Mnpping Oceun FZoor 



1.2 Description of Existing Mast 

A surface-piercing müst is nn integral part of the DOLPHIN near-siirt'xr vehicle. It is 

used lis ii conduit for air for the diesel cnginc and a mount for trirrnrtry equipmcnt which 

niust bc above the surfacc of the watrr. It consists of a 5" diameter ciluniinum pipe 

mounted vertically from the submersiblr's hull. fiiired by nine 20" or 25" [508nim or 

635mnil frrs-swivcling hiring segments !'or ii total height ( v e r t i d  s p m )  of 15' [-+.6m] 

[Watt 19971. Additiondly. sincc oniy the iiluminum pipe providrs the stmctiiral support 

for thc rnast. 3 g~iy wire is rcquirrti to hrlp support the niast as drrig forces cict on i t .  

Figure 1.02 shows the DOLPHIN in irs operating condition us well ;is the cross-section of 

the trust hirin; segment. The müst hüs üiways been suspected of contributing a large 

portion of the total vehicir drag (approximiitely 40%). 

Cross Scct i on  of Scgment 
(not to scale) 

DOLPHIN Vehicle 

Figure 1.02 - DOLPHIN Profile m d  fairing Segment 



1.3 Czirrent Vehicle Performance 

When an undenvater vehicle turns, the location where the local cross-tlow angle is zero is 

known as the pivot point. In Figure 1 .O3 the pivot point is located at the origin of the 

'XYZ' coordinate friimr (Z* is the turning radius centre). The cross-tlow angle is 

indiclitcd by 'P' in Figure 1 .O3 ( 'y' is the roll angle). Fonvard of the pivot point the 

apparent tlow cornes from the inside of the iiirn. and titi ot the pivot point i t  cornes lrorn 

outsidc ( 's '  in Figure 1 .O3 indicates the distance from the pivot point to the mid-çhord of 

thc lippcndage). In its prcsrnt configuration the mast 1s. in an ideal sense. a passive 

surface due tu the frer-swiveling f~iring segments. This approach wiis çhoscn hy ISER 

because it wiis noticcd that i f  the mast was rigid and fixcd. thcn when thc DOLPHIN 

wçnt into a turn the cross-flow ünglc onto the 15' mast would cause considerable side 

force, and hence roli moment. 

Figure 1.03 - Pivot Point and Cross-Flow for Urdentater Veliicles 



Whilr the mast contributes negligible lift and roll in ;i turn. the DOLPHINs kerl 

contributes signiîïciint l i f t  and roll. The DOLPHlN rssentially acts lis an airplane with 

one wing. which in turn producrs a lugr rolling moment on the vchiçle such that the krel 

movcs toward the inside of the turn. lSER has partially addressed this problem by 

reallocating roll control ciuthority to the vehicle's aft planes. However. the resulting 

liftlroll is still significiin: cnough to rcquire thrit the DOLPHIN mrikr 100' radi~ls tums in 

order to prevcnt too muçh vehiçls roll. In fact. roll angles in sxçess of 30 drgrees have 

hccn loggeci during open sra trials. In Figure 1.03. 'R'  is the tiiming radius of the pivot 

point. whilr 'r '  is the turnirig radius of the mid-chord of the appendage. The local cross- 

tlow ringle at the mid-chord of the keel for a turn of 200' radius is less than ? ' .  

ISER 's Request for New Mast Design 

What is unique to the DOLPHlN is th;it in its present configuriition. the pivot point (axis) 

is loclitrd between the mnst and the krrl [Watt 1997). This compounds the roll-over 

problem that wris idcntified in Section 1.3. 11 should be noted thüt the DOLPHiiV is 

physiclilly capable of initiating 75' radius turns lit top speed with its present control 

surfiices if the rolling problem could be overcome. Through ISER's continuing research 

and design the DOLPHIN has bccn constiintly rvolving since its first incrption. 

Therrfore. in December 1996, ISER requested that a new surfxr-piercing mast design bc 

considrred. As such, a collaborative research, design and testing plan was set up between 

B E R ,  [MD (Institutr for Marine Dynamics) and MUN (Mernoriai University of 

Newfoundland) to design and test a new surface-piercing m a t  for the DOLPHIN. 



1.4. I Design Constraints for Proposed Mast 

ISER requested that the inast be redrsigned in order to fiicilitate the following: 

( i )  Rrducr the overall drtig produced by the rnast: 

( i i )  Use the new mast to "counterxt" the roll produced by the kerl. and: 

( i i i )  Rclocate the rnast in 1i more "appropriate" loctition. 

( a )  The nrw rniist had to resist the drag forces without the use of a p y  wire. Sincc 

the new mut  would have lower overall drag forccs. this criterion wiis eiisy to 

meet. However. i t  wiis required that the new inast provide sufficirnt strength 

agciinst the sidr forces ( l i f t )  thrit would be irnpossd upon it. For the purposcs of 

this projrct. an in depth iinalysis of structural integrity f o r  th<: prototype (ful l -  

scdc)  mast was not considcrcd. The purpose of this project was to drtcrmine the 

hydrodynamic kasibility of the new mast design. 

(b)  The cross-sectional hydrodynarnic How section of the mcist necded to be rnodi tird 

from its existing section. The current section i s  an Ifs 61 TR 25 rudder type 

section. ISER had suggested a new mast with a NACA 0015 cross-section. 

However. while this suggested section may (or may not) have been ideal for fully 

submerged tlow. it may not have been the best (or acceptable) section for surface- 

piercing tlow. Therefore. a suitable mast cross-section was needed to minimize 

the overall drag forces on the mast. 



From item (ii). the new rnast was required to be a control surfxe. and would be 

integrated into the control architecture of the other controi sudaces. The rictual control 

design was not considered as pan of this project. ii was just krpt in mind thiit the nrw 

niast would essriitially br a control surfice andor requirc a control surhçe. With regards 

to items ( i l )  and ( i i i ) .  the nttw miist nerded to be relociited in a more optimal longitudinal 

location dong rhc DOLPHINs hull in ordcr correct :hc "roll-over" prcblem. 



2.  O Proposed Mast Design Issues 

2 . 1  Proposed Mast Stress Design fsszres 

Witli the lack of a guy wire. the new mast requirrd sufficicnt strttngth to suppon drag 

loads. A constant chord length and thickncas for the mast was first assumrd. In addition 

to this. i t  was assumrd ihat the drclg and lift  forces were constant with depth ( L e .  thrre wris 

a ~inifvrm lorid di~tr ib- i t  ion) .  

2 . 1 . 1  Bending Stress 

An ellipse wiis used to approximatc the moment of inertiü of the mast about the longitudinal 

(drap) and lateriil (lift) axes. I t  was drterminçd that for a solid ellipticlil scction thiit the 

inertia-ratio of liR to drag is sirnply the thickness riitio squiirrd ( i . e .  (t/c )'). For cxiirnple. 

for an 20" [508mm] chord and 3" [76mrnl thiçknesï (t/c= l Sr&) the inertiii ratio is 0.0725. 

In other words. the resisting bcnding inertiii of ~ h e  mast for lift is only 2.25% of that for the 

drag. For a hollow section of the iibovc rllipsc. this ratio increues to about 57~ as the wdl 

thickness goes to zero. To çompound this problem. i f  it is assumed thüt for some angle of 

iitta~k that the ratio of the lift coefficient to drüg coefficient is, conservatively. 10 to 50. 

then it is clear thnt the "püth of lerist resistancc" t'or brnding stress is in the lifting direction. 

For ii uniform load. the brnding moment. and hencr bending stress. increüses parabolically 

to a maximum at the end affixed to the hull [Hibbeler 199 11. The surfiice-piercing effrcts 

wrre approximated as a point load acting on the mast lit the surface. For a point load. the 

bending stress increaïes linearly io a maximum üt the end affixed to the hull [Hibbeler 

199 11. The most criticd area of stress coiicentrrition on the mast occurs at the end affixed 

to the hull. and occurs in the lifting (lateral) direction. It was therefore suggesttrd that the 

mast chord (and thickness) be tapered from a minimum at the water surface to a maximum 

at the hull connection to help minimize the stress concentration at the affixed end. 



2 . 1 . 2  Shear Stress 

Shelir stress is a function of shear force and the sheared xc;i [Hibbeler 199lJ. Since the 

shear ;ma dors not differ between the lateral (drag) and longitudinal < lift) directions. the 

average shrar stress is just a fiinction of sheu  force (loadl. For the uniform load. the shcar 

stress will increase linearly h m  zero rit the water surfiice to ü maximum rit the hull 

connection. The whcc-piercing point loiid contributes ii çonstiint sheiu stress dong the 

lrngth of the mast. If a tapered mast is used. then the effective shex  m a  cnn bc increased 

and the stress concentrations near the hull connection elin be reduçed. 

Ideiilly then. the size of the m u t  section üt the hull conncction would have to be pverned 

bv the allowable stress. On the other hand. thc s i x  of the surfiice-picrcing section would 

have to be t~ovemed by ihe necrssüry air-intake m a  and the required ucii for the ielernetry. 

In fiict. it rnay tiirn out that the section sizc at the hull conncction may be smalicr than the 

requircment for the surface-piercing section. In this case a constant section;il-size müst is 

riIl that is required. 

Some special considerations were given to the above criterin. With regards to the tapcrcd 

müst. it should br noted thiit the tapcred mast no longer produces the uniform load 

distribution assumed previously. The effrct is such that for ii iiipered mast with the samr 

liti (drag) as the constant sectional-size mut .  the net force on the mast is locatcd closer to 

the hull. This causes a reduction in the rolling (pitch) moment. Additionally. if the mast 

chord is too smdl (large) then the availlible lift required to countrract the keel lift is too 

srnall (large). Therefore. the proposrd mast needed to be designed such that it met the 

stress requirements. the air-intake and telemetry requirements. is optimized to 

"complement" the keel and is minimized to reducr drag. 



2 . 2  Proposed Mast Drag Design Issues 

2 . 2 . 1  Surface- Piercing Drag 

At the surfxe. the resistance of the mast is offercd by spray driig and wave making drag. 

Wnve drag 1s a function of Froude number. Fr. definrd as 

v 
Fr = - Eq. 7.0 I 

{ , S .  i 

whcre I' is ihr vchicle speed. g is the ncceleriition duc to griivity. and 1 is n rrprcsrntlttivr 

knpth. For surface-piercing stnits (rnasts). spray drag occurs only for Froudr nurnbers 

iibove 0.5 ( 1  is büsed on chord length). Additionally. wave drag rexhes maximilm when 

the Froude number is 0.5 [Chapman 197 11. Wiive formation and wavr drag drop off 

rcipidly nt higher Froudr nurnbers. and are instead replaced by ii thin filni of woter which 

tlows over the strut above the wntcrline. 

For Froide numbers greatrr thnn about three (3). wlivc drng is nsgligiblc and spray driig is 

independent of Froudr nurnbcr for s~irfiice-piercing stnits [Chnpmrin 197 11. For a 70" 

[508mm] chord the speed required for a Froudc number of three (3)  is iibout 13 knots 

[6.7ni/s]. This is very close to the operational conditions of the DOLPHIN. Thcreforc. 

w w e  making resistance was neglrcted and spray drag was the only surface-piercing 

resistünce considered for the mast design. 

Formation and magnitude of spray drag is influenced by the nose shape. Struts with blunt 

leading edges, such as airfoils, cause the spray to climb the strut at steep angles and hence 

greatly increüse drag. The NACA OOxx series of airfoils is one of the worst profiles in this 

regard due to its relatively luge leading edge radius. NACA 16-series and 66-serics are 

better choices of airfoil sections suited for surface-piercing applications [Chaprnan 197 1 

and Rothblum 19761. The syrnrnetric double-arc section, with its sharp leading edge is 

well suited to reduce the spray climb effect [Chapman 197 11. 



Spray drag is ulso affected by the location of maximum thickness dong the chord 

(forebody ratio). It  was detrrmined that rrductions in spray drag could be achieved by 

moving the location of maximum stmt thickness aftward. With regards to the forebody 

ratio. .A, the NACA OOxx-series has its location of maximum thickness located at 30% of 

chord [Abbott 19591. The 16-series has .dc at about 50% of chord and the 66-series has 

d c  ilt about 43% of chord [Abbott 19591, while the symmetric double-arc hris. by 

Jcfiiiitiùii. .A dt c.s;istIy 50% of chorJ. An " ~ ~ y i i i r n s t r i i "  Joübls-arc wri:; iil.;i> xnsillcrcd 

whose .dc is 65% or 33% of chord deprnding on the direction of tlow (note that this 

double-arc is still symmrtric about its longitudinal mis). Whrn çomparing spray drag 

coelfiçients obtainrd by Chapmm [Chnprnan 197 1 ) for 66-scries imd double-arc sections. 

the followin; wüs determinrd: 

( a)  The sy mmetric double-arc (.dw = 50%) offcrs a reïlrtctio~i in drag of about 

35% over the 66-scries (.dc = 45%). 

( b )  The asymmetric double-ürc (.dc = 35%)  irloxwscs drag by about 40% over 

the synirnetric doublc-arc. 

(c)  The üsymmetric double-arc (.dc = 65%) drcrectses drag by about: 

( i )  70% over the 66-series; 

( i i )  60% over the symrnrtric double-arc (.r/c = 50%). and: 

( i i )  70% over the asymmetric double-arc (.&. = 3551. 

(d)  The 66-series airfoil. when operated in "reverse" (.& i i  now about 55%). 

tkcreuses spray drag by about 60% compared to its "forward" orientation. 

This reduction in drag is largely due to the leading edge now being much 

"finer" (as opposed to the relatively srnall change in the location of .&). 



(e) The 66-srrirs (fonvcird operating) and the asymmetric double-arc (dc = 

35% 1 have neuly identical coefficients of spray drag. 

From the above. the asymmetric double-arc with .dc = 65% has excellent surface-picrci~g 

chüracteristics. white the symrneiric double-arc (.dc = 50%) has the next k s t  prrformiince. 

2.2.2 Section Drug 

For a chord of 70" [508mrn] ;ind a vesse1 speed of I O  to 20 knors [5.1 ro 10.3rn/s\. the 

Rcynolds number will be about 2.5 to 5.0 x IOD respcctivc.ly. In this regime. from airfoi1 

Jntü [Abbott 19591 for thicknsss ratios of 15% or less the followin_r was dcterrnined for 

smooth surfaces: 

( a )  The 66-srries and 16-series offer comparable drag coefficients. 

( b )  The 66-series (and 16-series) offer a retilic~iort in drap of about 30% ovcr 

the NACA OOxx seriss. 

From the abovr. eithcr the 66-serics or 16-scrics is equiilly prrferable to the NACA ûûxx 

seriss. 

Work done by Chapmün [Chapman 197 1 1  at Reynolds nunibers of about 1 .O x IOD was 

used to compare 66-series to the double-arc sections. Section drag coefficients (basrd on 

Areci = Cllord Vrrtictrl S p m  ) suggested the following: 

(a) The symmeiric double-arc (.dc = 50%). the asymmetric double-arc (.& = 

35%) ,  and the 66-series foi1 have the same drag coefficients (to within 5%). 

(b) The asymmetric double-arc (.dc = 65%) irzcrenses drag by about 40%. 

1 1  



From the above. the asymmetric double-arc (.r/c = 65%) nreded to br avoidrd for 

submerged application. while the symmetric double-arc (.dc = 50%). the asymmetric 

double-arc (.ut- = 35% ). and the 66-serîes sections were preferred for submerged 

appliclitioii. 

2 . 2 . 3  Mast Raking 

Raking or sweepins of the surfacing piercing tnwt was also çonsidcred. Coffre 119521 

s h o w d  thrit riking the surface-piecing stmt eithrr fonvlird or backwiird rssulted in a 

reduction of the section drrig coefficient. This wic; expected since raking a givcn stnit 

rrduccs the effective thickncss ratio to the oncoming flow. Howcver. raking givcn srnit 

inçrcüses the wctted surface lirea. Thrrchre. rüking the strut did not rcduce the net section 

drag on the strut. Thrrefore. from a section drlig perspective. there is no advantage in 

raking ttic stmt. Spray shcet size was soinewhüt rcduccd by raking the strut fonvürd. and 

increased by rÿking the stmt backwürd. To reducr: rhc complexity of this project. orily an 

un-rakcd mrist was considercd for the new design. 

2 . 2 . 1  Sectional Optimization for Spray Drag and Section Drag 

Recail from section 2.1.1 thlit the optimal section for spray drng wris the asymrnetric 65% 

double-aic section (denoted here as DA-65). with the 5070 double-arc (DA-50) and 66- 

series section 3s secondary choices. Therefore. the " ideal" mast would have a surhce- 

piercing section of the DA-65 type and a submerged section of the DA-35, DA-50 or 66- 

serirs section. However. the real world is rarely ideal. Due to oncoming waves the 

effective mast draft (and hence surface-piercing location) will vary directly with wave 

height. Thcrefore. if a DA-65 section is selected for the surface-piercing, then it will spend 

half a wave cycle in the submerged regime. This will result in an increase in sectional drag 

for that part of the wave cycle (versus a DA-35. DA-50 or 66-series). Therefore. the 

symmetric double-arc was used as the foundation for the proposed mast design. 



2 . 3  Side Force and Roll Moment Corztrol 

The basic concept for the new mivst is for it to just counter-balance the roll produced by the 

kcel when the DOLPHIN performs a tum (or for that matter when therr is a linrar cross- 

tlowi. If  the mast is rigidly connected to the hull. such that it is located at the süme distance 

back h m  the pivot point AS the keel. then for (i mast chord of 20" to 15" [508mm to 

635mnil i t  wüs determinrd that 4' to 5' [ I X c m  to 130crnl of müst respectively was 

rrqiiired to provided the roll balance. Any more than this and of course the mast wodd 

provide too much counter roll. So for a typical mast draR of 9' [2.7m]. it wüs clriir then 

thrit thère would be " too rnuch mast". 

In addition to this. when the DOLPHIN is in ri turn in choppy sras. the effective vrssel 

draR will v n q f .  As ü rrsult. the submrrpetl length of the müst will also chiuigc. and this in 

turn cciuscs thc nct lifi and roll on the miist to viuy. Morcover. the net lift will vary at the 

uppermost portion of the rnast (1.e. where the mnst pierces the surfixe) where the rolling 

ami is the grcritest. The net effcct on the DOLPHlNs stribility will depend Lipon: the 

magnitude of the oncoming waves; the rclütivr frequency (wcivelength) of the oncorning 

wavrs: the rolling frequency of the DOLPHIN: ÿnd the effective rolling darnping ratio of 

the DOLPHIN. Relritively short (wavelength) waves would bc sufficirntly Far enough 

awüy frorn the natural rolling frequency of the DOLPHIN ihüt their effrct would be 

minimal. At the other extreme. it would be expected thiit in loris waves the DOLPHIN 

would simply "tollow the surfrice". The wüves of "critical" length. rspeciliily thosr neür 

the naturül rolling frequency of the full-scalc DOLPHIN, would rrquire spçcial attention. 

Thrrefore. an additional means of roll moment control was required to niaintain vehicle 

stnbility in the "criticai" sea state. 



2 . 3 . 1  Flap Design and Cori figuration 

From the above it was obvious then that a means of controlling the side force. and hençe 

the contributrd roll moment. on the mast wris nrces sq .  It wüs determined thüt it müy be 

nrcessiuy to dynarnically adjust the offset angir (angle of attrick) of the m a t  to çompcnsate 

for the variable submrrged inast length. it was dctrrminrd howevcr. that if only ii few 

degrers of offset arc rcquired. thrn it müy be difficult for the çontrol systrm t» aççurately 

adjust (position) the cntire mast. A more appropriate solution was the incliision of a t h p  on 

the rnxst. The tlap had the ;idvantagr that it required a larger dctlection to iiçhieve the siinit. 

net lift. This cffeçtively incrcased the mechimical çonirol resolution of the mast. In 

addition to this. a ilap has ii smüller inrrtial mass and pitçhing moment and iis such requircs 

lrss control torqiie to operate [Hoemcr 19851. Deprnding upon lilt requirements the ilap 

concept çould be arrangeci in the following configiir;itions: 

( a )  Thc tlap mns the entire length of the masi. 

This configuration would require the tlap detlection to be 

dynarniciilly adjustcd to compensate for the variable müst drafi. 

(b) The tlap runs only part way up  the mast. The flüp is on the bottom portion 

of the mast, and is sized so thüt it  is continuously submerged no mattcr what 

the vessel draft. 

This configuration would also require that the flap br dynamically 

adjusted to cornpensate for the variable mast dralt during sra stritrs. 

Depending upon the desired tuming radius, the vessel speed. and the average vesse1 draR. 

it was determined that the DOLPHlN may be required to nin in both cases stated übove. 

For this reason, the following mast configuration was considered: 



(c ) .  The tlap mns part way up the mast as in (b) with a vertical span of 4' to 5' 

[ 120cm to 1 jOcm]. However in addition to this. an additional 

independcntly controllcd tlap is ciddrd to the upper portion of the mast ( i . r .  

the portion that will pierce the surfax). 

