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TECHNICAL NOTE K¥0O. 509

TANK TESTS OF FLAT AND V-BOTTOM PLANING SURFACES

By James M. Shoemaker

SUMMARY

Four planing surfaces, all having beams of 16 inches
and lengths of 60 inches but varying in dead rise by 10°
increments from 0° to 30°, were tested in the N.A.C.A.
tank, The results cover a wide range of speeds, loads,
and trim angles, and are applicable to a variety of probd-
lems encountered in the design of seaplanes.,

The data are analyzed to determine the characteris-
tics of each surface at the triwm angle giving minimum re-
sistance for all the speeds and loads tested. A planing
coefficient intended to facilitate the application of the
results to design work is developed and curves of resist-
ance, wetted length, and center of prassure are plotted
against this coefficient. Several exumples, showing the
application of the test data to specific design problems,
are included.

INTRODUCTION

Tiie bottom of a seaplane hull or stepped hydroplane
is ordinarily made up of two planing surfaces, one run-
ning in the wake of the other, separated by a2 discontinui-
ty, or step. In the case of the seaplane hull most of the
load is carried on the forward surface, or forebody. The
functlion of the afterbody is primarily to provide longitu-
dinal stability at low speeds., Tests of complete hulls
Ssive only the combined effect of these two surfaces, in-
cluding the interference of the forebody wake on the af-
terbody. A study of simple planing surfaces offers a
means of segregating the perfoimance of the working por-

- tion of the boat bottom from the effects of other parts
that may be necessary in a seaworthy boat, dbut do not aid
in carrying the load.
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Previous work on the problem of planing surfaces (ref-
erences 1 to 5) has furnished a good understanding of the
behavior of planing boats. In general, such craft are dis-
tinguished from displacement boats by the fact that a part
of the 1lifting force is supplied by the dynamic reaction of
the water against the bottom,-arising from the downward
momentum imparted by the forward motion of the inclined
bottom surface. A considerable variety of bottom shapes
are capable of providing planing 1lift, but all such shapes
have several characteristics in common., The longltudinal
sections approximate straight lines, terminating at a sharp
discontinuity at the after end. In a boat with more than
one planing surface this discontinuity is known as a "step."
In order to furnish an upward dynamic reaction, it is nec-
essary that the water flowing off at the step be directed
downward from the free-water surface. Planing bottoms usu-
ally intersect the sides of the boa¥ in sharp chines, to
prevent the water from following up the vertical surface.
Other methods, such as lapped strakes, have been used suc-
cessfully to accomplish the same purpose.

At rest and at low forward speeds the plening boat 1is,
of course, supported by buoyant forces. As the speed 1is
increased the high pressures resulting from the dynamic
reaction on the bottom cause the water to flow out from
under the chines and step with sufficient momentum to clear
the adjacent vertical surfaces. The transition from float-
ing to planing thus takes place gradually as the speed is
increased. TFor the purposes of this paper, planing will
be defined as the condition wherein the vertical surfaces
of the hull are running entirely dry; that is, only the
bottom, bounded by the chines and step, is in contact with
the water. It should be noted that even in this condition,
the load is not entirely carried by dynamic lift. The
bottom surface of the boat is still below the free-water
level; consequently there is a hydrostatic reaction act-
ing on it in addition to the force required to give down-
ward momentum to the water.

The present tests are intended to give numerical data
on the resistance, center of pressure, and wetted length
of a planing surface running at any load, speed, and trim
angle within the useful planing range. The previous ex-
perimental work on the subject has covered only a rather
small range of speeds and loads, and the theoretical treat-
ment to date does not offer a workable means of extending
the results to cover all cases of interest to the design-
er. The subjects of pressure distridbution on a planing
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bottom and of wave formation are not treated here. Sot-
torf's excellent experimonts on thesc phases of the probd-
lem (references 2 and 3), although necessarily limited to
relatively few speeds and loads, give adocquatc information
on thc phenomcona involved and offer a sound basis for fu-
ture theoretical work..

The tests covered in this report werec made in the
¥.A.C.A, tank during November 19233. They include force
mecasurements on four planing surfaces all having a beam
of 16 inchcs but varying in dead rise from 0° to 30° by
10° increments. The results are directly applicable to
the design of planing boats having straight V bottons,
and also offer a neans of deternining the effect of dead
rise, unobscured by the influence of the other design
characteristics of an actual boat hull. (See reference 6.)

APTARATUS AND PROCEDURE

Apparatus.- The N,A,C.A. tank, in which the present
experiments were conducted, is described in detail in ref-
erence 7, The arparatus used in the planing-surface tests
has been altered somewhat from that described in the refer-
ence. The principal change is in the rniethod of suspending
the model. The preseut arrangement is shown schematically
in figure 1. It is soncwhat morec cowpact than the older
form of towing gate, and celinminates the necessity of cor-
recting for interaction of the load, resistance, and trim-
ming nomeant on tlhe various measurements. The entire gear
is suspendied by two tapes connected to the counterweight
dashpet and rises and falls as a unit, instead of being
rivoted at one end. In the previous apparatus the reac-
tion applied to this pivoted end by the pitching moment of
thie restrained model caused an error in the load on the
water that was negligibly small for seaplane hulls, but
bececame serious for the planing surfaces becauwse of the
wide range of pitching moments encountered. In the pres-
cnt apparatus tiis error is not present., The vertical
counterweights shown in figure 1 were added to reuwove the
effect of any slight acceleration of the carriage during
thhe test run, Tihe weight of the model and gear is so great
comparcd to the resistance being reasnred that a consistent
accelaration, although so small as to be imperceptible on
the speed record, will cause an appreciable error on the
-resistance record if the system is not balanced against
longitudinal accelerations.
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The apparatus used to measure the trim angle and mo-
ments in these tests is similar to that dcscrived in ref-
erence 7. The nmodel is restrained by a flat spring con=-
trolled by means of an electric notor. The position of
the spring is set by the observer to Liold the model at the
desired trim angle. The deflection of the spring from its
free position is calibrated to give the trimming moment
irposed on the model.,

