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| ‘No"rz{*nbN‘

s The nomenclatﬁre defmed in Techmcal and Research Bulletm No. 1

W ,ﬂ,to 5 of the Society of Naval Architects and Marine Engineers as extended

. in David Taylor Model Basin Report 1319 is used herein where apphcable.f»

" “The posxtxve direction of axes, angles, forces, moments, and velocities . . .
are’ shown in the accompanymg sketch The coeffunents and symbols are o

s defmed as follows o o : . o

ST .smor-~--

La

: Dimen_sibﬂiééﬁs”'f‘ozfﬁ{ : -D_é‘f‘{niﬁén' )
- Projected Area .
Aspect ratio

» Spanﬁ

Slope of curve of C

- versusa
Chord

. :.Drag component of -
,hydrodynamlc force

’ Fnctlonal res1stance :
Residual resistance
- ‘Froude number

; v kAcceleratlon of
L ;vravlty

) ’:Depth of aubmerdence'
v»'}qt.arter chord point of
: mpan geometnc chord

I ‘_,,Llft componpnt of
"nydrod/nam'c force ] .’_
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lies within the scope of the broad program. It is concerned with the normai .
.‘and long1tud1nal hydrodynarmc force coefficierts for a systematic series of .
 individual foils, designated as DTMB Series HF-1. Each model of the series
’ consxsts of a honzontal ‘submerged hydrofotl a".ached to'a vertical surface-”'kﬂl‘*
o _p1ercmg 'strut. Both fcil and strut are rectangu!ar in planforrn ard have .
,-;sectxons desxgned for operatlon in the subcavitating reglme (fully wetted).
The primary geometric parameter varied in the Series is the aspect ratio of
- the hydrofoils. The experiments, which were conducted with the DTMB
_ “Planar-Motton-Mechamsm System, covered a wide range of parameter var'.a-
--"tions mcludmg speed (Froude Number), depth of subrnergence, and angle of
: 'attack ' : , ‘

"AB_s'TRAICT_

Experzments were conducted thh the DT\{B Planar—\{otton Mechamsm ,  |

'];,_‘System to determine the normal and longxtudmal components of force for .
. DTMB Series HF-1, a systematic series of Tee foils designed to operate
. in the subca\ntatmg regime. The resultingdata‘are presented ina form
"-f‘apphcable to the hydrodynamic design of high- Speed hydrofoil craft from =
“the. standpomt of stability and control. ‘The data are further analyzed to
. “establish the effects of parameters such as Froude Number, depth of sub-
“ mergence, and aspect ratio. Compartsons are made to determine the " "
‘extent to whxch exxstmg theorxes produce agreement thh the experxmental
wdata. ' . :

| INTRODUCTION

As part of the Hydrofoxl Accelerated Program, the Bureau of thps ,

: ‘authorized the David Taylor Model Basin to undertake research studxes
- . pretaining to stability and control of high- speed hydrofoil craft.! Ac- _

-~ .. cordingly, the Stablhty and Control Division established a broad research
program covering a wide range of parameters which are considered to be
pertinent to the design and operation of both subca\ntatmg and supercantatmg

" foil systems. The ultimate objective of the program is to provide funda-"

mental data which can be applied to the design of future hydrofoil craft as
well as to gain a full understanding of the behavior of such craft from the
standpmnt of stability and control. :

The e:q:enmental mvestlgauon which forms the subJect of this report

B S L

Thxs report describes the geometncal cnaracterxstlcs of the hydrofod

. series, and the expenmental techniques used to obtain the data; presents
o ‘the data derived from the experiments for each individual model analyzes e
" the, data in terms of the ‘effects of the parameters varied; and compares the = -

experimentally dPrlved coe‘fxcxr nts and derzvatwes w1*h corrca cndin ones
P ‘B

”i,computed from exxstma mrforms R I e : et e

. References are listed on page 86 , 0 Lol




. sisting of a submerged foil attached to a vertical surface-piercing strut.

‘The parent of this series has a rectangular planform ‘both on the foil and -

© the strut; the aspect ratio of the foil is 4. The section of the foil has the
. following characteristics: (a) the position of the minimum pressure for the

' 'symmetrical section at zero lift is 0. 6 of the chord from the leading edge,
- {b) the amount of camber corresponds to a design lift coefficient of 0.3, =~ =

" - and (c) the thickness is 9 percent of the chord corresponding to NACA 16 309.
‘The vertical strut has a symmetrical section with a thickness of 12 percent -

| “of the chord corresponding to NACA 16-012. The nondunensxonal oﬁsets for
‘_both the foil and strut are shown in Table 1. : o v

RO,

' GEOMETRY OF SERIES

DTMB Series HF -1is a_ systematxc senes of mdxwdual hydrofoxls con-

The offspnng of the series have the same sectxon and planform of the
parent and are derived by varying the aspect ratio (span-to-chord ratio) by
changing the span of the foil. The aspect ratios are 1, 2, 3, and 4 with a
smgle strut and 4, 6 and 8 with double struts.