* This configuration would require that the uppcr tlap be adjusted so 

tliat i t  provides ~ i o  lilt  (and htince no roll) in the t~im. The cidvantage 

ùf ihi.; configuratiùr, is ihat as thc lxssel drrft varics. 2nd hcncc thc 

subrnergttd m u t  lcngth varies. the li Wroll contributrd by the entire 

mast section will ~tor v q .  bloreovcr. the verticiil span of the lowcr 

masr section would be selected ro just çounter-balancc the kcrl 

(rrcall Section 7.3). Thc lowrr fliip would simply perform 

"supplernentq*' roll control. 

2 .3 .2  Side Force Control usirig Air Ejection 

Rothblum. leffers. and Smith did some work at the David M. Taylor Rcseÿrch and 

Developrnrnt Center on mrthods of controlling sidr force on surface-pirrcing stnits 

[Rothblurn 19761. One of the mrthods used was air entrainment (air ejection) of the sirut. 

The rnost intriguing result was thai if both sides of the stnit were cntrainrd with air. then 

the side force dccreased to n e u  zero. A thin. evcn shret of air was required on both sides 

of the stmt. Additionülly the air sbeet needcd to Se the samr size on either side of stnit. If 

thesr criteria were met. then vinually zero lift over the simt could be achieved tor angles of 

incidence of as high as 15". This phenornenon wüs independent of velocity. howrver the 

maximum angle of zero lift was reinted to the ÿirflow ejection rate. Using the results [rom 

Rothblum et c d .  [Rothblum 19761. it was determined that for 10 cubic feet of air per minute 

(CFM) [ 4 7  Us], 20 CFM [9.4 Ils] and 35 CFM [16.5 I ls].  zero lift was effective up to 

approximately 6". 1 Z', and 15' respeciively . 



If the air ejrction method w:ts used in place of the upper flap in configuration ( c )  in Section 

1.3.1 übove. then zero lift and hence zero contributed roll could br achieved with the upper 

mast section. The lower mrist section would be selrcted so as to just counter-balance the 

roll contributed by the kerl (reclill Section 2.3). 

It wüs drtrrmined that the "air" required for the air entrainment could in fiict bc the exhaust 

<rom thc d icx l  cnginc aboxd the DOLPHI:li. To ;ipp:oximatc :hc mininum rcqüi:cd 

volumetric How raies for the DOLPHlN müst. the flow rates uscd hy Rothbluni [Rothblum 

19761 were extrapoliited to the full-scale DOLPHlN using a hctor büsed on the cube of rhe 

';cale ( i .r .  fiictor = scalei). To obtain Lero l i f t  on thc Ml-sciile DOLPHlN mast. i t  wiis 

thcn estimlited thiit between 90 CFM [JO I l s ]  iind 350 CFM 1165 l l s ]  of sxhaust wouiû be 

required for iiir cntrainmcnt. Using the 363 in' [5.9 11 cnginc in thc Ge« Rcsources 

DOLPHlN a a basrline at 1800 rpm (revolutions pcr minute). the intiike tlow rate of air to 

thc engine wüs I'ound to be ahoiit 300 CFM [140 I l s ] .  This wüs within the requircd air 

tlow range. although it shoiild be noted thiit the rxhaust volurnetric tlow rate would bc 

highctr. lis the rngines in ncwer DOLPHINs arc Iürger. In addition to this. the DOLPHIN 

uses a turbo charged engine. so in f ~ c t  the air intlow and hence cxhaust outflow would be 

considerably highcr than 300 CFM [ 140 Ils]. 

2 .4 Final Mast Design 

The final mast concept had two hydro-dynamicdly distinct sections. The iippcr section 

wiis optimized for reduced spray drag iuid section drag (in that order) ;ind had active air 

rjection to make it effectively a zero lift deviçe. The lower mast section was optimizrd for 

strength and reduced section drag (in that order) with an appropriate section chosen for 

lifting. In addition to this. the vertical span of lower m a t  section was selected such that it 

done provided enough roll moment to counter the roll moment of the keel. 



The final design of the new müst was determinrd during the design and fabrication process 

of the DOLPHlN mode1 (Section 3.6). The final design was inherently n compromise 

betweèn what was considered "idcal" and what was within the means of hbricrition. The 

full-scliie upper section chosrn for the proposed mast was n double-arc section wirh ri 71" 

[560mm] chord and 16% thickness. The lower section selectrd was a moditird double-arc 

with a 25" [64Ornm] cliord and ;in 17% thicknrss. The vertical span of the lower mast 

~CLIUII 5' -3" [ 160cm]. Tlic iiidifitxtio~ih ieyuiied io thc 1ouc.ï 3i.itidii w r c :  a lcacling 

cdge radius of about 7%; a trailing edge with a wedgc m ~ l e  of 2 7 ' .  and: a 25% of chord 

phin tlap at the trailing edgs. In addition to ihis. 1i vrntillition/end plate wcis incorporatcd 

into the new mast to help minimize interactions brtwcen thc upper and lowcr m u t  sections. 

The proposed niast design 1s presented in Figure 2.01. 

Figure 2.01 - Proposed M m r  Design for DOLPHIN 



3.0 Scale-Mudel Design and Fabrication 

3 .  Scale-Mode1 Constrairtts and Consideratioris 

The goal of the Lest program was to compare the relative performance of the proposed 

(new) niast to that of the rxisring (old) mat. As suçh. i t  wris deçided thnt a scalr-mode1 

i,I tiiç DOLPHIN AUV would be required. The sçiiie-mode1 nceded to ncçuriitely 

represent the outer shape of the full-scde vrhiçle and a11 relevant lippendages. The only 

appendagcs included in the sclile-modrl werc the kecl aiid the niiist. A devrlopmental 

version of the DOLPHlN known 3s DOLPHIN RMS was choscn ris the brisis for the scdc  

modcl. Th<: çonceptud scale-model of the DOLPHIN is shown in Figure 3.01 

Figure 3.01 - Conceprrrnl DOLPHIN Scnle - Mode1 



Front; View Rear View 

Figure 3.02 - Frorrt < r d  Rrlir- Vie i c s  oj' the To\rn- Fislr Dyrltrr~io»ierer 

The scale-mode1 wris built iiround nn sxisting dynnmometer and sting. The dynürnometcr 

chosen wiis originnlly designeci for a II" [300rnrn] diarnctcr iow-fish model. and hrnce is 

rekrred to as the "tow-fish dynümometer" ( Figure 3.02). Thc tow-fish dynnmometer wiis 

capable of rneüsuring forces and moments in  al1 6 degrees of frecdom, as wrll as ihr 

associiited licceleriitions. The sting was essrntiülly a 15' [450cm] long heat-treatrd steel 

pipe with a 6" [ 152rnm] outside diamrter and a K" [ 1 3mm] wall thicknrss. The chosrn 

sting mountrd directly to the [lange of the tow-fish dynamometer. Figure 3.03 depicts 

the profile view of the DOLPHlN scale-model. as well as the mode1 pan names (the 

masts are not shown to completeness). 



Figure 3.03 - Projilr Vicw of DOLPHIN Scrik-Mode1 

The .;cale of the DOLPHIN model wüs decidcd by sütisfying the following four 

constraints: 

( a )  Thcscalt:shouldbebetween1/2;ind2/3; 

( b )  The sting diamster to model diameter ratio should be between 1/4 and 1/3: 

( c )  The centre-line of the sting should coincide with the centre-line of the 

propeller shaft. and: 

(d) The dry weight of the scale-mode1 should be lrss than 1000 pounds. 

The diameter of the full scale DOLPHIN RMS was 39" [lOOcm]; i t  was therefore 

determined that a scde-mode1 bu11 dirimeter between 20" [50crn] and 22" [%cm] would 

satisfy the above constraints. The final scale was dctermined during the design process 

of the model. 



3.1.1 Space- Frame Design 

The type of design used for the scale-mode1 was dctermined by ensuring future tlrxibility 

of the model. As such. the following items were considered: 

The model should be able to accrpt, at a liitrr date. additional spprndagrs 

as per the complete DOLPHIN RMS: 

The model should have an interchangeable ait-end for iuture DULPHIN 

designs; 

The mode1 should bc able to acçept additional intemiil squipmcnt ( i n  

addition to the dynamometer) for future tests. and: 

The model should provide rasy xcessibility to its interior. 

Bascd upon these guidelinrs. spnctr-frrainr or web-and-tniss design was choscn for ihc 

scnlr-mode1 of the DOLPIfIN. The spcicc-frrirne design wiis usrd for the main hull. the 

aft-end. the new mast. and the keel. The spaçe-frarnr skeleton was wrüpped with a "skin" 

to forin the desircd outer shape of the vehiclc parts. The skin wlis atttiched with counter- 

sunk screws to facilitate removal. 

Aluminurn alloy was the chosen rnatrrial used for the spiice-frame design of vehicle 

paris. The frame w u  Fastenrd together with MIG welds. The minimum and maximum 

thickness of aluminum used were 112" [ 13mmJ and 1" [25mmj respectively . This helped 

minimize warpage and "melt-away" during the welding process. Aluminum alloy was 

also used for the skin of the model. A 14 gauge (0.064" [l.6mm]) shret thickness was 

used for the majority of the skin for the vehicle parts, this was the maximum thickness 



that could br easily rolled. yet at the samr time wiis thick rnough to accept a counter- 

sunk machine screw. ,411oy 6061-T6 was used for d l  aluminum in the modrl. This alloy 

has high strength çombined with excellent corrosion resistmce and weldability. as wrll as 

good machinability. 

3.2 Main- Hull  Design 

The main-hull was designed to accept the dynünionirtrr. the keel. the inasts iold and 

new). the ah-end. and the hull-nose. Fabrication and rissrmbly of the hull wcis cornpletrd 

at Technicd Services ai MUN. The main hull of the DOLPHIN has an axi-symrnctric 

circular cross-section, ;ind as such, the webs or ribs could therefore be turned on a liithe. 

The maxirn~im diameter that could bc turned wris 20" [508mtn]; i t  was theretors dtxided 

that the rib diameter of the niain-hull wodd be 20" [508mrnl. Arlding the thickness of 

the outcr skin to the hull  trame resulted in ri model diameter of 20.128" [ 5  1 1.25nim]. 

Therefore the rnodel scde was dctermined as 0.5 16, and the rcst of the DOLPHIN mode1 

was drsigned based on this scale. 

The overall length of the main-hull was 115.5" [193cm] consisting of ninr webs; the 

main-hull was divided into three sub-sections (Figure 3.04). Section 'A '  was 48" 

[12?cm] in length with the webs 16" [JOcrn] on centre. This section was optimized for 

maximum interna1 stowage of future equipment and minimized weight. In addition to 

this, section 'A' was designed ro accept the main-hull nose and future appendages. 

Section 'B' was also 48" [122crn) in length, however, its webs were 12" [30cm] on 

centre. Since this section was designed to accept the keel. the new mast, the old mut .  



and the dynamometer. section 'B' was optimized for maximum strength and maximum 

flexibility of mast and keel locations. Section 'C' was drsigned to üccept the iift-end as 

well lis provide satisfiictory clearance for the sting: its length was 19.5" [jOcm]. 

Figure 3.04 - M l i i r i -  Hirll Spice- F r m w  Llrsi,iy 

Due to limitrd rnanufacturing and hbrication techniques at MUN. the DOLPHIN rnodrl 

was designed in such a way that its configuration of webs and trusses was also its 

assembly jig. The rcsult was that three wcb variations were used in combination with 

four primary beams (trusses) for the main-hull. The primary beams were onhogonally 

mounted to the web sections and ran the full length of the main-hull. Figures 3.05 md 

3.06 depici the main-hull during fabrication. 



Figure 3.05 - Front View of Mah-Hirll F h - i c a r i o n  

Figure 3.06 - Left-Front Vicrv of Mliirz-Hull Ftrbricntiorz 



Segments of two of the primary bearns of section 'B'  would be drlrted after the main- 

hull was fabricated. Also, secondiiry and tertiary beams were iiter added to the main- 

hull. These segments were necessary to stiffen the model. to provide sufficient backing 

for the skin. and to provide a means of attaching the keel and mast(s) to the main-hull. 

To acçrpt the dynamometer. a dyncirnometrr-tube was integrated into the main-hull. The 

dynamometer-tube wüs constructed frorn the same 12" [300mm] diameter üliiminum 

tubing used for the original "tow-fish". Because it wüs decided that the centre line of the 

sting should coincide with the çcntrr line of the propellrr shaft. a section of the 

dyniimometer-tube had to be removrd. The lowcr third of thc dynamometer-tube was cut 

iiway so that it would not protnide throush the main-hull. This cut-away wüs cilso 

n e c e s s q  to provide clearance for the keel attachmrnt. as well as providing easy 

accessibility to the installed dynamometer. In iiddit ion to this. the dynamometer-tube was 

also designrd io accept an rxisting alurninum canister for additional equipment. 

A ft-End Design 

The aft-end of the DOLPHIN is vertically asymmetric. and as such, the shaft-line of the 

DOLPHIN is about 1/3 the distance from the botiom of the main-hull. The geornetry of 

the aft-end of the DOLPHIN RMS is based on the following equation: 

Eq. 3.01 



where. 

D! = diametrr of the iift-end at x,. 

D, = diameter of the main-huli. 

D,, = diameter of the tail-cane. 

.Y, = position dong iift-end. 

Y ,  = over:ill Irngth o f  :if[-end. 

The above eqiiation is ISE'S desirtid shüpr for the aft-end of the DOLPHlN RMS. The 

üft-end of the full-scüle DOLPHIN is in tact cornpriscd of four off-centre conicril sub- 

sections that approximatc this theoretical shüpe. Though the spacing of these sections is 

not quite rquidistiint. it was dccidrd to eqiiiilly spüce the sub-sections on tlir sule-mode1 

in order to fücilitütr modcl fabrication. In addition to this. i t  was neceswry to exclude thc 

fourth (srnallest) sub-section to afford ri 1" [25mrn] mean clcarrince around the 6" 

[150nim] dirimeter sting. To partiiilly compensüte for this. the skin of the third sub- 

section was extended 3" [50mm] over the aft-end frarne. 

As with the main-hull. it was necessary to design the aft-end configuration such thüt it too 

wüs its own assembly jig. Howevçr. brcause the aft-end is tapercd. the primary beams 

were placed on the inside of the frame. This was the rasiest way to mount al1 four 

primary beams at right angles to the d l  four web sections. as well as being able to run the 

beams the full length of the aft-end section. Secondary beams were dso added to stiffen 

the mode1 and to provide backing for the skin. The space-frame of the aft-end is depicted 

in Figure 3.07. 



Figure 3.07 - Aji- Eml Sptrcr - Frcinie Desigri 

3.4 Keel Design 

The krel for the DOLPHIN RMS is a rectiingular plünform hydrofoil and has a unique 

cross-section. The cross-section for the model keel was based upon ri modificd double- 

arc that closely approximüted the full-scale RMS keel. This was donr to hcilitate the 

design and fabrication of the keel. The model keel has a 24- 1/1" [62cm] chord with a 

thickness of 3.6" [9 1 mm] ( 14.7% of chord). and had a leading rdge radius of 112" [ 13mmI 

(3.0% of chord). The model keel had an effective length (vertical span) of 17-1/4" 

[Mcm]. The cross-section o f  the model keel is shown in Figure 3.08. 



Figure 3.08 - Cross-Secriorl Vi'ierv of Scczle-Mode1 Ked 

The structure of the keel was based on ü web-tiiny design. The tangs in thk case wsre 

simply trusses that rm through the centre of the webs riithrr than on their peripheries. 

For the RMS keel. two rangs of 1" [15mm] by 6" [ l52mml secrions were insertcd 

through the four web sections. In addition to this. the tiings werr drsigned to provide a 

means of connrcting the keel to the main-hull. 

The kecl was skinned on each side with 14 gaiige duminum. The skins werr hstened to 

thc keel with çounter-sunk screws. Wliere the skins met at thc trailing rdge of the krel. 

they wcrr joincd with a çontinuous TIG wcld. A 1" [?5mm] diameter alurninurn alloy 

rod was used for the lcading edge. The skin abuttrd to this leading edge rod and the gap 

was filleci with body-filler. The completcd krrl is pict~ired in Figure 3.09. 

The krel for the DOLPHlN mode1 was designed to Fit into Section 'B' of the main-hull. 

A requirement of the design was that the keel could be located at various locations dong 

the main-hull. In addition to this. future keel designs needed to be able to be affixrd in 

the same manner as the DOLPHIN RMS keel. The result was such that a portion of the 

keel was inserted into the main-hull and fastened with bolts. The bolt-holes on the keel 

were 1-112" [38min] on centre, while the holes on the main-hul! were 3" [76mm] on 



centre. Therefore the keel could be repositioned a( 1-i/?" [38mrn] intervals. With the 

RMS kcel. i t  wlis possible to position the keel 16-i/?" [J 19mml forward and 3" (76mml 

a h  of its design location. It should be noted that once the bolts were tightened. the krçl 

wris in hct held in place by the friction load betwsen the main-hull and the keel tangs. 

Figure 3.09 - Completrd Sccile-Mode1 Krel 

3.42 Keel-Bulb Design 

Attached to rhe end of the keel was the kccl-bulb (Figure 3.01). The keel-bulb w u  

hbricated from a 6" ( 152mmI nominal diameter Schedule-JO üluminum pipe. The 

outside of the bulb wüs tumed down to 6.55" [166.4mm] and the end of the pipe was 

intemally threaded to accept the nosr and tail of the keel-bulb. In addition to this, the 

upper section of the keel-bulb was rnachined with a cutout that provided a pas-through 

for the keel so that the tangs could be fastened to the bottom of the keel-bulb. 



3.5 Proposed Masi Design 

The proposed (new) m u t  for the scde-rnodrl DOLPHIN had two distinct sections. a 

lower section and an upper section. Each section was designcd to optimizr its own 

specific operational tiisks (sre Section 2). In addition to this. compromises wsrr made 

during the design procrss to facilitate the fribriciition of the new rnlist. 

3.5.1 Lo wer Mast Design 

The lowrr section of the nrw ma t .  shown in Figure 3.10. was designcd to provide 

liftholl control and reduced section drüg (see Section 2 ) .  il modifird doublearc with a 

chord of 13" [330mm] and a thickness of 2 - I N  [57mm] was used for the cross-section of 

the lower mast section (Figure 3.10). The effective (cxposed) length of the lower mast 

was 31-11?' [825mrn]. The structure of the lower rnast was based upon a wcb-rang design 

similar to that used for the keel. A 1" [25mm] by 6" [151mm] tang was used for the fivr 

web sections. This tang dso served as a means of çonnecting the lower mast to the main- 

hull. In addition to this. the upper portion of thc king wüs rnodified to accept the upper 

mu t  section. 

It was decidrd that a 518" (16mmJ diametcr liluminurn rod would be iised for the lrading 

edge of the lowrr müst. Howrvcr. this resulted in a leading edge radius of 2 . 5 6  of chord. 

which was higber than the conceptual design requirement of 2.0% for the lower section 

of the new mast. It was felt that this larger leadirig edge radius would not greatly impact 

the lift or drag performance of the lower mast. and therefore the sn" [l6rnrn] diameter 

nluminum rod was satisfiictory. 



Figure 3.10 - Proposed hh.sr Desigr, jiw Scrile- Mo&l 

The lowcr mast iilso required an iniegriited trüiling edge plain flap (Figure 3.10). To 

simplify the fabrication of the tlap section it wüs drcided ttiat a trailing wedge shüpe 

would br used for the flap. The leading edge of the Hap (wedgr) would be fabricated 

from cm uluminum pipe (tube) such that the choicr of pipe diameter would yield a tliip 

length of 3 5 8  chord. A pipe of 1.3 15" [33.-lmm] outside diameter was sslectcd which 

resultcd in a tliip length of roughly 74% and a wedge angle of approximately 27". This 

trailing wedge design was then re-integrated into the sections of the lower mast that did 

not have a tlap. 



To control the attitude of the tlap a shaft was required. Whilr an iiluminum rod would 

have providrd sufficient strength. i t  would have been too flexible for practiccil 

application. Therefore. î j/8" [ Mmm] diameter stainless steel rod was çhosrn for the 

shaft. It was necessiiry to control the tlap t'rom above surface so thcit the DOLPHliV 

mode1 would not have to bè riiised out of thc wiitcr e x h  tirne a tlap reconfiguration was 

rsijuisd. Thcrcforc. i t  ivas dcçidcd ro p a s  thc tlap throogh thc uppcr secrion of the ne!!! 

niast and control i t  from îtop the uppcr mrist. In addition to this. brass bushings werr 

hbrimted and inserted into the ends of the flap pipe and the wcb sections whrrc the tlap 

interfxed. 

The lowcr mast section and tlap were skinned with 14 gauge iiluminum shert fiistened 

with counter-sunk scrcws to the wcb-iruss frame. The rrailing edge of the tlap wüs 

fabriçated frum a single skin whiçh wüs foldcd ovcr with a 21' angle. The rerniiindcr of 

the triiiling rdge of the Iowcr m u t  was closcd up with î TIG weld. Where thc skin 

libutted to the lcading cdge rod and pipr.  body fillcr was uscd to f i l 1  the gap. 

