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Abstract

A mathematical model is presented for predicting the resistance
and trim angle of bare stepless planing hulls in calm water.
Volume Froude numbers covered are 1 to 3,5 for resistance and 1
to 4 for trim angle. The predictive technique is established by
regression analysis of data of systematic Series 62 (with.
deadrise angle of 12.5° and 25°) and Series 65. The mathematical
model is a function of four hull form and loading parameters
(loading coefficient (area coefficlent), ratio of length to beam,
longitudinal center of gravity location, deadrise angle) and
section shape. The method presented makes it possible to estimate
the resistance of planing hulls in the early stage of design and
is sutable for programming.

This paper has been submitted toc the SNAME Sympoéium on
Powerboats - Recreational :and Ccmmercial, Miami, 19th and 20th
February 1985,



Introduction

Besides by the model tests, the resistance of a bare stepless
planing hull form in the calm water can be determined mainly in
the following two ways:

- by means of empirically derived equations, among which those
of Savitsky (1) are the most frequently used, and
~ by use of systematic series results,

It is the objective of this paper to derive a mathematical model
for calculating resistance, trim angle, wetted area, and length
of wetted area of planing hull forms by use of regression
analysis applied to the systematic series results,

The intention of the paper is to anable a small craft designer to
evaluate resistance and trim angle; to perform a parametric study
of planing hull forms in the preliminary design stage and then to
choose the best variant amongst those considered. The mathemati-
cal expressions obtained can be easily programmed, which further
facilitates prediction and optimdization.

An aproach similar to the one employed here was previously used
in (2), but regression equations, number of cases, etec. are quite
diferent, However, for better in-depth understanding, reference
(2) should be considered as a companion paper,

Previous Regression Analyses Conserning Resistance of a Small
Craft

The application of regression analysis to ship data is very well
shown in Farlie-Clarke's paper (3), which could serve as a2 text-
book. In 1it, among other things, is given an extensive review of
regression analalysis of ship data.

Two -papers conserning the application of regression analysis for
calculating the resistance of small craft should be mentioned,
too.

The first one, written by Mercier and Savitsky (4), deals with
the calculation of the total resistance of transom-stern craft in
the non-planing range, specifically for volume Froude numbers
between 1 and 2. The predictive technique 1s established by
regression analysis of the resistance data of seven transom-stern
hull series (NPL, Nordstrom, De Groot, SSPA, Series 64U, Series
63, and Series 62), It should be noticed that of all systematic
series mentioned only one - Series 62 - is hard chine form,.

The second paper was presentewd by Jin Ping-zong et al., (5) and
deals with the calculation of the residuary resistance of round
bilge displacement hulls over a speed range of Froude numbers
between 0.4 and 1.0, '



Available Systematic Series of Planing Hull Forms

Only a few of the systematic series of planing hull forms have
been published. These are:

- Series EMB 50 (6)

- Series TMB 62 (7)

- Series NSRDC 65 (8)(9)

- Series BK and MBK (10)

- Series 62-DUT with 25° deadrise angle (11)

However, the Series EMB 50 is out of date. The results of the
Series BK and MBK are not available in the original form {(some
results are released in monograph (10)).

Practically, the results of only three remaining systematic
series can be used for the regression analysis.

Series 65 consists of two groups of models — 65-A and 65-B.
Series 65«4 hulls are with narrow and shallow transom and as
such, are not suitable for the modern stepless planing hulls, so
they were omitted too. -

The original presentation of the remaining series were different
{different hull form parameters were used, some models were
fixed-to~trim and some were free-to-trim, ete.), With the help of
NSRDC Report 3544% (12) the results of Series 62-DUT were
transformed to the unique basis, as was done with original Series
62 and 65 results and one model named DL-62-A (Davidson
Laboratory model, originated from model 4667-1) in the NSRDC
Report 4307 (13).

