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NATIONAL ADVISCRY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

" PORPOISING
A COMPARISON OF THEORY WITH EXPERIMENT

By Kenneth S. M. Davidson
) with
F, W. 8, Looke, Jr,, and Anthony Suarex

SUMMARY

This report makes a direct oomparison between the observed
and the caloulated longitudinal dynamic stability of & partioular
dynamic model of a flying boat moving on the water.

Good agreement was obtained between experiment and theory
(using Glauert's statement of the theory) for trim angles in the
vicinity of the lower limlt, at one speed a littlo above the
hump, The agreement is shown in the following tabulation, which
gives the experimental and theoretioal values of the aerodynamio
oomponent of the pitchedamping derivative required for
stability at various trim angles, at the speéd in question,

Required Aerodynamlo ¥ for Btability at Various
Steady-Motion Trim Angles at One Speed

Steady-motion Requirced aerodynamio Hq
trim angle
(deg) Experiment Theory
6.8 -21a1 ~21,5
6.4 -17.6 -16'2
7.1 =-12,0 -11.3
8.5 -5.8 -5 .3
11.0 -.5 -2.0




2 .

Data are given in an appendix from which similar trials
of the correspondence betwsen experiment and theory might be
made for trim angles in the vicinity of the upper limit at the
same speed, and for a higher speed. The calculations have not
been completed for these cases, however, because it became
apparont that the caiculated stability ocould not be expectod
to be as reliable for upper=limit trim angles as for lovwer-
limit trim angles, and because the theory had not partiocularly
recommended itself in the initial trial.

The theoretiocal msthod in its present form is laboriocus;
it depends for its application upon experimental constants
which are not more easily determined than a direot experimental
dotermination of stabllity, and it has not yet shown itself
canable of pointing out design trends tonding to roduce in-
stability to any greater coxtent than the direot oxperimental
m.ethOd.

INTRODUCT ION

Provious attempts to determine the reliability of the
classical method of caloculating the longitudinal dymamio
stability of flying boets moving on the water by comparing
obgerved and calculatod stabilities in speoific cases have
generally suffered fram a lack of adequatc data. This is
particularly true of the work desoribed in reference 1 and 2,
whero neither thoe obsorved stability nor the test information
roquired for the stability caloulation was kmown to better
than a first approximation for the cascs in question., It is
much less true of the work desoribed in reforcmnce 3, but an
exaot quantitative comparison was not attcmpted in that
instance,

The study hero considered was restricted to a particular
dynamic model for which all throe of the necessary componments,
namely,

the cobserved stability,

the basic hydrodynemic dorivativea needed for
tho caloculation, and

the basic aorodynmamic dorivaetives necdod for
the caloulation,

could be determined with sufficiont exnotness to insure a
roliable comparizon between exporiment and theory. This



roestriotion eliminates all questions regarding the relatiomship
between flying boat and model in respect to form and partioulars,
the oorrespondenco of speed, applied moment, or pure soale effeots.
It reduces the problem to oomparing two results (observed and
‘odloulatod), both of which are basod upon moourate detorminations
for prooisely the same oombinations of model, foroes, and moments.

Tho study was further rostrioted to one spood - both bocause
of the labor involved in the actual testing and computatiomns
neoossary to deduce tho oaloulated stability, and booause the
study wans intended primarily to bo oxploratory.

The model selooted ropresents an actunl flying boat in its
original experimental form. Porpoising had boen experienced in
the full-sizo flying boat over a range of spoods intormodiate
botwoen tho hump and tho goet-awny. In partioular, tho following
approximato Information was supplied in advanoce by tho manufaoc-
turors:

{mph)

Planing 36
Porpoising 43-62
Take-off 78

The speed solooted for tho comparison was about 48 miles pcr
hour. (See p. 4.)

Tho tosts for obscrved stability woro mndo by the mothod
developod at this Tank for exporimontal invcstigations of por-
poising, in vhich predctcrminod aerodynamio foroes and moments,
and tholr dorivativos, aro applied mochanioally to a dymamio
model of the hull alono. Thlis mothod la dosoriboud in roferonco
4, Stoady-motion tosts to provido the nooosgsary data for oom-
puting tho hydrodynamio dorivatives were mado by ordinary
towing-tank mothods, ’

Tho partioulars end speoifioations usod aro given on pages
11 and 12, whioh show also the aorodynamio charaoteristios of
the hydrofoil whioh was substitutod for tho wing in the porpois-
ing tosts,

This invostigation, oonducted at Stevens Institute of
Toohnology, was sponsorud by and condusted with finanoial assigt-
ance from the National Advisory Committee for Aoronautios.




TESTS

Porpoising tests wore first medo to detormine tho stabllity
limits for the ontire rango of spcods botween tho hump and tho
got-awoy. Tho results of theso tosts aro shown in figure 1, from
whioh it will bo soon that the rango of specds within whioh tho
lower limit lies abovo the freo~to-trim track is in genorally
good agroement with the approximate range within whioh tho
buildor reportod porvoising in tho aotunl flying boat; it may
thoroforo bo inforred that tho actual porpoising wns of tho
lower~limit typo. The spcod selocted for the comparison of
obsorved and oalculated stabilitios - 15.89 foct por second
(oorresponding to Cr = 4,30, or about 48 miles por hour in

full sizo) - lios within this rango,

Tho next step wns to oxtond tho porpoising tosts at the
solootod speed to provido a broador basis of obsorved stobility
for oomparison with the celoulated stability. Tho prinoipal ro-
quiremcnt in this respoot was o widor range of values of tho
aorodynomic pitoh-domping dorivative Mq. Tho rosults, oovoring

valuos of from 0 to ~20,0 (tho lattor value rcsulting in
stability at tho lowost steady-motion trim cmgle oonsidored,
5,8°), are shown in figure 2, Tho voluos givon oorrespond to
the aorodynemio Mq applied by tho tail only. The total

prosont was groateor by tho amount contributed by the model hull
itsolf, A soparato moasuromcnt of tho lattur, in air, gavo -0.55,