The lower section of the new mast was futened, like the kcel, to Section 'B' of the main- 

hull. The lower mast had bolt-holes spaced l-i/Y' [38mml on centre: while the bolt-holes 

on the main-hull were 3" [76mm] on centre. Therefore the nrw rnast could be 

repositioned 18" [457mrn] forward and 3" [76mm] aft of its design location üt 1 - i/?' 

[38mm] intervals. Also, once the bolts were tightened, the friction load betwern the 

main-hull and the lower mast tang held the new mast in place. 



3.5.2 UpperMastDesign 

The upper section of the new mast. sho\r.n in Figure 3.10. was designed for reduced spray 

anci sectioncil driig. A symmetric double-arc with ri chord of 1 1-I /J"  (286mm1 and 

thiçkness of 1-M" [Umm] was used for the upper miist (Figure 3.10). The vertical span 

of the upper m a t  section w u  42" [107cm]. 

A single 1" [25mrnl by 3" [76nim] tang was used for the livr wcbs. with an additional 

lcnpth of roughly 10" [254rnm] protr~iding through thc lowrst web. This protruding 

section was insertcd into the lower m u t  section where it  was fastencd with counter-sunk 

bolts to the webs of the lower rnast. 

Thc upper mcist section was skinncd with 14 gauge aluniinum on each side and hstened 

to the trame with çounter-sunk screws. A series of holes wcre drilled through the outer 

surface of thc upper foi1 so that air coiild be ejected through the Iiolcs. The holes were 

1 mm in diameter and spaced Z m m  on centre. The holcs were al1 located 0.5" [ l j m m l  

aft of the leading edge (4.5% of chord) on both the port and starboard sidcs. There were 

roughly 300 holes on each side of the iipper mast. The lrading and trading cdges of the 

upper mast were each closed off with a continuous TIG wçld. 

A means of delivering air to the air-ejrction holes on the upper mast w u  necessary. 

Krither than deliver the air to the upper holes first, it was decidcd to deliver the air to the 

lower holes on the mast first. This would more closely simulate the effect of exhaust 

leaving the main-hull and entering the bottom portion of the upper mast first. 



X 0.675" [ 17rnrnI outsidr dianieter alurninum tube was integriited into the forwcird 

interna1 portion of the upper mast. This tube ran the rntire length of the upper mast and 

extended roughly 8" [203mm] bsyond the top of  the new m u t :  this tube would drlivrr air 

to the upper mast. At the bottoin of the tube a slot was cut out so that air could be 

delivcred to the bottoin of the uppcr niüst section. Epony was used to provide an airtight 

.;CA br iwen the iiir dcliucry tubs 2nd the skin cf t hr  ~ipp: r m-rist. 

The reanvard interna] portion of the upper miist was designed such that the shiift h m  the 

lower mast tlap would pass ttirough the upprr mast section. A gradiiated "kecl-quadrant" 

plate was mounted to thc top of the upper mast. This keel-quadrcint would provide the 

means of setting and locking the attitude (detlcction angle) of the tlap. 

Figure 3.11 on the following page shows an ~isscmbled and "exploded" vicw of thc lowcr 

mast and upper müst components. The skin and the ventilation plate are not inçluded in 

the figure. 

3.5.3 Ventilation/End Plate Design 

Betwern the lower and upper mas: sections. a ventilation/end plate wüs required (Figure 

3.10). This plate was f'abricated from a 31 16" [4.7mm] thick brass plate. The plate wiis 

büsed on a modified double-arc such that its arc wüs 1.06" [27mm] larger in radius than 

the arc on the upper mast. This resulted in a minimum overhang of at least 1" [?5mm) 

for the end plate. The leading edge of the plate was modified with a leading edge radius 

of 1.06" [27mm]. 



Figure 3.11 - Assembled und E-xplodrd Views of Proposed M u t  F r m r  
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3.6 Existiag Must Design 

The rxisting (old) mast for the DOLPHIN RMS is cornprised of ninr (9)  rectangulür 

hiring sections ( Figure 3.12). The f i r ing sections are biised upon ii IFS-6 1 - T R Z  

profile. The scrile-mode1 ftiiring profile w u  designed using ordinates providrd by ISER. 

PCN Industrial machined the old niast füirings out of Rrnshtipr'" ~using their CNC 

(Cornputer Numericüiiy Controlird, iiicilitirs. The müchined hir ings werr x a i d  wiih 

DuriiteçrM anci snndcd srnooth by hand. 

Forestay 

Fai rings 

DOLPHlN Body w 
Existing Mast (Ml) 

Figure 3.12- Existh y Musr Design for Sccile Mode1 



PVC bushings were used for the hirings so as not to Wear  down the RenshapeY A 1- 

112" [38mm] diameter ciluminurn alloy rod was used as the shaft for the old mast fiiirings. 

This design of the hiring shaft was intrgriitrd into Section '8' of the main-hull such that 

it could be Listened in the same mrinncr as the new rnrtst. The result wrrs thrit the old mast 

could br repositioned. by 1-11?' [38mmJ incrernents. from 1-1/? '  [38mm] hrward to 18" 

[-!57rnrn] 3ft cf ils originiil ( e ~ i ~ t i n z  full-l;c;ile\ Ioc:ition. 

less stèr 1 cable wiis affixrd to the top of ihc fairing shüft with an 

eyeholt. The other end of this guy wire wtis iittiichcd just behind the nose of thc main- 

h ~ i i l .  The guy wire was tightened via a turnbuckle w hich wris insttilled on the upper 

portion of the cable. 

3.7 Main-Hz111 Nose, Keel-Bulb Nose and Keel-Bulb Tail Desigri 

The remaining components of the DOLPHIN mudel were fahricated using Renshaperhf 

milled by the Liné rnilling machine rit IMD. Each component was sealed with Duratecr\' 

and sanded smooth by hand. Thc main-hull nosr was simply i hemisphere section biised 

on a diamrter of 70.118"[5 1 1.25mml. The hull nose wlis attachcd to Section 'A'  of the 

main-hull with eight 112" [13mm] diameter bolts. The keel-bulb nose wiis dso  a 

hemisphere section, but with a diameter of 6.55" [166.4mm]. The end of the nose was 

thrended so that it could be attached to the keel-bulb. Finiilly. the keel-bulb tail section 

was fabricrited and similarly affixed to the keel-bulb. Figure 3.13 depicts the keel-bulb 

tail ruid nose. 



Ksel-Bulb Tai! 

Figure 3.13 - Krel -Bdh Ttiil cind Keel-Bdh Nose 

3.8 Scale- Model Painting and Finishing 

It was deçided to finish al1 exposrû/visiblc surfaces of the DOLPHIN rnodel. This would 

help minirnizr oxidation of the alurninum sections. as well as increasr mode! visibility. 

Al1 exposrd aluniinum wüs sprayed witb two colits of ii zinc-based clcar coat to help 

stiibilizr the riluminum. It was determined thrit a flat white colour wns optimal for sub- 

surface visibility. Therefore. two coats of a mütte white paint werc iipplied to d l  

cornponents of the mode1 DOLPHIN that would be visible. Specifically, this included the 

entire exterior assembly, with the exception of the upper section of the new m u t  and the 

4 upper fairings of the old m a t .  These mast sections were given two coats of a matte 

yellow, as this was a more appropriate colour for obsewing near-surface effects. 



3.9 Complete DOLPHIN Scale-Mode1 

The complete scale-mode1 of the DOLPHIN is shown in Figures 3.11. 3.15 and 3.16. 

Figure 3.14 - Riglir Vieir* of DOLPHIN Sccile-Mode1 

Figure 3.15 - DOLPHIN Front View Figure 3.16 - DOLPHIN Renr View 



4.0 Testing Methodology 

4. I Testing Facilities 

A series of captive tests were carrird out in the IMD lOOm Clear Water Tow Tank 

(CWTT) using ü prototype MDTF (Marine Dyniimic Test Flrcility). To mcüsure the loads 

31;d acçclerations experiençcd by the rnodel. thc live portion of ihe 6-DOF (degrces of 

freedom) tow-fish dynamometer was rnounted to the mide  of the DOLPHIN model. The 

jround portion of the clynrimomrter wtis in tiirn mounted to a 6" [15cm] diümcter sting 
C 

thrit extrnded though thc at't end of tlir DOLPHIN model. The sting wüs in tum 

connectrd to the proiotypr MDTF. Figure 4.0 1 depicts the actual MDTF with a 

prototype submürine mode1 aitachcd to i t  via a sting. 

Figure 4.01 - Murinc Dyarnic Test Fncility wirh prototype sithmurine 
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Figure 4.02 depicts a schematic of the tow-tish dynamometer (dyno) as well as the six 

loüd ce11 capaçities used for this test plan. The data from al1 six load cclls and al1 six 

~iccelrromerers were fed to the data collection systrm onboard the CWTT cmiage. 

Digital photogriiphs were taken of the water surfxc disturbances for the different niiist 

configurations during testing. In addition to this. motion video was used to observe 

.;urfrcr disturbances 3s wi!! 3s to rnoniror the $ub-wrfi\ce effects duc rc. the air ejectinn 

Forward iatml 

AR lateral 

Axial 

Figure 4.02 - Ton.-fîsli Dyrici~riorrietrr Sclirmtrtic 



4.2 Test Matrk 

For the trsr program the modrl yüw mglr was varied in increments of 2' from -2" t port) 

to 10' (stürboürd): where top-down (plan-view) clockwise rotation is positive. The modrl 

pitch and roll angles were fixed for aII tests at zero dcgrers. The six velocities of the 

niodel were 2.00m/l;. 2.8 3m/s, 7.46m/s, 4.OOm/s. 4.47m/s and 1.9Om/s. Thret: mode1 

dratts wcre used for the test progrrim. Figure 4.03 depicts thcsr dratts as D 1 .  U2 and D3 

t the darli horizontal iines o n  r x h  müst correspond to 114'' [6mm] wide pin-strippine tape 

iipplicd to eiich rnnst modcl). Thesr drüfts were respectivsly 43.5" [ l  IOcrn]. 53.5" 

[ l36cmI and 63.5" [ 16 k m ]  as mrasurcd from the upper surfiice of the DOLPHIN body. 

The modcl wcis testrd with no müst cit driift D i .  this configuration wiis known ris MO. 

The existing mast (configuration M l  ) aiid the proposed mast (configiirütion iM2) were 

tcsted lit al1 three dratts. In addition to this. the proposed mast wtis also testrd cit al1 drafts 

with two air cjeçtion mtes. Air tlows of ZOCFM [9.4//s] ( W B )  and 30CFM [ I  4.7//s] 

(configuraiion M?A) were fed to ci chamber within the müst during tcsting by a 5HP 

[3.7kW] compressor with an 80 gallon [3001] accumulator. The accumulütor was fully 

reçharged with air aftrr rüch  test mn. Flap angles of -7" to 12" wrre implemcnied cit 

modcl yaw angles of -7". 0" and 2' at drnft D2 only; where top-down (plan-view) 

clockwise rotation of the tlap is positive. The f lüp configuration wüs referred to as M3F. 

The drtailed test matrix is containeci in "Apperidir A - DOLPHIN Test Motrix". 



Stub SuppOr. 74- 

upper Foi1 L 

Existing Mast (Ml) Proposed Ma5t (M2) 

Figure 4.03 - DOLPHlN mode1 dr~ijt locntiom 

4.3 File Narne Corr ventiorr 

The file name convention used for the data collectrd from the tests is presented helow 

The basic file namr type is 

11/I~r.~tCori/ïgitr~1tiort~~1odelDr~rfi~M0~lel Y~~w-hlo~it'l V r l o c i ~ ,  

where, M~istCunjigitrotiu>i is replüced by 

XM - for no mast (MO) 

OM - for old (existing) mast (M 1 ) 

NM - for new (proposed) mast (M2). 



Replace iClodclDrcift with 

DI - for draft D l  

D2 - for draft D2 

D3 - for drrift D3. 

Also. rcplace Motirl Ymi* with 

Y*# - for posi?ix yiiw angle.: ( i . r .  Y04 for 4'  ynwr 

YM## - for negativr yriw angles ( i . r .  YWO2 for -7' yaw) .  

Finally . repliicr il.lodrlVrlocity with 

V### - for the vclocity in in/s i i.e. V7Y3 for  ?.Y3m/s). 

Supplcnicntÿry nümr extensiuns includr 

QO - Ior zero air ejection 

Q 1 - for XCFM (M2B) air ejection 

Q2 - for 30CFM ( M 2 A )  air ejestion. 

also. 

F(M)## - tlap angle for M2F tests ( i .r .  F04 and FM02 are 4 '  and -2' 

rcspectively ). 

For rxamplr. file name "XM-D l-Y06_V490" indiciitrs that the mode1 was trsted 

without a mast. at draft D 1. at a yaw angle of 6". and a carriage speed of 4.90m/s. 



5. O Calibrations and Data Correction 

5 .  Dyrtarnorneter Calibration 

After the test plan was çomplrtcd. a crilibration of the dynümometrr was carried out. A 

calibration of the dynamometsr wiis necessary in order to determine both the lossrs iind 

. when tlex links off- 

load. Thc èfkct is 

. Losses in a dynamometer result 

loxi "absorb" part of the iipplied 

the crosstiik in the dyntimometcr 

asis ( non-piiraIlri) to the applied 

such thüt the load cellb) pliritllel to the üpplird loiid "sees" lrss than the full-iipplied lond. 

CrosstaIli occurs when iilI six lotid cells (and îlex links) are not pcrfectly mutually 

orthogonal. Thc result is thst iin off-axis tlex link will registrr a fdsr  loüd ;LS i t  bcnds. It  

should be notcd that a well designed tlrx link should not rcgister bending loads. sincc one 

desi-n criterion is that the ratio of axial stiffness to bending stiffness is 5000: 1. 

Additionülly. in a well-dcsigncd dynamometer. thc iosses viiry linearly witli the ripplird 

load. 

To pcrtorm the calibration. the sting was mounted to steel framc such thar the 

DOLPHINldynamometrr assrmhly could hang frrrly in air. Known weishts were then 

hung from the DOLPHIN at srveral locations and vchiclr orientations and the resulting 

signals from al1 six load cells were rccorded. Thesr rneasurements were then used to 

determine the losses and crossialk in the dynamometer. 

The analysis of the calibration loadings of the x-axis. Fx. is presented here as an 

example. This calibration procedure and analysis were performed in a similar manner for 

the othrr t h e  degrees of freedom. 



During the calibration procrss. it was noticed that hysteresis in some of the load cells was 

occ~irring. Sprcifically, i t  was noticed thlit tare rneasurrinents taken of r x h  load ceIl 

before the weights were hung from the model. did not alwiiys çoincide with tare 

measurenicnts ttikrn aftrr the weights wcre removcd. To hrlp reduce the possible 

oçcurrenccs of this hysteresis. thrre procedurcs were ~ised. The first was to sirnply tare 

Soth hcforc and aftcr thc wcights ivcrc ~iddcd. ar,d usc thc Li:cr;igc of thcsc t x c s  2s thc 

base ttire. In frict. two tares betore ( T m  1 & 2 )  and two tares iit'tcr (Tare 3 & 4) the 

loriding proces?, were used. Sccondly. i t  was noticrd thrit if the model was shaken jusi 

prior to diitii çollection. that the occurrences and magnitude of hysteresis were greatly 

rcduccd. Thercforc. jiist prior to cach data collection. including (il1 ttircs and addrd 

weights. the model wüs given an initial oscilltition. Thirdly. in addition to incrcmcntdly 

cidding weight to the model. the weight was also incremcntaily removed in the reverse 

münnrr. This resultçd in two recorded values for c x h  tipplicd loiid. with thc exçcption of 

the maximum load. 

Table 5.01 on the following page cont ins  thc mrasured (pre- tard)  loads recorded by al1 

six lorid cclls; while Table 5.02 contains the tared vdues for the merisurcd loads. To 

determine the losses in the axial lorid (via ilex-link X 1 and load ce11 X 1). and the 

crosstalk in the off-axis load cells. Y 1, Y?, Z 1 ,  22  and 23, the rnsasured (recorded) loads 

were plotred against the applied axial loads of Fx (Figures 5.0 1. 5.02 & 5.03). A l inex fit 

was performed on the data sets. and ii non-zero intercept wns used as it was felt that the 

tare measurements still exhibited a bias error. 



Table 5.0 1 - Pre- Trtred Cdihnitiori L o d s  f i ~ r  F.r 

Weight 
(kg (Ibs)) 

Tare 1 
Tare f 
4 iX.S2i 
8 ( 17.6) 

Table 5.01 - Tmed Gilihr<itiori L o ~ d s  for Fx 

Recorded force in Load Cell (Ibs) 

Weight 
(Ibs) 
8.82 

X1 
-0.1 55  
-0.144 
8.337 

16.864 

Recorded force in Load Cell (lbs) 

Y2  
-0.032 
-0.087 
0.768 

-0 .020 

Y1 
-0.244 
-0.357 
-0.730 
-0.2 18 

X1 1 Y1 
X.494 1 -0 .573 

Z1 
-0.6 l $  
-0.739 
-0.342 
-0.3 IJ 

7 4 

22 
1.161 
1.250 
1.142 
1.122 

23 
O.( 1 0  I 

Y2 
0.3 1 J 

23 
-0.740 

-0.339 
-0.666 
-0.892 

Zl 
-0.160 

22 
-0.174 



Measured Load vs. Applied Load (Losses) 

O 5 0  100 150 2 0 0  2 5 O 

Applied Load (Ibs) 

Measured Load vs. Applied Load (Crosstalk) 

O 5 O 1 0 0  1 5 0  200 2 5 0  

Applied Load (Ibs) 

Figure 5.02 - YI ïind Y2 Locid Celis - Meliszired L u d  vs. Applied Lmid { F x )  



Measured Load vs. Applied Load (Crosstalk) 

O 50  1 O 0  150 200 2 5 0  

Applied Load (Ibs) 

Figure 5.03 - 21. ZI oml 23 Lotrd Crlls - Mecisrrrrti L o d  rVs. Applictl L o d  (F-Y) 

Thc lincar equation "y = inx + b" clilçulated for al1 six l o rd  cells wiis then used to find the 

associiited lossrs/crosstalk for the x-cixis loadin; çasc. The dope of the linr. "m". was 

then the loss îictor. L,. in the case of X 1: and the slope of ihe l inr  was the crosstülk 

fiictor. C,. for Y I .  Y?. 21. 27 and 23. I t  should be noted that the crosstalk factors must 

be used with the applied (truc) load of the x-mis (Fx). Therefore. the following 

equations were written: 

"Measurrd Load (x-axis)" = "L," x "Applied Load (x-axis)": El/ 5.01 

"Crosstalk Gain (off-axis )" = "C," x "Applied Load (x-axis )". Eq 5.01 

In addition to this, the load gain calculatcd from the crosstalk hctors must be deducted 

from the measured values of each of the off-mis load cells. 



It should bt: noteci that a maximum off-axis loading error of M.5' was estirnated for the 

çalibriition of any üxis. In othrr words. there will be an inhcrent loss in the loading axis 

load çell. and a rssidual p i n  in the off-axis (orthogonal) load crlls. The loss for the 

loading axis load crll. in this case X 1. was siinply the cosinc of the off-cixis loading rrror. 

Thcrefore. for an crror of f0.5;. the off-axis lociding loss factor for X 1 wüs 0.99996. This 

F~çtcr is nciir unity. m d  thereforc the fttctor w3s r.ot used to correct rhr  d m  sct of .Y!. 

The crosstalk fnctor for the off-axis load cells was drrivrd froni the sine of the loading 

error. Thercfore. for an error of M.5'. the off-anis loiiding gain hctor for the off-axis 

locids cclls was kû.0087. Whilc the absolute magnitude of this  number miiy seem smüll. 

its rclative magnitude is on order of the crosstnlk factors ~ i i l ~ ~ l r i t c l l  for the off-axis load 

cells. Table 5.03 is n summary of the losscslcrosstalk fi~ctors tor rhe x-iixis loiiding case. 

Table 5.03 - L.os.se.s cirid Crosstcilk Fcrctor.\- f i ~ r  F.r 

Load Ce11 

X1 
Y 1 
Y 2  
21 
22 
23 

Consider a siimple test run in the tow tank. specifically sample file namr: 

"XM-Dl-Y06-V490. The melin loads from this test are reproduced here in Table 5.0.1. 

In addition to this. the loads wrre corrected using the loss factor. L,, and the maximum 

magnitude of C, from Table 5.03. At this point it was assumed that there were no tosses 

or crosstalk in the dynamometer other than those calculated herr for the x-axis done. 

L , 

0.968 
NIA 
NIA 
NIA 
NIA 
N/A 

Cr 

NIA 
0.0074 

-0.00 10 
0.0057 
-0.0 1 06 
-0.0181 

R' 

1 .O00 
0.949 
0.481 
0.789 
0.985 
0.986 

A 

Off-axis Corrections 
Error 

Magnitude 
N/A 
0.0087 
0.0087 
0.0087 
0.0087 
0.0087 

Min. Mag. 