In the Report 4307 the tow force was applied horizontally through
CG for wvarious displssements,each for C€,=0 and 00,0004, The para-
meters R/A, T, S/V . Lc/L , and Lk/L were Presented as a
function of two form parameters (LCG/L and Lp/V 3y for Foy=1 to
y,

Hull Form and Hull Loading Parameters Used for Regression
Analysis

Based on E. Clement's papers (14} and (15), the following four
hull form and hull loading parameters were selected:

- loading coefficient (area coefficient) - Ap/V2/3
. - ratio of length to beam - L_/B

- longitudinal centre of gravity location - LCG/Lp

- deadrise angle at 50% of Lp - Bp

However, the multitude of different loading conditions for all of
27 models of accepted series made it necessary to narow the
working space (number of observed cases) to the recomended range
and to treat it with a view to the preliminary design stage

® DUT-Delft University of Technology



'requirements. Otherwise, the accuracy of the prediction in the
early design stage would be diminished, although the working
space would be broader,

After the elimination {(same constraints as in (2)) there remained
15 models with 98 different loading conditions (unfortunatelly
only 52 for F,,=3.5 and 33 for F, ,=4.0). These are the models
given in Table 1 and Figure 1, Lines and body plans of accepted
hulls are given in Figure 2,

The accepted four hull form parameters covered the ranges:

4.25¢a_/v2/3<9, 50
30.0<180-LCcG/L,_<u4.8
5.36<L_/B._<6.%3
13.0°<B_<3% .40

The data used for the derivation of the regression coefficients,
(most of them taken from Report 4307) hold good fgr A=100000 1b
=45,36 t in a sea water 15°C (59°F), J=1.1907-10~% m?/s (1.2817
10°° £t2/s), 921026 kg/m3 (1.9905 1b/ft3), and ATTC-1947 friction
coefficients with C,=0.

Regression Analysis

The analysis of the data was carried out with the aid of
microcomputer Apple IIl+. The program used for the sélection of
the "best subset" was Stepwise Multiple Regression (14) (based on
Biomedical Package Series), However, the stepwise procedure was
not followed strictly because it was felt that it was necessary
to obtain the overall best mathematical model — for an range 1
to 4 — and not only for discrete values of an(1.00. 1.25, 1.50,
1.7%, 2.00, 2.50, 3.00, 3.50, and A4.00), Therefore, in selection
of the best subset the following parameters were varied:

- F to enter and F to remove values

- number of cases (outliers:were discharded)

- number of variables

-= variables themselves

This was done for all four dependant variables (B/A,“?,S/V2/3,
and L/L_), For instance, for R/A more than 140 subsets were
tried before the final one was choosen.

The principal four hull form parameters were transformed into
another set of variables rangigng from -1 to +1. These new
variables, which subsequently were used throughout regression
analysis, are as follow:

x,= (A /92/3-6.875)/2.625
x5=(180(LCG/L_)-37.4) /7.4
x3=(Lo/B -4.8u5) /2,185

xp=(@h-2872)/12.2
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Mathematical Models for Calculation of Resistance, Trim Angle,
Wetted Surface, and Mean Length of Wetted Surface

The same mathematical model was taken for all four answers, and
that is a polynomial equation. Other forms were tried as well
(multiplicative, exponential, reciprocial model, etc.), but there

were not enough reasons for rejecting the polynomial form in all
four cases.

The initial polynomial equation, to which subsequently the least
square curve fitting was applied, had 27 terms, i.e.

Y = bO + blxl + b2x2 +'b3x3 + b4x4 + bsxl%? + bsxlx3 -

‘+ b7xlx4 + ng2x3 + b9}.c2x4 + blox3x4 +‘bllxl

. 2 2 . 2 2 2
+ b12x2 + b13x3 + bl4x4 + bbxlx2 + b16x1x3

.2
+ b17"1"-42 + bw"lez + b19"2"32 “‘."20"2"‘42
+ b21x3x12 + b22x3x22 + b23x3x4, + b24x4x1
+lb25x4x2 i b26x4x3

where Y=7 ("a" regression coefficients), Y=R/A ("b" regression
coefficients) Y:S/V2/3 ("c" regression coefficients), and Y.—.L/Lp
("d" regression coefficients).