Finnlly, tho model wans tostod In steady motion, at the samo
speod by the ordinary towlng tank proocduro, to dotormino tho ro-
lotionships in stoady motion botwoon wetcr-hornc load, momont,
hecave, eand trim, as a basis for doducing tho hydrodynamio doriva-
tivos noodod in tho stability onloulations. The results, covering
fairly wide renges of tho varinblos, aro shown in the form of a

grid in figuro 3.
CALCULATIONS

Thot whioh is horo roforrod to as tho "olassioal™ mothod
of oaloulating tho longitudinal dynamic stability of a flying
boat moving on tho wator was first proposod by Perring cnd
Glauort (roforenco 1).* This method oy be said to involvo two
*Horoaltor roforrod to as Glaucrt,




ogssentially separable parts: 1) tho purely theorotioal equations
of motion leading to the conditions for stability, end 2) tho
ovaluation of tho roquired derivativos, The first part is straight=~
forword rigid dynamios (which was appliod somo years ago to .the
parallel problom of the stability of an airplane in flight) with
somo reoonsideration of the rolativo importance of the warious
derivatives. The seoond part is inhorently less simple then for
tho airplane 1n flight because the roguired dorivatives represent
tho sunmation of aerodynamic and hydrodynamic components and,
although the aorodynamio oomponents follow tho load of tho older
mothod, the hydrodynomioc compononts aro more troublosoms,

The oight hydrodynamic derivotives whioh havo to be oon-
sidorod my groupcd undor two headings:

Displacamcnt dorivatives

Z, rote change-of & withrospoot to H, T oonstent,
por umit mass

Zg rato change of A with respeot to T, H oonstant,
per unit mass

H rato ohange of M with respect to H, T oonstant,
per unit moment of inertia

He rato ohangoe of M with rospect to T, H oonstant,
pur unit moment of inertia

Velocity derivatives

Z_  rato chango of A with rospoot to g, por umit mess
Z_ rate change of A with rospeot to w, per unit moss
Mq rate change of M with rcspeot to q, per unit mass
M, roteo ohange of M ﬁth rospeot to w, per unit mass

Glauert dorived tontatlvo a.1 obraio :lon Egr all of
thoso, with empirical oonstents, om stoa 0

ploning surfaoos.

lLater, Klomin, Piorson, and Storer (roforenco 2)* and
othors (in unpublighod reports) notod: 1) that tho displacemont

sHoroafter roferred to as Klemin,



derivativos ocould bo doducod diroctly from a "genornl" tank
tost of tho hull, and 2) that in Glauort's oxprossions tho
volooity derivativos woro dopondont on the displaccmont
dorivativos. Thoy thoroforo substitutod tho oxporimontally
dotorminod displacomont dorivativous - rotaining, in prinoiplo,
Glauort?s tronsforrotions to tho volooity dorivativos.

8inoo tho onloulations oongidorod in this roport wero
bosod on displaoomont dorivativos dotorminod from o "gonoral”
tost, tho detailod stops woro first oarried through in ocoocord-
anco with Klomin's analysis (rofcronoo 2). Subsoquontly, in
oormparing Klomin's and Glawortts analyscs, o difforonce wms
notod in tho oxprossions for 2_ whioh, upon oxamination,
wns found to rosult from a diffurcnco in tho dofinitions of Z 7
and My, (Soo p. 14,) BSinco this difforcnoo ovidontly might
affoot tho rcsults materially, all nocossary stops in tho
caloulations wero ropoctod using Glaucrt's analysis (reforenco 1).
Both sots of rcsults aro inoludod horo.

Considoring tho caloulations in dotaoil:

1., Fivo stoody-motion trim anglcs.wore coverod, ombraoing
o rango from woll below the lowor limit of stability to woll
obovo it. Figuro 4 is o ohart of all tho stoady-motion oondi-
tions, whioh aru spottod also on othor portinont oharts. Tho
fivo trim anglos corrospondod to substantinlly oqual difforoncos
of applicd moment.

2. Tho first stcp in oarrying out thc ocolculations was to
dotermine tho hydrodynamic displacomont dcrivatives from tho
stocdy-motion tost data, Thueo wero rcad from various oross
plots of tho data shown in tho goavral grid in figuro 3, Tho
dorivativos aro shown in figuro 5 cnd in tho tabuletion on

pago 15,

3., Tho hydrodynamio voloclty dorivetives wero thon com-
putod, tho corodynamic dorivativos doducod in tho ordinnry woy
and, finally, tho reosultant valuos of all dorivativos addod up
and tabulatod for rcady rcforonoo in oomputing Routh's dis-
oriminants.

4, All computations aro givon in dotail on pages 15-27,
from which it will bo soon that throo vnluos of thc acrodynamic
woro oonsidorod, for both Klomin's und Glawsrt's ainlysos.

