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SUMMARY

Full seale measurements of landing impact foreces and pressures
have been made on the hull of a Sunderland Mk,5 flying boat (weight
50,000 1b) in order to provide basic information on the agreement
between experiment and the latest available impact theories. The ex-
periments were arranged to give impact conditions as near as possible
to those assumed in theory.

The results revealed a marked discrepancy between the form of the
total impact-time curve predicted by theory, and that measured on the
aircraft, In particular, the measurement of time to reach maximum
impaet force was about twice that indicated by thecry. The magnitudes
of the theoretical and measured maximim impact forces were in reasonable
agreement. This discrepancy may be attribufable to the neglect of aftsr-
body influences in the theoretical analyses.

Measurement of the intensity of maximum hydrodynamic pressures on
the planing bottom confirmed that pressure and veloelty camponent
normal to the keel may be related by an expression of the form

2 -—
1...............fvn ) 2 i
Bex = T5 | (5 oot op ) + 1J

where

= the local deadrise angle in degrees

the density of water in zlugs per cubic foot

-2
"

v, = the velocity at the time and position at
which pp., 1s measured (f.p.s.).

The experimental value for K is 132 when ppay is given in p.s.i.

The distribution of pressure from the keel to tihe maximum pressure

/point .....
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where ¢ is the wetted half beam and x the distance
from the keel to the point at which pressure is




technigues and their acouracies and limitations, but merely as a summary
sufficient to give cohercence fto the later discussion without necessitating
reference to Part I of the report.

2.2.1 Total force measurement

The total impact force was measured by a number of variable
inductance type accelsrometers mounted at various positions along the
wing span, Fig.2. 1In 2ll, four accelarations were measured in each
landing i~

(1) The acceleration at a point on the wing centre
scotion (front spar, lowsr boom).

(i1) The acceleration at a point on the front spar,
starboard wing, corresponding approximately to
the nodal point of the fundamental wing
vibration mode.

(1ii) The acceleration 2t a point on the front spar,
port wing, correspomding approximately to the
nodal point of the fundamental wing vibration
mode

(iv) The resultant accelsration cbtained from three
accelerometers whose outputs were so combined
a3 to eliminate the fundamenital and first
harmonic modes of wing vibration giving a
final record of the hydrodynamic impact force
modified by only higher modes of wing vabration
(cf Pige2)s

The necessity for this complication in measuring acceleration was
indicated by the eerlier structural testslwhich showed that wing
vibrations could modify severely the shape of the hydrodynamic impact
acceleration-time curves Acccleration measurement (1) gave merely
the resultant hull acceleration includling any wing vibration effects.
Acceloration measurements (ii) and (i1i) were intended to eliminate as
simply A8 possible the wing fundamental mode and to i1ndilcate the effects

of rolle

The principle behind accelercmeter measurcment (iv) is fully described
in Reference 1 where it was utilised to eliminate wing vibration modes from
a centre section accelerometer record. TFor the present tests the scheme
has been modified so thaot instead of cobtaining the hydrodynamic impact
accelerationwtime curve from an analytical combination of three separate
accelercmeter records, the electrical outputs of the three accelerometers
are combined in calculated proportions and the resultant output gives the
required acceleration-time curve directly.

2,2.2, Planing bottom pressure messurements

Hydrodynamic pressure measurements were made on the forebody
planing bottom by means of diaphragm type pressure pick-ups of the type
used sucgegsfully for a gimilar purpose in the hull launchaing tark at
MehoEiEa”? Briefly, the intensity of pressure at a point in the planing
bottom ismgistered by the deflection of a thin, circular german silver
diephragm (1" diameter) fitted flush with the bottom skin. The diaphragm
movement is transmitted mechanically to & small strain-gsuged beam of
beryllium~coppers

Twenty pick-ups were installed, all of them on the starboard side of
the forebody (Figs3).

/Each crare
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3, Range of Tests and Piloting Technique

The primary cbjsctive of the tests was to obtain landing impacts
which fulfilled as far as possible the conditions assumed in theoretical

analysess These are i=~

(i) Zero mormsl {or vertical) acceleration prior to
touchdowns

(ii) Zero draft velocity prior to touchdown.