C, 
NIA 
-0.00 13 
0.0077 

-0.0030 
-0.00 19 
-0.0094 

Max. klag. 
Cr 

NIA 
0.0 16 1 
-0.009 7 
0.0 144 
-0.0 193 
-0.0268 



. I Correction I - 

i 22 1 
I 1 1 L 1 L 

4072.3 1 NIA 1-0.0193 1 -3.01 1 4074.3 1 ~ 0 . 0 5  1 

-3031.3 
1*6 

1 23 1 3 1 1.5 1 NIA 1 -0.0268 1 -2.83 1 -3408.7 1 +0.08 1 

The off-axis loiiding error oCM.0087 was written as the percent. IT0.Y7ch. m d  then 

N/A 
NIA 

direcily compared to the percent change of the off-axis load cçlls froiii Table 5.04. Froni 

this çonipxison. i t  was c l eu  that the corrections rnadc to al1 of thc off-uis  l ~ i l d  cd l s  

0.0161 
-0.0097 

wcre srnlillèr than the maximum error due to the off-üxis error cdibrritions. In son-ic loiid 

çells. sprcilically Y 1. Z I  and 23. this difference was an order of rnlignitude smüller. For 

1.70 
- 1 .O3 

this rrüson. the crosstalk values wrr r  not includrd in any further iinalysis of the data; to 

do so would rrquire an exhiiustive calibrütion procedure which was heyond the scope of 

-3033.0 
80 1 .O 

this project. Only the losses of the loüding-axis loüd cr l ls  in the dynümometrr were usrd 

+&O6 
+O. 13 

to correct the test data. 

Using the procedure presçntrd above. the loss fxtor L,, was detemined for the rcmaindrr 

of the load ceils. Due to the coupled nature of 22  and 23. i t  w u  assumrd that the losses 

in thesr load cells were twinned/coupled; that is to say that their losses were the siimr. 

During the analysis of the z-ûxis, i t  was drtennined that there was no discrrnable 

difference between the losses of 2'1 and the losses 22/23. It wüs assumed that Y 1 and Y3 

would have dissimilu losses, with Y2 having a larger loss due iis proximity to both 23 

and 23 ( Y  1 was located n e u  Z 1 only; see Figure 4.02). 



Table 5.05 - L o d  Cr11 Loss  Fl'trctors for d l  Sir Lo<iti Crlls 

Load Cells 

1Y1 
Y1 
Y2 
21 
22 
23 

The loss factors cri1culatt.d for al1 six load cells are presented here in Table 5.05. At this 

point. ihe loss fiict«rs aiid gromets of the dynamomcter wrre used to calculate the forces 

and moment cquations for thc six degrees of frerdom. The sign convention for the load 

cells 1s such that when they lire lotidrd in tension thcy will produce a positive loiid (output 

voltape): siniilarly. whrn they are in çoniprcssion thry will producr a negative load 

(output voltage). Rewriting Equation 5.0 1 for liny load ce11 üs 

1 
"Applied Loüd ( F  ,)" = " -" x "Mciisurrd Loüd (F,,)"; 

L , 

Loss Factor "L;' 

0.968 1 
0.9063 
0.8652 
0.9256 
0.9256 
0.9256 

and defining the pain factor. G,. cis 

then thc following equation wüs determincd 

95 % Confidence 
1 
1 Samples (n) 

F, = G, . F,,. 

Interval 
M.0023 
&O. 004 8 
M.0040 
kO.002 1 
k0.002 1 
M.003 1 

17 
78 
78 
16 
16 
16 



Theretore the axial force, AF. derived from the x-mis load cell was de fined as 

.AF= -Gtl - F,,lY,l; Eq. 5.06 

which was then calculated 3s 

AF=-1.0330- F \,,,,, [Y]:  

where negativtt values indicate vehicle d r q  force. 

The .;ide force, SF. derived from the y-axis was defined as 

sF=-G,,yll +F;f,k,l - G , , , : ;  +'\,,y:,; 

which was siniplificd to 

SF=-1.1034. F,,,il, -1.1558.F ,,,,: [ N I :  

where positive values represent vehicle l i f t  force r«  starboard. 

The normal force, NF, derivcd from thc z-rixis was detïned ris 

N F  = -G,,,.,, . F,,l,,, -G.l,:l . F,fI,: - GrI,4, . F;,t,l1: 

which wris rcduced to 

N F  = - 1  -@3~-1 . (F\  ,,,, 1 + F ,,,, 2 ,  + LI) [ N I ;  

whrre positive values indicate vehicle hewe force downward. 

The yawing moment. pitching moment and rolling moment are rekrenced to the BRC. 

the balance resolution centre. The BRC for this modei was chosen as ü. point on the 

centreline of the hull at the leading edge of the keel (Figure 5.04). The coordinates of 

each load cell relative to the BRC is presented in Table 5.06. 



The yliwing moment. YM. is drrivrd from Joad cells Y 1 and Y l .  Using the right hand 

nile with respect to the z-axis. a positive yawing moment indicrites that the nose of the 

DOLPHIN moves to starboard. Therefore, Y M was detïned as 

Y M =  -xc,m .G,,YIl . F \ m  - X C W ,  -G;,Y:;F\ , ,r: ,  - L m  .G.%V,l. L,,; k7. 5-12 

which was simplified to 

YM = -0.371 1 -  F ,,,,,, + 0.3452. F,,l,.2, [ N .  ml. 

Loïd CeIl 

X1 
Y 1 
Y2 
21 
22 
2.3 

Coordinates of Load Cell axis relative to BRC (mm) 1 
X,. 

N/A 
336.30 
-798.70 
4 13.50 
-2  14.88 

Y ,' 
O .O0 
N/A 
N/ A 
0 .O0 
76.20 

2, 
61.53 
6 1 -53 
6 1 .53 
N/ A 
N/ A 

-2 14.88 I -76.20 ?UA 



The pitching moment. PM. is defined as positive when the vrhiclr's nose moves upward. 

The pitching moment was drrived from lolid crlls X 1. 2 1. ZZ and 23 as 

Eq. 5.14 

Thc rolling moment. RM 

L)OLPHIN. ii positive rol 

Rb1 was defincd ris 

. is dèrived fram load cclls Y 1 .  Y?. L2 and 23. For thc 

ling moment would be with the ksd moving to port. Therelorr. 

which was siinplifieci to 



Table 5.07 brlow is a surnmuy of the coefficients ohtained in Equations 5.07. 5.09. 5.1 1. 

5.13.5.15 and 5.17. This table was used to convert the measured data into the six forces 

and moments experirncrd by the mode1 for rach test nin. 

Load Cell 
X l  Y 1 Y2 Z l  2 2  1 23 

1 SF NIA 1 -1.1034 1 -1.1558 1 N/A NIA 1 NIA 

1 NF NIA 1 N/A XIA 1 -1.0804 1 -1.0804 1 -1.0804 1 

As an extimplc. the data mrasurttd in  test run "XM-D 1-Y06-V490" were corrccted using 

the factors in Table 5.07: the rcsults arc prcsented here in Table 5.08. 

Y bI 
PIC1 

1 RA4 

N/A 
-0.063 5 

N/A 

Forces Sr 
Moments 

.4 F 
SF 
NF 

-0.37 1 1 
N I A  

0.067‘3 

Corrected 
Forces Sr 
Moments 

-105.7 (N) 
2420.1 1 N) 
-397.7 (N) 

Contributing Force(N) or Moment(N*m) from Load Cell 

0.3452 
NI A 

- 
X 1 

- 105.7 
0.0 
0.0 

NIA 
0.4457 

Y 1 

0.0 
3344.7 

0.0 

0.071 1 i N/A I -0.0823 0.0813 

NIA 
-0.2372 

Y2 

0.0 
-924.0 

A 0.0 

NIA 
-0.2322 

Zl 

0.0 
0.0 

3 16.2 

2 2  

0.0 
0.0 

4399.7 

23 

0.0 
0.0 

3685.8 



5.2 Yaw Arigle Corrections 

Durinp the test plan i t  w u  noticed thtit the model was deviating from its "presrt" yaw 

angle. e,,. by çonsidrrüblr ürnourit. That is to say that once the modcl was up to spred. 

its final yaw angle. 0,. was larger that the preset angle. It wils dcterminsd that this was 

the result of the tkxing of the supports of the prototype MDTF system. The cimount of 

tkxure in the systern was considerriblc, cis at tirnes it wris visuiilly estimatcd that tt, w u  

50% grccitrr thiin O, , .  Thcrefore. means of çorrecting the data was necessary in ortier to 

he able to andyzc the hydrodynarnic loads. In addition to this. ii should bc noted that 

t h t x  wris considerable vibration of the MDTF system during testing. 

Thc l i f t  force that is e'rcrtcd on ci body u n  bt. written as [White lC186] 

Lifi = C . c , . p . s . v 2 ;  - 

i fç ,  is a funciion of 0,. then for low angles of attaçk (0, < 6 ' )  

Combining Equritions 5.18 and 5.19 yiclds 

Next. de fine the constant 'C,,' as 

then rewriting Equation 1.70 as 

The vehicle lift was cdculated from the data as 

Li/r = SF.cos(0,) + AF-sin@,) .  

Eq. 5.22 

Eq. 5.23 



Figure 5.05 - Prorotyr MDTF mttl Sting Cor$,qitnitiorr 

The method used to find the "tnic" cingle of littack. 8,. wos derivrd from the mrchonics 

of materials. speci ficiilly . the bending of brams. Figure 5.05 depicts the schernritic 

(grometry) of ihc prototype MDTF showing the sting and the vertical support struts. The 

dctlection. and resultant angle. of the PMDTF systçm was divided into two sub-systems: 

the bending of the sting. 0,, and the tlexure of the support struts. 8,:. A meüns of reliiting 

0,. 0, and 0, withlto the collecteci data was required. 



Eq. 5.24 

Using linex superposition. 8, was defined as 

8, = O,, + 8, + 8, + O,: 

where O,, is the offset angle from the "truc" angle of zero incidence duc to initial 

alignment m o r s  and vchiclç asymmrtry. and 0, is the "presrt" yaw angle. The expected 

maximum viiluc fur O, ,  wris about k0.25'. 

5.2.1 Bending of Sting 

In the horizontal plane (sy-plane). thc sting bchavcs like a pinncd overhtinging beam. I t  

is iicted iipon by the side force. SF. iind the yaw moment. YM. cxperienced by the 

dynürnometcr (Figure 5.05). Using l inru superposition. O,, was further defined as 

= 0 8 ,  .Yb , + O R ,  K,,, , Eq. 5.25 

Using the clastic curve theory for the dctlection of brams [Hibbelcr 199 11. thc resultant 

angle at the end of the bcam ior an ~ipplird point load at the end of the bcam wlis 

detcrrtiined ris 

whrre. the lengths ' t i  ' and 'h '  rire indicated in Figure 5.05. and ER and /,are respectively 

Young's modulus and the moment of inertia of the sting. The resultani angle iit the end 

of the berim for an applied moment at the end of the bram wüs drtermined as 

Therefore. using Equations 5.76 and 5.27. Equation 5.25 was rewritten as 

Eq. 5.28 



It should be noted that (1.  h. EB and 1, wrre constant throughout the test plan. Subs~ituting 

the known values into Equiition 5.28 yielded 

and. defining the property fiictor of the sting. P,. ris 

ihrn. Equation 5.19 wris sirnplitïed to 

0, = P, . [l.3276. S F  + YICI]. 

Ey. 5.Y 

5.2.2 Flexing of Support Struts 

The vertical support struts behüvc like cantilever beiirns. and their dcflection out of the 

vertical plane (yz-plane) rcsulted in un offset angle of the sting which was defined as 

whére 

Using simple bram theory [Hibbrler 199 I l .  the deîleciion of each strut was definrd ris 



w hrre L,: were the r stended length of the support stnits. EF and IF were respec tively 

Young's modulus and the rnomcnt of inertia of each support strut. and R ,  and R, were the 

reaçtions by the stnits as ti result of the side force. SF. and the yliw moment. YM. Thesr 

reactions wcre determined ris 

R, = 
( i l  + h ) .  S F  + YM 

Eq. 5.36 

Due to the nature of the test friciiity. the rnomcnt of inçrtin of the support stnits (norina! to 

the sting) wüs a function of the preset angle. O,, .  Thcrcfore. 1,  wris defined as 

where the inertial ratio was crilculated ris 

Combining and simplifying Equations 5.32 through 5.37 yieldrd 

then substituting the known values into Equation 5.39 and simplifying yieldrd 

1 3.1465-SF + YM 
O, = sin-' . -. 

3 E, . I 2 (1 + 1.0441'(6~)) 
Eq. 5.40 



Deiining the propeny factor of the stmts. P,. as 

5.2.3 Correction Equations 

Using Equütions 5.3 1 and j.47. Equrition 5.24 wiis evpanded io 

3.1465SF + YiCl ) 
0, = O,, + 0,. + PR-(1.3276.SF + Y h l ]  + sin-!  1 .  

Pp . ( 1  + I .OJ  sin:(^,. 1) 

Eq. 5.43 

Then. using Equation 5.43. Equations 5.72 and 5.73 were rcspectively expiindcd to 

Lui = S F .  cos O,, + 0, + PB . [1.3776 - S F  + Y M ]  + sin-' 
3.1465-SF + YM 

3.1465-SF + YM 
8,) + 6, + PB . (1.3176. SF + Y M ]  + sin-' 

P~ (1 + LM - s in2(oP))  11 
Eq. 5.15 



5.2.4 Correction Procedure and Discussion 

Equiitions 5 . 4  and 5.45 were then used in (i non-linear rrgression tinalysis to tind the 

constants: C,,. O, , .  PR and P,.. Hand calculiitions and visual observations suggsstrd that 0,. 

w(is Irirgcr than 0,. but of the same ordsr of magnitude. Theretorr. P, and P, would have 

rhr: çaine ordrr of magnitude. In addition to this. C,,. P,, and P,. wrre constrainrd to have 

posiiike va1ut.z. Ab an çxaiiiplr. uzing the data coiiectrd Tor thç i r h i h  wiih no iiiasi i hie 

naines of the type "XM-DIdYxx-Vx.~x") for cases whcre 0,. wtis less thtiri 6'. the 

following values were calcullitrd 

C,, = 1 3.700 ( h<t.st.tl oi i  tlt~grrrs ) 

0 ,  = 0.08851' 

P, = O.8637E- 6 

P, = l.1060E-6 

Normalized Lift vs. Preset Yaw Angle 

1 2 0  

- 4 - 2 O 2 4 6 8 

ep (Degrees) 

O No Mast 

-Linear (No Mast) 1 

Figure 5.06 - N o n n u l i d  Lifr vs. Preset Yorï Angle fur No Miisr CotifiKurcition 



Usin; these results. the "true" angles of üttack, 0,. were calcullited using Equütion 5.43. 

Figure 5.06 is a plot of the normalized vehicle lift (Lift / v?) vrrsus the presct yliw angle. 

8,. Note the increiising vertical spread of the dntii as 0, incrrases. Comparc this to 

Figure 5.07 of the normiilized vchicle lift vrrsus the "trur" yaw angle. 8,. 

Normalized Lift us. "True" Yaw Angle 

O No Mast 

-4 000 -2 000 O O00 2 O00 4 000 6 O00 8 000 

GR (Degrees) 

Figure 5.07 - Nonw1i.-rd Lui rs. "Tntr " Ymtv Aqy le jbr  N o  ibl~rsi Corifi,qtmrrior~ 

The dota in Figurc 5.07 fit  together more appropriately than the data in Figure 5.06. 

Thcrefore the crilculiited values of 8, provide acceptable estimates for the [rue yaw angle. 

The iibove procedure was performed for each mast configuration: No Müst (XM). Old 

Mast (OM). and New Mast (NM). Only values of 0, less than or equal to 6" wrrr used in 

the andysis. Thrrefore. i fa  value of 0, was cdcu la ted to be larger than 6". it was 



removed from the correction data. and the malysis w u  performrd again. It should be 

notrd that only the constants e,,. PB and P, were required to determine 8,. In addition to 

ihis. PB remained constant throughout the test plan. while P, varied slightly becausr of the 

change in the amount of exposed stnit (due to the raising and lowering of the mode! 

during reconficuration). - Also. O, ,  wiis unique for e x h  of the mÿst configurations. Table 

5.09 sumrn:iriciis thc çonstmts drrerniined fc7r r x h  rn:ist configmit ion. 

1 Otd Mrist rOM) 1 0.2368 1 0.8637 1 2.4926 1 

Contiguration 
No Mast ( X M I  

1 New Mrist ( N M I  1 0.240 1 1 0.8637 1 0.9609 1 

O , ,  (degrees) 
0.08S5 

P ,  ( IO*? 
0.23637 

P, ( UYb) 
1 . 1 O60 



6.0 Drag Force Analysis and Observations 

The drag force for the DOLPHIN mode1 is ctnalyzed in this chaptrr. Both qualitiiiive and 

quantitative observiitions are presrnted and disçussrd for the no mast (MO). cxisting mast 

(M 1 ) and proposrd mast ( M I .  M2A and M7B configurations. 

6.1 Drag of Existing Masr 

The driig on the existing (old) mwt coiifiguration. M 1. can be broken clown inro sin 

cornponents: profile drag: ventilation drap: wavr d r q :  spray drag: inducrd driig: and. the 

drag from thc cable forestay. DREA (Defense Rrsrarch Estiiblishment Atlantic) and 

ISER (Intemationri1 Subinarine Engineering Rescürch) estirnate that the profile drag 

coefficient (biised upon frontal arrii) is 0.06 [Watt 19971. Ventilation drag occurs when a 

pockct of air (vent) opens up aft of the rnlist extending dowri into the wiitcr [rom the frtx 

surficc. Ventilation of the mast contig~iration M I was not obscrved during trsting. 

Wave d r q  is a funciion of Froude nurnbzr. Fr. dtifined as 

whrre V is the vehicle speed. ,y is the accrlrration due to gravity. and ! is a representative 

Irngth. However. wave drag of surface pirrcing foils reachcs a maximum when the 

Froude number based on the chord length is about 0.5: additionally. wavc drag is 

negligible at Froude nurnbers greater than about three [Chapman 197 11.  Within this 

Froude number range, the wave drng on the surface piercing mast undergoes a 

transformation into spray drag. 



For this rnast. the stsady-state Froude numbrr biised on chord length rangcd lrom I .  1 to 

2.7 for vrhicle velocitics of 7.00ds to 4.90m/s respectively. Figures 6.0 1 and 6.03 

depiçt the transformation of the wave drag on M 1 as the vrhiclç' s velocity ranges t'rom 

zero to 4.47mls (Fr=3.5). In Figure 6.0 1. frame 'A' is the still watcr condition. In t'rami: 

'B' ü dcpression ciin be scen lipproximately halfway almg thc chord. 

Figure 6.01 - E.ri.stitig M~ist ( M I ) .  @ Dr<@ D l .  Y w  = O: Frcimes A. B. C B D 

At higher vehicle velocities, this depression moves rearwÿrd. whilc at the same tirne a 

bow (pressure) wave increases in height forward of the leading edge of the fiiring 

(frames 'C' & 'D'). As the Froude number increases the depression vünishes while the 

pressure wave moves remvard and climbs up and brhind the leading edge of the fiirings 

(frames 'E' & 'F' in Figure 6.02). Findly. the pressure wave disappears altogether. and a 

fully developed spray sheet is formed (frarnes 'G' & 'H').  



Figure 6.02 - Esist ing M m  (LW I ). 0 DnQt DI .  Y~iw = O". Fromrs E, F, G d H 

The spray drag grncraied on li surface piercing body is indcpendent of Froudc number for 

Froude numbers grenter than about three [Chapman 197 11. The spray sheet generated by 

mrist çontïgurütion M 1 can be seen in Figure 6.03. The spray sheet was extensive at high 

velocitirs and it  had an estimateci hright rqulil to two chord lengtlis. The spray shcet 

sepliratrd from the mast fairings just aft of the maximum thickness location. 

Induced drag for the existing müst configuration occurred when the hirings splayed 

(yawed) a few degrees relative to e x h  other. The splaying of the müst fairings. both 

below and above the water surface. c m  be seen in Figure 6.03. Those fairings below the 

surface increase the effective profile drag, while those above the surface increase the 

effective spray drag. ISER confirmed (via verbal communiqué) that when the fairings of 



the full-scde DOLPHIN were connected iu: a single unit. the top spced of the vehiclr 

increascd by one h o t  (increase of roughly 5% to 10%). 

In the lower right-hand portion of Figure 6.03 a small amount of spray c m  bern seen 

coming lrom the çable forestay. This spray drag, combined with the section and 

ventilation drag of the submerged cable. constitute the cnble forestay drüg componcnt of 

tlis existing mast. 

The size and shape of the spray sheet and the amount of hiring splay did not seem to 

Vary as the yaw angle of the vehiçle was varied. This was expected. as the hirings were 

selected such that they would align with the oncoming flow. However. it wiis noticed 



that for vrhiclc yaw angles between about + 1 3 .  the ventilation generated by the cahle 

Forrstay would intrrsect downstream with the Ieading edge of the subrnerged mast 

i i r i s .  For hrger vehicle yaw cingles thc forestay ventilation "passed on by" the 

fiiirings. 

