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The use of flaps to control the incidence hinge moment and cavitation

characteristics for  incidence lift control foils is examined in the light

of the measured prototype lif t and moment characteristics of Reference 3.

The flap management considered  here is a Ifunction of speed and is critical

only at minimum flight speed, to avoid crossover, and at maximum speed,

to avoid exceeding design hinge moment. The numerical summary is for the

AG(EX)  ftid.  foils but is typical for foils of any size and of any speed less

then 50 - 60 knots.

Trailing edge flaps would reduce the existing incidence lift control

hinge moment about 40%. The existing hinge moment could be reduced about

a$ by also changing the hinge position but that moment would be bidirect-

ional and is considered to present  an intolerable crossover problem.

Hinging for positive hinge moment rather than negative, would double the

moment. Abnormal flap chords do not aid moment or cavitation control. and

flaps do not relieve the req-ukement  to design the basic section for the

. design speed.
4

The flaps can be employed to increase the incipient cavitation foil

loading by some 400  ps$  cr to increase the cavitation f$#.J?  speed by up to

about IO knots, This cavitation control C~JI  be extended by incorporating

the section geometry into the control procedure. Flap control of cavitation

is not state of the art, being dependent upon the effective cavitation

boundaries which are unknown for the flapped foil.

-l-



h-ailing edge flaps do not pmvide control over the flying foil.

The Interim Report conclusion that an appropriately selected fixed

incidence angle  would provide the flap lift control sy,ctem  with the opti-

mum incipient cavitation bucket was a coincidental result of the numerical

value assigned C ‘in that report. A confi&nt evaluation of this parameter

will probably corrpromise  the optimum bucket for the fixed incidence, flap

lift control system.
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INTRODUCTIOX

Incidence lift control provides three qualitative advantages over

flap lift control:

1. Superior cavitation characteristics,

2. Lower (profile) drag,

3. More confident performzi?cc  predictability.

None of these advantages can be evaluated quantitatively yet, even

to establish whether the differences are significant or not, because no

confidence level has yet been established for the performance of the flap

lift control system.

Ihe only disadvantage associated wit;! incidence lift control is the

high hinge moment relative to the flap lift control system but this is a

real disadvantage which has already produced design and operational diffi-

culties. Reference 1 demonstrates that unflapped incidence lift control

hinge moments are generally proportional to craft displacement and that

the PC&l  and AG(EH)  hinge moments are characteristic.

This note is intended to empwthe results tif Reference 2 to examine

the feasibility for adjustable flap control of the hinge moments for an

incidence lift control system including the case for the "flying" flap

contralled foil. A closely related problem, employment of flaps for the

control of the incipient cavitation bucket, is included for completeness.

!l!he  general equations developed in this note are illustrated by

application to the AG(EX) ti. foil geometry but are, of course, applicable

to any foil confil,uration.



CONCLUSIONS

1. The  maximum incidence lift hinge moment is increased by:

A. Spreadifig the minimum and maximum foil loading,

B. Increasin,7  the normal acceleration margin requirement,

c. Spreading the minimum and maximum flight speed,

D. Reducing the nominal minimum submergence,

E. Allowance for prediction precision for:

a. aerodynamic center,

b, residul$ moment,

c!, flap load distribution, 5

2. Flaps will reduce th maximum hinge moment by about 405 and will

compensate for the prediction errors of 1 E, above.

3. Hinging for bi-directional moment reduces the hinge moment about 35$m~/te

but not to a tolerable level for crossover. Hinging for positive

moment doubles the moment.

4. Moments for the various hinge and flap schedule options are conpared

numerically in Table VII.

5. Flaps can increase the incipient cavitation foil loading by 400 psp

or increase the incipient cavitation speed by up to 10 knots (See

Figure 17).

6. Intelligent flap scheduling will always improve the hinge moment and

the incipient cavitation bucket but the optimum flap schedules are not

the same for the two objectives.

7. Optimum hinge position s are summarized in T$,ble V and the ctrresponding

maximum moments are summarized in !l&ble  VI.



8. A more concise derivation of the cavitation equations of the Inbrim

Report including accountability for buoyancy and extending the results

to the case for t&c-flapped incidence lift control foil, is prc sented

in this note. Eq. (24) presents the incipient cavitation foil loading

for flap lift con'irol and E!Q. (29) presents this foil loading for the

flapped incidence lift control system. Eq. (29) includes the case

fnr the unflapped foil.
80

9, T.he,hi.nge  moment equation of this note, EQ. (Z@'), includes -the  unflapped

hince moments of Reference I. as a special case.

10. All of the moment and cavitation results of this note are subject to

inadequate confidence levels for the hydrodynamic charactiristics of

flaps; specifically for the parame+er,  c, and for the flapped effective

cavitation boundaries.

11. The tra@ing edge flap will not control .the "flying" foil because the

flap angles required are intolerable for cavitation.

1 12. 'Be Interim Report conclusion that an appropriately  selected fixed

incidence angle would provide the flap lift control system with the
*

optimum incipient cavitation bucket was a coi$ental result of the

nusqerical  value assigned 5 in that report. A confident evaluation of

this parameter will probably compromise the optimum bucket for the

fixed incidence, flap lift control system.

13. Existing flap lift control prototypes are not, necessarily,modeis  of

future designs, If future prototypes are to be d&igned with confid-

ence, the general theory for flapped hydrofoils must be experimentally

validated.



. .