(ii1) Zero angle of roll during impact.

(1v) Zero angular wvelocity in pitch during impact.
(v) Main step only immersed.

The first of these cornditions was usually satisfied by maintsining
fixed elevator setting, power conditions and forward speed from a height
of sbout 100 feet to the touchdown point. The second and third
conditions =pply to any good landing and were achieved by accurate
handling of the aircraft in the approach, Unfortunately the pilot
has little control over the fourth condition once the impact has started.
Experience showed that with zero or slightly negative elevator angle an
impact with zero pitching velocity was moast likelg to be achieved if the
keel attitude at touchdown was in the region 2°-5°. Occasional pitching
did oceur even in this range however. The pilot can do little about
condition (v) apart from ensuring that the main step touches first.

The requirements gaven to the pilot were, therefore :-

(i) Elevator fixed, engine power constant, forward
velocity constant from 50-100 feet downwards.

(ii) Approach speed higher than usual in order to
achieve a low atfitude impact.

(iii) No check before touchdown,

No attempt was made to specify rate of descent becausc of the relative
inaccuracy of the standard rate of descent meter. Landings were specified
a8 heavier or lighter than the previous one. sost pilots did use the

rate of descent meter as a guide during their approsch. Frequently the
aircraft bounced clear of the water after the first impact and pilots were
encouraged to re-land straight ahead.

211 the tests were made at one weight - 50,000 1b - and one centre of
gravity pogition (3.0 feet forward of the main step point parallel to
hull datum).

L Weather Conditions

A calm sea was essential for this first investigation and fortunately
during the 3 or 4 days occupied by the flight tests the wind strength
averaged 3%-l knots with occasional gusts up to 8 knots. The sea surface
was flat calm for the majority of landings, with a fuw made 1n 6" wavelets.
Care was taken to allow ship washes to die away before landing,

Fe  Results

54t Total impact forces

The theoretical work of Reference 3 has been chosen as a suitable
basis upon which to illustrate the variation of total hydrodynamic force

/With TR LR
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The pressure distributions were less amenable to concise presentation
than the maximum pressures, Two methods of obtaining experimental distri-
butions have bheen employede  Figse 10 and 12 show, plotted in non-
dimensional form the transverse distributions cbtained from pressures
indicated simultaneously on several pressure pick-ups in rows A and Be
The runs chosen for plotting are those for which reliable information is
avallable from all the pressure pick-ups concerned.

Figs. 11 and 13 show ftransverse distributions obtained from the pressure
time histories of one pick-up in each row by assuming that the pressure
wave has a constant velocity past the pick-up for the time interval
considereds The pilck-ups plotted were chosen at random from all the
results available. This sccond method was included because the first
method, though more conventional and convenient, has the disadvantage that
only three or four points on each distribufion curve are known and
glight calibration or response errors between individual pick-ups in the
same row may cause scatter and therceby make the drawing of a fair curve
through these 1solated points dafficult.,

In all four figures, compariscn is made with the theoretical distri-
bution of Wagner's theory, given by the expression

2

1 2 1T cot Ou - n
7 oV
fP'n [/7f73ﬁr ’_?a]

<
1

wherc

x/0

wetted width
distance from keel

o

¢

Owing to the dafficulty of defining the wetted edge of the measured
pressure wave, the maximum pressure position has been chosen as a common
point for comparison of theoretical and experimental distribution.