The (?verll l  vehiçlr dros tit driift D! fvr the VI!  ciiofigiiratinn i.; pre.;c.ntt:(l in Fisure 601. 

Thc symmetric second ordrr polynomial. D r q  = A .  8' + C (where A and C are 

positive constants and 8 is yaw angle in degrecs) was iised to iit the data bascd on 

constant velocity. Ali viilues of R' were üt least 0.993. The y-intercept of cach plot. C. 

was used to find the vehiçls driig tit zero yiiw angle fo r  each velocity. These values were 

thrn plotted versus the square of vehicle vclocity as shown in Figure 6.05. 

Figure 6.04 - Drng Force vs. Veliicle Ymv Arlgle; MI @ Dl 



The vrhicle drlig at zero yaw angle without any mast. MO. wüs determined in the sanie 

münnrr as prcscnted übovr: tlic results are shown in Figure 6.05. The graph shows thlit 

vehiclç driig is proportional to the square of the vclocity. A linex fit of the data through 

the origin wiis performed (R' > 0.995). The resulting slopss wsre 10.44 and 6.05 for 

corifig~irations LI1 and hl0 rsspccrivcly. Frorn this. it ivas dcrcrrnincd thar for a vchichc 

drafr of D 1 .  the contributed drag from the existing masr represents -12% of the overall 

vehicle drag. 

O Old M a s t  (Ml) 

Ho M a s t  (M) 
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Velocity Squared ( m A Z / s A 2 )  

Figure 6.05 - D r q  Force (@=O0) vs. v"; Corifigitrtitioris Ml tard MO @ Drcfl DI 



6.2 Drag of Proposed Mast 

The drrig from the proposcd inew) mast configuration. M2. c m  be broken down into four 

components: profile drrig: ventilation drag: wave drag: iind. spray drag. Using work done 

by Chapman [Chapman 197 11. profils drüg coefficient bassd upon the frontal are2 of a 

167~ thick double symmetric-arc wiis estiniatcd tu bt. 0.021. 

For the tixed m a t .  Froudc numbers based on chord length ranged from 1 .I  to 1.9 for 

vehicle velocitirs of 2.00m/s to 4.90mIs respcctively. Fisures 6.06 and 6.07 portrüy the 

transformation of the wave drag for vehicle velocities ranging from zero to 4.47nds 

(Fr-7.6). Frarnes 'A '  through 'H' in Figures 6.06 and 6.07 represent the samc vclocitics 

as in trames 'A'  through 'H' in Figures 6.0 1 and 6.02 of the existing mrist. 

Figure 6.06 - Proposed Must ( M 2 ) .  @ Draft DI ,  YLW = 0: Frarnes A. B. C di D 



Frame 'A' in Figure 6.06 is the still watcr condition. In Frame 'B' ii srniil1 depression in 

the warrr surface is prescnt about two-thirds along the chord. This drpression is much 

smaller than and fiirthrr back than the depression on M 1 at the samr fonvard spcred. In 

frarnes 'C' and 'D' . the drpression movrs reanvard with diminishing magnitude. In 

addition to this. a srna11 pressure wave can bren seen rising up the sides of the mast. 

In tlümes 'E' and 'F', of Figure 6.07. the pressure wave reaches a maximum. while a 

spray sheet can be seen rising up and aft of the m u t .  Frames 'G' and 'H' depict a fully 

developed spray sheet, with no visible signs of any wave phenomena. 



The fully developed spray sheet of M2 at zero vehicle yaw angle. draft D 1 and -1.47mls is 

shown in Figure 6.05 (the spray on the left side of the figure is from a towing strut). This 

spray shret was much smaller than that of M 1 .  The rstimnted heigtit of the spray sheet 

was equal to two thirds of the chord length. Unlike M 1 .  the spray shret did not srparate 

froni the mut. rather i t  "clung" onto eithrr side of the mast. rejoining rit the trailing edge. 

The size and shiipe of the spray shsct varied as the vehiclr yaw angle varied. In Figure 

6.09 the vrhicie is yiwed 2' to stiirboard. but its driift and speed are the same ils in Figure 

6.08. As the yciw angle wüs increrised. the s i x  of the spray shret çorrespondingly 

increased. I t  wüs noticed. howrvrr. thtit this increüse in spray sheet size ocçurrcd only on 

the high-pressure (port) side of the m u t .  The spray sheet sizr and shripe rcrnained 

re liitivel y unchanged on the low-pressure (starboard) side of the müst. 

Figure 6.08 - Proposed Mnst (MZ), @ Droft Di. Yïzw = 0°, V = 4.47rds 

74 



Air rjection into the proposrd mast configuriition. M3B (ZOCFM [9.J Dsl) and M2A 

(30CFM [lJ.2 I l s ] ) .  did not appreciübly change the sizr or shiipe of the drvrloprd spray 

shret. This wris rxpectcd due to the ejection holes bring locatrd just 4.5% of chord aR of 

the leüding cdge of the mast. At this fonvürd location, the spray sheet hright is minimal 

and hence interacts with vrry few if  iiny rjrction holes. 

Natural ventilation of M2 wüs not observed for vehicle yaw angle up to and including 4'. 

Beyond J O .  a small ventilation pockei was observed on the suction side of the mast at the 

trailing edge. At higher vehicle yaw angle and increased velocities. the ventilation 

pocket increased its surface opening as well as its penetrating depth. 



Figure 6.10 - Proposrd iW<r.st w/ ZOCFM A i r (M2B) .  @ D 1. Y w  = 2 ". V = 4.4 h / s  

With the air cjcction. the formation of the ventilation pockct wns initiated at lower 

vehicle yaw angles. In addition to this. the ventilation pocket was much broader and 

derper for M?A/B than for M? at the samr ynw angle and velocity. Undrr no 

çircurnstances wns the ventilation pocket observed crossing the ventilation fence. In 

Figure 6.10 the vehiçle is yüwed 4" to starboard with lOCFM (9.4 Ils] of air ejection 

(M?B). A ventilation pockrt starteci from the ejection holes and coniinued bryond the 

trailing edge of the mnst. and extended to the depth of the ventilation plate. 
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Figure 6.1 1 - Bnig Forc.r ~ ~ s .  Vrliiclr Ymto Ayyle; Co@girnirio>i hl2 0 Dnui DI 
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Figure 6.12 - D r q  Force vs. Vehicle Ymc Angle: Curifiyitrtrtion M2B @ Drcifi DI 



The overall vehicle drag at dran D 1 with m a t  configurations M I  and MZB is presented 

in Figures 6.1 1 and 6.12 respectively. A symmetric second orcirr polynomial wcis used to 

fit the data basrd on constant vrlocity. Al1 values of R' were nt Irast 0.995. The y- 

intercept of cash plot wits used to find the vehiclr drag at zero yclw for eitch vrlocity and 

mast. These values were thcn plotted versus the square of vrhicls velocity in Figure 6.13. 

Figure 6.13 shows thar vehicle drn; with m a t  configurations M7 and W B  is 

proportional to the square of the velocity. A linear f i t  of the data for MZ and M?B 

prod~icrd slopes of 8.00 and Y.  19 rrspcctively (R' z 0.99 1 ) .  I t  wlis therefore determinrd 

that the contributed drrig from the proposcd mast (M?) represented 24% of the ovcrall 

vchicle driig. while the drag from the proposcd mnst with air rjcction (MZB) represented 

26% of overall vehiclc drag. 
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Figure 6.13 - Drrig Force ( @=Oo) vs. v'; Conji,yi~rntiotts MO. MZ md MZB @ Dr~ifi D l  



6.3 Fzirther Analysis of the Results 

The ovrrdl vehicle drag for each inast configuration (iit ii pivrn draft). as a fiinction of 

both velocity and yaw angle. c m  be determinrd witli a multiple non-linrar rrgression 

Iinalysis of the lollowing equation 

Dnig = . + t ) ' . V '  + B - V ' :  Eq. 6.02 

where U r q .  8 and V arc the drag lorcç in Newtons. the yüw an& in degrers and the 

velocity in mcti-es per second respeçtively. In Equütion 6.02 above. the constant 'A' 

represcrits the r m  of increasi: of driig as the yaw mgle incieasei. while the constant 23' 

reprcçcnts the magnitude of driig at zero vchicle yaw ;in@ (i.e. slope from Figures 6.05 

& 6.13). Using Equiition 6.02. the overiil1 drag equütions for M 1 .  ML M7A & M O  üt 

ciraft D 1 were determineci. Therefore for M 1 

Dnig,, ,  = 0.77 - 0' + 11' + 10.33.11' : Eq. 6.03 

In Equations 6.03 to 6.06, the constants 'B' are slightly smalier in magnitude than the 

dopes found in Figures 6.05 & 6.13. This is due in p s t  to the natural weighting of 

velocity (VI) in Equation 6.02. compared to the un-weighted malysis (with respect to 



velocity) of Drtrg = A - 8' + C uscd in Figures 6.04, 6.1 1 & 6.11. The naturally 

wcighted analysis is preferred here because it w;is found that larger loiid-ce11 forces (1.e. 

higher V)  resulted in more precise mrasuremrnts of rxtemal loads. A complrte set of 

plots of the data for ;il1 müst configurations is contained in Appendix B. 
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Figure 6. lil - Drii,q Force rls. Vrh idr  Y m r  An,qlr.; Corlji,y. hl 1 imd M Z  @ Dnui D 1 ~i 4.9 1rrd.s 

From Equations 6.03 and 6.04 it can be seeii that the driig of M 2  increases iit dmost twice 

the rate of M l  as the vchicle yaw angle ( 8 )  increases. This can be seen in Figure 6.14 

where data for M 1 and M2 at 4.9 1 m / s  are plotted together along with Equations 6.03 and 

6.04 Where the curves in Figure 6.14 intersect. the vehicle drag for each rnast is equal. 

The location of this intersection will br referred to as the "equi-drag" angle. The rqui- 

drag angle, O,,, was calculated by rquaiing Equations 6.03 and 6.04 and solving for O. 



This yirlded an angle of 3.7" for O,,. Therefore. for vetiiclr yüw angles above 3.7". the 

drag of MZ will be greater than the driig of M 1 .  

Table 6.01 summarizes the drag calculations for a11 m a t  configurations and drüfts. The 

constants 'A '  and 'B '  as wdl  as the correctcd R' values from Equation 6.02 are tabulaicd 

for cüch m u t  condition. In Table 6.02. the percent of overdl drag at zero yaw angle for 

each mast configuration is shown. as well as the overüll drüg percent change (rcduction) 

of the proposed mast configurations compüred to M 1 (for same driift). In addition to this. 

the equi-drag angle of the proposed mast configurations compared to M 1 (for samr drift) 

is tabulated. 

Mast Configuration 

No Mast (MO) 

Old Mast (Ml )  

New Mast QO (M2) 

New Mast QI (M2B) 

New Mast Q2 (M2A) 

D r a f t  

D 1 
D 1 
0 2  
D 3  
D 1 
D 2  
D 3  
D 1 
D 2  
D 3  
D 1 
D 2  
0 3  

A 

0.224 
0.2 74 
0.268 
0.252 
0.502 
O .  5 77 
0.657 
0.466 
0.554 
0.653 
0.480 
0.540 
0.650 

B 

5.950 
10.330 
11.792 
12.828 
7.944 
8.066 
8.087 
8.1 10 
8. 109 
8.537 
8.268 
8.290 
8.682 

0.997 
0.997 
0.99 1 

0.996 
0.998 
0.995 
0.985 
0.997 
0.996 
0.985 
0.995 
0.996 
0.986 



Mast Configuration 

Table 6.02 - S i r ~ v ~ m i n  r>fRrllitiiv Drog Rt..sitlis 

No Mast (MO) 

Old Mast (Ml) 

New Mast QO (M2) 

New Mast QI (M2B) 

,New Mast Q2 (MZA), 

6.4 Drag Force Corrclusioris 

Oh of overali 
D r a f t  drag at Zero 

Y a w  

I t  was found thiit the drag from the existing mast represented 42% (Draft D 1 ) to 54% 

(Draft D3) of ovcrall vehicle drag ÿt zero yaw angle. while the proposed rniist dm; 

rcpresrnted only 75% ( Driift D l )  to 76% (Draft D3). With air ejection. thc overall drag 

of the proposed müst was slightly higher bcrwern 27% (DriiR D 1 )  and 3 1 %  (Draft D3). 

This indicaies that whilc rhcre is a smiill penalty of increüsed drag by iising air ejection. 

thtirc is still ii large rediiction in overiill vehicle drag. 

D 1 
D  1 
0 2  
0 3  
D 1 
0 2  
D  3  
D 1 
0 2  
D 3 
O  1 
D 2  

The ovsrüll drag of the vehicle with the proposed m u t  configurations (M?(A/B)) 

increased at nearly twicr the rate of the existing niast as the yaw angle increased. In hct. 

above yiiw angles of about 3.1" to 3.6" the drag of the proposed mast w u  higher thün rhe 

existing mast. It should be recallrd from Section 1.3, that under the DOLPHIN's currcnt 

configuration (i.e. the existing mast) cross-flow angles greater than 2" are not possible. 

therefore this increase in drag of Mî(A/B) over M 1 is not a performance handicap. 

% change 
c o m ~ a r e d  to 

M l  at Zero Yaw 

'Ompared 

to Ml 

NIA 
4 2 "/O 
50% 
5 4 310 
2 5 "/O 

2 6 '10 
2 6 96 
2 7 O'J 

27'6 

309'0 
2 8 "10 , 2 8 */O 

N IA 
NIA 
N 1  A 
NIA 

-2396 
-32'0 
- 3 7 "'0 
-2 1 '6 
-31°6 
-33"'o 
-20'6 

I -3O'"o 

N I A  
N I A  
N I A  
N I A  
3 . 2  
3 . 5  
3 . 4  
3 . 4  
3.6 

3 . 3  
3.2 

I 3.6 



7.0 Vehicle Lift and Roll A~talysis 

The lift  force and roll moment for the DOLPHIN model are analyzed in this cliaptrr. The 

chapter concentrates on the liftlroll performance of the basic mast configurations (MO. 

M 1 and M2). the air ejection configuration ( W B  and the Ilap configuration ( W F ) .  

7.1 Lift and Roll Performance of Basic iMast Cor?figurations 

As a büseline it 1s neccsstlry IO compare the proposed mast's l i f t  and roll performance to 

that 01' the txisting mast and no mast configurations. In Figures 7.0 1. 7.02 iind 7.03 the 

model l i f t  force is plotted versus the model yciw mgle ( l i t  draft D 1 > for the case with no 

miist (MO). existing mast ( M  1 ). iind the proposed mahi (M2) rcsprctively. h lineiir f i t  of 

the data for eiich vclocity set (zero intercept) is included in the figures. 
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Figure 7.01 - Li/r Force vs. Vehiclr Yïiw Ariylr: No M m t  (MO) @ Dr@ DI 
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Figure 7.02 - Lifi Force rs. Vrhic.fr Ymr. Atigie; Existitig içhisr ( M  1 ) O Dnif i  D 1 
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Figure 7.03 - Lifi Force vs. Vehiclr Ymv Arigfr; Proposed M u r  ( M 2 )  @ Drcrfr Dl 



The roll moment versus yaw angle of the mode1 (lit draft D 1 ) for the no mast ( MO). 

cxisting m a t  (M 1 ). and the proposed mrist ( M 2 )  cases are presented in Figures 7.04.7.05 

and 7.06 respectivrly. Again. a l inex fit of the data (non-zero intercepi) is inciuded in 

the figures to indicate the linrarity of the data for each velocity set. I t  wüs determinrd 

that for the proposrd mast this linriirity startrd to "fa11 off' for vehicle yaw angles nbove 

:il.out Y ' .  Thcrefore. i t  wiis dccided th:it da!a ;ibov<: 8 '  y:iw for  the propcsed m s t  \vc.~iid 

not h r  included as part of iiny calcularions of tlir lift  force or roll moment. in addition to 

this. Iiny data values thlit were considerd crroiicous wese d e e n i d  "outliers" and wrrc not 

includcd in any calculations. 
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Figure 7.04 - Roll Monterit vs. Veliiclr Ymv Atigle; No M m r  (MC) @ Dr@ Di 
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Figure 7.05 - Roll M o ~ ~ i r r i !  P.S. Veliicle Y w  Ari,qlr: Ei.i.sriri,q Mtrst ( M I )  @ Llrciji DI 
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Figure 7.06 - Roll Mortienr vs. Veliicle Ytrrv Ari yle; Proposed  MC^ (M?) O Dr<# DI 



The overall vehicle l i f t  force and roll moment for rach mlist configuration (ut a given 

draA). as ri function of both velocity and yliw angle. was detrrmined with n multiple non- 

linear regression analysis. The following regression eqiiations wrre usrd for the l i t i  

force and roll moment respectively : 

Liji = C,,.( '?,+bi,,j+V' [NI 

Roll = C, . (0, + O,,). V' (N - ni] .  

In thc equritions ribove. C,, and C, ;ire the coeffifiçier,ts of inierest. O ,  is the correçted **truc" 

yaw angle ( i n  dcgrees). 8,) is the olfset cingle ( in  drgrees) due to initial dignmcnt m o r s  

and vehicle asymmetry. and V is thc velocity u l  the vehicle. The coefficients C,, and C, 

were calcuiritd for the no mast condition ( M O ) ,  as wcll ris the thrw drtifts for both the 

existing müst ( M  1 ) and the proposcd m u t  ( M I ) .  The resulting coefficients as wrll as the 

rtssociatcd R' values tire listed in TiibIe 7.0 1 

Mast Configuration D r  a f  t C I F I 2  (CO) R 2 ( c d  

Table 7.01 - CoeJficie~tts Co rind C,jbfor M O ,  M l  orid iM2 

No Mast (MO) 

Old Mast (Ml)  

New Mast 0 0  (M2) 

D 1 
O 1 
0 2  
0 3 
O 1 
0 2  
0 3  

1 4 . 1  
16.2 
15.8 
15.1 
33.6 
37.7 
40.4  

- 4 . 48  
- 4 . 2 8  
- 4 . 6 3  
-5.01 
3.53 
7.53 

- 10.96 

O. 999 
0.997 
0.993 
0.998 
1 .O00 
0.999 
0.999 

1 .O00 
0.993 
0.992 
0.987 
0.996 
0.986 
0.991 



From C,, in Tüble 7.01 it  can be seen that the lift produced with the proposed mast 

configuration ( M I )  is. at a minimum. twice i i s  much as the lift produced by rither the no 

miist (MO) or the rxisting mast configurations (M 1 ). Xlso note that the magnitude of the 

l i f t  produced by the proposrd mast (MZ) increoses with increuing draft. whilt: the 

miignitudr of lift of the rxisting mast (M 1 )  decreases with incrrasing draft. The Iiitter 

re.;iilr w:i< iineupected :mi niay he rel:itt.cl to the .;playing of the fiiirings r Section 6 .  1 i. 

From C, in Table 7.01 it çan be sren thiit the use of the proposed miist (M2) results in a 

rcversül of the direction of the roliing moment whcn çornpmd to the no müst (MO) and 

cxisting müst (M 1 ). In addition tu this. i t  was also noticed thlit the magnitiide of roll of 

the proposed mast ( M 1 )  increasrs sharply as the draft is incrcased. whilr the increasc in 

roll masnitudc h r  the cxisting miist ( M  1 ) was minimal. However. there exists a drcifi. 

DO. iit whiçh the magnitiide of the roll moment is zero for rhr proposcd müht (M2) .  To 

~dcul l i tc  this draft. the values of C,  from Tüblr 7.0 1 were usod in ii l inex regrcssion with 

the following equiition 

C, = A -  Dr<!ff + B ;  Eq. 7.03 

wherc A and B were the constants to be calçulated. and Dnifr is the drnli depth of 43.5". 

53.S13nd 63.5" for DI. D? and D3 respectively. The resulting cquation (RL = 0.998) wüs 

C, = 0.37 1 . Dn@ - 12.5. Eq. 7.04 

For ii zero roll morneni. C, must be ideniicülly cqual to zero. therefore 

O = 0.37 1.  DO - 12.5; Eq. 7.05 

and solving for DO yielded 

DO = 33.7 [inches]. Eq. 7.06 



Therefore. a zero roll condition rxists (al1 r l s e  bring cqual) at a draft of 33.7" [86cm]. 

This draft is locatrd roughly 3/4" [19rnrn] above the ventilation fenctt. Recall from 

Sections 1.4 and 3. j. 1 that the lower müst section was drsignrd (selectcd) so that it donr 

would provide enough roll to counter the roll producrd by the kcel. Therefore. the design 

of the lower section of the proposed mast configuration is considtred to largely rnect this 

A synthetic value of C,, wiis çtilculatrd for drnft DO of the proposcd ma t .  This 

çocfficient wus determinrd by using the values of C,, froni Table 7.01 in the linear 

rcgression rquüt ion 

c, = '4. Dr(,$ + B ;  Eq. 7.07 

apain. whrre ,4 iind B are the constants to be c:ilculatcd. anci DrtiJt is the drnft drpth of 

43.5". 53.3"and 63.5" for D l .  D l  and D3 respectively. The rcsulting equîtion (R' = 

0.987) is 

C,, = 0.340- Drrr)i + 19.0 : Eq. 7.08 

2nd substituting a Drilfi of 33.7" yirlds 

C,, = 30.5 Eq. 7.09 

It should be noted thiit the procedure used in determining Equations 7.02 through 7.09 is 

valid only when the uppcr section of the proposrd müst is the surface piercing section. 