1. An adequate map of' the effective ca~itarion houndaries for some, any,

flapped hydrofoil. is urgently required. The .&G('TX] foil would be an

ideal model. for this map because of' %tte i5%emetLcdi  and experimental

background already available for thi;;? .nW~~r~~'u9a; The AG(EH)

Eonfigtiratiw! d h also ideally suite& 30 Be Gr?mmm~ whirling tank in

span and aspect ratio and will provyifie  t&is XXEJJ  more'economically and

more reliably than any existing facKl&Q. It 5s therefore recommended

that Grumman's UProposal  for Extenstic>]L  To AG(lB) Lift Contrcl Study

For Cavitation Sealed Model Testing'"., .3lL Gctober'Q!72, be undertaken

without further delay. No general 151s~~  for 'fliaLwd foil performance,

incidence or flap lift control, can ;Je t&mtiWd  -&a the absence of

this map. Any protome built withco&t  @hi& IDIE@  zizz  ZBI experimental

prototype.

2, A general theoretical and ejrperimen%&l:&Ih~  u~@n.  tie hy?&&ynamic

characteristics of the flapped foil 53, ~~%z-&!  though no such program

is formulated here.

3. Theoretical and experimental exsmimation  o?f the possibility for extend-

ing the conventionalfoil speed ran&T bs t&z use of flaps is recommended

though no such program is formulat& here:.

4. 'Jlheoretical  and experimental exsminat?Lon  of the characteristics of a

flying foil controlled by a boom mounted foil is recommended though

no such program is formulated here,.



5. Reco;L%endations  with regard to the "Plainview'>specifically,  as a
. I

result of the studies of this note are reserved for completion of

studies of flap hinge moment and control pow&r.



DISCUSSION

Alternative Torms  of the total lift equation for the foil with flap.

The corresponding foil loading equation is particularly useful to

this note:

.

where
W0%e accounts for orbital angle of attach or for craft pitch+,

w
0s 0.
The hinge moment analyses of this note assume, as in References 1 and 2,

that CHc = CH = 'Hc so that the total hinge moment is given by:
L -Lx Li

.



(3) (Continued)

It is convenient for the purpose of this note 2o consider the buoyant

hitlge  icoment in the form:

In Reference 2 the CRC has been defined as:

Ld

where the symbol b is employed for brevity.

The zero lift hinge moment is not &ll defined for the flapped, incidence

.,. lift control foil because there are many combinations of pitch, incidence,.

and flap angle which will produce a zero lift, all with different zero lift:

hinge moments. For the particular case where the pitch and incidence lift

aerodynanic center are the same however, CHc = 'HcL.  ZJ the residual hinge
IP i

moment can be related to the zero-fla-p, zero lift hinge moment by:



t

(6) (Continwd)

where the prime is p.  reminder that the relationship must be evaluated

for common pitch and incidewe  lift aerodynamic centers and for 2~10

flap.

,Subsitiuting  Eqs. (4) - (6) in Q. (3):

= &.. -y -t c**t,  -b.gf)@  - A($$ t-c:,&=D
For brevity, 8 is defined to be

03)

B = (a.c.
li

- b.c.)  S B0
Only one term of EQ.  (7) is depth sensitive and that term  is more

conveniently written:



. . , .

Then IQ. (7) may be written

which is the farm employed for the moment analyses in following

sections.

From References 2 - 4 the following coefficients are practical for

the AG(EH) foils with 20% chord flaps at infinite depth:





(11) (Continued)

It is to be noted that the mominal minimum foil depth is quite

arbitrary. Grumman prefers to employ that depth for which the

nominal maximum foil loading will not ventilate the foil. That

depth is an experimental characteristic which has not been established

for the AG (E2-I)  foil system and the I MAC depth is assumed.



CAVITATTCEJ  REVIEW-

A proper appejciation for the potentialities of Eq. (10) requires a

better instuitive appreciation for the effect of flaps on cavitation than

is provided by Reference 4 and the subject is therefore reviewed here.

This review will r&o provide on opportunity to incorporate the revised

evaluation f;lr  the parameter 6‘ of Reference 2 and t.~ provide accounta-

bility for buoyan t lift, which was not mentioned in Reference 4.

The 'lollowin~  defivation for the cavitation foil loading is more concise

than that of Refermce 4 and therefore, perhaps, more satisfying intuitively.

The prsksure coefficient, S , on the section Terpendicular  to the

quarter-chord lir.r;s  is given by:

I/-
s

(12)

basic flap load distribution

additional load distribution(angle  of attack)

L- distribution for thickness distribution

where primes indicate plane perpendicular to quarter-chord

The parameters wand c are d&-fined in Reference 4.



'hen  Eq.  (12) nay be written:

The total hy.3rodynamj.c lift coefficient, includes the effective

design lift corfficient  (camber) plus pitch, incidence, and flap ccxnponents:

Each of these components of the section lift boefficient  is related

to the corresponding foil average lift coefficient'component by the

appropriate spanwise  lift distribution where it is to be noted that the

spanwise  distribution for camber lift is identical with that for incidence

lift:

i:



Multiplying this equation through by 2 'we &kx& foil loading com-

ponentswhich are inde.pendent  of the flow or3kzxtati~n.  Note that the pro-

' duct, q' c/l i eff is a W&Z&J  QB 56mtified  with the

experimental value at this point.

The parameter, 01,  was defined in Refermce 4 for txmenience:



09)

and Eq, (18)  may be written

where:

W/S is the irrcipient  caVitation foil loading for any gi.ven$?and  d '

(or q) and Eq. (20) is the most general form of the relationship.

For a flap lift control system Eq (20) is more conveniently handled by:



Subsitiuting in Eq. (20):

The parameter, 5 , is defined fIbr conventince h. ReP~mce 4:

and EQe (22) may be written:

- 3.8 -



1Thich  is identical with Eq. (6.2.19)  of Reference 4 except for tne

obvious refinement that the total W/S is now identified as the hydro-

dynamic foil loading.

For the case where the full exposed span is flapped Eq. (24) reduces to.

(25)

which is Q. (6.2.21)  of Reference 4.