Also; fﬁém now on Xg=X X5, x6=x1x3, « . . x26=xux32.

However, for R/A and 7T it was necessary to introduce one "dummy"
variable "z" which forms two distinet groups of data — z=1 for
Series 65-B and z=0 for the rest of the data used (Series DMB 62,

Model 62-A, and Series 62-DUT). The mathematical model included
one extra term in this case

The final mathematical model for R/A and T is actually the same
for all cases, it differs only in the constant term bo.

This distinctive separation into two groups actually acts as a’
fifth variable and should be taken as a section shape only, and
should not be confused with hull characteristics. Tn other words,
all models of Series 62 (TMB 62, 62~A, and 62-DUT) have similar
section shape which for one section, more or less, can be defined
with three points connected with straight lines, However, for



Series 65-B, which looks very much like semi-displacement series,
there is slight curvature of section shape on sides, Also, the
chine does not exist in fore part of 65-B's hulls for about 20%
of Lp (Figure 2).

The results, which were obtained with the use of "z variable",
are in complete agreement with those published in (10), It should
be noted that the importance of section shape, according to (10
is of greater importance than the four parameters (A_/V
LCG/L L /B y %y) used in the current paper. However, according
to (13) and P15) section shape is not of great significance.

In .a previous similar paper by the author (2), this fact was not
realised and regression equations were carried out differently,.

In Appendix I and Appendix T1I regression coefficients are given
for T and R/A, respectively. The magnitude of each coefficient is
given for descrete values of"F_n y a5 well as in the polynomial
form which can be used for calculation of regression coefficients
for intermediate values of F,,.
It was felt to be more correct to do the interpolation of coef-
ficients for calculation of intermediate values, rather than
interpeclation of the final answer.

For displacements other than 100000 b it was necessary to
evaluate the regression coeffjcients of the wetted surface and
the mean length of the wetted surface,

However, it should be pointed out that the exact value of s/v2/3
and L/L_ are not of great importance for the calculation of the
re51sta£ce for the displacements other than 100000 1b.

Appendix III and IV give regression coefficients for S/V2/3 and
L/L., respectively, In a format similar to coefficients for
T and R/A. '

It should be noted that the mathematical model for the
calculation of R/A holds good only for F ny range 1 to 3.50, while
for T, S/V2/3. and L/L, for F,, range 1! to 4 (although values of

>3 50 or even greater than 3.00 should be avoided since number
of cases for these F values were only 33 (fnv=ﬂ.00) and 52
(an—3 50)).

All diagrams and calculation of fitted polynomials in Appendices
I to IV were done with a help of program "Curve Fitter®" (17).

The confidience interval of fitted polynomials of the regression
coefficients were within 95%.
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Boundaries of Applicability

The mathematical model presented may only be used to predict the
performance of a new planing hull whose characteristics are
similar to the data underlying its derivation. First of all, the
distribution of the principal four parameters should be as shown
in Appendix V {(for an=3.50 and 4.00 the range is narrower),

The rest of the hull characteristics and parameters which were
not used in developing the performance equations should also be
within the range of values covered by the data (Table 1),

However, the new design may have any combination of the hull
characteristics of the data considered, which turnes out to be
one of the most atractive features of the regression analysis,

Quality of Fitted Equations - Control Information

Some of the important statistics or quality of fitted equations
or control information, for discrete F v values {output of
Stepwise Multiple Regression program) are glven in Appendix VI,

Control information for fitted polynomials of regression
coefficients (output of Curve Fitter program) are given 1in
Appendix VII.