In Figse. 10 and 12 the distributions have been taken when the keel~maxumum
pressure distance was about 3 foct i.es 0,6 beams In Figs. 11 and 13

the peak pressure position has becn made to coineide with the position of
the pick-up being considereda

The pressure curves deduced by method one confirm the maxilpum pressure
rzsults in that the pressurs magnitudes for row A lies slightly above the
theoretical curve wheresas those for row B lie on the theoretical curve or
slightly below it. Fagse 11 and 13 give a more precise picture of the
agreemnent between the shapes of distribution curve given by theory and
experiment, There 18 good agreement in the region between keel and
maxinum pressure but the experimental curves show a slower build up from
the wetted edge o maximum pressurce

5e¢3e Comparison with other thuoretical and experimental investimations

523¢1e Full scale experimental

A parallel series of full scale impact experiments was made by
the NeasCuAe on an amphibi?n having an 21l up weight of 20,000 1b and a
main step deadrise of 20% The results from these tests were re—analysed
on the basis of Refercnce 3 theory and they are presented in thag form in

Fagse 14 and 15,

The maximum impact accelerations follow the same trord as th? Braitish
experimental-theoretical curve, Between values of = 0,6 and o = 0.8
the experamental peak loads lis wsll above the theore®ical curve, a fact
which was noted in the oraginal report and attributed to the effect of
chine turndown in i1mpacts whore ¢ine immersion ccourred.

/The.!ll!
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Qf these, the last may be imnediately discounted since the curved
portion 1g rarely immersed bafore the instant of maximum acceleration.

For all the computation of force parameters a mean deadrise of 26°
was utilised although in practice the deadrise varies from 30° at the
keel to 199 at the chines To obtain some gauge of the effect of varying
deadrigse on the force=-time curve, theoretical curves for typical impacts
were caloulated for a deadrise angle of 30° as well as 26°, These are
compared with the experimental curves in Fige7 and they confirm the small
effeot of deadrise variation between 260 and 309,

In Reference 3 Crewe and Monaghan assume that the associated water
m283 for a wedge with a transverse stip is proportional to the quantity
Area
perimeter
and they further suggest that for a vee plan form their treatment should
be used with the associated mass based on the appropriate wvalue of
Area)?
perimuter
This reasoning has been applied to several typical Sunderland impacts
and the overall rosult is to bring about a decrease of 5% in the experimen—
tal values of B, (non~dimensional time parameter) bringing the experimental
points nearer the theoretical curve of Fig.6} and a similar 1ncrease in
the experimental values of As bringing the experimental points further
above the theoretical curves (of. Fig.5 and Appendax III).

64142, Chiine immersion

The presence of chine immersion appears to have no consistent

effect on either maximum acceleration or time results (Figs. 5, 6 and 7).
When it does occur, the chine imwersion is small and takes plase well
af'ter the theorcetical time of maxiimun acceleration.

6ete3e Hull and waing flexibility

For a complicated structure such as that of the Sunderland
hull and wing, the effcet of hull flexibality on the impact acceleration-
time curve can only be computed by making prelaminary estimates of various
structural constants and then computing their effect by a laboricus step
by step method. PFortunatcly there are two items of experimental evidence
which indicate that for these particular full scale impacts, hull and wing
flexibility have little effect,

The first of these is illustrated in Pig.’18 which compares the
acceleration~time curves obtainsd from accelerometers at various points
in the hull and wing for two 4ypical impacts. These figures cornfirm
that the wing vibrations were not sufficiently excated to producc
apprecisble differences up to the point of maximum acceleration,

The second piece of evidence 1s contained in Fige.14 of Reference 1
which shows that the ¢ffect of hull ©lexibility as negligible, certainly
for the region near the main stepe

6+1ehs Afterbody effects

The ¢ffect of the afterbody in modifying the sample ampact
theory has not received much notice in theoretical-experimental comparisons.
It is significant, however, that the N,A.C.A. model tests which gave good
agreement between theory and expsrament in nearly every respect, wers
conducted on forcbodics alone,

Two formg of afterbody interference are possibles In rear step first

impacts, the afterbody sbsorbs some of the 1nitial energy of impact and
causes the hull to piteh forward onto the main step (Fig.8, Run 19).

/Landings .uees
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The difference between theory and experiment in the peak to wetted edge
region may be attributed simply to differences in the physical
conditions assumed by Wagner and those achieved in practice, The dis-
agreement is of small significance in applying the results for purposes
of structural design.