For the incidence lift control ease for a flapped foil,

and substitute in Eq. &:



For the special case where the full expos&  :QXUI  j, flapped, a+ very

convenient reduction results by dividing thro~gk~ 9 ht :
>

.

6



(28)

For

Eq*- (27)

(Continued)

the more general case, however, it'is  more convenient to divide

through by

which, of course, reduces Wedlately to Q. (28) for

Note that for the unflapped foil EQ. (29) reduce's to

(for fncidence l!.ft control with unflapped foil)

an5 i.f the foil is rigidly attached to the

there is a further reduction to:

- 21 -



for pitch lift c,>ntrol.
unflapped foil

which is Eq, (6.1.4)  of Reference 4.

Some inconsistencies have entered the AG(EH)  study by way of inter-

polating the section characteristics and Figures l-and 2 present graphical

interpolations from the velocity distributions of Reference 6 to avoid

this problem in the future.



(30 (Continued)

Figure 4 presents three of Allen' s basic flap load distributions,

Reference 'j, for ready reference for this study.

For any given lift coefficient, whatever its components, the cavitation

speed is proportional to the depth f?unction:



(32)

Thus a cavitation bucket derived for any pariSrul.ar  depth can be trans-

formed to another depth by use of the functions:

The function Vo/Vco is presented on Figure 3 for convenience in trsns-

forming the cavitation buckets of this note to other depths,Figure 3 was

not employed in the derivation of the cavitation buckets of this note which

were all derived directly from the equations of this section. .

Figure 3 is valid only for the theoretical incipient cavitation bucket

of course; there is no theoretical accountability at present fbr the cavi-

tation inhibiting effect of the free surface,



.UPDATIRG  THE INTERIPIi REPORT

~CAVITATIOX  BUCKET .

The AG(EH) fwd. foil incidence lift cavitation buckets of Reference 4

are inappropriate to this study for five reasons:

1, mil buoyancy was not accounted for,

2. The mcx?el  camber was presented rather than the prototype camber

(for evaluation of the towing tank test results),

3. 'Ihe  depth was mode1 depth (8.5  ft) rather than the 1 MAC depth

(9.33 Tt) preferret  for this study,

4. Zero pi*,& was ass-med to simplify the calculations while a more

realistic pitch (lo) is preferred for this study,

5 The cav5tition parameter, 5, was reevaluated in Reference 2.

'&e f5rs.t  feR;lr modifications to the cavitation buckets of Reference 4

are discussed in this section and the effect of reevaluating 5 is considered

in a later section. The necessary section and. cavitation characteri$tics

are presented in Tables I and II.

'Q-pica1 buoyant and depth effects are shown on Figure 5. The  8.5 ft.

depth, zero buoyancy bucket of Figure 5 is almost identical with the in-

cidence lift buckets of Reference 4 though that of Figure 5 was derived

from ~q. (28). The top of the bucket of Figure 5 is almost a knot higher

than that of Reference 4 for some reason not explored here though it was

noted that the section bucket of Figure 6.2 of Reference 4 is slightly in

error for the mid-chord stations.



Buoyancy is a scale effect)as discussed elsewhere in these notes,

having a negligible'value in model scale, The buoyancy effect of Figure

5, then, actually exists in the comparison of model and prototype data.

Note that buoyancy shifts the bucket on the foil loading scale, by the

value of the buoyant foil loading, while increasing depths expand the

bucket at all three boundaries, Again it is to be noted that this depth

effect is theoretical, 'Near the surface there is a significant and

unpredictable cavitation inhibiting effect, most familiar on yawed struts.

The effects of pitch and camber are illustrated on Figure 6. 'I&e

effect of pitch is slight because it represents a redistribution of the

total lift between pitch and incidence lift. Increasing pitch expands

all three boundaries because the spanwise lift distribution for pitch

lift is more favorable than that fo@incidence  lift.

Increasing camber locueS the top of the bucket and rotates the bucket

about the axis to the right. tie AG(EH) bucket top is much higher than

necessary and substantially more camber could be added or, alternatively,

a new section of inferior cavitation characteristics but more favorabie

could be employed.,

The prototype bucket of Figure 6 is employed as the basic, or reference,

cavitation bucket throughout the rest of this note.

. .
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I. -.

FLAP CONTROL OF CAVITATION

The principle employed here was introduced in Reference 4. In Gssence,

the skimltaneous solution of , (28) evaluated for the leading edge and

the flap hinge station on the upper surface is the flap foil loading,
"up Y

which provides simultaneous incipient cavitation at thas&two st&tions and

the corresponding total foil loading. This flap angle redistributes the

unf'lapped  incidence lift contdi;l  chordwise load distribution in an approx-

imation for the ideal distribution for cavitation. An identical solution is

provided by Q. (25), which was the equation employed in Reference $except

that the solutions are total foil loading and reference foil loading where

reference foil loading and flap foil loading a~@ related by the foil loading

relationships in Eq. (20).

For the purpose of deriving this optimum cavitation bucket it is conven-

ient to rearrange ~q. (28) in the form.



(34) (Continued)

This is still in its most general formjappropriate for any station on

a;ly foil. Restricted to the upper surface OF the AC(EH) foil, EQ. (34)

becomes:

The incipient cavitat%w foil loadings, flap schedules, and incidence

angles provided by EQ. (35)  .or several section and operating parameters are

shown on Figures 7 +t 9. These figures relate the reference cavitation

buckets of the Interim Report to the updated reference buckets of this note.

The first curve of Figure 7 is the reference cunre'of the Interim Report and

is for the model section, The difference between curves #l and #2 is the

advantage afforded by the increase& camber of the prototype. The difference

between curves #2 and #3 presents some advantage in depth and pitch angle

but mostly due to accountability for buoyancy. The flap load distribution

parameter, 5 , has no effect on the boundary of Figure 7.