lodels.~ The principal dimensions of the planing sur-
faces used in this investigation are shown in figure 2.

The models were made of mahogany, and the Dottom surfaces
were finished with gray enamel. Transverse stripes spaced

2 inches apart and nunbered to correspond to the distance
from the trailing edge in inches were painted on the bottoms
of the models for the purpose of reading the wetted length.
The bottoms of all nodcls consisted of plane surfaces, in-
tersccting in a charp edge at the kccl for the three V-
tottom models.

Procedurc.- The experiments were conducted in the
same marner as that used for "complete" tests of flying-
boat hulls at the N.A.C.A. tank. Tiec procedure, described
in referencec 8, consists of running the model at a series
of predetermined speeds, loads, and trim angles, and meas-
uring the resulting resistance, trimuing moment, and draft.
In the present tests tkhe wetted length, or distance from
the trailing edge to the farthest forward point in contact
with the water, was also read. In the case of the V-bottom
surfaces this point of contact is sharply defined as the
intersection of the keel with the free-water surface and
was read in a mirror set ciose to the water surface sever-
al feet to one side of the model. The flat surface, how-
ever, builds up above the free-water surface a small
"roll" of water, which emerges from the sides in the form
of spray. The wetted length for the flat surface was read
on the side of the surface at the forward portion of this
emerging spray. Sottorf's experiments (reference 2) show
that the curvature of the intersection of the roll of wa-
ter with the flat surface is very slight across the beam
and that this method of reading the wetted length gives
results which are satisfactory for design purposes.

Test schedule.~ The schedule of loads, speeds, and
trim angles was determined to conform to the range of
these variables met in flying-boat practice. At the low
speeds and heavy loads corresponding to the floating con-
dition for a boat hull measurements were, of course, im-
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possible. The lower limit of speed for a given load was
determined in the case of low trim angles by the wetted
length approaching the over-all length of the model and,
in the case of high trim angles, by the tendency of the
wave at the side of the model to fall inward and foul the
stern bulkhead. The latter condition corresponds to the
lower limit of the planing condition as defined in the in-
troduction to this paper. Higher loads could have been
carried at low trim angles if longer surfaces had been
uscd; the length chosen, however, is already somewhat
greater in proportion to the beam than that of the longi-
tudinally straight portion of most flying-boat Lulls.

The vypper limit of speed was chosen to correspond to the
average get—-away speed of flying boats. In the casc of
the flat surface operating vnder 1ligiht loads, an upper
limit of the speed was fixed by the fact that the model
started chattering on the water surface when the wetted
length becare very sliort., The resulting motion was a rap-
id vibration in pitch of sufficient violence to prevent
accurate neasurements. The tests at the hecavier loads
were carricd out to high speeds in all cases. This con-
dition is not of intecrcecst in a flying-boat hull becaunse
the wing 1lift rcduces the load at high speeds, but it
does represent the case ol a planing surface craft and is
of some value in the general study of planing phenomena.

Tare correctiongs.~ The windage tare for these tests
was determined with the model attached to the towing gear.
The trim angle was set at 0° and the height was adjusted
so that the keel cleared the water by 2 inches. Several
trim angles and water clearances were tried, and the ef-
fect of chnnges in these quantities was found to be small
for trim angles up to 8° and water clearances down to 1
inch. This metlhod of determining the windnge tare differs
from that used in tests of seaplane-hull models in that
the air drng of the model is not included in the water
resistance, The water resistance does include, however,
the interference betwceen the botitom of the model and the
wvater when the surface is runniang on the water. This pro-
cedure seems to bc logical, Ptecanege a similar interfer-
ence 1ls prescnt in the case of a planing boat running on
the water, No attempt was made to deicermine the tare ef-
fects of air forces on the trimming monert. The noments
used in the final computations arc those actually measured
on the models, correcciced oaly for the noment about the
point of suspension produced by their woights.
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RESULTS

Test data.~ The corrected values of resistance, wet~-
ted lenzth (w.l.), center of nressure (c.p.), and draft
for each speed, load, and trino angle are given in tables

I to IV for the four models. The values given are the
direcct observations for each test point with the excep-
tion of the resistance and the center of pressure. The
center of pressure was determined graphically from the
known trirmming moment and load-resistance ratio as the
jntersection of the resultant water force with the keel
iinc of the model, and is given as the distance in inches
from this intorsection to the trailing edge of the bottom.