TABLE 1

, Nondzmensxona.l Oifsets of Foﬂs and Struts _
- (All values are expressed as percentages of chord) -

' Foil {NAGA-T$-369) Strut (NACA 16-012);
X Y, Y, ' Y
0.0 0.0 0.0
5 | 2.359 1,407 1 - 2509
10 | 339 sz o | o 3457
20 | 4692  z2.30¢ | 4.664
30 | 5523 2.607 5,417
20 | 6.000 2.782  5.855
50 | 6.155 - 2.845 6. 000
60 |- 5.985 2.767 5.835
170 | 5412 2,492 5.269
180 | 4343 1 1.955 4199
90 - | 2,654 1,112 2,517
les ol s 0038 1,415
I X 0,090 0,120




DESCRIPTION OF MODELS

'I'he mdwxdual modeh of series HF l ‘are constructed of machmed |

aluminum (AL 6061) The dimensions and construction details of a- typxcal
_model are shown in Figure 1. Each of the models has a chord of 9 inches
- but the spans differ to give aspect ratios of 1, 2, 3, 4, 6, and 8. The

models of aspect ratio 1, 2, and 3 cculd be mounted mth only a single verti-

“‘cal strut at half span whereas ‘those with aspect ratio 4, 6, and 8 could be -

mounted either with one strut at half span or two struts each positioned six |

. “inches from the edges of the chord of the hydrofoil. The dimensional off- |
_sets of the foils and struts are given in Table 2 and the geometric characterxstics

- - of the series are given in Table 3. The streamline section of the vertical struts
~ extends for a length of 24 inches and merges into a rectang\xlar secuon for at-

: Itachmg to the test apparatus. ‘

'I'ABLE 2

Dunenswnal Offaets of Foxls and Struts ;

(All dunemnons are in mches)

{ Foil {NACA 16-309) Strut (NACA 16-012)]
0.0 0.0 0.0 ‘ 0.0
0.45 0.212  0.127 |  0.226
0.90 | 0.303 0.164 1 o
Jiso | o0.422 o0.207 o 0.420
l2.70] 0497 0.233 -}  o0.488
13.60] 0.510 0.250 | - o521 .
lss0] o.s54 0,26 -}  o0.340
|5.40 ] 0.539 -0.249 0,525
6.30] 0.487 0.224 | . 0,474
17.20 0.391 0.176 |  0.318
}s.10] o0.240 o0.100 - ] 0,227
8.55| 0.138 0053 |  o.127
lo.oo] 0.008 0008 ] - o011
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TABLE 3

[ T

~ Geometric Chafacteristics' of Hydrofoil Series

JAspect k@tiO‘ ] L, ininches | ‘L, in inches - Area :iﬁ,‘squarea in:ciiee v
2 e s ez
3 3s 22 23
o T R
6 21 Cosa ] 48
8 3 ] 12 . 648

TEST APPARATUS AND PROCEDURE L

" The bulk of the expenmeutal work was conducted in the deep water basin
oz Towing Carr:ase 2 using the DTMB Planar- Monon-Mechamsm System Mark -
I described in Reference 2. Additional tests were run on the high speed basin on
‘Towing Carnage 5 using the DTMB Planar-Motion-Mechanism System Mark Ii.

ar v b b L e
.

The test arrangements used with Mark I and Mark Il are shown in Figu¥es
2 and 3, respectively. In both cases, the vertical strut(s) are attached to a
lateral box beam which in turn is fastened to the underside of a longitudinal
‘box beam. The gages are attached to the upperside of the longitudinal box beam
- and then to each of the two struts gomg to the pxstons ina manner sxmxlar to
that descnbed in Reference 3. : : SR

The only tests conducted in this program were . the s0- called stanc stab111ty .
‘tests. These were carried out with the various foils using the standard o
procedures described in Reference 4. The angle of attack was varied by
rotatiag the tilt table about its own trunnion. The change in depth of sub-
mergence at the quart’er chord of the foil introduced by this rotation was cor-
rected to mamtam the same depth as that for zero pitch’ angle. ~

, The models w1th aspect ratios of 1, 2 ‘and 3 were tested with a slngle
strut only and those with aspect ratios of 6 and 8 were tested with two struts.
= .The model wuh aspect ratxo of 4 712.9 tested wnh both ‘one and two struts.v‘

. All of the mode‘s were tezfed over a ran de of SpeFdS of 6 to. 16 ﬁnots on -
Markl, One modeL ‘was tesied on Mark I over a range of dpeeds of 10to
28 knots. A range of anglfs of attack of -4'to 10 degreez ana a range of depth

' of 5ubmer"ences of 2 to 20 mches were coverrd . v

e
2
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Smce two d.iferent facxhtxes were used in the test prog*am, exploratory v