.
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figure 8 presents the flap schedules whA& pwduce  the bomdaries of

.Figure 7 and IX;-; 5; '1 drameter 6 does make ,re dS?~nce, Throughout this

note the r-E-c;lse3  definition of Reference 2 f'W. c wss .eanployed  to evaluate

this parame?.:~r~

Figure 9 presents the incidence angles ~~~scci&~ti  tith the bound&es

L? Figure 7. These angles have no particulw  sjQz~&ZX(t  to the incidence

control foil but the 5 comparison of Figure $I ;6%.  v sQmificant to one

conclusion of the In-t~~rirn  Report and is discmE=&  %I :EGBIE detail in the

next section.

The use of flaps as a cavitation contrc&:&&e  s;wsts  the use of a

symmetric section with a 50% chord flap to -5mAte SEC a = 1.0 camber

distribution of adjustable design lift coef'3%cG&+. P%gmre 10 presents an

evaluation of this possibility. The results  ilr?la;icMe  -thrrr;t t&fit I&sic section

must be designed for the design speed condiit%ons,  thou&& f%ps can be em-

ployed to unload the leading edge at low speed!  axA improve the boundary

there.

Figure 10 in&I.cates that larger flaps jimprove  the cavitation bucket

slightly but the structural disadvantage is considered too great for further

consideration. .!Be flap schddules and inci&nce angles for the boundaries

of Figure 10 are presented on Figures 11 andi 12 for information but only the

prototype section of 20% chord flap is considered further in this note.



p. ., .
.L .iA.k).

----

Figure 10 presents a relatively confWf?n4I, i.nciz@znt  :caviWtion advanttige

for the flaps but no conclusions can be dx*m &ou"u -t;lr!e  ~=$Tkx%r! of flaps

on the effective cavitation boundaries in t'kL abs~c"e  M an &kquate experi-

mental cavitation map for some, any, fl.app?&  Ail,



CORRECTIW AN IPYI'ERIM REPORT CONCLUSION

Tne boundary incidence angles of Figure 9 are the optimum (cavitation)

incidence angles for the flap lhft control foil. The Interim Report concludes,

on the basis of curve #l of Figure 9, that the incidence for the flap lift

6ontrol foil could be permanently fixed at an angle which would produce the

optimum cavitation bucket at any speed. Figure 9 indicates that the near-

zero slope of curve 1 is a coincidental result of the evaluation adopted

for C in the Interim Report. That indication has been confirmed by a cal-

culation, not shown, for curve 1 with a (1 of .65  which has a substantial

negative slope I%?;  the curve throughout.

n

Neither 5 value of Figure 9 is aaquately supported and no confident

consideration can be given to the incidence angle for the flap lift control

foil until such experimental support is provided. I



REFERENCE FLAP SC!&DULES

The three flap schedules of F:J@ze- 13 WT. investigated in detail in

this note. The first schedule is Gk ~%~qm.~-m~e  mse of the unflapped foil,

(W/Cl =o. The second case is the ' . . ."'q@;ztnun  r~vn&kk.on (1 schedule of Figure

11 for the AG(EH) prototype with a :20$ r&mrui  rftlap and with the revised (.466)

value fD#?  5. Ihe third case will 1Se :&c~;~Cl:qptsZ  more fully in a 'later section

but has a slope of:

This slope is passed through tk? ~ezxx&tuamic  3Oo flap foil loading

at a minimum flight speed of 30 knc&.%~

Ihe flap schedule of EQs. (36j and (37) ir referred to as the
@+?t#IM$+~  Ph%?lrrJ r4'

"optimum moment'>\schedule  for reasons -be developed later.



REFERENCE CAVTTATION HJCKETS

The cavitation buckets for the three flap schedules of Figure 13 are

presented on Figures 14 - 17. Figures 14 - 16 present the construction of

the cavitation buckets becarrse it is instructive to view the relationship

between the incipient cavitation speeds for all of -the chord stations; i.e.,

the variation of chordwise pressure distribution with speed.

Only the stations bracketing the cavitation bucket (see Tables III &

IV) have been considered in this note to conserve time. Where movement of

theChard station for initial cavitation is indicated, as on the upper surface,

leading edge boundary of Figure 14, it is abvious that intermediate stations

would provide a more detailed boundary though the difference would be in- -

significant.

-
The spacing of the individual station boundaries of Figu;e 14 is a

qualitative indication of the chordwise spread of cavitation as the incipient

boundary is more deeply penetrated; the spanwise  load distribution of Figure

6.1 of Reference 4 provides the same qualitative indication of the spanwise

spread of cavitation.

Close station boundary spacing, for unit chordwise stations, indicates

rapid cavity growth and a relatively '"hard"  boundary, The upper right corner

of the bucket, then,is  the tlhardest" region of the bucket because the bound-

aries for% every station pivot about a point near this

corner; this is perhaps seen more clearly on Figure 6.2 of Reference 4. The

effective cavitation boundaries (peak lift, cavitation drag, etc.) all spring

from the incipient bucket at this corner. !'i%e  upper surface leading edge

boundary is so '*soft"  that it carries no significance.



The upper surface, mid-chord and lower burface, leading edge boundaries

have never been mapped. Zhe upper surface is expected to be a hard boundary

since at least 2076 of the chord is on the verge of cavitation here. The

lower surface boundary is expected to be soft except that pr~~peller  experience

indicates that the erosion boundary may coincide with the incipient boundary

for the ls~er (pressure) surface.