The data given in the tables, with the exception of
the drafts, are plotted in figures 3 to 12. The resist-
ance values read from the curves in these figures were
cross-plotted against trim angle to deterzniine the minimum
resistance and the best trirm angle for each load at a se-
ries of selected speeds. The wetted lengths and centers
of pressures for the same loads and speeds were then de-
termined for the best trim angles from cross-plots of
these quantities against angle. The results of these op-
erations were reduccd to nondimensional form, and are
presented as curves of resistance coefficient, best trim,
angle, wetted length, and center of pressure, all plotted
against speed coefficient, in figures 20 to 27, The co-
efficients are the sarie as those used in the analysis of
the test results of flying-boat hulls. (See reference 8.)
They conform to Froude's law of simiiitude, and are de-
fined as follows:

Load coefficient, CA = —ég
wb

Resistance coefficient, Cp = =o3
wh
. - v

Speed coefficient, Cy = ==

’\/ gb

where
A is the load on the water, 1lb.

R, resistance, 1lb.
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w, weight density of water, lb./cu.ft.
(63.5 1b./cu.ft. for weter in W.,A.C.A. tank)

b, Dbean, ft.
v, speed,‘ft./sec.

g, acceleration of gravity, ft./sec.?

The wetted length and center-of-pressure distance in inches
have been divided by the veam in inches to reduce these
quantities to nondinersional form. The results given in
figures 20 to 27 may thus be used with any other consist-
ent system of urits.

Frecision.- The apparatus used in the present tests
____________ rp ,

gives measurements that are correct within the following
linitsg:

Load on water +0.,3 1lb.
Resistance +.1 lb.
Trimming nonent +£1,0 1b.-ft.
DrafE .1 in.

Wetted length +1,C 'in.

" Unstealdy runring of the models causes the scattering
of the test roints to be somewlat greater than these vari-
ations in particular cases. The accuracy of the values
of the ceantcr-of-pressure location depends upon that of
the trimming-moment rcadings. TFor a load of 80 pounds,
ar errcr of 1 “ouné—foot cenges an error of 1/80 foot, or
0«15 inch, in the cewter-of-pressure location. The same
error in trinming noxzent, hcwever, canses an error of 1/5
feot, or 2.4 inchies, for a load of 5 pounds., he scat-
tering of thce values of center-nf-pressure location is
consequently larze for the lighter loads, and the curves
of this quantity for loads less tlan 2C pounds have been
onitted in some cases.
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DISCUSSIOT

Variatioans with speed.- Thre trend of the curves of
resistance, wetted length, and rcenter of rressure against
spzed may be scen in figures 3 to 27. TFor low angles of
dead rise, the rcesistanco for a giveun load and trim angle
tends, in general, to decrease with Incrcasing speed.

With increased dead rise this ‘tenderecy discppears and the
curves for model 30, having the Lighest dcad-rise angle
tested, show a pronounced increase in resistance with in-
croasing speed. The wetted lengths nnd distances from the
trailing edge to tho centers of pressure decrease consist-
ently with increasing speed for 211 loads, trim angles,

and angles of dead rise. The trim augle T, giving mini-
rum resistance varies oaly slightly with speed for all the
plates except model 30, having 3% dead rise. For that
model, T, 1increases with speed through a range of about
2% when tlhe speed coefficient is increased from 2.0 to 5.0.
The tendency of 7T, to remain nearly constant with speed
is contrary to the results obtained from flying-boat tests,
The arparent discrepancy mey be ascrited in part to the ef-
fcect of the afterbody. Tuhae greater portion of the differ-
ence, however, probudbly arises from the fact that the bluff
bow of the boat null rvns in the water at low speeds and
low trim argles, causging nigh resistarce. Consequently,
for speed coelficients Dbetween 2.0 «nc 3.0 increasing the
trim angle of the null reduvces the recistance by lifting
the bow out of the water. The planing surfaces within the
linits of their over-all lengith are not subvject to this
cause of high resistance at low trim angles, and conse-
guently the optimum value of the trim angle is somewhat
lower than that for a boat hull. At Ligher specds, where
the planing bvottom oY the boat hull is loaug enough to kecp
the longitudinally.curved portion clear, the values of the
best trim angle for the lmilsg and planing surfaces agree
fairly well,

Variations with dead rise.- For a given speed, load,
ani trim angle, &n increase in the dead~rise angle general-
ly causes an increase in tle resistance, wetted length,
and distance from the trailing edge to ths center of pres-
sure, There 1s also a definite inerease of the trim an-
gle giving minimum resistance with increasing dead risse,
as may be seen in Tigureg 20 to 27. Tne effect of dead-
rise angle on tne load~resistance ratio is of particular
interest in seaplane {esign, vecaunse of the necessity of
keeping the lauding si:ock as low as is consistent with
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good planing characteristics. TFisure 28 shows the effect
of dead-rise angle on the ioad-resis*snce ratio for a num-
ter of values of the specd and ioad cocfficients. It will
te seen that, in gencral, the smaller dead-rise angles
give higher values of A/R. Tuais effect is particularly
pronounced at high spceds.

cilitate the use of the test results in design work, and
to provide a means ol extrapolating to hisher speeds and
loads than those tested, the values of load-resistance
ratio, vwetted lerngth divided by beam, and center-of-pres-
sure distance divided by beam are plotted against a plan-
ing coefficient