Thote woro, rospootivoly, O, =4,39 (tho normel value acoord-
ing to tho tablo of partioulars), and -20.0 (tho amount
dotcrmined exporimontally as nooossary to cause stability ot
T= 5.,89),



6. A summary of all Routh'!s disoriminonts is given on
pagoe 28.

COMPARISON OF OBSERVED AND CALCULATED STABILITY

A. TFollowing is o oomparison of tho limiting trim anglos

for stability at fixcd values of Mq a8 detormincd

1) from tho limit ourve in figure 2 in tho caso of
the observed,*

2) by intorpolation from the summory of Routh's dis-
oriminants on pago 28 in tho oaso of tho ocalculatod.

Limiting Trim Angles for Stability at Fixod Damping

Total aerodynamio M, Limiting trim angle
Obsorvodsx Caloulated

Klenin, .i. lGln.uort

0 ¢=————— Indotorminate -T:'"—?-W
-4.39 8.8 9.1 g 8.7
-20.0 6.0 ; 7.4 | 8,0

Apart from tho indcterminatc (and inconsoquential) rosult for
Mq a O, this comparison shows

. .1) a roasonably sutisf.:otory pcnoral agrocrcnt
boetwoon thoory and oxperimont,

2) a docided proforonoo for Glauort's analysis
ovor thuat of Klomin.

*The limit ourve on this figure is for o sweop of 0° im trim
anglo for tho porpoising oycle, as opposod to tho swoop
of 2° proviously usod on figuro 1,

*%xCorreoted for contribution of modol hull to total acro-
dynamio M. .



Bs Anothor, and somowhat moro adequate, procodure is to
comparo tho limiting valuss of for gtobility at given
valuos of trim instoad of tho 1 ing trim angleos for stabil-
ity at flxod valuos of My .

Roquired Damping for Stability ot Givon Trim Anglos

'S'boud;y'-mo‘bion i Rogquired aorodynamic );!T
trim anglo " ——— - — - -
( do'g§ Observods | Caloulatod
Klonin Glauo;-_ 1
o 5.8 -21,1 + (1) -21.6
6.4 -17.6 + (?) -16.2
7.1 -12,0 + (1) -11.3
843 6.8 =T7.b S TY
11,0 -ob -2.0 -2,0

In this form tho ocomporison omphosizos muoh moro strongly
tho good agroemont botwoon thoory and oxporimont, provided that
Glauort's annlysis is omployod, It omphasizos also tho apparont
inndoquaoy of Klomin'!s analysis; for tho throo lowor trim
anglos (8soo p, 28) tho rcsults by Klomin's analysis indicato in-
croasing instapility as tho domping is incroasod, so that posi-
tivo LIq would apparontly bo ncoossory to oauso stablility,

DISCUSSION

The difforonco betwoon Klomints and Glaucrt's analysos
arising, as notod on pago 6, through a diffcronoco in the
dofinitions of Z; and M., brings out cloarly an ossontial
diffioulty with tho mythod of calculcotion as it now stands,
Thoro is nothing in Klomin's aoccount to indicato that ho pur-
posoly dopoartod from Glawort's analysis. Whothor tho doparturo
wos intontional or acoidontal ls of small momont beoonuse, in
fact, Glauwort's dofinitions of Z; and M ; oannot oasily bo
shown to bo fundamontally moro corrcet than Klumin!s; both
*Corrooctod for oontribution of modol hull to total aerodynrunio

¥g.




aro approximtions opon to same quostion. Henoo, tho faot
that Glauort's dofinitions woro moro suocesaful in the prosent
1limitod instanco cannot bo givon too much woight.

NOTATION

Tho following symbols aro useds
A statio dispiaoonwnt, pounds
Z, A 1load on tho wator, pounds

0, T +trim anglo, anglo botwoon forobody keel and undisturbod
wator surfaco

H hoavo of contor of grovity, roforrod to static displaco-
mont and goro trim, foot !

z hoight of contor of gravity abovo froo wator surfaco, foot

. § appliod moment, pound-foct

m mass in vertioal oscillation, slugs (oorrosponding to

statio displacomont)

pitching moment of inortia about contor of gravity,

P slug=-feot aquarao

v forward volooity of modol, fout por socond
w vortioal volooity of modol, foot por socond

q angular velooity of modol, radians por second

P hoight of oontor of gravity abovo koel at main stop, feot
r distanco of ocontor of gravity forwrd of main stop, foot
; draft of kocl at main stop bolow froo wmtor surfaco, fcot
R, rosistanco in stoady motion, pounds

Soo also figuro 6,

Stovens Institute of Toohnology,
Hobokon, N. J., August 1941,
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PABTIOULARS

The following particulars were used:
Pyll-size Model
Drawifg . . « « o o o = s o o » o o o o« o o o« o+ (Bee f£ig. 7)

stevens MOdel IO. L] .. . L] L] L] [ ] . [ ] . . L] L] L4 - 294-9

§oale .+ . .« 4 ¢ ¢ 4 s 4 0 e e e 0. 1 1/20
Dimenseilong

Beam at maln step, In. ... . . . . . 102 5.10
Angle between forebody keel '

and base line, deg - «+ + « « « « . - O 0
Angle between afterbody keel

and base line, deg .~ . « . +» .« « « 7. 7.6
Height of maln stop at keel,

In, . . ¢ ¢ & &« « 4« 4 e e . . . . 4,00 0.20
Center of gravity forward of

main step, In. .. . . . . . . . . T71l.1 3.5b6
Center of gravlty above dasge

1ine' in. . - - . - . . . . - . 112 5-62
Gross weight, 4,, 1 . . . . . . 40,000 5.00

(sea water) (fresh water)