These intuitive and poorly understood characteristics of the cavitation

bucket must be borne in mind in evaluating the bucket. On Figure 15, for

example, it is evident that the flap has shifted the bucket to higher foil

loadings without affecting its general characteristics, Figure 16 presents

a qualitatively different and very int-eresting'flap  effect. Here the bucket

has been straightened up and 10 knots added to the top of the bucket. !Lhe

"corner" of the bucket has been softened very substantially, 'Pse hinge line

boundary is not significant because foils typically operate cavitated at

low speed, because it is a very local condition which might not develop in

practice, and because t alight adJustment in the flap schedule'would elim-

inate this boundary.

Remembering that Figure 16 results from the addition of a flap to an

existing foil, with no consideration for cavitation, a very real potential

for a high speed ( - 80 knot), cavitation fl7?@,  conventional section foil.

is suggested here, Pursuit of this possibility, however, lies outside the

scope of the AG(EH)  lift study.



^_,.  .._.  , _  ._-_-..  -  -.  . _  - -

The three reference buckets are compared on Figure 3.7. Tfie adequacy

of the optimum moment bucket depends entirely upon its effective boundary

and upon the normal acceleration requirement. The maximu  foil loading

indicated provides a l/4 4 margin over the 1435 ps~desQq~ foil loading

and is probably extreme. Note that even with the hinge '~&ET boundary, the

optimum moment bucket provides a lower cavitati..on-fW?@~ed  at 1435 psp

than does the unflapped bucket.

Note that the optimum moment bucket -Jnters.ects  the optimum cavitation

bucket at the speed for which they have & CO~BXRI  flap angle on Figure 13.

S%milarly the optimum moment bucket inttxxecfz the unflapped bucket at the

speed at which the flap schedule pasties  %rougk: zero oz Figure 13. Ttlere

is no comparable intersection between the optimum cavitation and unflapped

buckets because the zero flap angle for optimum cavitation occurs at a

speed above both buckets. r.
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CLASSES 01;‘  MUaNT  CONTROL (AI? Intuitive Review)

Symnetric Section
t

'Ihe s~pmetric section ha3 no C/71WJiJhence always presents a zero hinge

moment when hinged at the a~redyr:ramic  center, Such a section does .lot

present a .u%efIz.l indpient  carit&ion bucket at high speed, though  its

effective Cavi.tetio&  'bucket ->I% rrever  been eshblished,  and has never been

employed for hydro;foils. 'EC syrmtric section should be considered for .

low qped ad/or ZI#tly  &a&cd  application however; e.g. this would appear
AaxF.I

to be the logical bx+tion &a SN2TII-I trim control. The hinge might be set

off of the a.c. by a nominal amount to insure undirectional hinge moments.

Wnbered Section

!Ihe cambered section is discussed in some detail in Reference 1. It

presents hinge momentSdefined  by

(38) % = 'HcL 'L + 'mc

c



(38) (Continued)

where the CVfic is always negative for hydrofoils. Dimensionally the

hinge moment is:.~

(331  A = 4!SMaC 'H q = 'Hc, S + %ac '

.

&cause  the moment is a function of q, no single hinge location
( >
CHcL

MU produce a zero hinge moment over the speed range. This type foil must

be hinged TV produce a van.lshing  hinge moment at one flight speed extreme,

accept&g &ateves results at the other flight speed extreme. !he extreme

moment is &ways less

mintium flight speed,

negative.

if the foil  is hinged to produce a 'zero moment at

which is why hydrofoil  hinge moments are always

Flapped (Incidence Lift Control) Section

In terms of the concept of lift-at-a.c./moment-about-a.c., Eq* (10) may

be presented as:



The alternative center-of-pressure concept 5s ~~kw&rd for analysis and

is not employed in the analysis of this note. It; ilkxs kiave intuitive value

however in identifying the significance of the c~~&3%S&ts  of' the moment

cquz.t;nn. Presented in terms of centers o3'~~s~z~e, IQ, (la>- rraay  be pre-

The chordwise pressure distribut$ms  ~ZESWJ%  &IT; FZS-RZI  more f'undamental

view of the hinge moment equation and CM! VMA~!I  Xz,~p&akknxlarly  useful to

an intuitive appreciation for this nom Tfk buoy3xt lMf% 2~~3 moment are

omitted from this intuitive review for cl;arii%y.



The camber lift distribution is a function oi the camber and for hydro-

foils the a = 1.0 camber line is employed for cavitation reasons. Iheoret-

ically,  then, the chordwise distribution of t' ~ZAII&EE Lift with which we

are concerned has the shape:

.

l

The chordwise lift distribution due to -@ff&  or intidence

"additional" lift distribution, which is a f'u&t%m~  QE' m&ion

distribution though the C.P. is about at %he CJEI+U&W+L~& for

I )5

a,c,--  c;L-+ wJu,:,=O

is the classic

thickness

any section:

- w -?



!Che

ponents,

which is

chordwise flap load distribution, in Allen's view, has;, two com-

one identical with the "additional" lift distribution and one

a function of flap chord:

The optimum flap schedule for cavitation of Reference 4 makes the

leading edge and hinge line pressure identical throughout,the flight speed

range thereby achieving almost a flat chordwise Uft distribution throughout

that range:
c,



As a consequence, the center of pressure remains at about half-chord

throughout the flight speed range, This means that the cavitation control

and mean hinge moment control objectives for the flap schedule are virtually

identical since the foil could be hinged at the fix&i c,p* position to pro-

vide a zero mean hinge moment across the speed range. 'BE difficulty is

that this is only the mean hinge moment, the lift for acceleration margin

must still be supplied in the form sf additional load &Eatribution  having

its c.p. at the l/% chord po\%nt - l/4 chokd away from lz&e zero mean moment

hinge :

' Therefore the zero mean moment foil still presents a maximum hinge

moment of

For example the AG(EH) rtrd  foil, hinged and operated for a zero mean

moment with 2 l/4 Q acceleration margins, would present a maximum moment
. .

of:



compared with the existing 10 X PO6 in. lbs. The feasibility for the zero

mean moment system, however, depend s upon the feasibility for designing

a control systemiohandle this moment with no significant angular discon-

tinuity at crossover.