Lift and Roll Performance of the Proposed Mast with Air Ejection 

Rrcall from section 2 .3 .2  that the goal of the air ejrction rnrthod was to reduçe the 

effective lift force to zero over the upprr section of the proposcd rniist. Idçÿlly. in order 

for this to occiir a thin. rvenly distributed air shert wüs required on both sides of the 

uppsr m;tst section. Howcver. during tests with air ejejeçtioii i t  was noticcd that ihis 

"ideai" condition was nor atishcrorily xhieved during the traiing. 

Firstly. it wlis obsrrvetl that the distribution of the qectrd air had a variation in sheet 

thickness lilong the vertical span of the upper rnast section. The thickncss of ihr air sheet 

was preatest on the lower third (roughly from DO to Dl  of the uppcr mast section. whilc 

i t  was minimal over the middlr third (roughly from Dl  to D I ) .  The upper third of the 

uppcr rnlist section (roughly from D3 to D3) had an intcrmediatr air sheet thickncss. 

Sccondly. the air shcet on thc high-pressure side of the upper müst staned to thin as the 

vchicle was yawed iiway f'rorn zero dcgrees. Evcntuülly. the air sheet on the high- 

pressure sidr was completely dçpleted. with al1 the air therefore cjccting out onto thc 

low-prcssurc side. It  wils noticrcl that for yaw angles of lrss h i r r  4". the lowhigh- 

pressure symrnriry of the air shect r w r  satisfiictory. Thirdly. it was obsrrved thnt the air 

shert w u  excessivcly thick for some of the lowrr velocity tests. 

The mode1 lift force is plotted versus the modcl yaw angle for the proposed mast w ith the 

air ejection rate of 2OCFM [9.4 Us] (MIB)  for vehiclc drafts Dl .  D? and D3 in Figures 

7.07. 7.08 and 7.09 respectively. A linear fit of each velocity set (zero intercrpt) is 

derived solely from yaw angles of less than 4" and is included in the figures. Note that as 

the draft is increased. that the data points above 4" diverge from the linex fit .  
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The modrl roll moment is plotted vcrsus the niodttl yaw cingle for the proposrd mast with 

2OCFM [<)A lis] o f  air ejection (M2B) for vchiclr drafts D 1 .  D? and D3 in Fisures 7.10. 

7.1 1 and 7.11 respectivrly. As ccin be seen in the figurcs. the data collected for the roll 

moment due to thc air cjection is not as "orderly" as the data analyzrd up to this point. 

As a result. a cubic splinr was used to indicate the "trend" of r x h  velocity set of data as 

the yaw angle was inçreased. As previously mentionrd, for vehiclr yaw angles above 4' 

the air sheet pattern is not well behüved and this can be seen in the plots. However. for 

yaw angles of less than 4" the roll moment of e x h  draft is reasonably regular. For yaw 

angles of up to 4' in Figures 7.10, 7.1 1 and 7.17 ii was obsrrved that: D 1 rxhibits a 

roughly positive slope: D2 exhibits ii near zero slope (with the exception of V = LOOm/s). 

and: D3 exhibits a roughly negative slope (with the exception of V = 1.00rnIs). 
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Figure 7.11 - Roll Motrient vs. Vehicle Yu». A n g k :  Proposed Mast \rl/Air (MZB) @ Dnift 0 2  
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Using Equütions 7.01 and 7.02. the lift forcc and roll moment for configuration Ml3 

werc rrgressed to obtain ihe coefficients C,, and C,. For the cinnlysis. only ynw angles of 

lcss than 4" were consiciered. In addition to this, the lowcst two vchicle velocitics. 

?.OOrn/s and 2.83ni/s, wsre alsa excluded from thc rinalysis. The resulting çoeft?cit.nts. 

together with the rcsdts of Section 7.2, are listed in Table 7.03. 

From the results of the propowd mast (M2 and M7B) in Table 7.02. i t  can be seen thrit 

for a given drüft the addition of air ejeciion reduces the overall vehicle lift  force (C,,). I t  

is also noted that for the air ejection (M2B). that the overall vehicle lift force (C,,) 

decreaïes as the draft is increased. With regards to the roll performance of the air tijected 

mast (M2B). note that for a given drüft that the magnitude of the overall vehiclr roll 



moment (C,)  of configuration MZB (air) is lowrr than both M2 (no air) and the existing 

müst M 1.  In hct. the magnitude of the roll moment lit D3 for M2B (air) is lrss than the 

magnitude of roll at D 1 for either M I  (no air) or M l  (existing mast). 

l Mast Configuration D r a f t  

- - 

[-NO ~ a s t  (MO) [ $ 
Old Mast (Ml) 

I New Mast QO (M2) 

Table 7.02 - Coej]ïcic~ir.s C,, m ~ i  C,Ji)r MO. MI. MZ i.r,rtl MIB 

Somc additional resulis ciin be extractcd from Table 7.07 with regards to the air rjtxtcd 

mast (M2B). Note thüt the ovcriill vehiclc roll moment (C , )  is nearly zero for draft D2 

(the extrcmely low R' value is a result of the data for the roll moment of DZ being very 

near zero). If the overall vehicle l i f t  force (C,,) and roll moment (Cl)  of M I B  (air) at D I  

is directly cornparcd to the overall vehicle lif t  force (C,,) and roll moment (C , )  of M3 (no 

air) iit the synthrtic draft. it clin be seen that l i f t  force and roll moment are rssentiülly the 

sarnr. In tact the difference in l i f t  force is less than 0.5%. Therefore i t  can be concluded 

that at a draft D2 for the air ejectcd mut  (M2B). that the net lift force grnerated by the 

air ejected section (i.e. DO to D2) is essentially zero. 



Dur to the positive roll coefficient (C,) üt draft Dl  for M2B (air). and the h c t  that the 

overall lift (C,,) of M2B (air) at D l  is peater than that of M2 (no air) at DO, it cm be 

concluded that the thrre is still some "leftover" lift on the air ejccted srcrion (Le.  DO t o  

D 1 i. However. because of the negütive roll coefficient (C , )  lit dralt D3 for M3B (air). 

and the f x t  thlit the overrill lift  (Co) of M î B  (air) at D3 is less thrin that of M2 (no air) iit 

DO. i r  ç:in hr: crincli i t led t h;it rherc i s  ;i "reverse !ift" nn t he  :iir ejectinn w c t i o n  1 i . r  DO r o  

D3 ). That is to say that the ejectrd air causes a countrr thrust which l icts in the oppositr 

direction thnn would normully br expected. 



7.3 Lift and Roll Performance of the Proposed Mast Flap Conj7guration 

The cffect of the tlap on the lower section of the proposed mast can be thought of as an 

additional cippendage. Therefore. the performance of the vrhicle with the tlap can be 

added to the performance of the overall vehiclr without the tlap. Rewriting Equtitions 

7.01 and 7.02 to include the tlap perforrnancc yirlds. for the vehicle lift  force and roll 

niotrieiit respectively, 

Lifi = C,, . ( O ,  + O , , )  a V' + # O ,  4 V' [NI: 

~ 0 1 1  = c, .(e,+e, ,) .v:  + c,.e,-V [Win]. 

Eq. 7.10 

Eq. 7.11 

in the above equations. Cl anci C ,  represrnt the magnitude of performance of the tlnp Ior 

vchiçlc lift force and roll monicnt respcctively. ant18,. is the tlÿp de tlcction angle in 

degrers. In ordcr to prcscnt the data with both the vehicle yaw angle (8,) tint1 mast Ilüp 

angle ( O , , )  i t  is necessary to "normdize" the data with respect io the velocity. Therefore. 

dividing Equlitions 7.10 and 7.1 1 by V' yirlds 

r -! 

Lifi - -  - c,, je, + 4 )  + c2 6- [&]: 
v: 

Roll - -  - c, , (o .  +sol + cl -0,  [%]. 
v1 m- 1 s -  

Ey. 7. I Z  

The data for the flap was then normalized by dividing by the velocity squarrd. The 

resuits are plotted for the normalized lift force and roll moment vrrsus vehicle yaw angle 

in Figures 7.13 and 7.14 respectively ('v" is indicated by 'W' in the figures). 
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Figure 7.14 - Nornrdi:ed Roll Morrrenr vs. Vehicle Y c w  Arrgle: Fluppnl iI.lmt (MZ F )  @ 0 2  



In Figures 7.13 and 7-14. a linear fi t  of the data is presented based on Equations 7.12 and 

7.13 respectively. The slope of the lines in Figures 7.13 and 7.14 represent the 

coefficients C,, and C,  from Equations 7.12 and 7.13. The coefficients C? and C, can br 

derived from the intercepts at zero ynw angle in Figures 7.13 cind 7.1 J respectively. 

The data as prcsented in Figures 7.13 and 7.14 are rather çongestcd. Thcrefore in Figures 

7.15 and 7.16 the data is re-plottcd. but only for tlap ~inglcs of -2'. 4' and 10'. The solid 

lines in the ligurcs ügain represcnt lincar normnlized fits of the data based on Equations 

7.12 and 7.13. The solid gray lines in  Figure 7.16 repreïent linex tïts of the datii based 

on Equation 7.1 1 .  

-4 - 3  - 2  -1 0 1 2 3 4 

V e h i c l e  Yaw (Degrees) 

O F lap  = 10" 

IXI F l a p  = 4" 

n F l a p  = - 2 "  

Figure 7.15 - Nonndired Lifi Force vs. Veliicle Ymv Angle; Flapped M m t  (hI3F) @ il? 
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-4 -3 -2 -1 0 1 2 3 4 
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From Figure 7.16 it can be seen thiit Equations 7.1 1 and 7.13 yiclcl different rcsults. This 

is evident by the different slopes and intrrcepts (rit zero yüw cingle) for the solid and 

dashcd lines. The main reason for the disagreement betwcen Eqiintions 7.1 1 and 7.13 is 

that somr of the data for the tlap tests does not correlate dirrctly io vclocity squared. 

This clin br seen in Figure 7.16 (and to a lrsser rxtcnt in Figure 7.15) where there is a 

vertical spreüd of the normalizrd data at 'C'. 'D' and ' E  with respect to the linear fit .  On 

the other hünd. the normalized data at 'A'. 'B '  and 'F'  correlate quite well (neglecting V 

= 1.00rnfs) with respect to the linear Fit. 



Upon closer examination i t  was noticed that for data sets -C'. 'D'  and ' E  that the tlap 

anglr is opposite in sign to the yiiw angle, while for 'A'. 'B '  and 'F '  the tlap angle and 

the yaw cingle have the same sign. This result is important bccause lis ciin be scen in 

Figures 7.14 and 7.16. the zero roll condition (wherr the lineür fits intersrçt zero roll 

moment) cirn orily be achieved when the tlap is dtttircted in rhr upposite sensc to the 

\ d i ç l e  y riw mgle. 

Because of the iibovtt rrsults. an aniilytiçal solution of C, and C ,  would not be valid. In 

othrr words. becausr of the oppositc sign condition. the nssumption in Equiitions 7 .10  

through 7.13 that thc data is proportional to velocity squared is incorrect. Howevrr. the 

effwtiveness of the tlap crin still br gauged by using Figures 7.14 and 7.16. If  the lincar 

fits of the data in these figires is used as ri rough guide. thcn the t h p  iingle requircd for 

zcro roll momcnt u n  be approximiited. For example. for a vehiçle yiiw angle of - 1  '. a 

t lüp  drtlection of 4' is required to eliniinate thc roll moment. However. becaiisc of the 

vertical spreüd of the data this tlap ringle is only ti representativr of the intermediate 

velocitirs ( V  = 3.46 rn/s and 4.00 d s ) .  For thc highrr velocities ( V  = 4.47 rn/s and 1.9 1 

m/s) a larger tlnp angle would be required. whilç for the lowrr vclocities ( V  = 1.00 m/s 

and 2.83 m/s) a smaller tlap mgle would be required to achievr zero roll moment. 



7.4 Lift Force and Roll Mornent Conclusions 

One of the goals of this project wlis to use the proposed mast to control the vehiclr roll 

moment. It was found that the basic proposed mltst configuration i i.c. no air rio tlap) 

provided too muc h counter-roll for draRs D 1. D2 and D3. This was expected. since the 

inast wiis designcd such that only the lower portion would providc suftïcient çountrr-roll 

to eliminate the roll niotrwnt. Tiw clrlii'~ DO. ;it wiiich L C ~ O  rd1 nioiiient ucciir.rt.d. wi.îh 

found to be within 314" of the design location. 

With thc inclusion of air ejection. it  was found thiit the miignitude of the civcr;ill vehiçle 

roll moment wûs lowcr than both the basic proposed mast and the cxisting miist. In fli'üct. 

the magnitude of the roll moment at drati D3 for air ejection was less thiin the magnitude 

of the roll niorncnt rit D l  for both thc basic proposcd niasr and the cvisting mast. 

However. brcausc ii thin. cvenly distributcd air shcet was not üIw;iys observed during 

iesting. the behavior of the cjrction ~ 1 s  neiiher whüt wris desircd nor considcred idcal. 

Thc rrsults of the tlap configuriition tesis indicate thüt the 25% plain tlap included on the 

lower section of the proposed mast is adequrite to provide vehicle roll control. However. 

thc cffectiveness of the tlap did not correlate well with velocity squared. and as a rrsult. 

unique flap angles are required for each velocity in order to eliminatr the roll moment. 

Thrrrfore. the roll control via tlap detlection would have to be incorporateci into the 

active control system of the DOLPHIN. 



8.0 Conclusions 

Through ISER's [International Submiirine Engineering Researçh) çontinuing resrarch and 

design. the DOLPHIN has bren constantly cvcllving since its first deploymrnt. 

Therefore. in Decen~ber 1996. ISER requested that a nrw surface-pirrcing mast design bs 

çonsidcred. As such. ii çollaborativc resexch. drsign and testing plan was set  LI^ betwcen 

ISER. IMD (Institute for Marine Dynamiçs j and MUN (Mernorial Un  

Xewfoundliind) to design and test a new surface-piercing mast for the 

iversity of 

DOLPHlN.  

Rrse;irch and literaturr were çollrctsd iind enamined on such subjects as surbce pierçing 

struts. hydrofoil sections. tlap performance. and secondary mrans of çontrolling sidr- 

force suçh as spoilers and air-entrainment. A synimetric double-arc shapr was sslected 

as the ncw section for the upprr-hnlf of the mast. Active air-entrainment was 

irnplementrd into the upper mast as a sticondiiry ineans of regulütins vehicle side force. 

The profile for the lower-hlilf of the m;ist wris biisrd upon a rnodificd double-arc. In 

addition to this. a 25% of chord plain flap was integrated into thc lower mast to control 

vehicle lift  force and roll niomcnt. 

A scüie mode1 of the DOLPHIN was designed and fabricatrd to test the performance of 

the new rniist. The DOLPHIN model was tested in the IMD CWTT (Clear Water Tow 

Tank) using the prototype MDTF (Marine Dynamic Test Facility). The model was tested 

lit various vehicle drafts. speeds. yiiw angles. and m u t  configurations. Al1 six forces and 

moments on the DOLPHIN model were meüsured with an interna1 six degrees-of- 

freedom dynamometer. 



After the test plan was cornpleted it was nccessary to perform a calibration of the 

dynamometer. A calibration of the dynamometsr wiis necessiiry in order to determine the 

loüd interactions within the dynamometer. In addition to this. ii was noticed during 

trsting. that the mode1 was deviating from its "prrset" y aw angle by a considerable 

lirnount. It was drtermined that this wüs the rrsult of the flcxing of the support struts of 

the prototype MDTF iystern. Thcreforri rhe d m  \vas corrrç!ed in 42rdttr to hc :ihk rc 

aniilyzè the hydrodynamic loüds. 

The primary goal of this project wris to reduce the overall vehiclc drag of DOLPHIN by 

reducing the drag of its surfiice-piercing niast. It  was found thnt the drag from the 

e'risting mast rrpresrntsd -17% to 54% of overall vehicle drag at zero vehicle yliw cinglc. 

while the proposed mast drng reprcsrnted only 25% to 26%. W ith air ejeçtion. the 

contributrd drap of the proposcd mast was slightly higher between 27% to 3 1 % of overal l 

vehicle drag. This indicaird that whilc there was a small penalty of increasrd drag by 

using air ejection. there was still a lnrgr reduction in overall vehicle drag relative to the 

existing mast. 

The overall drag of the vehicle with the proposed mast increased at nearly twice the rate 

of the cxisting mrist as the ynw angle increased. In fact. above yaw angles of about 3.7' 

to 3.6" the drag of the proposed m u t  was higher than thc rxisting mut .  It  shoiild be 

notrd however. that under DOLPHIN's current configuration cross-flow angles greater 

thm 2" are not maintainable, therefore the increasrd drag of the proposed m u t  over 

rxisting mast at higher yaw angles is not a performance handicap. 



The secondary goal of this project was to use the proposeci mast to çontrol vrhiclr roll. It 

was found that the basic proposed mast configuration (with no air or tlap) providrd too 

much countrr-roll for al1 three ilrafts tested. This wüs rxpccted. since the m a t  was 

designrd such thiit the lower portion alone was to providr suftïcient countrr-roll to 

diminate the roll moment. The draft rit which zero roll moment occurred (DO) was hund 

hc wirhin ?II" {lf i tq  deqign Inc;itinn. 

With the inclusion of air rjecrion on the proposed mast. i t  was found thiit the magnitude 

of the overall vehicle roll moment was lower thm both the basic proposed mnst and the 

existing mast. In tact. rhe rnagnitude of the roll moment at thc drepest drüîl (D3) for air 

rjection was less than the magnitude of the roll moment ~ i t  sh;illowest drnlt ( D I ) for both 

ihc basic proposed mast and the existing mast. However. because a thin. rvenly 

distributed air sliect was not always obscrved during trsting. the behavior of the ejection 

was neither what wris desired nor considercd ideal. 