A

¥ = e B

2 p V2 V7

in figures 29 to 32 for the four planing plates. The co-
efficient K 1is based upon tne formulas developed by
Sciroder in refcrences 9 and 10. The assurptions involved
in Schkroder's formulas are that in thc planing condition
tie effect of grevity forces on the flow may ve neglected
and that the friction cocfficient does not change with
speed. All of tle load is thus assuned to te carried by
the dynamic reaction of the water; hence if the ratio of
A/Vz is neld constant for a given nlete Torm, size, and
trim angle, tae values of /A/R, w.l.;b, and c.p./b

will zlso remain constant. The coefficient is made non-
dimensional by dividing 4/V® by 0%%/2 where p is
the nzss density of water and b  the beam, and in this
form it applies to any size of plate. The relation be-
tween K and the coefficicnts Cp and Oy may be shown
as follows:

K —_ e et o e e
3 p V7 b7
vhere p = w/e, the mass density of water, slugs/cu.ft.
A = gcA wbp®
A = Cv \/EB
Ca wb3 C
then K = 1 = 2 E_;
w e 3
5‘ ;‘ Cy~ &b v
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When hulls of the same formn but of different size arc
compared according to Froude's law, that is, with the val-
ues of CA aand Cy the sameo in the two cases, the value
of X will also be the sarc. The converse, however, is
"'not true, since a given value of X may correspond to any
values of CpA and Cy that give the correct ratio of

CA/Cvy2. The use of this planing coefficient is thus con-

fined to cases in which the effeet of gravity, and there-
~fore the limitations imposed by Froude's law, can be neg-
" lectcds The points shown in figures 29 to 32 were calcu-
l1ated from the curves of figurcs 20 to 27 for a serics of
values of CA and Cy. The scattering of the points is
ar. indication of the validity of the assuunptions involved
iz the developuent of the planing cocfficlent K. It may
be scen tuat the scattering is chiefly confined to the
roints for small valnes of CpA, corresponding to a rela-
tively high propcrtion of khydrostatic 1ift on the planing
platc., The points for the highcer values of CA lic reas-
onably close to the wmean curves, thus indicating that the
curves may be used to determine the values of A/R, wet-
ted length, and center of pressure for higher values of
CA and Oy thar those covered by tle precsent tecsts. Al-
thongh thc curves of fizurocs 29 to 32 give only the re-
sults for *he bost trim augles, the sime method may be
usecd to extrapolate tle test results Ter any other srim

to values of load and speed greatcr than those tested.

EXAINPLES

The calenlations for several typical casces will be
#iven herc in order to show thc application of the results
tc dAesign rrodblcoms.

(1) The forebody of a flying bont having 20° dead
rise cerries a lcad of 10,060 pounds at 05 feet per second
on a 7-foot beam. Reguired to find *the lowest trim angle
that will hold tlhe wetted lengtir to 'V feet on the longitu-
dinally straigzut planirg Yottom, aadl the corresponding re-
sistance a:d ceuntecr of prossure. Usisg the griginal model
results (figs. 11 to 14), wec have A&, = Ar (%2\ where the
£/

subscript m represents nodel conditions and sudbscript f
2r\3

the full-scale conditions, theu A, = 10,0C0 (l%$§> =

1029 - 49,1 1b.

1‘;.4. o]
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= 24-0 f.p-s.

(wela)p = % b, = 1.0 X'16 in, = 16 in.

Interpolating between the wetted lengths for 60
pounds and 80 pounds at T = 8% and V = 24.0 feet per
seccond (fig. 13) the wetted length for A = 69.1 pounds
is found to be 17.2 inches. The trim ansle reqiuired to
aive o Wegted loength of 15 inches is thus slightly‘great-
cr than 87, A similar interpolation for T = 10° gzives
a wetted length of 12.6 inches. Interpolation between
these two volucs shows the trim angle for a wetted length
of 15 inches to be 8.5°. The values of Ry aand (ceDe)p
for A = 69,1 pounds are next found by interpolation for
angles of 10° aad 8°, Cross curves of these values, in-
terpolated to T = 8,5°%, give

Ry = 12.0 1%, (cepely = 7.8 in,

from which

fb-p\ ;
E¢ = 12.0C QEZ} = 12,0 X 144.6 = 1,74C 1b,
and
(cepeldp = 7.8 in. K:~; = 7,8X5,25 = 41,0 in., or 3.41 ft,.
- o7

(2) The forcbody of a flying bvoat having 20° dead |
rise carries a load of 10,000 ponuds at 55 feet per sec-
ond on 2 7-foot veam. Required to find the wetted length
of loagitudinally straight planing bottom when the hull
is ruaning 2t the bdest trim angle, and the corresponding
resistance, trim angle, and center of pressure

A 16000 10000
CA = =5 = ———x = Zo" = 0,457
wb® . 64x7® | 21950
= gy =y
Cp = Ve = —28 . 55 _ 5 4y
~vev o Jsz2.2x7 1b

For these values of CA and Cy,» we find from figures
24 and 25,
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= 1.45 RN = 0072 Ty = 6.4°

R = 0.072 wb®

I

0.072 X 21,950 = 1,600 1lb.

Welo, = 1,45 X 7 = 10,15 ft.
CePe = 0.72 X 7 = 5.04 f¢t.