Load coefficient, Cp(sea water) 1.02

Moment of i1nertia 1in pitch,
slug-ft . 1,813x105

1b in.® .. 8.,40x10° 262
Wing span, ft . . v e e . . 118 5.90
Wing area, §, 8q ft . 1405 3.51
Mean aerodynamic chord (M.A.C. 3.
in. . .« . & o = 154 7.70
Agpect ratio (geometric) e e e . 9.91 9.91
Horizontal tall area, €4 ft_ e e e e 216 0.541
Blevator area, sq f% . « « . . . 63.6 0.159
Distance, center of gravity to
36 percent M.A.C. horlgzontal
tall (tail length), £t ., . . . . 43.8 . 2.19
Thrust line, above base lline at
maln step, 1ln. ¢ o » e s o e 172.8 8.64
Thrust line, incllned upward to
base line, deg . . . . + . « o - 1.0 1.0
Note - No allowvancese made for dlfference between fresh and

eea water denslties.
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full-size
Ratios, _;.m_’
of gpeed, A1/a . . v o ¢ ¢ 0 o g & ll-.llv72
of linear d.imension, A e « o o s o o « w 20
ofarea.ha....-.......... ® o "m
of volums, A> . ¢ ¢ o ¢t e v e e s0oe0.o 8&,000
of mament, A . . . . 4t ... 0. .o 160,000
of moment of inertla, ¥ « « o« s « . « « 3,200,000
derodynamic characteristlcs Tull size Model
Cp, at T = 5° (relative to base line). . 1.337 1.337
I oabt Ta5 e eecoeeenons . 2,235 v 5.5 x 1073y 2
QOL/AT o v ¢ o 0 o o 0 0 0 o o o o « « 0.0975 0.0975
an/a T (a2/a6) 1b/deg .« o v o o v . . - . 04163 vgE 0407 x 10 vy ®
aL/dv (a3/aw), 1b sec/es (T x ) e ... 063v, 0407 x 10 %%,
dﬂuc.g./dq,_l. = ‘w!‘c.g./‘“ (av.) . . . . 0.0229 0.0229
Mg, . /4T (aM/a8), 1b £t/deg (av.) . 091 vg®  0.61k4 x 10 w2
dM/dq,1b ft sec/rad . . . . . . . . 2500 vgq 1.562 x 10 2w,
dM/dw, 1b sec (av.) . e o« o o o 2647 vq 0.333 x 10 2v,
dM/dq + (dM/dw) ft/rad . . . . . . . . . 93.6 4,69
dM/dq + (dM/dw)/tail length, 1/rad 2.1% 2.1%
Hydrofoil characteristics
Area..sqft...................... 00009""2
.A.spect ratio (clrculal‘ pla.n fom) e @ ¢ o o ®» © o 8 ¢ o @® 1.27
d-OL/dﬂn (a'v.) e e o6 &6 @ o 0 e o e 8 ¢ o 0 ® @ 0 o ¢ o @ 000350
dL/dx , 1bfdeg (av., fresh water) 0.320 x 10" %8
aL/ar (42/48) (= aL/da x da/dT), 1b/deg 0,406 x 10 Syya
= a0 5 1 .
AL/dw (aZ/dw), 1b sec/ft (-. = X z + appmtus) 0.406 x 107 3wy,
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FORMAL STATEMENT OF CALCULATIONS

1. Tor stability, Bouth's discriminsnt and A, B, G, D, and 3 must be pos~

itive.

Ll T P UL R -

where

R = Bouth!s discriminant
L = 1

- (2y + ¥g)

2. Derivatives in basic form

Aerodynamic

R=BOD-AD-3"2

o=..(z,+ua Z My + Zgly)
D = Zghy ~ Zgils + By -
B = Z Mg - ZgMy

Zg¥y

Hydrodynemic

Displacement derivatives

ZB prodetermined

Mg predetermined

Velocity derivatives

2 = Zg &

Z

M, negligible

Hq predetermined

Note - T and @ are the same angle.
complete derivative.
the trim angle in degrees;

q negligible

Z

Zy from test datal

M, from test data

Mg from test data

ar
%y =0 3,

Z _a_z.gil-+-a—z.d—w
Q" dudg odwdg
ar

N, = ¥r 3
N M Mav
d " 3u dqg ow dg

g Irom test data

rz., o d.B (reference 1)

Zr 35 41 5+ % -% (veference 2)
\.

M gg + Mg g‘% (reference 1)

11&-,— 5w+ Mt E& (reference 2)

T 4g used here to indicate a less
In the calculations (p. 15) T is used for
8§ for the same angle in radians.
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Reference (1)

E. Derivatives Reduced for Computation
]
Aerodypamis Eydrodynanio
Displagement derivatives
2y from test data
Zg predetermined 2g from test data
My from test date
Mg predetermined Ng from test data
Velocity derivatives )
1
- Zn = 2 (- e + - ) Ref (1)
1 -] 4 P r °
Ze = 726 Znr : 3
- ze-zl (-pe+r) Ref', (2)
2, =2% (p-ls-r]e)
q "2 r ~Zg(po+{a=-rl)
1
;ue-u'(-pon--%) Ref, (1)
o 1
S Mg =¥, (-po+r) Ref, (2)
2
¥, predetermined Hq-—.-,!n(P-Lﬁ-ﬂe)-Z.(Pe*'U-r])
4., Difference between Z¢ and My in References (1) and (2)
= = ]

Reference (2)

(Glauert) ' (Klemin)
— — [_ _‘\\\\‘ Il’ ‘ S
" \\‘q' t \/
A 4
Iy = ('g'f’t-comt. Z- = (g'f)s =Const,

Ny = (g;)twonst.