Finally, the degree of agreement for resistance between the test
data and the results calculated by proposed mathematical model
for eight ad hoe chosen cases, is given in Appendix VIII. The
comparison is rather satisfactory.

N

Conclusions

Recent SNAME Transaction paper (18) under headings "Summary and
Conclusions" suggests:
"Addition of a module which will use the NSRDC Series 62 and
65 hull data as an alternative to the present module",

This is exactly what is given here and that is a new mathematical
model for predicting the performance of the stepless planing hull
forms in calm water. Relatively wide speed range of applicability
should be pointed out — F, =1 to 3.50 {(to 4.00 for 7). The model
proposed can be easily programmed which further facilitates
prediction and optimization in preliminary design stage,

The proposed model may be used together with other performance
prediction methods available (for F, =1-2 Reference (4)y, for
higher an values Savitsky's equations 81). ete.).



For the derivation of the regression equations,data of modern
planing hull forms were used rather than prismatic forms.

Only four (plus section shape) hull form and loading parameters
were used, already accepted in planing hull form design practice,

‘Step-by-step calculation procedure is given in Appendix IX.
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NOMENCL ATURE

Ap ~ Pro jected planing-bottom area

@AP - Diatonce of centroid of Ap forward of transom

Bp - Breadth over chines

Bpa - Mean breadth over chineg - Ap/LP

Bpt - Breadth over chines at transom

Bpx - Maximum breadth over chines

Gn - Deadrise angle at 59% Lp, in degrees

f, = Deadrise angle at transom

3, - Deadrise angle at Bpx .

Cy - Correlation (roughness, etc.) allowance coefficient
Cf -~ Specific frictional reeistance . .

.4 = Craft displacement.at rest, in tons

Vv - Craft displaced volume &t rest, in m’

an - Volume'froude number - v/\fg-vlf3

g - Acceleration of gravity, 9.807 /82
"L, - Projected wetted chine length

L, - Projected wetted keel length

Lp' - Projected chine length

L, - Projected meen wetted length of a craft (ship, boat)
Lm - Projected mean wettedllength of a model (Am=100000 1b)

LCG - Loﬁgitudinal‘center of gravity location, measured
fromjthe transom

R - Total resistance

Re - Reynold’s number - (v-L}/Y

S . - Wetted surface |

r‘] -
'

Trim angle of planing area

Speed, in w's

<
)

- Specific weight of water

- Linear ratio, ship to model

Density of water, 1026 l-cg/mr5 (sait w)
' 6

<, vD M =
i

‘- Kynematic viscosity, 1.1907-10" n/ s
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Control Information

APPENDIX VI

n - number of cases
k - number of predicted variables
R - multiple R squared (coef. of determination)
s - standard error of est.
D.F. - degrees of freedom
F - F-test (F ratio)
Foy [ 1,00 | 1.25 [ 1.50 11,75 |2.00 [2.50 W
dynamic trim - ¢
n 95 94 94 9y 94 95
k. |12 13 13 13 11. 15 ..
R [ 95.20 { 97.69 ] 96.79 | 96.90 | 96.91 |97.31
5 " 10.3116/0,29040,3466 [0.3726|0.3885j 0.3067
D.F.| 82 80 80 80 82 79
F 135.39] 260.59 185.83 192.60| 233.56|190.82
resistance - R/A
n 96 95 95 913 92 92
k 9 10 g 10 1 12
RZ 1 96.74 [ 98.19 | 97.79 | 96.12 | 95.70 | 94,82
s103]1.3131| 5.6215 5.0736[ 6.4251| 7.0991]5.2511
D.F.}l 86 84 85 82 BO 79
F 283.16| 455.95 U418.78| 203.18| 161.76[120.46
———————————————— J-ﬂ---—-——‘--—-—"‘_--_---'-------'
wetted area SIV2’3
n 97 a8 97 98 97 97
k T 7 T T 7 T
R [ 83.58 | 87.84 | 87.21 [ 87.11 [85.97 |89.51
5 0.4295; Q. 4242 0,8678] 0.5285| 0.6041|0.5663
D.F.|} 89 1) 89 90 89 89
F 64,73 | 92.87 | 86.68 | 86,86 | 7T7.88 |108.52
length of wetted area - L/Lp
n 95 95 g6 98 96 96
k 6 7 7 ki T 5
Re 1 86.72 |86.23| 83.64 | 79.59 | 82.88 | 88.50
810 6,209 | 4.988 | 4,731 | 65.093 [ 4.663 [ 4.014
D.F.[| 88 B7 88 90 a8 90.
F 95.80 L?T.HS 64.28 | 50.14 | 60.86 | 138.52