- ‘tests were conducted to determine if Loth methods would give the same results,

‘The rormal force data obtained from these tests are presented in Figures 4
and 5. It may be noted that the results of the test with aspect ratio of 4 model

(Figure 4) are in excellent agreement, However. the results with aspect ratio

of 6 model (Fxgure 5) are in agreement in so far as slope is concerned but are

‘somnewhat displaced. This is believed to be due t¢ faulty alignment during the

Mark II tests amounting to an angle of attack of about one degree. "It may be

- reasonably concluded that both techniques provide the same results as far as

rormal forcg is concerned. The longitudinal force data for the comparative

' .tests are shown in Figure 6. Here again, the agreement is excellent for a.spe?:t
~ ratio of 4 model but the curve is offset for aspect ratio of 6 model by an amount
',equxvalent to about one degree angle of attack. . o

REDUCTION AND PRESENTATION OF DATA

- The results of the tests have been reduced to nondimensional form and are
plotted in the appendices as curves of force coefficient versus either angle of
attack or nondimensional depth of submergence. - Unless stated othennse. the -
characteristic length used to normalize the coefficients is the chord of the hydro-

_foils. All derivatives with respect to angular quantxnes are gwen as 'per
radmn ' : o ,

Appendix A contains the curves of nbfnial force Coefficient"as a function -
of angle of attack for Froude Number 5.50. Appendix B contain similar curves
as a function of depth of submergence. Both of these appendices include data

- for single and double strut configurations. Appendix C contains curves of normal
‘force coefficicnt as a function of angle of attack for aspect ratio of 4 model with ~
‘single strut for five additional Froude Numbers (2.06, 2. 75, 3.44, 4.13, 4. 81)

Appendix D is similar tc Appendix C except that the curves are funct:ons of depth

- of submergence. Appendices E and F contain curves of longtmdmal force coef- .
ficient versus angle ‘of attack and submergence, respectwely, for a Froude Numbet -

of 5.50.

The curves in the appand;ces have rot only been cross—faxred for each
individual model but they have been cross~faired on the geometric parameter

‘of the series {aspect ratio}. -Therefore, these curves can be interpolated for

conditions not covered in the test program. The slopes of the cirves of ncrmal
force coeificient versus angle of attack (Z '} were computed for zero angle of
attack and the slopes of the curves of normal force coefficient versus depth of
submergence (Z ') were computrd for a depth of submergvm:e coefficient of -

~-unity, -The derivatives s0 obtained were cross- faired’ against ccrtain para-

meters in addition to aspect ratio, "‘hn resuitmg curves appear as summary
fxgu:es Later in the tpxt ’ : :

Bince the for"es obta*r,ed f:o.q the tests are comooner:ts r?ferred to’ body
axes (rormal ard longitudl nal forces; the h’t-fcu—dr?.g rat os were computed
us ng fhr- fol’o"rng re,a-lonsh p S
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. ANALYSIS OF ‘NoRm'L FORCE cosrméi‘éﬁi‘s

The effect on normal force coefficient of each of the invesngated para- e
meters is dxscussed herein. S _

‘ 'EFFECT OF FROUDE NUMBER

thure 7 shows the effect o£ Froude Number on normal force coeiﬁcxent

for various aspect ratios with a iarge fixed angle of attack (@ = 10) and a shallow

fixed submergence (h' = 0.222). Normal force coefficient is less sensitive to
Froude Number as the Froude Number is mcreased and as the aspect ratio is’

decreased

F:gure 8 shows the effect of Froude Number on normal force coefficient for

various depth of submergences with a large fixed aspect ratio (a = 8) and angle of
_attack (¢ = 10).  The normal force coefficient is less sensitive to Froude Number
for deeper submergences and higher Froude Numbers. ' ’

_ Fxgure 9 shows the effect of Froude Number on norma.l force coefficient for
various angles of attack fora large fixed aspect ratio (a = 8) and a shallow
submergence (h' = 0. 222). The normal force coefficient is less sensitive to

Froude Number for smaller angles of attack and lugher Froude Numbers.

F1gures 7, 8, and 9 shov in combmatmu, that normal force coefficient is

least sensitive to Froude Number for small aspect ratio, small angles of attack, :
deep submergence, and high Froude Numbers. The pracbcal operatmg range of - -
"‘vmost hydrofoil craft lie within this domain.