For the AG(EW) example the extreme c,p.'s  are:

To make the moments undirectionalthere  are the options f& hinging

at .583C where the maximum moment is:

or at .45C where

and, in general, the maximum hinge moment will be reduced by the factor

(l-;b&)/(l+gz)  if the foil is hinged to produce negative undirectional

moments rather than positive.



What has been reviewed intuitiveLy here with respect to flap control

of incidence hinge moment will be validated rationally in a later section

but two limitition upon that analysis are noted here:

(1) ft is e'vident that the thickness distribution, camber distribution

and flap chord ratio could al.1 be tailored for still further optimization

of the cavitation and/or moment characteristics. Such efforts would over-

extend the existing accuracy state-of-the-art for flap cavitation and

moment characteristics however and‘this analysis assumes the existing foil

configuration with the anticipated 20% chord flaps.
.

(2) The optimum cavitation flap schedule is defined on the basis of

the incipient cavitation bucket while it is the effective cavitation bucket,

still totally unknown for flapped hydrofoils, which is significant. 'ihe

saze  limitation, incidently, applies to the universal use of 16-series

sections and the a = 1,O mean line for incidence lift control hydrofoils

though no demonstrations are available that these sections arceffectively
ut nerVGr

superior-to: older/Isections.

SE REFLEXEB SECTION

Eq. (10) is repeated here for convenience: .

.
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One way to produce a zero hinge moment tI&rougW~~t  4%~ speed range is

to male both bracketed terms vanish; i..e.

2 . Offset the hinge off of the t&c-. :0X@ fmr ~FsXKI@ to cancel the

buoyant moment.

A trivial solution to the two requi&?emen%s  fs provided by the un-

flapped, symmetric section but this sollutiion  &E known to be inadequate for

cavitation for a lifting foil. Thus thre isS4u%%n, if it exists, presents

a cambered section with the flap defleei;!edm  oppostion to the camber and

by a fixed amount; i.e., the section is ~s&&lly a reflexed, unflapped

section.

The general subject of reflexed sex~S~oars  J&S fa.r'&~~nd the scope of

this note but an evaluation of,flap su~&ied~ ~r?ef!&~.B~r  C~IE  particular case

will demonstrate a negligible probabiM.ty  08 fWSiWL~ty SQW reflexed
,M

sections generally for lifting foils.

For the AG(EH)  fwd foils with 209 cho6 f.Iaps:, Y&e rwrement for a

vanishing q term in..Bq.  (10) implies:

n ozos  go  = --I 37

s
0

= m/i?,  23



tiic33psly  suc?~ a f'lap deflection defeats the purpose of the camber

provi&&  for hi& speed and would have a disastrous effect up?n the low

speed cavitation performance. Minimization of this adverse effect would'

require impractically large flap chord ratios and/or ineffectively small

cambers.
n

In summary, the employment of flaps to eliminate the q term of the

hinge moment requires a fixed flap angle and therefure a reflexed section

wouldbeem+oyed  rather than a flap. Evaluation of one par,ticular  flap

case, as &n approximation for the reflexed section, indicates that the

cavitation effect is so negative as not to justify further investigation

in the time available.



RATIGPIAL  COESIDSPATION OF HIBGE MOMENT CONTROL

Where flaps are employed for moment control, it is the hinge position

of the first term of Eiq. (10) and the flap schedule of the third term which

are juggled to produce the optimum result. The second term is a fixed

(by craft geometry) component of the zero speed hinge moment intercept.

'Ihe last term is the basic slope term and is considered fixed by craft

geometry :in these analyses though in the distant fkture,  when these terms

are known.~ith much better precision, the section camber may also be

emplowed :% an optimization variable. Only the infinite and one chord.

depth slqes, are considered here for the fourth term.
3

In k;%seral, the moment curve has the appearance:

These generalized characteristics determine the conditions which

govern optimization for the three cases considered.

-&-



The craft weight will vary between extremes presented by the minimum

flight weight at the maximum negative normal acceleration margin and the

maximum flight weight at thd maximum positive acceleration margin. %

represent these extreme foil loadings it is convenient to define the para-

meter, K:

. .
.

For example, this note employs for the AG(EH) fwd foils:
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(411 (Continued)

K serves the same purpose as bn' but ixncorporates  the flight @eight

range:

= (1 f. K> (3)M

MINIMUM HINGE MCMENT

Referring to Eq. (10) the incidence hinge moments are minimized by

c

which locates the optimum hinge position when the flap schedule has been



. .

'Lc corresponding maximum Imin$e  moment may be established either at
Pflrit iv-

q ~JL by substituting EQ. (43)  ZPJ~~  the appropriate form of Eq. (10).

For V+ optimum hinge position & ZT.LLQ ,c~&~3ule tha maximum hinge moment

oc@t~: ai q min, where it is po&iftil~~,  .a~& ikken%icaIlQr  at q max, where it

is negative. The absolute value: ~8 the mzcz3~~ WA= moment is therefore

@m ti qmjn,

i



The first term is a minor adjustment for buoyancy. The zero lift

hinge moment coefficient of the third term 5. s negative so the third term

is pcdtiue. Tnus the maximum hinge moment is reduced by increasing the

minimum speed flap angle and by reducing the maximum speed flap angle,

No Unit upon these foil loadings is presented by Eq. (44) except as to

their relative value, or slope, as discussed below. There are practical

bimitations upon the flap angles however. Large flap angles present

practical design problems and lineafity effects which are not considered

in this note. A -I-30’  flap angle limit is assumed in this note. The high

speed flap angle, which can be negative, is limited by the'c,ompromises

one cares to take on the cavitation bucket. .