(2) A flat planing surface (0° dead rise) carries a
load of 2,C00 pounds at 30 feet per second. Reguired to
find the beam necessary to give a wetted length of 20
vhen the surface is running at the best trim angle, and
the corresponding resistance, wetted length, and center of
Lressures

The beam is unknown, hence the coefficients CA and
Cy cannot be computed. & direct solution, however, may
be obtained from figure 29, The value of K for

Yele __ s
5 = 2 is 0.112.
A 1 64
-: — — ——— y ] ol - et ot e et e e T N 9
¥ % ; 72 o8 for sea water 5 0 57X %575 0.995
2000 2000
0.112 = Q . 2 — e e N> 1 ¢

0.995 X 30°% v? 0.995 X 900 X 0.112

b = 4,47 ft.

for ¥ = 0.112, % = 7.02 and E%EL = 1.40
2000 ~ o~ .
R = “\:J'O";j‘ = 38) 1b. C.pc = 4‘.47 X 1.40 —_ 6026 ft.

This solution may now be checked, using the known
beam by means of figures 20 and 21,

C - _..é._.. — A.__._?_Q.Q_Q..._. — O 55 c — -—-_Y—--— —— E‘-Q— o 2 5
A% 4v2 T 64 x 89.5 v = &b -

for these values of €A and Cy in figures 20 and 21,
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, | o -
Cp = 0.0493 =205 SRt = 1045

0.0493 wb° = 283 1b. w.l. = 2.15 b = 9.61 ft.

[
f

CsPe = 1ls45 b = 5,48 ft,

.. (4) The forebody of a seaplane float having 30° dead
rise carries a load of 2,000 pounds at 50 feet per second
on a beam of 3,5 feet. Required to find the best trim
angle, and the corresponding resistance, wetted length and
center of pressure at best angle.

200 50
0p = === —x = 0,726 Oy = —rommmmm———— = 4,72
64 X 3.5 v 32.2°X 3.5

This value of CA is outside the range tested, hence the
curves of figure 32 will be used.
2000

X = = 0.066
0.295 X 2500 x 12.2

for this value of X

N 5,15 Wela . CePe _

L= 5.15  Wels = 1,58 CeBe = 0,74

R b b

R = 388 1b. Wels = 5,356 ft. CePoe 2.59 ft,

COJCLUDINMG REMARKS

The test results presented in tuis paper should aid
the designers of seaplanes in malring preliminary calcula-
tions for new designs, and improve the general understand-
irg of the phenomena encountered in the planing condition.
The d esigner shonld bear in mind that the measnrements
given are strictly applicable ouly to tottoms of the forms
tested, running in undisturbded water. The forces recorded
include the water reaction and such air forces as arige
from the interference between the bottom and the water
surfaces. The air drag of the boat hull must be estimated
scparately in order to arrive at the total resistance as
measared in hull-model tests.
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The characteristics of a hull at specds below the
lower limit of planing can be determined only by actual
model tests. The magnitude of the hump resistance, how-
ever, can probably be estimated rcasonadly well for a
hull having a long flat on the planing bottom, since the
hump usually occurs at specd coocfficients within the range
covered by these tests.,

Further work on planing surfaces is included in the
research program of the N.A.C.A. tank. Surfaces with lon-
gitudinal curvature and with arched cross sections will
be tested in the near future. Theoretical work on planing
phenomena, particularly on the form of the wake acting on
the afterbody of a stepped boat, is needed. The appendix
to this paper offers a solution to this problem for a sim-
ple case. It is hoped that the experimeats reported in
the present paper, together with the work dome by Sottorf
and others, will lead to a more scientific foundation for
future design worlk,

Lanzley Memorial Aeronautical Laboratory,
Yational Advisory Committee for Aeronautics,
Langley Field, Va., September 7, 1934.
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APPENDIX

WAXIZ OF ¥LAT OSURFTACT

The experimental resnlts vresented in this paper of-
fer a basis for calcnlating the performance of an unstepped
rlaning surface, or of the forobtoly of a stepped hull, Es-
timating the forces on the aftcrbody of a flviug boat or
hydroplane, however, is complicated by the fact that the
planing surface is working in the disturbed walie of the
forebody. The walle of a V-bottom planing surface has a
comnlex form that changes considera®ly with changes in
the specd, iond, and trim angle. Sottorf has mocasurc
the contours of the wave formation for sevcral planing
surfaces, and tives a good description of their general
characteristics in reference 3. The procecdure involved in
such measurements is so laborious, however, that complete
experiments to detcrmine the wake profiles for all the
cascs covered in the prescnt paper are not practicable,

At ‘combinations of tle independent variadbles that
cause the surface to be supported primarily by dynamic
1ift, the wake of a flat-bottom surface approachcs a fair-
ly simple form. It takes the approximats shapc of a rec-
tangular trough~like depression for a considerabdble dis-
tance aft of the trailiag edge of the surface. A theoret-
ical solution of the wako profile for such a case is of-
fered here in the hope tha*t it will be of scme use in it-
self, and may lead to formulas for enlculating the shape
of the wake for less simple conditions.

Referring to figure 33, it is assumed that the hyfro-
static 1ift is equal tco the weight of water displaced by
that rortion of the surface extcuding below the free-water
surface; then

wha”
fiydrostatic 1ift = ———=>—= (1)
< taun T

vhere w 1is the weight-density of water, lb./cu.ft.
b, ‘Tbeam, ft.
d, draft, ft,.