Fxgure 10 shows that the normal force coefﬁcxen*s of most hydrofoxl craft
are relatively insensitive to Froude Number at all Froude Number within the’
operating range. Therefore, data for the parent foil at lower Froude Numbers

 .and Figures 7, 8, and 9 are suffxcxent to determine the normal force coeffxctents -
‘ for other asPect ratios at these Froude Numbets g e,

--EFFECT OF DEPTH OF SUBMLRGENCE

Fzgure 11 shows the effec of submeraence on normal force coeihaent for

ia typlcal set of conditions (a = 6, o = 0, Frouda Number = 6. 838j. Tne normal
" “force coeff1c1ent decreases as the Submergenre decreases ‘The rate of this
N decrea,t- increases as the foil zpproaches the surface. These exponenual ‘ .
curves approach, asymptotxca’ly, the 1nfinite s;ubmergem:e condition, From the

standpomt of stability and confroi the shal‘ow submergences requxre the auto--

‘ matxc cnntrol system to overcaome the ,grr ater nave mduced exc‘tatlons and at@ep

2
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= ‘-changes in hft for small perturbatxons in submergence._ Hence, a submergence
" . of greater than one chord is desirable, - From the standpomt of resistance and
: propulsxon, however, a compromxse is reqmred which is dxscussed

S e ik o ; N

Figure 12 shows the effect of submergence on the stabxhty derivative Z_ ",
. This derivative decreases as the submergence decreases. .The rate of this
~ 'decrease is increased with- decreasing submergence._ In addition, Lw‘ is more
‘sensitive to submergence for the larger aspect ratios. These exponcntxal curves
‘-approach asymptotlcally, the mﬂmte submergence condxtxon. ' :

"EFFECT oF ASPECT RATIO

Fxgures 13 and 14 show the effect of aspect raho on the stabxhty denvatwe
Z_'. The value of this derivative for the aspect ratio of 4 is the average of the
s‘}'xgle and double strut values. Increasing the aspect ratio is shown to increase
‘Z_'; the greatest increase is obtained at the deepest sub-nergence. Figure 14
gvses the followmg empirical relatxonshxp. : :

143

'zw‘ =-1. 68(h$) (a)" (2]

for aspect ratios less than 6.

Figure 15 shows the effect of angle of attack and aspect ratio on the stability
derivative Z, '. Increasing the aspect ratio is shown to increase Z ' with the
greatest increase for the largest angle of attack. Figure 16 gives Ehe following
empirical rela.tlonshxp for a su‘bmergence of one chord:

5 ettt 50

2 e

| ,zh' =.',(0-_1s°¢+ 0.012) (a')l"’r" BT )

EFFECT OF STRUTS

EREE EEEE R The effect of ‘the number of struts on norrnal force coefﬁcxent is shown in
TR ~Figure 17. Double struts decrease the normal force coefficient for small or
- negative angles of attack and shallow submergences. ‘At higher angles of attack
the normal force coefficient is -greater for the double strut conﬁgurahons.
_Figures 12 and 14 show that the double strut configurations give slightly hxgher
values of Z ’. and Zh , respectxvely, for all submergences and angles of attack

s
o4
;
i
i
i
i
o1
H

: ANALYSIS O: LONG[; UD[NAL FOR_CE COEF"ICIENTS

3 The eff_ect on longltudznal force coeffxment of each of fhe mvestwated para-
,meters 13 dxscussed nermn : .




S e ‘{0g'g) xaquinN ‘opnol g paxig pur uoneanfyuon :
BRI ﬁo‘«o.:;: u=o~h5> .no.u ' N u>$a>«an >$:nﬁm 32104 [PWION uo ou:vmuosnsm jo oy ~ 71 2andrg

.: ano«c«unooo ooamunosnnm Jo :unan

¥z o'z 91 2'T g0 vo 0o
sanasg etancGs | | | —

—log~

8

- *9

loz-

1

i

0T~

T

o738y
»oomu<_a

S
"Mz sariEATISQ £3¥11qe1g #0401 TewioN




9 I I W\ ’ ‘

A g g i e e

R T Ve

h -’ " . ‘§\L\\\:\\\\0.222=h' | :k L
_,24? _:j.v ‘  » .:_ ] QSS;>;:\\\0.444 |  , ‘vv.  ‘?§

0 e e o

£—
.
N
- i}

Normal Force Stability Derivative Z,'

7

B B | o \<1 .556
I o - 1 e 222

32

B R A ,’  £ 6 e T T
- v Aap«ct Ratm i |

atio on Nr)rm,;l F‘orce Smbthty Den vative Z‘

| F 1gure 13 T Effect of A’spf*ct R

= bilt
« ior Vanous Suomeréencus and F med Frrl de | g'nﬁpt (’) 70)
20 : . .




<30 SRR
I T O B R . M
Tl 2,222 — 1 :
=20 b—3 1.111
1 40.667
50.444

-‘i;F‘fsthzgz: ? ﬁ A/' 

,,,
N\
b

Normal Force Stability Dervivative Z,'
[ 4 '
W
NN
N

Asp’e'c't‘Rati‘Q a

e T e ity Devivative 2!
Cmtaie e A o ihmic Variation of Normal Force Stabiuty == " ez
.E'x,gufe 14 7&?’%132:4;)(3% Ratio for Various Submergences ;@ Ff"‘gd??”@‘?

‘Number (5, 50)

21




[}
e
[
. ‘.