Wy = (gg)l =Const,
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BASIC DISPLACEMENT DERIVATIVES FOR ALL CALCULATIONS (See fig. 39)
e ]

Model o, 294-9
Vp 15,89 feDeBe

8,00 32,2

1
me Z.e = 00,1664 — m 6044
nk® = H-g-‘-’-f;-m = 0.0566 ﬁ - 32.2 % 144 . 17,08
®
3 do‘. 5.8 6.4 7.1 8.3 11.0
M, 1b.ft. +0,512 +0,271 +0,Q31 «0,202 0,412

zZ, = (3 = 12 x 6.4 = (3%), o = 77e28

2, =305.0  =320.0  =346,0  -406,0  ~B14,0
24 Y
Zg = (35 ) e = 57+3 x 6,08 = (&) x 369
2, -254,0  -221.0  -208,0  ~-190.0  ~=162.0
My = (3o X 27068
My +532 +430 +316 +104 -149

N 1 N
Mg = ( 'S"j_)ﬂ-k X 75 X 57.3 x 17.68 = B84.4 x T:T)H-k
Mg =72¢9 =65,0 =59.9 =59.9 =166

CALCULATION OF VELOCITY DERIVATIVES ACCORDING T0 KLEMIN, REFEREWCE SZ!
Model No. 204-9
Vg = 15,89 fopo'.

1
Zy = L (Zg-2,[-po+r])
5.62 _ _ 3455 _
P=yz 0.468 r 1% 0.2986
6 = 3/57,3 +0,101 +0,112 +0.124 +0,145 +0,182
-p 6 =0,047 -0,052 0,058 0,088 «0,090
l-po+ 1-] +0.249 +0,244 +0,258 +0,228 +0.206
«234. -221.0 -208,0 -180.0 ° =162.0
Zg \'.- po+rl 3%.3 =78.1 =823 =926 -126,5
Mffo - [ ] - [ ] - ° -5,.; °

Iy «9,95 -8.99 =791 =8,13 =228
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6e&

7.1

My = 3 (Mg -k [-po+r])

«65,0
+105.0

DIff, -204.0 =170.0

(Continued)
’ d.‘. 5.8
He -72.9
U, {-po+r1] +132,0
M, =-12,89

=10.70

=69.9
+78,2

=8,50

Calculation of Center of Pressure Position

-5949
+32.8
=927

=5.8%

My ==2,(p0+[s- r]) + Ry (p - (s- r] )

foes - fatyoiifal

q

‘ = zo. lbl. -3.51 -3.4’5 ’ -3.37 -3.25
RO’ lba, «0,57 =0,56 =0 4,54 =0,53
M, +0,612 +04271 +0,031 ~0,202
(zo p @) -0,165 0,179 =0,195 =0,221
. +0,092 . =0,
(Ry P) =0,267 =0,257 =0,253 -0,248
(a) m L) [) =\e
- Zo +3.51 +3.46 +3,37 +3.25
- (Rg 8) +0,058 +0,082 +0,067 +0,077
(b) +3.568 +3. +3.437 +5.527
{s =7} = (a)/(b) +0,172 +0,0994  +0,0259  -0,0526
| 2z
Zg = —;—ﬂ-(p -fs-r]le)-2,(pe+{s-r])
E;ﬁn x 8,44 ~2,846  =2.797 ~2.732 -2.634
(p - [s - r}0) +0,451 +0.457 +0,465 +0.476
ZEaxe.44)p - s - o) -1.283  -l.278  -l.270  -1.254
h -9.95 ‘8.” -7.91 -6.13
(po+ls-r)]) +0,219 +0,151 +0,084 +0,018
-Z, (p0+(s=-r)) +2.179 +1,357 +0,664 +0,092
4 +0.896 +0,079 -0,606 -1,162

11.0

-166
=30,7

=8.61

=2,97
=0,60

=0.412
=0.267
=Ve

=0,281

+2,97
+04116
+3,085

«0,1287

————

-2.407
+0,495

-1,187
-2.23

=0,039
-0,087

-1.274
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T deg. 508 6."" 7.1 8.3 11.0
Hgﬁ'%@" [s=r]0) =¥y (p6 + [s~26)
e X 17.68
- Te +1,139 +0.603 40,069 -0.449 ~0.917
(2%0- X 17.68) (p - [8 = 1] 9) #5514 £.276 +.032 2N 452
X, ~12.89 10,70 =8.50 ~5.83 ~7.89
- uw (P 0 + [:s - r]) +2.823 "‘1.616 "'071)"' -0087 -.308
Mg +3e337 410892 4.TUHE6 =301 -,760

Aerodynamic Derivatives

Zg = % X 57.3 x 6.llt ~37.92
Mg = o= X 57.3 x 17.68 -15.71
g, = = % -2.386
My, = %x 17.68 -, 388




™ N
|

N
-]

.a': i‘ o‘ n‘

J dege.