3.00 3.50 4.00
94 51 33

14 10 ]
96.09 | 96.34 | 96,33
0.2833(0c.1449 {01844
79 40 24
138.50| 105.32|78.67
92 48 -

13 13 -
90.43 [ 97.79 -
6.0267| 3.5451| -

TR EL -
56,67 | 115.63| -

97 51 33

7 7 7
BR.30 { 94,68 | 97,04
0.5567] 0,3743]{0,2551
A9 43 25
g5.94 | 109.34| 117.04
96 51 32

5 5 5
92.92 { 91.99 | 79,76
2.897 { 2.548 | 3.057
90 us 26
236.40 103.50| 19.R8

25



APPENDIX VIX

T-'"a" coef,| R/A="b" coef. S/Vw—"c" coef,| L/L_.-%"d" coefl,
COEF | = P
No. R? ¥ R? 1 R? 1 87 2
std. error std, error std. error ard. error
0 96.9 99.5 99.7 99.9
n.212 3.37-10" 0.093 5.68-10"3
z 00,0 98.9 - -
n,022 1.78-10"3
1 93.1 99.0 . 90.6 99.7
0.213 2.82-10"3 0.050 3.53-10"3
2 39.5 99,1 99.1 99,0
0.058 1.92 10-3 0.085 y.20-10-3
3 99,6 98.8 99.5 99,8
0.176 4,30-10"3 o.0b2 2.28:1073
y 99,1 99.9 N 97.5 99.9
0.075 6.40-10" 0.136 5.83-10"3
5 - 99.8 - b
1.32-10°3
6 99.7 97.8 - -
0.066 1.94-10"3
T - - - gh.n
A.01-10"3
8 99,9 - - -
0.024
9 96,1 - - -
0.116
10 - 99.9 u - -
4,73-10"
1 91.2 96.5 - -
0.226 2.50-10"3
12 99.4 99.6 96.1 -
0.085 6.99.19=" 6.095
13 98.7 . 99,3 91,14 95,7
0.153 2.10.10"3 0,140 5.4A-10-3
14 99.5 100.0 - -
0.031 2.66-10~"
15 - - - -
16 98.8 - - _
0.136
17 - 98,8 - -
1.96-10~3
18 100,0 99.6 - -
8.20-30"13 2.59-10"3
19 100.0 98,1 97.2 - .
0.026 1.93.10-3 0.094
20 - 99.5 - 99.3
t.84-10"3 n.o12
21 - - - -
22 - - - -
23 99.9 99,9 y - -
0.0k3 7.69-10"
24 - - - -
25 94,2 - - -
0.222
26 - - - -
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27
« 1EST DATA :
MAT. MODEL A 100000 b = 451 « LS50Q00N
R R
ry kY
A 3
o
015 |—= .. 0.5
\ - .
10 OB 4k 70 | MODEL |62-4A 040 0Bk 80 | Mopet | 188
. aptv2a 59 Ap/v¥3s 250
LCG/Lp| = 353% ' . LCGILpl » 300
Lp =150 m ; Lp=i5y m
aos T
*Fry > Far
R ]
ry x5
A - A
-
TS P BN 0.15
‘—n—._._~
o 08 = 50| MODEL | 565 ol ' ’/'
{ Api v n5.0g . ”“,,—,4
. [ ]
_ LCG/Lpi= £23% | ) ‘//>,f’ 0B 4: 60| MODEL | 4667-1
o Lp=i1Sdi m 3|,
p =
005 0055 Apl V1% B.45
. LCG/ Ly |2 09
Lp » 2238 m
* Fny * Foy
R . R
a ry
3 / rs
0.ls b . 0.15 V///’J
‘/ .
010 ,””’ 0.10
' / 08 4 30 | MODEL |518¢& : / 0B 4k 40 | MODEL (5236
Apt 928« 169 , Ayt v3Bs 769
LEG/Lpl|e 34 LCG/L, |=34 *h
uos Lp v 2485 m - 03 ' ez m
>F > Fay
R i R
a -y
Jr 4
015 0.15 f— ’//;//
/
O.IU - — 0.10 7/
' o810 MODEJIJ' 52[40 / 0B t# o  MODEL 5239
3
. Al 977 = B2 Apfvifie g8
- I p J/,«"’" LCG/p # 34 %%
O.E ] I-p TR RJITIT 0.05 ( LP a2 45.52 m
-F,, —* Foe
1,00 150 2.00 250 o 150 " 100 150 200 2.50 3.00 150