A

[ I
[~}

*Double Struts
vy o 4 s 12

Angie of Attack a in degrees

P—t ] - a=-4v

<t
,.',6.2 | 1 , \%\\\\
R \\\ N Yo

Tio \,_ N
| \\,\6\

-2

Normal Force Stnbi‘l'ity D‘eriv’s‘t’ii/e‘zh'v. -

2]

/1

L+ ]

o
™~

4 6 83 10
Aspect Ratio 2 i s L

Flgurcﬁ - f‘PCt of A'w‘e ,f Attaca and A 4pcrt Ratio on ‘!orrnal .corre‘ .
S ' Stability Drfrwatxm Z, ' for 1/t-d Froude "v'umbﬂr (5 50) :

n
and mbme*aenfe (h' £ I)

‘22,‘




1,000 ———
- ~0.800f—

-~0.500 — 11
. =0.400 ————t——1-1 } J
-0.300 f}—— 1

]

-o.!pq ," jg

-0.080 —144
-0.060 LAY |
-0.050
-0.040

RN
N
\\

- -0.030}

A

N
N

N\v

-0.020

~q
N
]
™~
N

-0.010
-0.008
-0.006 1 1/1
~<0.005 f—t—1 A
-0.004 — =

- -0.003 }— /Zv:'
‘”rb.obz: //

\\\\\\3\:
AN

Normal Force Stability Derivative z,"

I B 1o} ) S St B RO
R L Aspect Ratica
gzz‘:'izhrr‘xic‘ Vaciation of Normal Force Stability Derivative

3 . L S . o . ] N . YRR .
i Aspect Hatinfor Yirious Angle of Attack for Fized
5, f’) «i.(‘?{i 3!1?’;{:‘1(3:2’@“63 {h! = l}w B .

23

LS S PN A ST A PPNV SO S



. 0.4
DSlngle Strut, ‘h'wd.222
.| MDouble Strut, ‘hV=),222
. ‘OSingle Strut, ‘h'wl,222
onouble Str\xt, h'e2.222
-0.4}-
‘; : \
% -0.8 X
] .
wd
3
3 1IN
© 1.2 \ N
.8 ' \\ v
e } .
= —T ,
- N
] P o
216 \ ‘
(=] c
= . \ ;
-2.0
2.4
-2.8

“.‘Fvigv\;'ré‘ 17 -
U Angle of Attack for ‘/e.r'ous Submergences for One Hydrofoil -

-2 0o 2 4
’ Angle of Attack o in degrees S

Llfect of .‘!umbar of Sfruts on Normal Force Coefflclent w1th

“-'”Ccnfwurrumn {a =4} and for Z 1xed Froude Vumber (5. 70)

g4




' EFFECT OF REY\‘OI m \;UMBER

The longltudmal forces develoPed at zero angle of attack and at. large

- Froude Numbers are due essentially to the viscous drag of the foil and the
. strut, Consequently, it is to be expected that these forces ‘will vary with
Reynolds Number. One method of reflecting the dependency with Reynolds
~-Number is by the use of the residual resistance coefficient. The residual
‘resistance coefficient is’ related to the longxtudmal force at zero angle o{
“attack as follows“ : : , ,

where C is the frictional resistance coefficient tabulated in Reference 8.

Fxgures 18, 19, and 20 show the resxdual resxstance coefficient for varzous '

‘"series models as a function of Reynolds Number. It may be noted that the C_

curves are in most cases nearly horizontal for Reynolds Numbers above about ,
18 x 10° but drop off and/or hump for lower Reynolds Numbers. Laminar flow

- over the hydrofoils decreases the C_'and free surface wavemaking tends to

hump the Cr curve. Since the humple in the Cr curves are not affected by either
aspect ratio or submergence, they must be caused mamly by the struts and not

_ the foils. "Although laminar flow sections were used for the hydrofoils, it is
‘clear that the full scale hydrofoﬂ craft will be operating in a fully developed

turbulent regime.

Judglng from this trend it is resonable to assume for extrapolation purposes

~ that C_ will be constant at all high Reynolds Numbers experienced in the full

scale Case. Consequently, in making predictions of the longitudinal force
coefficient, the values gwen in Appendxces E and F should be arnended as

: ‘follows.

,(l) Deterrm'ne the total drag coefficient for tifxe model from
e, =L (X' cosa+’Z"sina) ERR 'to] ':
. tm . § :
(2) _,Deiern;i_rie the total drag Coé'fficieht for the fuil soale from’ v

',.f.»c_:-c +(c-392x103) 6]

25
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_ Flgure 21 shows the effect of submergence on the longltudmal force coef-

: - ficient for the case where the angle of attack is zero. ‘The longxtudma.l force ,

“L. . . coefficient decreases as the submergence decreases. The rate of this decrease -

‘ ©- becomes more pronounced as the foil approaches the surface.  The fxgures in

- Appendix E show the longttudmal force coefficient to be equal at a_certain angle '
of attack at all. submergences. “This angle of attack decreases with increasing
aspect ratio.” The positive values of the longxtudtnal force coefficient are due to
the lift component at high angles ‘of attack. The increase of longxtudmal force o
coefficient mth submergence is due to the addxnonal strut wetted surface.