Asro
0.0
-37.92
=2.386
0.0

0.0
=15.71
0,0

4,388

5.8

Hydro =
=306 =306
«234 =271.9
8,98 -12.34
+0.,896 +0,896
+532 +532
=7249 -88,.6
-12,89 -12,89

+3.,337 =1,051

=320
=221
-8,99
+0,079
+430
=65,0
=10.70

+1,892

SUMMARY OF DERIVATIVES

6.4
p 4
«320
-268,9
=11,38
+0,079
+430
=-80.7
=10.70

-2.496

(KLEMIN)

Hydro
=346
«208
=7.91
+0,606
+316
=59,9
~8,60

+0.,746

7.1

=246 .9
-10.30
0,606

+316
=75.6
=8,50

=3 ,642

Bydro
~406
=190
=813
-1.162
+144
=59:9
=5.83

=0,301

8

~406
=227.9
=8.516
=1,162

+144
~75.6
~6.83
-4 ,689

Hydro
-814
=162
2423
=1.,274

~166
=7.89

=0.,760

8T

11.0

=

-614
=199,9
-4 .616
=1.274

=149
-181,7
=7.89

-5.148



T deg

Eaty

Zg Mg

~Zq Mg
+2y ¥
~3g My

2z Ng
~Zg Mg

R (10° x)

OALOULATIOR OF ROUTH DISORIMINANT
(KLBMIX)

Deslgn Aerodynamic M, = -3, 388

" 5.8

- 19

6.4 ! 8.3 11.0

+1 +1 +1 +1 +1
~12.3Y4 ~11.38 ~10.30 -8.516 4,616
~1.051 -a.ggs ~3.6l2 ~1,689 ~5.148
+13.391 +13.876 +13.942 +13.205 +9.764

=305 ~320 -346 406 ~61Y%
~88.6 ~80.7 ~75.6 =756 -181.7
=115 -0, 8 +5.2 46,8 +10.1
~13.0 ~28. 4 ~37.5 ~39.9 - ~23.8
8.1 +429.9 3.9 51,7 +809.4
+320 +799 +1260 +190Y% +3161
477 -34 +191 +167 ~190
+1093 +918 +779 +64Y +839
~3505 ~2770 -2090 -1329 ~=1577
-2569 ~1087 +140 +1386 +2233
+ﬂ.oao +25,820 426,160 +30,690 +111,560
-+l 650 +111,330 +77,700 +32,820 -29,790
+171,670 +137,150 +103,860 463,510 +€1,770
-14,383,000 6,484,000 +885,960  +9,424,000 +E.9+E.mo
—6.599.8“) -\1.182,000 "190600 —1.9&.000 098 ,000

~30,784,000 -26,407,000 -20,188,000 11,074,000 7,796,000

=5L.77 ~34.07 -19.32 -3.57 +4.87




CALCULATION OF ROUTH DISCRININANT

(XLEMIN)
Asrodynamioc Mg =0

3 deg. 5.8 8.4 7.1 8.3 11.0
A +1 +1 +1 +l +1
2y =12 .54 -11,38 ~10,30 -8,516 4,618
g + 3,337 + 1,892 +0,746 - 0,301 -0,7680
5 + 9,00 + 9,488 + 9,564 +8,817 +5.,376
Zg ~305 =320 348 -408 «614
Mg - 88,8 - 80,7 - 75,6 - 78.6 ~181,7
-2.,!, + 41,2 + 21,53 + 7.683 - 2,665 = 3.6
“‘385.9 '.'3.79097 "408.72 '.477.86 '.'789.1
Iy ¥ -1018 -805 -258 +122 +466 .68
- 2q My - 477 - 34 +191 +167 =180
* 2y Mg +1093 +918 +779 +644 +839
~Zg My -3605 -£770 «2090 -1329 «1577
D «3907 -2491 -1378 - 396 ~461,4
Zg Mg +27020 +25820  +26160 +30690 +111660
-Zg Mg  +144850 +111330  +77700 +32820 - 29780
B +171670 +137160 +105860 +683510 + 81770
BCD -12,796,000 =B8,980,000 5,381,000 =~1,667,000 «1,964,000
-ADZ 15,265,000 =8,205,000 -1,899,000 - 167,000 - 223,000
-B2E -13,905,000 -12,347,000 -9,480,000 =-_ 494,000 - 509,000
R (108 x) ~41,07 =27 .63 -16.78 -2,32 -2 ,69
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CALCULATION OF ROUTH DISCRIMIRANT

aewan)
Aerodynamic Mg = =20,0

3 deg. 6.8 8.4 7.1 8.3 11,0
A +1 +1 +1 +1 +1
Ty =12,34 «11,38 «10,30 -8.516 ~4 0816
N ~16,68 «18,11 =19 .25 «20.301 =20,76
B +30.00 +29.49 +29 .66 +28,817 +26,378
iy =306 =320 =346 406 =614
Np - 88.6 - 80,7 - 75.6 - 7546 -181,7
2q * - 1105 - 0.8 + 5.2 + 6.8 + 10.1
~Zy Mg «205,.6 -206,1 -198.5 «172,9 - 9548
c +6810.7 +607.6 +614,7 +647,7 +881 o4
iy Ny +5081 +5796 +6681 +8242 +12746
~Zq ¥y - 477 - 34 + 191 + 167 - 190
+Zy Mg +1093 + 918 + 779 + 644 + 839
~Zg My -3505 <2770 -2090 -1329 - 1577
D +2192 +3909 +5541 +T724 +11818
Zg Mg +27020 +25820 +26160 +30890 +111660
~Z Mg +144650 +111330 +77700 +32820 - 29790
4 +171670 +137150 +103860 +83610 81770
BOD +40,160,000 +70,042,000 +100,660,000 +144,166,000 +264,326,000
«AD? - 4,805,000 -15,280,000 = 30,708,000 - 68,660,000 139,665,000
-B%E »154,608 ,000-119,274 ,000 ~ 90,691,000 - 52,740,000 - 52,666,000
R (20%x) =119.15 =64 451 -20,74 +81.77 +72,01




CALCULATION OF VELOCITY DRRIVATIVES ACCORUING TO GLAUERT, EEFERENCE (l)

Model No, 294-0
Y2 15,89 f.p.s.