The exact shape of the measured wetted edge is interesting. Fig.19
shows that by the time the pressure wave reaches pick-up No, 418 of row
A there is a region of low pressure hefore the rapid bulld-up towards the
peaks This low pressure region will certainly invalidate any attempt
to measure pressure areas and "splash up" values by means of water
contact devices alone, Pig.20 illustrates the growth of such a low
pressure arca ag the pressure wave proceeds towards the chine,

7. Design Implications

The detailed deduction of the design loads from basic theory is
beyond the scope of this report and in any case the range of veriesbles
covered is too small to Justify the general applicability of such
deductions. However, the results do give rise to a few design problems
which should be stabed,

For the estimation of overall hydrodynamic impact loads, the
theories of References 3 and 8 appear to give values which agree
sufficiently closely with the measured results for the purpose of design.
Tie discrepancy in times to maximmn load is not serious per se, unless
account has to be taken of the structural response to dynamic loads.,
However , it is disturbing in that it may imply a fundamental dlsagree-
ment between theory and experiment, and the theoretical estimates should
be used with some caution therefore, in applications where the conditions
differ greatly from those of the present tests.

Unfortunately the time discrepancy affects the derivation of
design frame and plating pressures to a much greater extent than it
does the derivation of total impact load, For these, the theoretical
formitae are given in terms of Vn, the local normal~to-keel velocity,
and t0 be of design usc some relationship must be found between ¥y -
the initial normal to keel velocity, and Vn, or between oVy and Vy dince
V is constant, Such a relationship may be obtained from the Reference
3 theory but this differs considerably from the experimental variations
as the examples quoted in Fig.21 show.

The magnitude of the error in vertical velocity predicted for
four typical landings is shown in Fig.22, Fig.23 shows that the corres-
ponding errors in p and Ppay may amount to 15-20% for values of Vy above

O -5VVO .

The relationship between peak pressures - confined to a small
planing bottom area -~ and design pressures over larger areas is
examined in Appendix IV and a simple expression is there deduced for
the relative magnitude of peak and mean distributed pressures. Fig.2h
illustrates this with reference to a range of deadyrise angles.

8. Conclusions

Phe form of impact force-time curve given by these full scale
measurements differs from that indicated by current theories. In
particular, the theoretical time to reach maximum impact force is almost
half that given by measurement, The magnitudes of the theoretical and
measured maximmm impact forces are in good agreement., Some of these

/discrepancies ...



10

11

Author! s)

A. Burns
A. J. Fairclough

J. A. Hamilton

P. R. Crewe
R. J. Monaghan
Je A. Hamilton
J. W. MeTIvor
J. A. Hamlton

Je W, MeIvor

Margaret P, Steiner

Benjamin Milwditzsky

Je. A. Hamilton

Je. A, Hamilton

John D, Pieraon

-19 -

List of References

Title, eto.

Dynamic landang loads of flying boats,.
With special reference to measurements

made on Sunderland TX. 293.
R. & M. 2629, February, 19.8.

A comparison betwesen some full scals
landing ampact measurements and two
impact theories. Report No. F/Res/211.
AR.C. 11,345, February, 1948.

Formulae for estimating the forces in
seaplane water impacts without
rotation or clhine immersion.

Re & Mo 2804 January, 1949.

Note on a proposed programme for fulle-
scale seaplane water impact tests.
Report No, F/Res/212. A.R.C. 11,739,
June, 1948.

Full scale measurements of impact loads
on a large flying beat. Fart I =
Description of apparatus and instrument
installation. C.P. 182+ March, 1950,

Veasurements of impact pressures on the
hull of a model seaplane.

Report No. F/Res/215. A.R.C. 12,703.
July, 1949.

Comparison of overall impact loads
obtained during seaplane landing tests
with loads predicted by hydrodynamic
theory. Report No, NACA/TNA781.
January, 1945.

A generalised theoretical and
experimental investigation of the

motion and hydrodynamic loads
experienced by Vee-bottom seaplanes
during step landing impacts.

Report No. NACA/TN/1516. February, 1548.

An anvestigation into the effect of after-
bedy ventilation on the hydrodynamic
characteristics of a =mall flying boat
{Saro 37) with a 1:20 fairing over the
main step. Re & M. 271L.