- EFEECT OF STRUTS "

Figure 22 shows the effect of number of struts on the longltudmal force coef-
ficient. For zero angle of attack, the longitudinal force coefficient is higher for
the double strut configurations. This occurs for both shallow and deep submergence.
‘However, the increase due to the additional strut is more pronounced at the deeper ‘
submergence.

LIFT-DRAG RATIO |

e e

i The lift-drag ratio, computed from Equation [1], is presented as a function
of the significant test parameters in Figures 23, 24, and 25. The trends for
, any mtermed1ate condltlon are su-mlar. . ’

‘ Fxgure 23 shows the effect of aspect ratio and angle of attack on the lift-drag

. ratio for single strut conﬁguratlons at deep submergence (h'= 2.222). The lift-

- drag ratio reaches a maximum value at an angle of attack between Z and 7 degrees ‘
depending on the aspect ratio. Increasmg the aspect ratlo decreases the angle R
_of attack at whlch the peak occurs: : C

e

o thure 24 shows the effect of aspect ratio and angle of attack on the lift- drag
‘ratio for double strut conﬁguratlons at deep submergence (h' = 2.222). The lift- -

~drag ratio reaches a maximum value at an angle of attack whlch decreases as the_
aspect ratio is increased. The increase in peak lift-drag ratio is greater in

. going from an aspect ratio of 4 to an aspect ratlo of 6 than in gomg from an aépect v
~rat1o of 6 to an aspect ratio of 8. :

. Fx;,ure 25 shows the exfect of depth of submeraence on the 11ft drarr ratlo :
'_“."'he maximum lift-drag ratio for a fixed aSpect ratio (a = 6y is relatwely in-
sensitive to aepth of submerflence : :




: 0’z

91

a9 ua_o«ni:ccu ooaaup.mansm Jo faon.,

21

|s1naag etranoas

S “32ely jo u~m=< o197 v:d .Aom mv Jaquinpn ov:o.fm vcxﬁh .m:ozﬁ_sfu:oo C :
PR .Hsmouv\ﬂm u:o:m> u0u mucouuoEn_:m ym «:u*u:uo.uU ad104 amcwvsﬁm:od uo uonwIIBA - 17 u_:f O

ug.oru

T ——
/
©

L7

s

~—a
IJHMW
IG;

: m r0* o:T

e

ao OI :

o~o

ax #datbxxiéoa'ébéék"rzurpni?EUOT




OO ——

x .| DSingle Strut h‘-o 222
| mDouble Strut, h'wd.222 - U RN N B R EEEESS
| OStngle Strut, h'=2.2227 . 1 1
‘| #Doubdle Stnt, h'n2,222 RS T I ; . . A)

o.1s

0?04:

Longitudinal Yorce Coefficient X!

. ~0.08

L -0.12

-4 -2 0 z‘f4 - — 10
A.nzlo of Attack g in degrees ' o

. ~

E‘1gure 22 - Effect of Number of Struts on Longltudxnzll Force Coezfxaent

with Angle of Attack for Various Submergences for One- Hydro-», -

foil. Confwuratxon 2nd FLced xrroutd@ Number (9 50)




. | . . Sm 3 1aquiny
o apnoxg pue ANNN Z = .5 asusBrowqng pax} g 3e suoneanSijuon
o _,.,A—o.«ouvhm nLig- oausm snotrep jo soney Jexg-iiy Jo uonelIRs - mN aand, A

mwouucv uy 0 RA2w13Y uo mamé

P

1
\
N

p=u NA

on,vu Fesq-1577

‘32




16

o +—

: Vi
= AT
[~$ - R

2 > )
a /
[] . .
»

ot —
- .

|

L

Angle 'o!‘ Aft#ck a in deg‘rees, L

Varuvon of L)ft Drao Ratlos of Vanoua Double Stmt Hydrofod
" Configurations at F ;xed Submersence (r
I‘wm:)f«r (7 90) L , _

x ure 24 -
: Z 222) ana Froude

<]




, N : | |
v 19 E:Z av:ouh vuxrm pue (9 = e) uopieandijuon (10j0IpdH .
S Aom vm.WO kﬂ‘« oney mmuQ YT WNUWIXEW UO 0u:om.~uEn=m ELIREL 1ic Sl T4 aanf gy