T, trim angle.

Kepresenting the total load by A and the dynamic 1ift by 1L
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wod® L wba®

B=A-sEnTe BT Y7 FAan T (2)

If the effect of the static 1ift on the wake profile
is meglectecd, and thc wake ordinotes measured Dbclow the
- base line a-a, the dynamic lift L can bte cgquated to
. the downward momentum imparted to the water in unit time,
thus

L = pSVou (3)
vhere P is the mass density of water, slugs/cu.ft.
S, an unknown area of apparent mass
V, the translational speed of the surface

u,. the downward velocity of the water surface
at station 1.

Py this definition, S is an unknown cross—sectional area
of water such that if all the water passing through this
area in unit tiue were given a downward velocity of wu;
the momentum thus imparted would equal the dynamic 1ift.
The subsequent solution depends upon the assumption that

S remain the sazne for all stations along the wake., At
any station a distance x %behind the trailing edge of

the surface the total kinetic plus potential energy of the
make is assumed to bo constant, and equal to the kinetic
energy at station 1, the after edge of the surface.

T 2
XK E, = Q_§51QE£ (4)

The potential energy at any point is equal to the
work required to depress the water surface a distance z
against the hydrostatic head. The potcential energy at any
station =x for unit time is thus

P.TB. = W.PéE_ai (5)

vhere b 1is the width of the trough, assumed to equal
the beam of the surface. The total energy is

p SV u,?= p SV e w bV z2
2 R T (6)




F.A.Cv4, Technical FNotc Yo. 5CY 17

where . u is the downward velocity of the surface at x.
From equation (3), p S Vv, = L, hence (6) may be re-
written

Luy=pSVul+wbdV 22 (7)

Assuning that the specd of the wake relative to the plan-
ing surface equals ¥V, we have

dz _ u _V d=

ax ~ v° v ax

Substituting in (7)

2
s v3 /42y _ 2
5V {3z, =Llwm-vwbVg (9)
"dz - dx (10)
Viuw, -wbd V22 Jos v
1l dz dx
-"/"_:‘:.':::.: f —-/*' s = f sy (11)
AW v b / L U- 2 af p S v
f\’/ w b ¥V z
1 - Z x
7:::::: sin” ! [ -\ = s g C1 (12)
vowov J/F; u, p s v®
‘ w bV
S sz/w BV /~~~———1
z ’\/ —— sin K/p V3>+ Cia v B YV | (13)

z =0 when x =0, hLence ¢, =0

assuning that the wake surface at station 1 is parallel to
the planing bottom, we may substitute V tan T = u; in

(13) to give
g = /2 tan T a0y -44;__ ' (14)
w b \\ S
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From equation (3) L=9p S Vu =p SV tan T,
then -

2 - L __
° 5V = FanT . (15)

" Making this substitution in {(14) to eliminate the un-
¥nown 3, we have : : ‘

z = /-IJ_-t_e_r}_J_ cin (x A/,‘—’!';_P_EE§_£L>

(16)

Rqvuation (16) shows that, for the limiting case cor-
responding to no hydrostatic lift, the wake has the form
of a sine curve, and is indepeadent of the speed. The
velue of z;,yx 1is found by equating

dg
o= 0 as
ix
" tan T
7 = % ._’____"'3:.1_‘}.4.._. (17
nax w D )
and the value of =X corresponding to 2Znsx 18
PO
i // L
x T A e C— (18
“max 2 s w b tan T )

As a check on the assumptions involved in the forego-
ing derivation, the calculated wake forms are compared
with Sottorf's measurements (refcrence 3) of the wake be-
hind a2 flat surface of 0.30-meter (0.985-foot) beam car-
rving 18 kilograms (39,7 pounds) at a speed of 6 meters
(19.7 feet) per second, for threce different trim angles.
The orves are shown in figure 34. It may be seen that
neglecting the effect of hydrostatic 1ift causes a serious
error in the calculated wakxe form for conditions corre-~
gponding to values of I/A (hydrodynanic-1ift/total-load,
equation (2)), appreciably below 1.C. As the value of
L/A approaches unity, however, thoe agrecment becomes rea-
sonably good. It is hoped that furtiaer work on the prob-
ler will lead to & solution taking account of the effect
of hydrostatic 1ift, and possibly to an cxtension cover-
ing the form of the wake beaind V-bottom surfaces.
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el 27, 0% Dead Rise

F,

3/gec.

@

TABLX I. Test Data for M

Water temperature 61

Water density 63.5 1b./ou.ft

Kinematic viscosity = 0.00001233 £t
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TABLE II. Test Data for Model 38, 10° Dead Rise

Water deneity 63.5 1b./cu.ft.

Water temperature

Kinematic viscosity = 0.0000123 £t.3/sec.

61° r.

1Measured from trailing edge.