(Displacement, derivatives same as before)

z, = ;1; (2 =2, [-po + r -‘/e])

p = 0,468 r = 0,296
Y deg. 5.8 6.4 7.1 8.3 11.0
] +0,101 +0,112 +0,124 +0,145 +0,192
3 +0,0858 +0,0808  +0,0747  +0,0669  +0,0545
5/6 +0,850 +0,721 +0,602 +0,461 +0,284
po +0,0473  +0,0524  +0,0580 40,0679  +0,0899
-pé + r - 3/0 =0, 601 ~0.477 -0.364 ~0.233 -0,078
Zg -234 «221 -208 =190 -162
Zy[- po + r =3/8] +168.3 +162.6 +126,9 + 94.6 + 47.9
Diff, -417,3 ~375.6 ~353,9 -284.8 -209,9
v = 15,89 f.p.8s.
Z, -26,26 ~23,51 -21,01 =17.91 -13,.21
1
U, =5 (Mg - ¥4 [-po +r - IB))
My 3 -72,.9 ~65,0 =59 .9 =59.9 -166
M, [-po + r - /6] =519,7  =205.1 =115,0 ~33.6 + 11,6
Diff. +246.8 +140 .1 + 55.1 -26.3 -177.6
v = 15,89 fepe8. .
u' "’15. 53 +8 082 +5 .47 -1066 -11 .18
2 %o
7-‘ * — (p~ [s-r] &) - z (po+ (s=r] )
3__2_1_1;_6_.4_@_ -2,845 -2.797 2,732 -2,634 -2,407
(p - [e-r] 9) +0,45068  +0,4569  +0.4648  +0.4756  +(.4927
44
2 z°vx 8 (p-[s-r]6)  -1.282 -1,278 =1,270 -1.253 -1,186
z «268,26 ~23.51 -21,01 ~17.91 -13,21
(po + La-r]) + 0,2195 + 0.1518 + 0,0839 + 0.0153 = 0.0388
-z (p +Ls-r] ) + 6,759 + 3,669 + 1,763  + 0,274 = 0,513
+ 4,477  +2,291 + 0,493 =~ 0.979 - 1,699

Z|l Sum of Products



a3
T deg. 5.8- 6.4 Tl 8.3 . 11,0

Hgw 2 (pw 5 =z18) =ly (9O + [0~ )

u
~> X 17.68 +1.139 +0.6030 +0.069 «0.4495 -0.9167

%‘2 X 168 (p~ [8=]0) +eB513 #4276 44032 w214 -.ibsa

Ny +15.535 +8.82  +3.47 ~1,66 ~11.18
Wy (p0 + [a=1]) #3406 41,339 44291 ~.025 —e Ui}
¥y diffs of produche -2.89 ~1,00 w289  w,189 -~ 882

Aarodynamic Derivatives

ze = %X 57«3 % 6.4 —37-92
My = % X 573 % 17,68 ~15.71
7, = %ze ~2.386
My = 2% 7.6 4,368




3 deg.

Aero
zz 0.0
zo 37,92
z' -2,586
4 0.0
q o
I’ 0.0
'b «15,71
). | 0.0
-
“! -4,388

=306
=234
-26.26
4,477
+532
-72.9
415,53
-2,.89

5.8

L
=306
«271.9
=28 ,65
+4.,477
+532
-88.8
+16.63
«7.278

Hydro
=320
=221

«~28.51
+2,291
+430

-65.0

+8.82

-1 .m

SUMNARY OF DERIVATIVES

6.4
P

=320
-258,9
-25,90
+2,291
+480
=80.7
+8.82
-5.,448

(GLAuERT)T.I
Hydro PR
-346 «346
-208 -245,9
«21,01 -23.40
+0,493  +0,493
+316 +316
~59,.9 ~75.6
+3.47 +3.47
-0,269 ~4,647

=406
=190
-17.91
-0,979
+144
-59.9
-1.66

-0.189

T
4008
«227.9
-20,80
=0.979

+144

~76.8 °

~1,66
-4.577

=162

-18 021‘

-1.699
=149
-166

-11,18

-0.882

11.0
=
-614
=199,9
-16.60
-1.699
-149
-181.;
-11.18
=5.270
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CALCULATION OF ROUTH DISCRIMIWANT
(GLAUERT)
-‘Design Aerodynsmio lq = 4,588

J deg. 5.8 8.4 7ol 8.3 11.0
A +1 +1 +1 +]1 +1
z ~28,86 -26.90 «23.40 -20.30 -16.60
I; - 7,278 - 5.448 - 4,547 4,677 - 5427
B +35,93 +31 36 +28 ,06 +24 .88 +20,87
+Z -305 =320 -346 -406 -614
+uf - 88.8 «80.7 - 7546 - 75.6 -181,7
*z, ¥ + 69,53 + 20.21 + 1.7 + 1,63 + 19.0°
-2, u; =208.5 -141.1 =108.7 - 92,9 - 82,2
c +532.8 +521.6 +628.68 +672,9 +858 .9
2, M +2219.8 +1743.3 +1607.9 +1858 .3 +3235,8
3 M, -2381.8 - 985.1 - 16648 + 141.0 - 263.2
sZ0 Mg +2638.4 +2090.1 +1769.0 +1634.7 +2854 .5
g M. +4222.6 +228%.5 + 858.3 - 378.5 -2234,9
D +6599.0 +5132.0 +4074.0 +3156.0 +3582 .2
a2 Mg+ 27023 + 25824 + 26158 + 30894 +111564
-zg M_  +144651 +111327 + 77704 + 52818 - 29785
E +171670 +137150 +103880 + 63512 + 81780