"4 edueldremqng jo yideq

at

 OF3®y 3vig-03-3FF1 wnuyxen

91




PRt

- and not on the data curves themselves. For all the models tested, Z ' is
iv_grbeavter than X,'.  In addltlo‘n, S Co v

i e e e e £

F1gures 23 and 24 suggest that the larger the aSpect ratlo ¢hosen fora

_hydrofml craft the better the chances of flying the boat at its maximum lift-

"drag ratio. ' From the standpoint of lift-drag ratio, Figure 25 shows a sub- :
. mergence of greater than 0.6 chord to be desirable. However, the combination

“-of high aspect ratio foils deeply submerged presents the designer with- structural

problems whxch reqmre a compromxse in selectmg a conﬁgurahon
- fcoMpAmsoNs WITH ,SXISTING THEOR’Y,

A revxew of the lxterature has revealed that a number of theorxes extst for
predlctmg lift coefficient for hydrofoils. Several of these theories make al-"
lowances for the effect o{ the free surface. The theorles 5'5, used herein as a’

basis for comparison were selected as those which gave the best agreement

~with the experxmental results on DTMB Series HF -1. ‘In addition, the results

of another experlmental 1nvest1gahon are included in the compa.rxson

The coefficients reported for this series are referred to a normal-

‘ ,longltudmal force axis system. Consequently, the theoretical expressions wh\ch
v are referred to the lift- drag axis system have been transformed as follows.

2

cL=.%. (-Z'cosa + X'sina) e "1[7']:
| Cz 1 A ] Co 7 v .

Lo ™

The compa.nsons Jvhtch follow are based on the slopes of the data curves

A =be S e S i o o [9] | :

' :Tixése r'elé.tion'ships‘ sjmplify Equation (3] to




The theones of References 5 and 6 are restated in'terms o{ the normal
force stability den\atwe for the deep submergence case in the followmg
fornulas‘ o N v

2"32

. zwr ’= ~7' | -z;a—: . (Based on Refegence 5) [12]
z e 21 pliod on Reference ) ""T"[fvl";j |
w a7 a+3 o 1oaned onmeterence ) L13].

" For the near surface case, the theory of Refereuce S leads to a complex '
"formulation and is therefore not restated. The theory of Reference 6

utilizes an empu-lcal correcuon ‘for ‘the near- surface effect whlch results
in modxfymg Equat‘on {13] as folIOWS' ‘ -

; . __ Zﬂ'K-a o
zw' R +1 [‘li3a] :

where

S T LT
%= —@mrver

Figure 26 compares the experimenrtal values with those obtained from the

© two theories for the deep submergence case. It may be noted that the theory
‘of Reference 5 gives the closest agreement with the experimental results of

the series. The extent of this agreement is showvn by the ratio curve in

' Fxgure '27. The theory apparently overpredicts ‘the lift coefficient by about -

7% over asPect ratios of 3 to' 7. ard by over 10 » for Doth Icnver and hlgher S

~aspect ratios,

“No apparent reason can be aduanced Ior the dlscrepancy between the

-theory and experiment. It is true that the theory, in an absolute sense,
' vrepresems the case of a hydrof011 configuration without vertical struts. -How-.
“ever, the absence of a single strut would have only a negl:gible effect on lift®.

The abseénce of double struts would tend to decrease the hft (as shown by the -

B fexperxments) and thus increase the dlscrepancy befween theory and exper*mert

qure 78 compares the expe n*n eral a:-':l the cret: cal alues for tne near-

’ :urface case.” The experimental values jor the series and values cn'rputed
-','from both 'Heor:es irdicate that the ‘Hear surface e[fect above z submergence
of 0.3 chord is very smali. Thf‘ eyperxmental results of Releretce 7, however,
“indicate a strong rear- surface effect as’ dcep as 1, 4 chords. It may bca roted
- ‘that curves 1 and 3 are dxsplaced by a constant amount at all- submergences
'f'deeper than 0.4 chord. Thus, if the d splacernent i8 4ttr buted to a d: screpancy

in the pvrad;cx;on of the deep au’)mer'JP’V‘F case 11 2 J,w—ars that 1he formulation ™

, ;36
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-~ of R'.ference 6 can be used to pred ct rel‘ab ly the mcremental con*r‘butxon

"~ due to the near- surface effect. Between submergences of 0.3 and 0.4 chord, '

the method of Reference 6 appears to predict a greater decrease in Z_ ' than"
~ the series. Applymg similar reasoning, curves 1 ard 2 tend to dwerge ' '
progressively as the submergence decreases, It appears, therefore, that if
the theory of Reference 5is used to compute the' near-surface effect that xt
- -.vou‘d result m an msuff c1ent decrease in'Z '.17 o »

CONCLUSIONS ~ ~

Based on the exper:mental results for a systemahc serxies of Tee hydro-
- foils, DTMB Ser‘es HF -1, the followmg conclusxons are drawn SRR

1. Normal force coefficient is essent.ally 1rdependent of Froude Number
for Froude Numbers above 5.50 for the xrange of aspect ratios and submergences
covered by t.he ser1es.