EQW (44) can be written in a form which empklasizes  the effect of K

upon the maximum hinge moment and the fact thati -Y&e  unflnpped foil is a

degenerate speciG case of the equation:

Note that the speed range and the weight rq b&k contribute to the

maximum hinge moment for the unflapped foil. Pmmisior~  0iU flaps  can elim-

inate the effect of the speed range but not tk&fect  &-the  weight range;

nearly all of the maximum hinge moment for tha fkpped fojl which has been

optimized for moments is due to the weight range nith the remainder being

due to provieian for U&ted depth, Thus a craft designed for platforming

operation at a fixed weight could be provided with a zero moment system.

On the other hand, the very long ranges now bedng considered would present

relatively high hinge moments for an incidence:lift control system. Note,

too, that the final term means that flaps do n& necessarily reduce the

maximum hinge moment.

- 5% -



Increasing the minimum speed flap al%& and rtx3uc3ng the maximum speed

flap angle reduce s the moment slope. Where the me &cud depth slope

vanishes, Eq. (43)  becomes invalid and m~us!tbbe  r&L~fined. FWther  changes

in the fl+ ,-L,,I, produce a positive X~hord c&s@h moment elope and a

zero infliAAin.  &epiA sL$e; then further c%%nges  mke both slopeSpositive.

It is in .c-;,ey: yqv,r’  *: '.hat the flapschedu&e  begins to compromise the cav-

itation bucket.axT the optimum flap schetile i s ultimately a subJect&judge-

ment of that compromise.

In order to provide a well defined '~timurn"  flap schedule for mofflents

for this note, the optimum flap schedule: Zs defined to have a slope which

makes the infinite depth hinge moment ~1~s  vanish; i.e.,

and this slope is passed through a 30' f'3Iqp  ~mr@m t& p min. This in the

"optimum moment" flap schedule of &s.. ($16)) mx% en] ZL& of Pigure 13. It

will be recognized that the lchord  deptkus%rolIpe  cold have  been made to

vanish or that the 1 chord and infinite d&.$3 sl@ms  rxxdd have been assigned

equal values of apposite sign, which wou.?.Bi@xe  Drc&ued  a stZll lower H max.

The definition adopted here is entirely arb@trary.
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. . _  _..-_..  ..L_  ._-

For this case Q. (10) may be modified to (employing primes to indicatk

a restricted case):



l!e  corresponding  maximum hinge moment is minimized by setting:

For this hinge position in Eq. (47):



The bracketed term vanishes for a zero weight spread and the second
.

term vanishes for deep depth operation; i-e, this result presents analytl-

tally the condition for which a zero moment can be deslgned.
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Eq. ($3) can be made to vanish for the generalC@&e with a sufficiently

low top speed flap foil loading (- - 2300 psjc  for the AG(EX)) but this

approach is back to the reflexed foil case and presents an intolerable
4 9

compromise of the cavitation bucket. Therefore Eiq. (23%)  only says that the

maximum sgeed flap  foil loading should be as low as one's judgement of the

caviiz&ion effect trill allow.

----I  - if-@I

Just as there is no well defined optimum flap foil loading for minimum

or maxtium speed, there is no optimum flap schedule connecting those points.

Some care must be exercised at the two speed extremes to avoid producing

hinge moments in excess of the moments at those extremes, which are presum-

ably design values, but the flap schedule at intermediate speeds is com-

pletely arbitrary.
.
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The three flap schedules of Figure 13 are evaluated for moments in

this note. It is evident on Figure 13 that the optimum moment schedule

compromises the unflapped cavitation bucket for q's above 6750 psf (48.7

knots) and that it compromises the optimum cavitation bucket for q's below

4130 PSF (38 knots). !these compromises may be seen on Figure 17. That  at

48.7 knots is obv3ously insignificant aM that at 38 knots is considered

inslgnif5stsmt  for reasons already presented in the discussion of Figure 17.

The ?zoments Tar the three flap schedules of Figure 13, hinged to present

minimum mments, are presented on Figure 18. Note that the optimum cavitation

flap scheclwle has slightly increased the maximum moment of the unflapped

%oil,  a result of the 2.arge  weight and normal acceleration spread relative

to the flag displacement spread (see the lasttermof Eq. (45).

It is to be noted that the optimum moment H max is 50% larger than the

l/4 K 9
0

m which intuitive consideration would lead us to hope for, The

H max is reduced by reducing the section C&o which requires a reduction in

camber and/or the adoption of a camber line offering a more favorable CMc.

Centering the moments in the zero axis has substantially reduced the

maximum hinge moments but 'they are still probably.too  large to insure a

slop-free system at crossover, It is not likely that any special purpose

application will ever present itself offering sufficientiy  restricted

weight and normal acceleration ranges for the confident specification of

the minimum moment geometry.

- 57 -



.-._ MINIMUM NEGATIVE HINGE MOMENT

For this -se EQ. (10) provides a hinge pbstion for which the moment

vanskxs xt.

Ihe maximum moment employs this hinge in a second application of EQ.

(10) :

- rQ
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(‘51) (Continued)

Eq. (51)  is iden icalt in form with E-Q- (45;! WKI,  in fact, can be

written:

!I'berefore  all of the comment with regszd to optimization and flap

- schedules of the minimum moment case apply iko  the minimum negative moment

c&e. The only difference is that one extae speed presents a zero hinge

moment in this case, with potential crossoWs%r  for careless flap management,

and the other extreme speed presents the hum, or design, hinge moment. -

For the previous, n&imum  moment, case bot& atreme speeds presented the

maximum moment. c



.,  _ -

For the “optimum” moment case, hawa ~3  ZETD  .Cnf’kxik  depth moment

slope ) Qx?.Mqe  must be set by evalua.tikxg  J&L  @ii)  as :

The maximum moment is provided by- CTETI@!~A~  -Ws  lake position in

IQ+ (47)  evaluated as:

-GQ-



(54) (Continued)

The third term will ixansform  into:

Then Q. (54) may be written:

Then by reference to Eq. (49)

which is identical with EQ. (52.) so the optimum negative moment case is

simply a special case of the minimum negative moment general case.