The results of the flap configuration tests indicatr that the 25% of chord plain tlap 

included on the lower section of the proposçd rnltst is adequiite to provide vehicle roll 

control. Hawever. the effectiveness of the flap did not correlate well with velocity 

squared. In other words. the data for the flap tests was not proportional to velocity 

squÿred. As a result, in order to eliminatr the roll moment unique flüp angles would be 

required for each vehicle velocity. Therefore, the roll control via tlap drflection would 

have to be incorporated into the active control system of ihr DOLPHIN. 
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Appendix A 

DOLPHIN Test Matrix 



Run Model Draft Yaw Carriage Air Flap Data I 
Number Configuration Depth (Deg) Speed ( r n l s ) F l o w _ o e g )  'File Name' 

1 No Mast D2 O 2.00 & 2.83 XM-D 1 -Y 00-V200 
2 No Mast 0 2  O 3.46 & 4.OG XM-Dl -YOO-V346 
3 No Mast 02  O 4.47 XM-Dl -YOO-V447 
4 No Mast 02 O 4.90 XM-01 -YOO-V490 
5 No Mast D2 -2 2.00 & 2.83 XM-D 1 -YM02-V200 
6 No Mast 02 -2 3.46 & 4.00 XM-0 1 -YM02-V346 
7 No Mast 02  -2 4.47 XM-Dl -YM02-.V447 
8 No Mast D2 -2 4.90 XM-D 1 -YM02-V490 
9 No Mast 02 2 2.00 & 2.83 XM-Dl -Y02-V200 

1 No Mast 02 2 3.46 & 4.00 XM-Dl -Y02-V346 
1 1  No Mast 02 2 4.47 K M - 3  1 -YG?-VJJi 
12 No Mast 02 2 4.90 XM-D 1 -Y02-V490 
13 No Mast 02 4 2.00 & 2.83 XM-D 1 -Y04-V200 
14 No Mast D2 4 3.46 & 4.00 XM-Dl -Y04-V346 
15 No Mast 02 4 4.47 XM-Dl -Y04-'4447 
16 No Mast 02  4 4.90 XM-Dl -Y04-V490 ' 
17 No Mast 02 6 2.00 & 2.83 XM-Dl -Y06-V200 

No Mast D2 6 3.46 & 4.00 
No Mast 02  6 4.47 

20 No Mast 02 6 4.90 XM-Dl -YO6-V490 
2 1 No Mast 02 8 2.00 & 2.83 XM-Dl -Y08-V200 
2 2 No Mast 02 8 3.46 & 4.00 XM-Dl -Y08-V346 
23 No Mast 0 2  10 2.00&2.83 XM-Dl -Y 10-V200 

24 Old Mast D l  O 2.00 & 2.83 
Old Mast D l  O 3.46 & 4.00 
Old Mast D l  O 4.47 

OM-Dl -YOO-V200 
OM-Dl -YOO-V346 
OM-D 1 -YOO-V447 

27 Old Mast Dl O 4.90 OM-Dl -YOO-V490 
28 Old Mast D l  -2 2.00 & 2.83 OM-D 1 -YM02-V200 

Old Mast D l  -2 3.46 & 4.00 
Old Mast 01 -2 4.47 

3 1 Old Mast D l  -2 4.90 OM-D 1 -YM02-V390 
32 01d Mast D l  2 2.00 & 2.83 OM-Dl -Y02-V200 

1 33 Old Mast D l  2 3.46 & 4.00 OM-Dl -Y02-V346 
34 Old Mast D l  2 4.47 OM-Dl -Y02-V447 
35 Old Mast D l  2 4.90 OM-O1 -Y02-V490 
36 Old Mast 01 4 2.00 & 2.83 OM-Dl -Y04-V200 
37 Old Mast D l  4 3.46 & 4.00 OM-Dl -Y04-V346 
38 Old Mast D l  4 4.47 OM-D 1 -Y04-V447 
100 Old Mast D l  4 4.90 OM-0 1 -Y04-V490 
101 Old Mast D l  6 2.00 & 2.83 OM-Dl -Y06-V200 
102 Old Mast D l  6 3.46 & 4.00 1 103 Old Mast D l  6 4.47 
1 04 Old Mast Dl 6 4.90 OM-D 1 -Y06-V490 
105 Old Mast D l  8 2.00 & 2.83 OM-01 -Y08-V200 

OM-Dl -Y06-V346 
OM-D 1 -YO6-V447 

1 106 Old Mast D l  8 3.46 & 4.00 OM-Dl -Y08-V346 1 
1 07 OId Mast D l  10 2.00 & 2.83 OM-D 1 -Y 10-V200 
1 08 Old Mast D2 O 2.00 & 2.83 . OM-D2-YOO-V200 
109 . Old Mast 02 O 3.46 & 4.00 OM-02-YOO-V346 
110 Old Mast 02  , O 4.47 OM-D2-Y 00-V447 
11 1 Old Mast D2 O 4.90 OM-D2-YOO-V490 



Run Model Draft Yaw Carriage Air flap Data I 
Number Configuration Depth (Deg) Speed (m/s) Flow (Deg) 'File Name' 

112 Old Mast 02  -2 2.00 & 2.83 0M-02-YM02dV200 
113 Old Mast 02  -2 3.46 & 4.00 OM-D2-YM02-V346 
114 Otd Mast D2 -2 4.47 OM-D2-YM02-V44? 
115 Old Mast 02  -2 4.90 OMLD2-Y M02-V490 
116 Old Mast 02 2 2.0082.83 OM-D2-Y 02-V200 
117 Old Mast 02  2 3.46 8 4.00 OM-D2-Y02-V346 
118 Old Mast D2 2 4.47 OM-D2-Y02-V447 
119 01d Mast 02  2 4.90 OM-D2-Y02-V490 
120 Old Mast 02  4 2.00&2.83 OM-D2-Y04-V200 1 121 Old Mast 02 4 3.46 8 4.00 OM-D2-Y04-V346 
122 Gid ivlast D2 4 4.47 Ob1-32-YC3-'4-147 
123 01d Mast 02  4 4.90 OM-D2-Y04-V490 

1 
124 Old Mas; 02 6 2.00 & 2.83 OM-D2-Y06-V200 
125 Old Mast 02 6 3.46 & 4.00 OM-D2-Y06-V346 
126 Old Mast D2 8 2.00 & 2.83 OM -D2-Y08-V200 
127 Old Mast 02 10 2.00 & 2.83 OM-02-Y 1 O-V200 
128 Old Mast 03  O 2.00 & 2.83 OM-D3-YOO-V200 
1 29 Old Mast 03  O 3.46 & 4.00 OM-D3_YOO+V346 
130 Old Mast 03  O 4.47 OM-03-Y 00J447 
131 Old Mast D3 O 4.90 OM-D3 -YOOLV490 
132 Old Mast 03  -2 2.00 & 2.83 OM-03-Y M02-V200 
133 Old Mast D3 -2 3.46 & 4.00 OM-03-Y M02-.V346 
134 Old Mast 0 3  -2 4.47 OM-D3-Y M02-V447 
t 35 Old Mast 0 3  -2 4.90 OM-03-Y M02-V490 
136 Old Mast 0 3  2 2.00 & 2.83 OM-D3-Y 02-V200 
137 Old Mast 03  2 3.46 & 4.00 1 138 Old Mast 0 3  2 4.47 
139 Otd Mast D3 2 4.90 OM-03-Y02_V490 
140 Old Mast 03 4 2.00 & 2.83 OM-D3-Y04-V200 
141 Old Mast D3 4 3.46 & 4.00 OM-D3-Y04-V346 4 

142 Old Mast 03 6 2.00 & 2.83 OM-D3-Y06-V300 4 

143 Old Mast 0 3  8 2.00 & 2.83 OM-D3--Y08-V200 

144 New Mast, No Air 01  O 2.00 & 2.83 QO NM-Dl -YOO-V200 -QO 
145 New Mast. Low Air D l  O 2.00 & 2.83 Q I  NM-Dl -YO04V200-Q 1 
146 New Mast, High Air 01  O 2.00 & 2.83 0 2  NM-Dl -Y00 -V200-Q2 
147 New Mast, No Air 01  O 3.46 & 4.00 QO NM-D 1 -YOO-V346-QO 
148 New Mast, Low Air D l  O 3.46 & 4.00 Q I  NM-Dl _YOOdV346-QI 
149 New Mast, High Air D l  O 3.46 & 4.00 Q2 NM-01 -YOO-V346-Q2 
150 New Mast, No Air 0 1  O 4.47 QO NM-Dl -YOO-V447-00 
151 NewMast,LowAir D l  O 4.47 Q I  NM-0 1 -YOO-V447-QI 
152 New Mast, High Air D l  O 4.47 0 2  NM-Dl -YOO-V447-Q2 
153 New Mast, No Air 01  O 4.90 QO NM-Dl -YOO_V490_QO 
154 New Mast, Low Air D l  O 4.90 QI NM-Dl -YOO-V490-QI 
155 New Mast, High Air D l  O 4.90 Q2 NM-01 _YOO-V490-Q2 
156 New Mast, No Air D l  -2 2.00 & 2.83 QO NM-D 1 -YM02-V200_QO 
157 New Mast, Low Air D l  -2 2.00 & 2.83 QI  NM-D 1 -YM02-V200-Q1 
158 New Mast, High Air D l  -2 2.00 & 2.83 Q2 NM-Dl -YM02-V200-Q2 
159 New Mast, No Air D l  -2 3.46 & 4.00 QO NM-Dl -YM02-V346_QO 
160 New Mast, Low Air D l  -2 3.46 & 4.00 QI  NM-Dl -Y M02-V346-Q1 
161 New Mast, High Air D l  -2 3.46 & 4.00 Q2 NM-Dl -YM02-V346-Q2 

' 



1 Run Model Draft Yaw Carriage Air Flap Data I 
Number Configuration Depth (Deg) Speed (rnk) Flow (Deg) 'File Name' 

162 New Mast, No Air D l  -2 4.47 QO NM-D 1 -Y M02_V447_QO 
163 New Mast, Low Air D l  -2 4.47 Q I  NM-D 1 -Y M02-V447-Q 1 

NM-D 1 .-YM02+V447-Q2 . 
165 New Mast, No Air D l  -2 4.90 QO NM-Dl -YM02-V490-QO 
166 New Mast, Low Air D l  -2 4.90 Q I  NM-D 1 -Y M02-V490-Q 1 

167 New Mast, High Air D l  -2 4.90 Q2 NM-D 1 -YM02-V490-Q2 
168 New Mast, No Air D l  2 2.00 & 2.83 QO NM-Dl -Y02-V200_QO 
169 New Mast, Low Air D l  2 2.00 8 2.83 Q1 NM-D 1 -Y02-V200_Q1 
170 New Mast, High Air 01  2 2.00 & 2.83 Q2 NM-Dl -Y02-V200-Q2 
171 New Mast, No Air D l  2 3.46 8 4.00 QO NM-D 1 -Y02-V346-QO 
4 -n 1 i IL N ~ L ~ I  Masi, i ù w  Air D1 2 3.46 SI 3.00 3 1  FJM-3 1 -Y02-'J336-Q 1 , 
173 New Mast, High Air D l  2 3.46 81 4.00 Q2 NM-Dl -Y02-V346-02 / 174 New Maît, No Air D I  2 4.47 QO NM-D 1 -Y02-V447-QO 
175 New Mast, Low Air D l  2 4.47 Q I  NM-D 1 -Y02-V447-Q1 
176 New Mast, High Air D l  2 4.47 Q2 NM-Dl -Y02_V447_Q2 
177 New Mast, No Air D l  2 4.90 QO NM-Dl -Y02-V490-QO 
178 New Mast, Low Air D l  2 4.90 Q I  NM-Dl -Y02-V49O-Q1 
179 New Mast, High Air D l  2 4.90 Q2 NM-Dl -Y02-V490,-Q2 
180 New Mast, No Air D l  4 2.00 & 2.83 Q0 NM-Dl -Y 04-V200-QO 
181 New Mast, Low Air D l  4 2.00 & 2.83 Q l  NM-Dl -Y04-V200-01 
182 New Mast, High Air D l  4 2.00 & 2.83 Q2 NM-Dl _Y04-V200.-02 
183 New Mast, No Air D l  4 3.46 & 4.00 QO NM-D 1 -Y04-V346-Q0 
184 New Mast, Low Air 01 4 3.46 8 4+00 Q I  NM-Dl -Y04-V346-Q1 
185 New Mast, High Air D l  4 3.46 & 4.00 Q2 NM-Dl -Y04-V346-Q2 1 186 New Mast No Air D I  4 4.47 QO NM-DI _Y04-V447_QO 
187 New Mast. Low Air D l  4 4.47 Q I  NM-Dl -Y04-V447-Q1 
188 New hlast, High Air D l  4 4.47 Q2 NM -Dl -Y04-V447-Q2 
189 New Mast, No Air D l  4 4.90 QO NM-Dl -Y04-V490-QO 
190 New Mast, Low Air D l  4 4.90 Q I  NM-Dl -Y04-V490-Q1 
191 New Mast, High Air D l  4 4.90 Q2 NM-Dl -Y04-V490-Q2 
192 New Mast, No Air QI 6 2.00 & 2.83 QO NM-Dl -YO6-V2OO_QO 
193 New Mast, tow Air D l  6 2.00 & 2.83 Ci1 NM-D 1 _Y06-V200-Q 1 
194 New Mast, High Air D l  6 2.00 & 2.83 Q2 NM-Dl -Y06-V200-Q2 
195 New Mast, No Air D l  6 3.46 & 4.00 QO NM-D 1 _Y06-V346_QO 
196 NewMast,LowAir 01  6 3.46&4.00 Q I  NM-Dl _Y 06-V346-QI 
197 New Mast, High Air D l  6 3.46 81 4.00 Q2 NM-Dl -Y06+V346-Q2 
198 New Mast, No Air D l  6 4.47 QO NM-D 1 -Y06-V447_QO 
199 New Mast, Low Air D l  6 4,47 Q I  NM-Dl -Y06-V447-QI 
200 New Mast, High Air D l  6 4.47 Q2 NM-Dl -Y06-V447-Q2 

1 2 0 1  NewMast.NoAir 01 6 4.90 QO NM-Dl -Y06-V490-QO 
202 New Mast, Low Air D l  6 4.90 QI NM-D 1 -Y06-V490-Q1 
203 New Mast, High Air D l  6 4.90 Q2 NM-Dl -Y06-V490-Q2 
204 New Mast, No Air D l  8 2.00 & 2.83 QO NM-Dl -Y08-V200-QO 
205 New Mast, Low Air D l  8 2.00 & 2.83 Q1 NM-Dl -Y08-V200-Q1 
206 New Mast, High Air D l  8 2.00 & 2.83 Q2 NM-Dl -Y08-V200-Q2 1 207 New Mast. No Air D l  8 3.46 & 4.00 Q0 NM-Dl -YO8-V346_QO 

1 208 : New Mast, Low Air 01  8 3.46 & 4.00 : QI NM-Dl -YO8-V346-Ql 1 
209 New Mast, High Air D l  8 3.46 & 4.00 Q2 NM-O1 -Y08-V346-Q2 
21 0 New Mast, No Air D l  10 2.00 & 2.83 QO NM-D 1 -Y 1 O-V200_QO 
21 1 , New Mast, Low Air 01  10 2.00 & 2.83 Q I  NM-D 1 -Y 10-V200-QI 
212 New Mast, High Air D l  10 2.00 & 2.83 Q2 NM-Dl -Y 1 O-V200-Q2 



[ Run Model Draft Yaw Carriage Air fiap Data 
Number Configuration Depth (Deg) Speed ( d s )  Flow (Deg) 'File Name' 

213 New Mast, No Air D2 O 2.00 & 2.83 QO NM-DZ-YOO-V200-Q0 
214 New Mast, Low Air 02  O 2.00 & 2.83 Q I  NM-D2-YOO-V200-Q1 
215 New Mast, High Air 02  O 2.00 & 2.83 Q2 NM+02-YOO-V200-Q2 
216 New Mast, No Air 02  O 3.46 & 4.00 QO NM-D2-YOO-V346-QO 
217 New Mast. Low Air 02 O 3.46 & 4.00 Q I  NM-D2-YOO-V346-Q1 
21 8 New Mast, High Air 02  O 3.46 & 4.00 Q2 NM-D2-YOO-V346+Q2 
219 New Mast, No Air 02  O 4.47 QO NM-D2-YOO+V447-Q0 
220 New Mast, Low Air 02  O 4.47 Q I  NM-D2-YOO-V447-Q1 
221 New Mast, High Air D2 O 4.47 Q2 NM-O2-YOO-V447-û2 
222 New Mast, No Air D2 O 4.90 QO NM-D2-YOO-V490-Q0 

1 223 New blast, t ù w  Air 0 2  9 5.30 Q I  NhI-32-YOC-V130-Q1 
224 New Mast, High Air 02 O 4.90 Q2 NM-D2-Y 00-V490-Q2 
225 New Mast, No Air D2 -2 2.00 & 2.83 QO NM-D2-YM02-V200-QO 
226 New Mast, Low Arr 02 -2 2.00 & 2.83 Q I  NM-D2 -Y M02-V2OO-Q1 
227 New Mast, High Air 02 -2 2.00 & 2.83 Q2 NM-D2-Y M02-V200-Q2 
228 New Mast, No Air 02 -2 3.46 & 4.00 QO NM-D2-Y M02-V346_QO 
229 New Mast, Low Air 02 -2 3.46 & 4.00 Q I  NM-D2-Y M02-V346_Ql 
230 New Mast, High Air D2 -2 3.46 & 4.00 Q2 NM-D2-Y M02-V346-Q2 
231 New Mast, No Air 02 -2 4.47 QO NM-D2-Y M02-V447_QO 
232 New Mast, Low Air 02 -2 4.47 Q1 NM-D2-YM02-V447-01 
233 New Mast, High Air D2 -2 4.47 Q2 NM-D2-Y M02-V447_Q2 
234 New Mast, No Air 02  -2 4.90 QO NM-D2-Y M02_V490_QO 
235 New Mast. Low Air 02  -2 4.90 Q I  NM-02-Y M02-V490-QI 
236 New Mast, High Air 02 -2 4.90 Q2 NM-02-Y M02-V490-Q2 
237 New Mast, No Air 0 2  2 2.00 & 2.83 Q0 NM-D2-Y02-V200_QO 
238 New Mast, Low Air 02 2 2 00 & 2.83 Q I  NM-D2-Y02-V200-Q1 
239 New Mast, High Air 02  2 2.00 & 2.83 Q2 NMLD2-Y02-V200-Q2 
240 New Mast, No Air 0 2  2 3.46 & 4 00 QO NM-02-Y 02-V346-QO 
241 New Mast, Low Air 0 2  2 3.46 & 4 00 Q l  NM-DS-Y02-V346-Q1 
242 New Mast, High Air 02  2 3.46 & 4.00 Q2 NM-D2-Y02-V346-Q2 
243 New Mast, No Air 02  2 4.47 QO NM-D2-YO2-V447_QO 
244 New Mast, Low Air 02  2 4.47 Q I  NM-02-Y 02-V447_Ql 
245 New Mast, High Air D2 2 4.47 Q2 NM-D2-Y02-V447-Q2 
246 New Mast, No Air 02  2 4.90 QO NM-02-Y 02-V490-QO 
247 New Mast, Low Air 02  2 4.90 Q1 NM-D2-Y02-V490-Q1 
248 New Mast, High Air 02  2 4.90 Q2 NM-02-Y02-V490-Q2 
249 New Mast, No Air 02 4 2.00 8 2.83 QO NM_D2_Y04-V200_QO 
250 New Mast, Low Air D2 4 2.00 & 2.83 0 1  NM-D2-Y04-V200-Ql 
251 New Mast, High Air 02  4 2.00 & 2.83 Q2 NM-D2-Y04-V200-Q2 
252 New Mast, No Air 02  4 3.46 & 4.00 QO NM-02-Y 04_V346_QO 
253 New Mast, Low Air 02  4 3.46 & 4.00 Q1 NM-D2-Y04-V346-Q1 
254 New Mast, High Air 02  4 3.46 & 4.00 Q2 NM-D2-Y04-V346_02 
255 New Mast, No Air D2 4 4.47 QO NM-D2-Y04-V447_QO 
256 New Mast, Low Air 02  4 4.47 Q I  NM-D2-Y04-V447-Q1 
257 New Mast, High Air 0 2  4 4.47 Q2 NM-D2+Y04-V447-Q2 
258 New Mast, No Air D2 4 4.90 QO NM-D2-Y 04-V490-QO 
259 New Mast, Low Air 0 2  4 4.90 QI NM-D2-Y04-V490-Q 1 
260 New Mast, High Air 02 4 4.90 Q2 NM-D2-Y04-V490-Q2 
261 New Mast, No Air 0 2  6 2.00 & 2.83 QO NM-D2-Y06-V200-Q0 
262 New Mast, t o w  Air 02  6 2.00 & 2.83 QI NM-D2-Y06-V200-Q1 

, 263 New Mast, High Air 02 6 2.00 & 2.83 Q2 NM-D2-Y06-V200-Q2 



1 Run Model Draft Yaw Carr iage Air Flap Data 1 
Number Configuration Depth (Deg) Speed (m/s) Flow (Deg) 'File Name' 

264 New Mast, No Air 02 6 3.46 & 4.00 QO NM-D2_Y06-V346_QO 
265 New Mast, Low Air 02 6 3.46 & 4.00 QI NM-D2-Y06-V346-Q1 
266 New Mast, Hiqh Air D2 6 3.46 & 4.00 Q2 NM-D2-Y06-V346-Q2 
267 New Mast, No Air 02 8 2.00 & 2.83 QO NM-D2-Y08_V200-00 

1 268 New Masl. Low Air 02 8 2.00 & 2.83 Q l  NM-D2-Y08-V200-Q1 1 
269 New Mast. High Air 02 8 2.00 & 2.83 Q2 NM-D2-Y08-V200-Q2 
270 New Mast, No Air 02 10 2.00 bi 2.83 QO NM-02-Y 1 O-V200_QO 

1 271 New Mast. Low Air 02 10 2.00 & 2.83 Q I  NM-D2-Y 1 O-V200_Ql 1 
272 New Mast, High Air 02 10 2.00 & 2.83 QS NM-D2-Y 10-V200-Q2 
273 New Mast, No Air 03 O 2.00 & 2.83 QO NM-D3-YOO-V200-QO 

i 274 New Mast. Low Air D3 O 2.00 8 2.83 Q I  NM-DS-YOO-V200-Q I i 
275 New Mast, High Air 03 O 2.00 8 2.83 Q2 NM-03-YOO-V200-02 1 276 New Mast No Air 03 O 3.46 & 4.00 QO NM-D3-YOO-V346-QO 

1 277 New Mast, Low Air D3 O 3.46 & 4.00 0 1  NM-D3-YOO-V346-Q1 1 
New Mast, High Air 0 3  O 3.46 & 4.00 Q2 NM--D3-YCO-V346-Q2 
New Mast, No Air 03 O 4.47 0 0  NM-D3-YOO-V447-QO 

New Mast, Low Air 03 O 4.47 Q I  NM-D3-YOO-V447-Q 1 
New Mast, High Air D3 O 4.47 Q2 NM-03-Y 00-V447-O2 
New Mast. No Air D3 O 4.90 QO NM-03-YOO-V490-QO 
New Mast, Low Air 03 O 4.90 Q I  NM-D3-YOO-V490-Q1 
NEW Mast, High Air 03 O 4.90 Q2 NM-D3-YOO-V490-Q2 
New Mast, No Air 03 -2 2.00 & 2.83 QO NM-D3-Y M02_V200_QO 
New Mast, Low Air 0 3  -2 2.00 8 2.83 0 1  NM-03-Y M02-V200-Q 1 

287 New Mast, High Air 03 -2 2.00 & 2.83 Q2 NM-D3-YM02-V200-Q2 
288 New Mast, No Air 03 -2 3.46 & 4.00 QO NM-D3-Y M02_V346_QO 

1 289 New Mast. Low Air D3 -2 3.46 & 4.00 O1 NM-D3-YMOZ_V346-Q 1 1 
290 New Mast, High Air D3 -2 3.46 & 4.00 Q2 NM-03-YM02-V346-Q2 1 291 New Maît. No Air 0 3  -2 4.47 QO NM-03-Y M02-V447_QO 

1 292 New Mast. Low Air D3 -2 4.47 Q I  NM-D3-YM02-V447-Q1 1 
293 New Mast, High Air 0 3  -2 4.47 Q2 NM-03-YM02-V447-Q2 / 294 New Mast, No Air 03 -2 4.90 QO NM-D3-Y M02-V490-QO 
295 New Mast, Low Air D3 -2 4.90 O1 NM-03-Y M02-V490-Q1 
296 New Mast, High Air 0 3  -2 4.90 Q2 NM_D3-Y M02_-V490-Q2 
297 New Mast, No Air 0 3  2 2.00 & 2.83 QO NM-D3-Y 02_V200-QO 
298 New Mast, Low Air D3 2 2.00 & 2.83 Q l  NM-D3-Y02-V200-Q1 
299 New Mast. Hiqh Air 0 3  2 2.00 & 2.83 Q2 NM-D3-Y02-V200-Q2 
300 New Mast, No Air 03 2 3.46 & 4.00 QO NM-03_Y02-V346_QO 
301 New Mast, Low Air 0 3  2 3.46 & 4.OC Q I  NM-D3-Y02-V346-Q1 

I 302 New Mast, High Air 0 3  2 3.46 & 4.00 0 2  NM-D3-Y02-V346-Q2 
303 New Mast, No Air 0 3  2 4.47 QO NM-03-Y02-V44?-QO 

1 304 New Mast, Low Air D3 2 4.47 Q1 NM-03-Y02_V447_Q 1 1 
305 New Mast. High Air D3 2 4.47 Q2 NM-D3-Y02-V447-Q2 
306 New Mast, No Air 0 3  2 4.90 QO NM-D3-Y 02-V490-QO 
307 New Mast, Low Air 03 2 4.90 QI NM-03_Y02_V490-Q 1 

1 310 New Mast, Low Air D3 4 2.00 & 2.83 ' QI NM-D3-Y04-V2004Q1 1 

308 New Mast, High Air 0 3  2 4.90 Q2 NM-D3-Y02-V490-Q2 
309 New Mast, No Air 03 4 2.00 & 2.83 QO NM-D3-Y04-V200-QO 

l 31 1 New Mast, High Air 03 4 2.00 & 2.83 Q2 NM-D3-Y04-V200-Q2 
312 New Mast, No Air 0 3  4 3.46 & 4.00 QO NM-03-Y04-V346-QO 

. 