Trim angle, t = 3° Trim angle, 7 = 4°
Load’Speed [Resist- loenter|Wetted| Draft LoadISpeed ’Resist— loenter|Wetted |Draft
ange of |length ance of |length
pres- pres-
sure sure
1v.| f.p.s. 1b. in. in. in. 1b.|f.p.8d 1b. in. in, in,
51 20.9 1.4 8.0 19 1.0 10 | 14.1 1.1 5.3 15 0.9
31.0 1.1 3.3 16 .9 15.4 1.1 B.0 12 .8
35.3 1.5 4.8 18 .8 17.6 1.1 9.1 8 1.1
26.6 1.2 3.3 14 .8 18.9 1.3 5.1 10 .8
36.3 1.4 2.0 13 .5 20.0 | 1.2 8.1 8 .8
36.3 1.4 2.0 13 .5 31.6 1.4 5.3 9 .B
46.1 1.8 4.8 8 .5 21.9 1.4 9.5 8 .6
48.8 1.1 - 8 .4 23.0 1.4 5.3 B 7
27.3 1.4 9.5 8 .5
28.1 1.3 3.3 8 .5
10 | 20.8 2.5 11.0 35 1.3 37,3 1.5 9.6 6 .3
21.0 2.4 11.0 - 1.1 38.5 1.3 1.9 5 .3
31.1 2.3 10.8 20 1.1 44.5 1.5 3.8 6 .8
25.3 3.4 8.7 21 .9 47.3 1.6 9.7 4 .4
26.3 2.5 9.9 20 .8 —
35.8 2.6 5.9 18 .9
36.8 2.8 8.4 14 .6 30 | 13.9 3.3 13.5 25 1.6
46.0 2.9 9.8 13 .6 15.4 2.5 13.4 23 1.3
47.4 3.1 4.8 11 .8 17.6 2.3 14.4 18 1.4
18.8 2.3 7.7 15 1.2
21.3 2.4 6.6 13 .9
20 | 20,7 4.4 17.9 36 1.7 23.1 2.5 5.5 12 .8
21,1 4.3 18.0 34 1.5 27.9 2.4 5.0 10 .8
25.7 4.4 11.7 26 1.1 38.6 2.6 3.7 B8 .8
26.3 4.7 14.0 28 1.5 44.0 2.7 4.2 9 .7
35,3 5.4 10.2 22 1.1 -
37.5 5.2 8.7 20 .9
47,3 5.7 7.5 16 .8 40 17.8 5.4 19.8 36 2.4
19.86 5.4 - 29 1.4
19.7 5.8 17.1 26 1.8
40 | 31.1 8.3 31,0 55 2.2 3l.5 5.3 16.8 28 1.7
32.4 8.8 30.7 52 2.3 21.86 5.4 14.1 24 1.8
26.1 6.3 26.0 45 1.9 33.3 5.1 10.8 19 1.4
36.3 10.3 17.4 - 1.0 237.9 4.9 7.2 14 1.0
38.5 9.4 14.1 29 1.2 38.5 4.8 4.8 11 .9
36.5 8.1 11.5 37 1.3 44.7 5.4 1.3 11 1.0
46.7 | 10.0 10.2 20 1.0 -
60 | 18.2 8.4 26.0 50 3.9
80 | 35.6 | 13.9 18.8 40 1.5 19.7 8.5 35.0 41 2.8
36.6 13.9 20.7 50 1.5 19.9 8.8 24.5 40 2.8
37.5 | 13.4 18.7 38 1.5 21.3 8.7 23.9 37 2.5
45.4 | 14.4 12.6 27 1.1 31,6 8.5 32.1 40 2.4
46,0 | 14.3 18.0 30 1.2 38.1 7.6 10.7 30 1.3
38.9 7.1 5.8 13 .9
Trim angle, T = 4° 44.2 8.0 5.6 14 1.0
5 | 14.0 0.7 3.1 9 0.8
15.5 .7 8.1 [ 7 80 19.3 11.4 29.5 53 3.5
17.8 .7 8.1 8 .8 20,0 11,5 29.4 50 3.5
18.8 .8 6.3 ” .8 21.0 11.6 38.4 45 3.1
20.0 .8 8.2 [ .5 23.1 11.7 27.2 50 3.2
21.5 .7 4.0 8 .5 86.9 11.1 18.5 30 2.1
22.1 .9 6.9 [ .6 39.0 9.3 7.3 18 1.0
22.4 .8 4.3 8 .7 48.0 9.9 5.7 13 1.0
37.0 .7 8.3 6 .5
27.3 .9 8.8 8 .5
37.8 .5 3.5 5 .5
38.0 .7 6.4 5 4
38.4 .5 - 4 .3
47.4 .B 6.6 4 .1 L J
S A Lo a4 ]

2l
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TABLE II., Test Data for Model 38, 10° Dead Rise (Continued)

Water density 63.5 1b./cu.ft.

Water temperature 81° F,

Einematic viscosity = 0.0000133 £%.3/geo.
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0.0000135 ft.3/asc.

Teet Data for Mpdel 28, 30° Dead Rise
. Kinematio visoosisy =

Water tomperature 80

TABLE 111,

Water density 63.65 1b./cu.ft.
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TABLE IV. Test Data for Model 30, 30° Dead Rise

Water temperature 87° r.

Kinematic viscosity = 0.0000130 ft.3/ssc.

Water density 63.5 1b./cu.f%.
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TABLE 1IV. Test Data for Model 30, 30° Dead Rise (Continued)
Water density 63.5 1b./cu.ft. Water temperature 57° F,
Kinematic viscosity = 0.0000130 ft,2/sec.