November, 1947.

An dnteram report on the hydrodynamic
performance of a large L-engined
flying boat (Sunderland ¥k 5) with a
1:16,75 main step fairing. Report No.
F/Res/21L. AR.LC. 12,162, January ,19L9.

On the pressure distribution for a wedge
penstrating a fluad surface. Stevens
Institute of Technology Experimental
Towing Tank Report No.336.



APPENDIX TIT

Wagner's Formulae for Distributed and Maximum
Pressures on dulls having Transverse Curvature

The general form of Wagner's formula for the distrabution of hydro-
dynomic pressure across s hull is

1 2 2 av 2
D - -é—f)v 2 __ - 7 2| * 3% ° 1 -7 (1)
Q\/h?i ()

For the landings under consideration in this report the expression

av ./ 4 _?2 is small e¢nough to be neglected without loss of
dt ACCUracy.

From this medified equation may be deduced the Wagner expression
for maximum pressures

S
Prax = 2PV [__1_+1] (2)
Q2
For a hull of constant deadrise

Q = ?2]-_ tan@

and expressions (1) and (2) become

p = %sz T cot @_' 2
1/7:‘?7 ] - ?2 (3)
Puax = %Pvz [ (3;— cot@)? 4 1] (1)

For simplicity in analysis expressions (3) and (4) have been applied
to the Sunderland planing bottom and the effect of curvature has been
allowed for by assuming that € 1is the value of the local deadrise at
the point of the planing bottom being considered,

Let us examine the error involved in this assumption.
11
Wagner deduces that for a hull of curved cross scetion

2
Q = Iy Bo + ByC +%‘Bzcz (5)

where By, By, ctc. are given by the equation for hull cross-section.

v = BDX+B13€2 +B2:':3 (6)

For the full scale tests it has been assumed that

131

2
Q Q = Fr tan Oy,
wheraeL is the local deadrise,

/FI'O{H ab it A
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APPENDTY TIT

Estimation of the Effect of a Vee-shaped
Step on Total Impact Forces and Build-up Time

ALceording to the theory of Reference 3 the non-dimensional impact loed
factor Ay is given by the expression

¥ 2

K \P8 ©

0f all factors on the right hand side K13 ig the only one darectly
affected by hull form and for fixed values of draft, attitude and deadrise

Kot garealz

perimcter

¥or a 24° Vee plan shape, a mean deadrise of 26° and a keel attitude of 5°
the ratio of K values is

K4 ves
¥4 transverse

0.86

i.e.

[ATEN

0.95

K1 voe
Kq transverse

Hence the theoretical effect of a Vee-shape would be to increcase the
experimental values of Ao plotted in Fig.5 by approxamately 5%.

Samilarly, the non-dimensional time factor By is given by the
expression ;
_e BT
_x_rg___}? cos® T
Pe

and the theoretical effcot of a 2L° vec-step 1s therefore to decrease the
experimental values of Bg Ziven in Fig.6 by

/hppendix IV ..o
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TABLE 1
Sunderiond Mark 5
Data

Hull
Beam (max) Tt 9.79
Length (F,P., to Rear Step) i 62,12
Length:Beam Ratio 6.35
Forebody Length (F.P. %o Main Step Keel) ft. 32.94
Afterbody Length (Main Stegp Keel to Aft

Step) ft. 29-18
Keel=Chine Deadrise at Main Step 26°
Btep Plan Included Angle 1323
Forebody Keel - Hull Datum Angle o
Heel - Heel Angle 90 17!
Forebody Keel ~ Afterbody Keel Angle 7 29!
Main Step Pairing Ratio 6:4
Wings
Area {gross) sqa.ft. 1687
Span £t 1128
Incidence to Hull Datum £° 9!
Section Gottingen 436 modified
Flaps
Type Gouge
Area 5qefte 286
Tailplans
Area (including elevators) 8q.Tt. 205
Elevator area (including tabs) sQefte 8445
Elevator movement 169 30' up and dowm
Engines