Z. The normal force coefﬁment is progresswely reduced as the submergence
of the foils is decreased. At submergences deeper than 0.7 chord, the near-
surface effect for the entire series is negl 1g1b1e. For higher aspect ratios a
deeper submergence is reqmred to minimize the near-surface effect

3. The use of two vertical struts instead of a smgle central strut results
in a small increase in the normal force coefficient.

4 The normal force stability derivative Z_! increases with aspect ratio

w .

approximately to the power of 1.43 for all submergences covered by the in-
vestigation. o ~

) 5 The best avaxlable theory pred1cts ‘the normal force stablhty denvatxve
- Z_"' which are from 7% to 10% greater than the corresponding expenmental

‘ -;‘va“fues at deep submergence. In general both theories studied are in agree-

ment with the expériments conducted in so far as the depth of submergence at

- which the near-surface effect becomes negligible. ‘However, néither theory

accurately predxcts the change of normal force stab:hty denvatxve due to sub-~
mergences of less than 0.3 chord. :

6. The various fo1 s of fhe series operate in a fully turbulent Lo-:f regime
at Reyrolds Numbers above 1.87 x 10” as showr by a constant residual resxstance o
Coefficient. 'The longitudinal force coefficient at zero angle of attack decreases
© “with increased Reynome Number. This suggests that the long: tud‘nal force coef-~
. ficient should be corrected to account for differences 'n 1r;ct*onal re xatance in
. 'mamrg orr—d ct'ors ‘or ‘the full scale hydrofo;l t‘raft :

7. xne icogi fumul force coefficient is proigre«s vely reduced as 1h£— sub-
“mergence of the foils is decreased. At submergences deeper than 0.7 chord,
the fcar-surface effect for the entire series is regl gible, ‘For higher as;wct
rﬂ‘oa a de “per s meer'mnce is req: L.rf—d'o m_r.m:/f‘ the near- <surface. eifcct

40




_ 8 The double struts increase the .ongxmdmal {orce coeffzcxent. parnculany
at small angles o{ attack

9 For any gwen conﬁguranon, the maximum lxﬁ-drg ratio is essenna.ly
- constant for submergences greater than 0. 6 chord. Consequertly, the’ choice
of operatmg depth should take into account structural connderatmns.

10 The angle of attack for w}uch the maxxmum hit drag ratio achxeved B
decreases from about 7 degrees for an aspect ratio’ of 1 to about 2 degrees for
. an aspect ratio of 8, “ This suggests that large aspect ratios ‘should be used for =

'hydrofoxl craft 1( feasxble, from a standpomt of st*ucmral cons:deratxons. :
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NORMAL F ORCE COEFF ICIENTS F OR INDIVIDUAL CONI-'IGURATIONS

OF TMB SERIES HF-1 AT A FROUDE NUMBER OF 5.50 A5 A FUVCTION
‘ OI-" ANGLE OF ATTACK .

The coe£f1c1ents in this appenrhx.apply stnctly to a Reyrolds Number

‘of 1.87 x 10° and a Froude Number of 5.50 but can be considered to be in-

dependent of both of these parameters at hxgher values.
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) App_rinmx B

. »NORMAL FORCE COEFFICIENTS FOR INDIVIDUAL CON’FIGURATIONS

OF TMB SERIES HF-] AT A FROUDE NUMBER OF 5.50 AS A FUVCTIO\T
OF SUBMERGENCE ~

The coeffxcxents ‘in this appendxx apply stnctly to a Reynolds Number o

, | ~of 1.87 x 10% and a Froude Number of 5.50 but can be considered to be m—‘»
- dependent of both of these parameters at higher values
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APPENDIX D

o NORMAL F ORCE COEFFICIENTS F OR HYDROFOIL CONFIGURATION 2
'_ HAVING AN ASPECT RATIO OF 4 AT VARIOUS FROUDE NUMBERS As
' AF UNCTION OF SUBMERGENCE Do .
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| APPENDIX E

v ONGITUDINAL F ORCE COEFF ICIENTS FOR INDIVIDUAL CONFIGURATONS o
,OF TMB SERIES HF 1 AT A FROUDE NUMBER OF 5.50 AS A FUNCTION OF
' A ANGLE OF ATTACK

; The coefﬁcxents in this appendix apply stnctly to a Reynolds Number of -
-1.87 x 10% and a Froude Number of 5.-50 but can be amended for hxgher values
L of these parameters using the method outlined in the text.
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7 LO\TGITUDINAL FORCE COEFF ICIENTS FOR INDIVIDUAL CONFIGURATIONSV
' OF TMB SERIES HF-1 AT A FROUDE NUMBER OF 5.50 AS A FUNCTION OF

“of these pa.rameters using the method outlined in the text.

APPENDIX F

SUBMERGENCE

" The coeffxcxents in this appendlx apply stnctly to a Reynolds Number of
1.87 x 10%2and a Froude Number of 5. 50 but can be amended for hxgher values
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