+BCD  +126,278,000 +83,919,000 +60,408,000 +44,985,000 +64,212,000

-AD° - 43,547,000 -26,537,000 -16,607,000 - 9,960,000 -12,832,000

-5°E 221,626,000 -134,794,000 -81,717,000 -39,515,000 =35,620,000

B (10° x) -138.90 -77.21 -37.91 -4.29 +15476
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CALGULIIION_QE ROUTH DISCRIMINANT

(GLAUERT)

Aerodynamic qq =0

5.8 6.4 7.l Be3 11,0
+1 +1 +1 +l +1
=284,65 =25,90 =238,.,40 =20,30 «15,60
- 2.89 - 1.06 -00259 - 00189 - 0088
+31,54 +26,96 +23,.66 +20,.49 +16.48
=305, =320, =346, ~406. =614,
- 88.6 - 80.7 - 75.6 - 75.6 -181.7
+ 69.53 + 20.2 + 1.7 + 1.6 + 19.0
- 82 .8 - 21.5 - 5.9 - 8.8 - 13.7
+408 ,9 +408.0 +426,0 +483,.8 +790.4
+881,6 +339,2 + 89,6 + 76,7 +540,.3
-2381,8 =986,1 =155.8 +141,0 =253 .2
+2538,.4 +2090.1 +1769.0 +1534,7 +2834,5
+4222,6 +2283,.,5 + 853,3 - 378,3 -22%4,.9
+5260,7 +3727 .7 +2556.1 +1374,1 + B86,7
+ 27023 + 25824 + 26158 + 30694 +111564
+144651 +111327 + 77704 + 32818 - 29785
+171670  +137150 +103860 + 63512  + 81780

+67,514,000 +40,993,000 +25,763 ,000 +13,622 ,000+11,550,000

-27,675,000 -13,896,000 - 8,534,000 - 1,888,000~

786,000

-170, 772,000 99,686,000 -58,140,000 =26, 665,000-22,211,000

R (106 x)

«130,93

=72 .59

=38,91

=-14,93

=11.45
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CALCULATION OF ROUTH DISCRIMINANT

(GLAUERT)
Aerodynamio qa--eo.o

J deg. 5.8 8.4 7.1 Be3 11,0
A +1 +1 +1 +1 +1
Z' -28,68 =-26.90 =23.,40 -20,80 =15.60
Hq =22 ,89 =21 406 20,26 =20.19 =20.88
B +51 .54 +46 .96 +43,68 +40.,49 +356 .48
+z‘ -80500 -320.0 -5‘6 .0 408.0 -614 «0
'f“e - 88.6 - 8007 - 75.6 - 76.6 -181.7
qu M' + 69,68 + 20.2 + 1.7 + 1.8 + 19,0
-Z_ M =555,.8 =545.5 -474,1 -409,9 =325,7
c | 1 TRE WEES Y40 B 0.2
+Z, qq +6981,5 +6739.2 +7010.0 +8197,1 +12620.0
.zz uz -2381.8 - 985,1 - 155,8 + 141,0 - 253.2
+z' “e +2538.4 +2090.1 +17$.0 +1584.7 +2854.5
.ze u' +4222,.6 +2283,5 + 853,35 - 378.3 -2234,9
D +11360,7 +10127.7 +9476,5 +9494 .56 +13166,.4
+zz Ua + 27023 + 25824 + 26158 + 30694 + 111664
.ze Hs +144661 +111327 + 77704 +32818 - 29785
B +171670 +137160 +108860 +835612 + 81780

+BCD 4573 ,761,000-440,403,000+369,887,000 +342,107,000 +529,495,000

-AD>  -129,066,000-102,570,000- 89,804,000 - 90,146,000 =-173,35¢,000

-B°E  ~455,056,000-302,449,000~197,878,000 -104,124,000 -108,852,000

 (10° x) 11,26 +55,38 +82,11 +147.84 +247.31
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SUMMARY OF ROUTH DISCRIMINANTS

T deg. 5.8 6."" . 7.1 8.3 11,0
M,  (KLEMIN)
0 <41.,97x10% ~27.53x10° -16.76x10° -2,32x10°  -2,69x10°

4,388 | ~51.767x10° =34.073x10° -19.322x10°®  ~3.486x10°  +Y4.865x10°
«20.00 | =119,15x10°F  ~64.51x10° 20.74x10°  +31.77x10° +72.01x10°

( GLAUERT)
0 ~130,933%10° -72.589x10° -38.911x10° -14.93x10° ~11.45x10°
-}4.388 | -138.895x10°% ~77.212x10° ~37.908x10°  -4.290x10° 15.760x10°
-20.00 | -11,261x10° 435.384x10° +82.105x10° +147.837x10° +2UT.309x10°
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APPEFDIX

This appendix presents additional steady-motion test
data for higher trim angles at the original speed and for
a higher speed.

The 4ata were obtalned after the work described in
the body of the report had been completed, and with ‘the
expectation of extending the number of comparieons between
experiment and theory, particularly for trim angles in the
viecinity of the upper limit. This plan was abandoned when
it was found that the gharp curvatures in the moment curves,
occurring at trim angles in the region of upper-limit por-
polsing, made i1t extremely difficult to deduce accurate
values for the displacement derivatives in this regilon.
If the displacement derivatives were inaccurately defined,
i1t was obvious that the velocity derivatives depending on
them would be inaccurate also and that the final values of
Routh's dlscriminant would certainly be opemn to gquestion.
Thue 1t appeared that reliable comparisone between experi-
ment and theory would dbe difficult to obtaln. The data
are presented in toto (figs. 8 to 19), however, so that
any one desiring to 4o 8o may carry through the calculations.
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