4 Pratt Whitney Twin Wasp R.1830-908 giving 1200 B.H.P. at 2,700 r.pems
and + 9 1b/sq.in. boost for sea level take-off,

Loading
At AU WE, 50,000 1b

CuG, "Normal" is 3,02 ft, forward of main step at keel parallel to hull
datum line,
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TABLE ITT

DFTAILS QF INDIVIDUAL TANDINGS

Mean AU.Wta _50.000 1b

dngular | dvy/
Run Nos | Impact | Ve Vhe 1 Velocity | dt max t max
NOs fopess fuDeSs Degrees | deg/sec () seos

1 1 648 148 2.3 3 0, 9 0.38
2 1 boly 138 542 0 1.5 Q.40
3 2 542 110 9,2 -3 1,21 0.8
b 1 645 153 2,0 0 0s 94 0430
5 2 2.9 114 9.8 wly 1412 0459
& 1 5.5 140 beT + 1,10 0.38
7 2 345 120 9.5 -3 1,02 050
8 2 6.8 112 1043 -5 1,39 Ca39
9 1 8.0 142 5.8 +6 1,38 0.33
10 2 %8 120 9.5 -2 0.80 0.88
11 3 6a3 97 9.9 -y 1,25 039
12 1 745 129 bk +y 1,20 A
13 2 b7 115 9.5 ;3 0.97 0.64
14, i 540 128 L2 0 0.7C 0.32
15 1 he 146 be7 0 0469 040
16 1 640 14,2 3.5 0 0.81 0430
17 1 5.8 159 342 0 G480 Ce35
18 1 9.0 13) 1.6 0 140 0. 34
19 2 Ly 11€ 11.8 -8 1.11 0,55
20 2 3.2 109 8.3 -2 0.86 C.78
21 1 5.5 122 1144 -8 0495 0.58
22 1 5.6 130 740 0 142 0,46
23 1 Lot 134 7.0 o 0.67 0652

/Table IV (AN EN]



- 29 -

T).BLE IV contd,.

Maximam Pregssure Results

dun Nos |Pick-Up Time to v v e Vn Prax
Nos. g?gici- Pmax = sec f|gt Se feo p?s " degs e Dele (001}2&-}- 0.405)
B

17 3 10,0 0.320 2.2 158.4 347 12,4 3.0

8 14.48 0.158 Sely 3.6 15,2 heT

9 10.0 0,142 5¢5 3.5 15,3 3,2

15 11 0.095 5.6 342 16 Loly

16 11.8 0. 18} 5.0 3.6 14,8 3.2

18 3 17.7 0.206 647 133.0 L.8 17.9 Sedt

5 16,5 0,215 5e3 4B 1745 L5

8 22,5 0,120 845 Lok 18.8 71

9 1845 0.109 8.5 Lol 18,7 5.8

11 1802 0-22]-[- 601 14-08 1703 LI-OO

14 25,0 0.095 8.7 Lok 19,0 749

15 20,0 0.070 8.9 Loaly 19,2 6.3

16 2241 0.127 B. Lo by 18,6 6.0

17 2541 0.174 7,6 L.7 18.4 5,9

18 o5 0.250 5e3 LB 16.5 L5

22 9 2847 0,198 L5 12841 7oly 21.3 9.0

10 29:3 0.276 2.9 7.5 19.9 7okt

1 331 0. 368 142 8.2 19,8 7.2

1 27.2 0.150 5.0 7.4 24.7 8.6

15 251 G135 5e1 7.5 21.9 79

16 30a1 Ce173 4.8 7 b 21,5 8.2

17 373 | 0.236 4.0 7.5 2049 8.8

18 29,5 0.329 146 7.5 19,1 5edy

23 15 2he5 0,205 3.6 13343 742 20,4 7a7

16 28.7 0300 2.7 741 19.4 7.8

17 27s5 0.430 0.9 7ol 18k 6.5




SUNDERLAND MK.5. FLYING BOAT.




PLANING BOTTOM CONTOURS.

SCALE OF FEET.

FOR ADDITIONAL DETAILS OF PICK UP POSITIONS SEE TASLE TT.
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