The moments for the three flap schedules of Figure 13, hinged to pre-

sent negative moments for all flight conditions, are presented on Figure 19.

Theunflappedresult  of Figure  19 differs slightly from that of Figure 6

of Reference 1 because the hinge has been moved slightly in this note to

produce a zero minimum hinge moment.



MINIMUM POSITPJE: HINGE YOKZNT

Flsr this case  FQ- (10) provides a hinge position for which the moment

vanishes at:

The maximum moment employs this hinge in a second qplication of



-C--

?his equation is identical in form with one appearing in the dcvelop-

merit  of I&. (51) and may be written:

-69



For the opttium moment case, having a zero infinite depth moment slope,

the hinge must be set by evaluating Eq. (47) as : '

The maximum moment is provided by employing this hinge position

in Eq. (47) evaluated as:
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and by reference to Eq. (54) this may be IGX~&&Z~: _ -

which is identical with Eq, (60).

The momenB.far %e three flap schediies of Figure 13, hinged to .

present positive moments for all flight conditions, are presented on

Figure 20.
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;FLAP CAVf'J!ATXOM  AND MOMENT CONTROL SUMMARY

The hinge location equations are simized  in Table V and the corres-

ponding maximum hinge moment equations are summarized in Table VI. Expression

of the numerical re$ts  of this note in terms of H/SMAC insures that the

results are characteristic of any size craft. The AG(EH) camber , and these

numerical results, are characteristic of any craft of design top speed less

than 90-60  knots,

Referring to the optimum maximum moment equation of %ble VI it is

evident that the zero hinge moment incidence lift control foil does exist,

but only if the following explicit restrictions on the operating conditions

can be observed:

1. No variation in craft weight o$?C,G,  (zero fuel consumption).

(forK=O ), and

2. Platforming operation (A n = 0 for K,= 0), and

3. Operation at a constant depth (to make the final term vanish),

and if the following implicit conditions are satisified,

4. Aerodynamic center prediction is perfect, and

5* Residual pitching moment prediction is perfect, and

6. Flap hinge moment derivative, A , prediction is perfect



Violation of each of tlzse  six conditions is associated with an incre-

ment of maximum hinge moment and conversely, approaching each of those six

conditions reduces the maximum hinge moment.

The numerical results for the AG(EH) are summarized in Table VII and

lead to the following conclusions. These numerical results are strongly

influenced by K but the AG(EH] is typical for this factor,

It is not likrely that any design objective will be sufficiently restricted
p&w4p#'P L OCAJ~PAlPJ  /13NU  >~6sr?vVF,

to avow  use of t&e minim*cments  are about twice as high as negative mom-

ents, therefore tRtz  negative moment hinge position will probably be employed

on all incidence Bift systems..

Flaps can reduce the limit hinge moment by some 4O$. Flaps can also

increase the hinge moment, of course,. but only through careless scheduling.

One decided current advantage of flaps is that they can be employed to

correct for design errors; i.e., to eliminate crossover or reduce excessive

moments caused by faulty hinging.

rhctpt.?
Flaps can be employed to& the cavitation bucket but this is a

sophist&ated  technipu- requiring knowledge of the effective cavitation

boundaries which is totally lacking now, '.

As a still more sophisticated use of flaps to shape the cavitation

bucket, it appears that the speed range of the conventional section could'

be extended to something of the order of 80 knots, cavitation free, by

flaps. !Ihe transit foil employs a conventional section in this speed range

but with significant cavitation.
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'IHE  "FLYIT-  ' FOIL.-

The 'tflying" foil is defined here to be an incidence lift control foil

which is freely pivoted about,the incidence axis and which carries  an inci-

dence control, trailing edge flap,

In coefficient form Eq. (10) reads: .

having the dev&itive:
.

(65)

The flying foil, then, requires a negative CHeL ; i.e., t&e incidence'

hinge is ahead of the aerodyromic center,

lhe flying foil trims at an angle defined by

-7o-  -



having the derivative with respect to flap angle, & 5 J *F0

which is also negative. 'Thus  the situation presented is .

The desirable value for CHcL is a dynamic problem which would have

to be examined on SLOCOP  but that value has a cavitation significance

which can be examined here.



Eq. (66)  may be written:

For the AG(EH) fwd foils at infinite depth this evaluated to:

At 50 knots this requires a of some -2600 psfat 50 knots just

for the q term; the first two terms are also negative. This is sufficient

demonstration of the infeasibllity of the trailing edge flap as a control

device for the fiying foil.
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It must be noted Vast the discussion. above 5s limited to ccxnsideration

of the trailing edge flap controlled flying, foil. 'Ihere is an arrangement

of the flying  roil that is entirely feasible !n~dynamically  though it has

not yet b:LI,  ;.&.:c.::..  ., ' chanically:

The flying foil is deserving of sertixus  cans%deration  because it
c,??fb~~&?

relieves the autopilot of the problem of cm~~lEng the e angle of

attack and because lt might incorporate ~F@W depth sensitivity. 2%~

arrangement was not included in the SCOPE ox? the AC&H)  ,lift study because

the arrangement presents formidable dmc antiytical problems. The

SLOCOP program now makes it possible to evaluate this arrangement and

its detailed consideration is recommended.
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