Trim angle, = = 8° Trim angle, r = 10°
Load’Speed IHesiat- lgenter |Wetted | Draft Load|Speed | Resist-| 10enter|Netted |Draft
ance of |length anoce 0of |{length
pres- pres-
sure aurs
1b.|f.p.s. 1b. in. in. | in. 1b.| f.p.s. 1b. in. in, | in.
40 11.8 6.9 17.1 40 5.4 40 11.3 7.6 14.9 33 5.8
14.4 7.3 15.9 34 4.8 14.0 7.9 13.3 27 4.6
17.0 7.6 13.4 28 4.2 16.3 7.9 11.23 23 3.8
18.4 7.8 13.0 26 4.0 18,3 8.0 8.5 19 3.8
31.0 7.5 10.5 23 3.4 20.6 8.0 8.2 17 3.3
31,0 7.8 10,7 23 3.4 25.4 8.3 7.8 14 3.6
25.6 7.7 8.5 18 3.7 30,0 8.3 6.2 12 2.2
26.8 8.8 8.8 18 3.0 35.7 8.9 5.9 9 2.0
30.6 8.3 8.1 16 2.4 45.4 8.8 5.0 8 1.5
36.8 8.8 10.7 12 2.1
46.4 9.2 6.1 10 1.7
60 12.3 11.7 17.7 39 6.6
13.3 11.8 17.3 37 6,3
60 12.0 10.6 20.1 48 6.5 13.7 12.0 17.0 38 8.1
13.8 10.6 19.6 44 6.1 16.1 12.1 14.5 30 5.1
16.7 11,3 17.8 a7 5.5 18.3 12.1 12.4 2B 4.8
18.7 11.5 18.0 33 4.9 20.4 12.0 10.6 21 3.9
21.1 11.6 13.4 29 4.3 24.8 12.0 8.4 18 3.3
36.23 13.3 10.8 23 3.5 30.1 13.7 7.8 14 2.8
30.6 12.8 8.3 18 2.8 35.6 13.1 6.3 13 2.4
36.0 13.1 8.0 15 2.6 44.8 14.1 5.3 10 2.0
46.6 14.1 7.0 14 2.0
80 12,3 15.4 16.2 48 7.8
80 13.8 14.5 - 51 7.0 15,0 16.1 19.2 40 6,8
17.4 15.1- 20.5 43 6.0 16.4 16.4 18.0 38 6.2
21.0 16.2 17.5 35 5,1 18.1 16.6 16.2 33 5.5
26.4 16,2 12.5 26 3.8 20.4 16.6 13.86 27 4.9
30.4 16.5 10.6 23 3.2 24.86 16.4 10.2 21 3.8
36.2 17.5 9.0 18 2.8 30.0 17.1 8.1 186 3.0
Trim angle, + = 10° Trim angle, t = 13°
5 10.8| 1.3 6.7 | 14 | 2.0 5] 30.8] 1.1 8.1 3 | 0.7
13.8 1.1 6.8 9 1.6 37.0 .9 7.4 3 .
18.3 1.1 6.6 7 1.4
18.0 1.3 8.8 8 1.6
20.6 1.1 7.5 S 1.4 10 30.9 2.4 5.3 4 .8
25.4 1.0 8.2 4 1.0 37.3 2.5 6.4 3 .8
30.4 1.1 8.5 4 .8
35.8 1.1 6.7 3 .8
45.4 1.3 9.0 2 .6 20 3.1 4.9 4.2 6 1.3
37.0 4,9 4.8 <] 1.0
10 11.1 2.1 8.4 16 2.8
13.5 2.1 7.4 12 2.3 40 31.3 8.3 5.1 ] 1.9
16.0 2.2 7.5 11 2.1 37.2 9.7 4.8 8 1.6
. 17.9 2.1 7.4 9 1.9
20.5 2.1 6.4 8 1.8
25.6 2.2 5.5 8 1,3 60 30.7 14.3 6.0 11 2.3
30,7 2.0 5.2 5 1.1 36.4 14.3 5.0 10 2.0
36.3 2.5 8.7 4 1.1
45,2 2.6 6.0 3 .9
20 11.1 3.9 11.23 22 3.9
14.0 4.1 8.9 18 3.0
16,1 4.1 8.4 14 2.8
18.5 4.2 7.0 13 3.8
20.4 4.2 7.3 12 2.4
25.5 4.1 5.3 10 2.0
30.0 4,2 5.4 8 1.6
35.8 4.5 5.5 6 1.4
45.3 4.9 5.3 5 1.3

lueaaured from trallling edge.
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Figure 3. — Resistance, wetted length and center of pressure.
Model 27, 0°dead rise. T = 2°,
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Figure 4. - Resistance, wetted length and center of pressure.
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Figure 18. — Resistance, wetted length and center of pressure.

Model 30, 30° dead rise, T = 10°
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Model 30, 30°dead rise. T = 12°.
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Figure 28.- Effect of dead rise on load/resistance ratio at
best trim angles.
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Figure 33.- Diagram of wake profile for flat surface.

Sottorf's measurements at center line of surface (reference 3)
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Figure 34.- Comparison of calculated and measured wake profiles behind
flat surface. Beam=0.9851ft., A =33.71b., V=19.7 feet per sec.
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