Comparison of resistance of proposed mathematical
model with results of measurements for eight ad hoc
chosen hulls



APPENDIX IX
Step-by-Step Calculation Procedure

The calculation procedure for a proposed {(new) hull in the
initlial design stage should be as follows:

t. Princg al hull form parameters should be calculated
(Aplv ' LCG/Lp. Lp/Bpa. Gn).
2, Check if the above parameters are within the range given in

Appendix V.

3. Calculate principal four independent variables (x1, Koe Xgq,
and xy,). ' i

4, Calculate the other independent variables {xg to x56).

S. Multiply them with the coresponding regression coefficients
given in Appendices I, II, III, and IV,
For the Intermidiate Froude numbers cone can calculate the
regresslion coefflclents using polynomial expresions,

6. At this point one should select which series (65 or 62) is
most appropriate to the new design's section shape, Tf
it is the Series 65 then value of b, and a, should he
added/subtracted from constant term bo and 3. respectively,.

7. Addition of terms gives values for various Froude numbers
for T, (R/A)qjgggggs S/V2/3, and L/L .

Fairing should be applied if necessary.
.If the mass of the new design is approximately 100000 1b = 450000
N = 45 t, terminate the c¢alculation procedure, Otherwise go to 8.

8. The scale ratio should be calculated according to (13)
( 4,2100000 1b = 45.36 &, § =104.6 kg-a%/m?)

B 3
A= V 28 .%E = v Eﬁ. 2.3, 44 in tons, ¢, in kgs’/at

&m s 3

9. Calculate the length of the model as L m=Lly/A . Then
calculate the mean length of wetted area for each Froude
number of model and of proposed new design as

L Ly,
Lm = ( E;) Fpm' ,LB a Lp)'Lp'

10, Calculate Re value

5.885-an-Lm LF 4.9423 106
for model Re = ——"—¢ = . o4, ,
T 1.1%7-10 o nv
' - Ly Fret g-V1/3
for new design ReB = J

11. Schoenherr's friction coefficlents should be ecalculated for
the model as (Cplyggopog=f(Fpy)s And for the new design as
Cf'=f(an) which need not be Schoenherr's, Correlation
coefficlent Ca may be applied if desired.

12. Calculate the new design's R/A according to the relation
givenen in (4)

R K 1.8 .
2 = o000 * (Cg' + Cg) - (Crlino000’ 275275 v

Note should be taken that the results apply only to the
conditions which are equivalent to ‘those in Report 4307 (towing
tank conditions, tow force horizontal through €G, etec.).
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