313 New Mast, Low Air 0 3  4 3.46 & 4.00 , Q I  NM-D3-Y04-V346-Q1 1 

314 New Mast, High Air 03 4 3.46 & 4.00 Q2 NM-D3-Y04-V346-Q2 1 



[ Run Mode1 Draft Yaw Carriage Air Flap Data 1 
Number Configuration Depth (Deg) Speed ( d s )  Flow (Deg) 'File Name' 

315 New Mast, No Air 0 3  6 2.00 & 2.83 QO NM-D3-Y06-V200-QO 
316 NewMast,LowAir D3 6 2.00&2.83 Q I  NM-D3-Y06-V200-Q1 
317 New Mast, High Air 03  6 2.00 & 2.83 Q2 NM-D3-Y 06-V200-02 
318 New Mast, No Air D3 8 2.00 & 2.83 QO NM-D3-Y08-V200-QO 

New Mast, Ftap 02 O 4.90 -2 NM-D2-YOO-V490-FM02 
New Mast, Flap 02 0 2.W a 2-03 9 NM-D2-YGO-VîOO-FGO 1 

319 New Mast, Low Air D3 8 2.00 & 2.83 Q I  NM-D3-Y08-V200-01 

320 New Mast, High Air 03  8 2.00 & 2.83 0 2  NM-D3_Y08-V200-Q2 

321 New Mast, Flap 02  O 2.00 & 2.83 -2 NM-D2-YOO-V200-FM02 
322 New Mast. Fiap 02  O 3.46 & 4.00 -2 NM-D2-YOO-V346-FM02 

323 New Mast, Flap 02 O 4.47 -2 NM_D2-YOO_V447-FMO2 

New Mast, Flap D2 O 3.46 & 4.00 O NM-D2-YOO-V346-F00 
New Mast, Flap 02 O 4.47 O NM-D2-YOO-V447-F00 

New Mast, Flap 02  O 4.90 O NM-D2-YOO-V490-F00 
New Mast, Flap 02 O 2-00 8 2.83 2 NM-D2-YOO-V200-F02 
New Mast, Flap 02  O 3.46 & 4.00 2 NM-D2_YOO-V346-F02 
New Mast. Flap 02 O 4.47 2 NM-02-YOO-V447-F02 
New Mast, Flap D2 O 4.90 2 NM-02-Y 00-V490-F02 
New Mast, Flap D2 O 2.00 g 2-03 4 NM-D2-YOO-V200-F04 
New Mast, Flap 02  O 3.46 & 4-00 4 NM-D2-YOO-V346-F04 
New Mast, Flap D2 O 4.47 4 NM-û2-YOO-V447-F04 

, 

New Mast. Flap 02 O 4.90 4 NM-D2-YOO-V490-F04 
New Mast, Flap D2 O 2.00 & 2.83 6 NM-D2-YOO-V200-F06 
New Mast, Flap 02  O , 3.46 & 4.00 6 NM-D2dYOO_V346-F06 
New Mast, Flap 02  O 4.47 6 NM-D2-YOO-V447-F06 
New Mast, Flap D2 O 2.00 & 2.83 8 NM-D2dYOO-V200-F08 
New Mast, Flap 02  O 3.46 & 4.00 8 NM-D2-YOO-V346-F08 
New Mast, Flap 0 2  O 2.00 & 2.83 10 NM-D2-YOO-.VSOO-F10 
New Mast, Flap 02  -2 2.00 & 2.83 -2 NM-D2-YMO2-V200-FMOS 
New Mast, Flap D2 -2 3.46 & 4.00 -2 NM_D2-YM02-V346_FM02 
New Mast, Flap D2 -2 4.47 -2 NM-D2-YM02-V447-FM02 
New Mast, Flap 02  -2 4.90 -2 NM-D2-Y M02-V490_FM02 
New Mast, Flap 02  -2 2.00 2.83 O NM-D2-Y M02-V200-F00 
New Mast, Flap 02  -2 3.46 4.00 O NM-D2-YM02-V346-F00 
New Mast, Flap D2 -2 4.47 O NM-D2-YM02-V447-F00 

New Mast, Flap 0 2  -2 4.90 O NM-D2-YM02-V490-F00 
New Mast, Flap 0 2  -2 2.00 8 2.83 2 NM-D2-YM02-V200-F02 
New Mast, Flap D2 -2 3.46 4.00 2 NM-D2-Y M02-V346-F02 
New Mast, Flap 0 2  -2 4.47 2 NM-D2-YM02-V447-F02 

354 New Mast, Flap 02 -2 4.90 2 NM-02-Y M02-V490-F02 
355 New Mast. Flap 02  -2 2.00 & 2.83 4 NM-D2-YM02-V200-F04 
356 New Mast, Flap D2 -2 3.46 & 4.00 4 NM-D2-YM02-V346-F04 
357 New Mast, Flap 0 2  -2 4.47 4 NM-02-Y M02_V447_FW 
358 New Mast, Flap 0 2  -2 4.90 4 NM-02-Y M02-V490-F04 
359 New Mast, Flap 0 2  -2 2.00 & 2.83 6 NM-D2-YM02-V200-F06 
360 New Mast, Flap 02  -2 3.46 & 4.00 6 NM-D2-YM02-V346-F 06 
36 1 New Mast, Flap 02  -2 4.47 6 NM-D2-Y M02-V447-F06 
362 New Mast, Flap 0 2  -2 , 2.00 & 2.83 8 NM-D2-Y M02-V200-F08 

363 New Mast, Flap 02 -2 3.46 & 4.00 8 NM-D2-Y M02-V346-F08 
364 New Mast, Flap 02  -2 2.00 & 2.83 10 NM-D2-YM02-V200-F10 



Run Model Draft Yaw Carriage Air FIap Data I 
-- 

New Mast. Flap 02  2 2.00 & 2.83 -2 NM-D2-Y02-V200-FM02 
New Mast, Flap 02  2 3.46 & 4.00 -2 NM-D2-Y02-V346_FM02 
New Mast, Flap D2 2 4.47 -2 NM-D2_Y02-V447-FM02 
New Mast, Flap 0 2  2 4.90 -2 NM-D2-Y02-V490-FM02 
New Mast, Ftap 02  2 2.00 & 2.83 O NM-D2-Y02-V200-F00 
New Mast, Flap 02  2 3.46 & 4.00 O NM-D2-Y02-V346-F00 
New FAast, Flap D2 2 4.47 O NM-DZ-Y02_V447-FOO 
New Mast, Flap D2 2 4.90 O NM-D2-Y02-V490-F00 
New Mast, Ftap 02  2 2.00 & 2.83 2 NM-D2-Y02-V200-F02 
New Mast, Flap 0 2  2 3.46 & 4.00 2 NM-D2-Y02-V346-F02 
New iviasl, Flap D2 2 3.47 2 1JM-GZ-'(G2-V447_FO2 

376 New Mast. Flap D2 2 4.90 2 NM-D2-Y02_V490-F02 
377 New Mast, Flap D2 2 2.00 & 2.83 4 NM-D2-Y02-V200-F04 
378 New Mast, Flap 02 2 3.46 & 4.00 4 NM -D2-Y02-V346-F04 
379 New Mast, Flap 0 2  2 4.47 4 NM-D2-Y02-V447-F04 
380 New Mast, Flap 02  2 4.90 4 NM-D2-Y02-V490-F04 1 
381 New Mast, Flap 02  2 2.00 & 2.83 6 NM-D2-Y02-V200-F06 
382 New Mast, Flap D2 2 3.46 & 4.00 6 NM-D2-Y02-V346_FO6 
383 New Mast, Flap 02  2 4.47 6 NM_DS-Y02_V447-F06 
384 New Mast, Flap 0 2  2 2.00 & 2.83 8 NM-DZ-YO2-V200-F08 
385 New Mast, Flap 02  2 3.46 & 4.00 8 NM-D2-Y02-V346-F08 
386 New Mast, Flap D2 2 2.00 & 2.83 10 NM-D2-Y02-V2OO-F10 

387 New Mast, Flap D2 -2 2.00 & 2.83 -2 NM-D2-YM02-V200-FM02 
388 New Mast, Flap 0 2  -2 3.46 & 4.00 -2 NM-D2-Y M02_V346_FM02 
389 New Mast, Flap 02  -2 4.47 -2 NM-D2-YMO2-V447_FM02 
390 New Mast. Flap 02 -2 4.90 -2 NM-D2-YM02-V490-FM02 
391 New Mast, Flap 02  -2 2.00 & 2.83 O NM-D2-YM02-V200-F00 
392 New Mast. Flap D2 -2 3.46 & 4.00 O NM-D2-YM02-V346-F00 
393 New Mast, Flap 02  -2 4.47 O NM-02-Y M02-V447-F00 
394 New Mast, Flap 02 -2 4.90 O NM-D2-YM02-V490-F00 
395 New Mast, Flap 0 2  -2 2.00 & 2.83 2 NM-D2-YM02-V200-F02 
396 New Mast, Flap D2 -2 3.46 & 4.00 2 NM-D2-Y M02-V346-F02 
397 New Mast, Flap 02  -2 4.47 2 NM-02-Y M02-V447-F02 
398 New Mast, Flap 02  -2 4.90 2 NM-D2-YM02-V490_F02 
399 New Mast, Flap D2 -2 2.00 & 2.83 4 NM-02-YM02-V200-F04 
400 New Mast, Flap D2 -2 3.46 €4 4.00 4 NM-D2-YM02-V346-F04 
401 New Mast, Flap 02  -2 4.47 4 NM-D2-YM02-V447-F04 
402 New Mast, Flap 02  -2 4.90 4 NM-D2-YM02-V490-F04 
403 New Mast, Flap 02  -2 2.00 & 2.83 6 NM-D2-Y M02_V200-F06 

New Mast, Flap 0 2  -2 3.46 & 4.00 6 NM-D2-YM02-V346-F06 
New Mast. FIap D2 -2 4.47 6 NM-D2-Y M02-V447-F06 
New Mast, Flap 02  -2 4.90 6 NM-D2-YM02-V490-F06 
New Mast, Flap 0 2  -2 2.00 & 2.83 8 NM-02-YM02-V200-F08 
New Mast, Flap 02  -2 3.46 & 4,00 8 NM-D2-Y M02_V346-F08 
New Mast, Flap 02  -2 4.47 8 NM-D2-YM02-V447-F08 
New Mast, Flap 02 -2 4.90 8 NM-D2-YM02-V490-F08 
New Mast, Flap 0 2  -2 2.00 & 2.83 10 NM-D2-YM02-V200-F10 
New Mast, Flap 02  -2 3.46 & 4.00 10 NM-D2-YM02-V346-F10 



[ Run Model Draft Yaw Carriage Air Fiap Data 1 
Number Configuration Depth (Deg) Speed ( d s )  Flow (Deg) 'File Narne' 

415 New Mast, Flap @2 -2 2-00 8 2.83 12 NM-D2-YM02-V200-F12 
41 6 New Mast, Flap 02 -2 3.46 & 4.00 12 NM-D2-YM02-V346-F12 
417 New Mast, Flap 02 -2 4.47 12 NM-DZ-YM02_V447-F12 
418 New Mast, Flap 02 -2 4.90 12 NM-02-Y M02-V490-f 12 

419 New Mast, Flap 02 2 2.00 & 2.83 -2 NM-D2-Y02-V200-FMO2 
420 New Mast, Flap 02 2 3.46 & 4.00 -2 NM4D2_Y02-V346-FM02 
421 New Mast, Flap 02 2 4.47 -2 NM-D2-Y02-V447_FM02 
422 New Mast. Flap 02 2 4.90 -2 NM-02-Y02_V490_FM02 
423 New Mast, Flap 0 2  2 2.00 8 2.83 O NM-02-Y02-V2004F00 
424 New Mast, Flap D2 2 3.46 & 4.00 O NM-D2-Y02-V346-F00 
425 New Mast, Flap 02 2 4.47 O NM-02-YOZ-V447-F00 
426 New Mast, Flap 02 2 4.90 O NM-02-Y02-V490-F00 
427 New Mast, Flap D2 2 2.00 & 2.83 2 NM-D2-Y02-V200-F02 
428 New Mast. Flap 02 2 3.46 8 4.00 2 N M-D2-Y 02-\!346-F02 
429 New Mast, Flap 02  2 4.47 2 NM-D2-Y02_V447-F02 
430 New Mast, Flap 02  2 4.90 2 NM-32-Y02-V490-F02 

431 New Mast, Ftap 02  2 2.00 & 2.83 4 NM-02-Y02-V200-F04 
432 New Mast, Flap D2 2 3.46 8 4.00 4 NM-D2-YOZ-V346-F04 
433 New Mast, Flap 02  2 4,47 4 NM-D2-Y02-V447-F04 
434 New Mast, Flap 02  2 4.90 4 NM-D2_YO2_V490-F04 
435 New Mast, Flap 02 2 2.00 & 2.83 6 NM-02-Y02-V200-F06 
436 New Mast, Flap 02  2 3.46 & 4.00 6 NM-02-Y02-V346-F06 
437 New Mast. Flap 02 2 4.47 6 NM-D2-Y02-V447-F06 
438 New Mast. Flap 02  2 4.90 6 NM -02-Y02-V490-F06 
439 New Mast, Flap 02 2 2.00 8 2.83 8 NM-D2-Y02-V200-F08 
440 New Mast, Flap D2 2 3.46 & 4.00 8 NM-D2_Y02-V346-F08 
441 New Mast, Flap 02 2 4.47 8 NM-DS-Y02-V447-F08 
442 New Mast. Flap 0 2  2 4.90 8 NM-D2-Y02-V490-F08 
443 New Mast, Flap 02  2 2.00 & 2.83 10 NM-D2-Y02-V200-F10 
444 New Mast, Flap D2 2 3.46 & 4.00 10 NM-D2-Y02-V346-F10 
445 New Mast. Flap 0 2  2 4.47 10 NM-02-YOZ-V447-F10 
446 New Mast, Flap 02 2 4.90 1 O NM-D2-Y02-V490-F10 
447 New Mast, Flap 0 2  2 2.00 8 2.83 i 2 NM-D2-Y02-V200-F12 
448 New Mast, Flap 0 2  2 3.46 & 4.00 12 NM-D2-Y02-V346-F1 2 
449 New Mast. Flap 02  2 4.47 12 NM-OS-Y02-V447-F12 
450 New Mast. Flap 02 2 4.90 12 NM-D2-Y02-V490-F12 

h 



Appendix B 

Drag Force Plots 
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Figure 8.02 - Drcig Force vs. Vrhicle Ymv An y le; M 1 @ D 1 



Figure B.03 - Drcig Force rTs. Velricle Ym.? A,i,qle: M l  @ D2 
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Figure B.04 - D r q  Force vs. Veliicle Ytrw Afigfe; MI @ 0 3  
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Figure B.05 - Brcig Force rls. Vrlricir Yriir Art,yle; M I  @ BI 
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Figure B.06 - Drng Force vs. Veliicfe Y ï w  Angle: M 2  @ D2 
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Figure B.07 - Dnig Force i ls.  Veliiclr Ylriv Ari~le: M I  @ D3 
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Figure B.08 - Dray Force vs. Veliicle Ymv Artyle; b12B @ DI 
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Figure B.09 - Dr<r,q Force ils. Velricle Y m v  A ~ i ~ l e :  iC12B 8 0 2  
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Figure B. 10 - Drag Force vs. Veliicle Yniv Angle: M 2 B  @ 0 3  
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Figure B. 1 1 - D r q  Forcr i P s .  Vrlriclr Ytrii  Aryle ;  M2A @ D l  
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Figure B.12 - D r q  Force vs. Veliicle Ynw Angle; M2A @ 0 2  
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Figure B. 13 - D m g  Force ifs. Vrhiclr Y w  h g l e ;  M l A  @ D3 



Appendix C 

Lift Force Plots 
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Figure C.0 1 - Lifi Force ~ls .  Vt~hiclr Ymi- A~rglr :  iMO ( N i l  iVfld.~tj 
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Figure C.02 - Lut Force W. Velticle Y<rw Angle: Ml @ Dl 
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Fi y r e  C.04 - Lift Force vs. Velzicle Ymv Angle; Mi @ 0 3  
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Figure C.05 - Liji Fon*c cs. Vehiclr Y m v  Arrgle: M I  @ D 1 
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Figure C.06 - Lifr Force vs. Velricle Y(2w Angle: M? @ 0 2  
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Figure C.07 - Li/l Force YS. Vrhicle Y m 4  Angle: M2 @ D3 
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Figure C.08 - Lifr Force vs. Veliiclr Y w  Angle; M2B @ DI 
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Figure C.10 - Lift Force vs. Vehicle Y w  Angle; MZB @ 0 3  
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Figure C. 11 - Lijr Force ibs. Vrliiclr Y<riv A ~ ~ g i e :  MZA @ D 1 
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Figure C.12 - Lift Force vs. Velricle Ymv Angle; M2A @ D2 
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Figure C.13 - Lifi Force P.S. Veliiclr Ymc* Aqqlr: ML4 @ LI3 



Appendix D 

Roll Moment Plots 
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Figure D.0 I - Roll Motrre,ir rts. Vrliiclr Y w  Arrglr: M O  ( N o  icl~tst l 
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Figure D.02 - Roll Moment vs. Vehicle Y<iw Angle; Ml @ D l  
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Figure D.04 - Roll Moment vs. Veliick Yarv Angle; MI @ Dj 
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Figure D.06 - Roll Moment vs. Veliicle Y w  Angle; M2 @ D2 
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Figure D.07 - Roll Momwt vs. Veliicle Ytiw A ~ t g i t :  kl? @(- D3 
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Figure D.08 - Roi1 Moment vs. Vehicle Yriiv Ariglr; MZB @ Dl  
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Figure D.09 - Roll Motrirrrr r9s. Veiricle Ywt: Atiglr: MZB @ D? 
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Figure D.10 - Roll Montent vs. Vehiclr Yiiw Angle: M2B @ 0 3  
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Figure D. 1 1 - Roll Momr~it rt.s. Velriclr Ymv Ariglr: MZA 8 D 1 
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Figure D.12 - Roll Moment vs. Vrlriclr Ymv Angle; M2A @ D2 
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Figure D.13 - Roll hlowrir r l s .  Vrhicle Yiiri Arrgle; hl24 @ D3 




