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ANDRZEJ ZBOROWSKI, TRUONG SY KAP

Gdassk

~ Investigation of the Ship Viscous Resistance Components
and their Dependence on the Hull Form Parameters Based
on the Body of Revolution Analogy

A method for calculating the ship friction resistance based on the Zazurca’s proposal [1] was
developed. The proposal deals mainly with a simple transformation of the actual ship form into a body of
revolution for which characteristics of the potential flow and the boundary layer were calculated. Algorithms
and computer programs were elaborated. Based on these programs systematic calculations were perfor-
med of the ship frictional resistance for about eighty ship forms for which results of model resistance tests
were available. The ship forms used embrace a wide range of fullness. Calculations showed evidences of
boundary layer separation, viz. for some forms of larger fullness the velocity of the potential flow and the
shear stress reached the zero value at some distance from the trailing edge. The distance changed in
2 systematic way with the ship form parameters.

The method of friction resistance calculation was verified for a single case using experimental results
for four geometrically similar models of the series 60 as published by Conn and Ferguson [3]. The
comparison showed a satisfactory agreement between the calculated and measured values of the friction
resistance components.

The calculated friction resistance of all the ship forms analysed was then compared with the viscous
resistance of the forms obtained from the tank tests for the non-wave-making Froude number range. The
excess of the viscous resistance over the friction resistance calculated was assumed to be the viscous
pressure resistance. In this way the viscous resistance was split into the friction and pressure components.
Both components found for all the models of the sample of forms collected were then analyzed by means
of the regression analysis. The statistical generalization was proposed giving relation between the friction
resistance, viscous pressure resistance, boundary layer separation length and the ship form parameter.

Nomenclature

B — breadth, Hs  — shape factor at the point of flow separation,
Cpy  — block coefficient, ky, k, — form factors,
Cr  — friction resistance coefficient of the body, L — length,
Cro — friction resistance coefficient of a flat plate, R, — Reynolds number,
Cp  — viscous pressure coefficient, Xp  — longitudinal position of the centre of
Cs = — separation drag coefficient, buoyancy,
Cy  — viscous resistance coefficient, X5  — relative length of the separation area
F, — Froude number, < Xs)

* s ST 1}
H — shape factor (%), L

[87]
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Ss — section area at the point of the flow sepa- ‘6  — boundary layer thickness,
ration, 8* — boundary layer displacement thickness,
SM _— mxdsh:p section area, . 6 — boundary layer momentum thickness,
SS / SMs

1. Introduction

In view of lack of any consistent theory for calculation of the ship friction and
viscous resistance simplified theoretical and experimental models have been adopted
since W. Froude famous plank work. His conception of the equivalent flat plate has
been used up to date with only a few additional assumptions. A more recent approach
is that of using a body of revolution as a model of ship form; this enables resistance
and propulsion chdractcnstxcs of a ship to be assumed on a more rational basis
[4, 5, 6].

The possibility of modeiling the ship hydrodynamic characteristics by means of
those of a body of revolution has been examined over the last decade by different
authors. To mention some of them, the work done by Matheson, Joubert and others
from the University of Melbourne should be pointed cut. These authors examined in
a series of papers the use of a body of revolution as a model of reflex ship forms for
the estimation of skin friction. In their last paper, after a careful and comprehensive
experimental and theoretical study, they came to the conclusion that a body of
revolution based on the equality of perimeter variation is not a good hydrodynamic
model of a reflex ship huil form [7]. /

Similar approach was taken by Zazurca [1]. He used the pressure field cal-
culated for an equivalent body of revolution to estimate the ship skin friction
resistance. This approach, despite of its inadequacy as mentioned above, was
adopted in the present work to perform systematic calculation of the ship friction
resistance for different hull forms and to investigate how the viscous resistance
components are changing with form parameters. Appendices 1 and 2 give some
details of the calculation methods adopted. Respective algorithms and description of
the computer programs are given in [2].

The results of exemplary calculations of velocity potential, yelocity dismbutlon
over the length of the hull, boundary layer characteristics and viscous resistance
components for a tanker model are given in Appendix 3. :

The suggested calculation method was verified using some experimental results.
Such a verification is usuaily limited by lack of experimental data on skin friction of
ship forms. Direct measurements of skin friction are scarcely available and often not i
reliable as the measurement techniques have not been developed sufficiently well |
For the purpose of the present analysis the friction resisiance of our geosim models
of the series 60 found indirectly from the measurements of pressure distribution as
performed by Conn and Ferguson [3] was used. From the experiment the pressure
resistance of the models was estimated and deducted from the total resistance, giving
the model frictional resistance. The experiment was carried out in the range of
Reynolds numbers from 9.5x10° to 3.9x10° In Fig 1 the friction resistance
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—— Experimental results
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Table 1

Results of calculation of friction and pressure resistance coefficients for

60-series models, C = 0.60, speed-length ratio 0.56

Fig. 1. Comparison between experimental and calculated friction and pressure resistance coefficients

R, 10-° 0948 1.539 2.309 3889 2
C; 10° 4954 4418 4035 3617
Cy 10° 0210 0421 0429 0531

coefficient Cp estimated experimentally is given for the speed-length ratio equal to
0.56 (Froude number 0.166). The values of frictional resistance coefficient calculated
by means of the theoretical method adopted are given in Table 1 for four geometri-
cally similar models investigated by Conn and Ferguson. Fig. 1 shows comparison
between the friction resistance coefficients calculated and found experimentally. The
comparison shows good agreement between the expcnment and the theory adopted
for the case considered.

2. Evaluation of viscous resistance components

The described method for calculating the skin friction resistance of a ship form
was used to split the viscous resistance measured on ship models in the non-wave-
-making Froude number range into two main components, viz. the friction and
pressure resistance. This can be expressed in terms of nondimensional coefficients as
follows:

Cy = Cp+Cp. 1)

Both the resistance components are assumed to be dependent on the body form and
the Reynolds number.
To find the necessary Reynolds number function it can be assumed further on
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that both resistance components are proportional to the flat plate friction resistance
Cro :

C=(11L)C,, @)
Cp= k,Chryg, - 3

~where k, and k, the are so called form factors which express the influence of the form

characteristics on the skin friction and pressure resistance. respectively. Equations 2)
and (3) can be accepted only under assumption that both k, and k, are not functions
of the Reynolds number.

The conception of form factors k, and k, is convenient in some ship resistance
analyses due to the fact that the complex viscous resistance function can simply be
represented as a product of two functions, viz. a function of the form parameters
(ky and k) and a function Cj, of the Reynolds number. Substituting (2) and (3) into
(1) we have

Cy = (1+k)Cpo+k,Cpp 4
or ‘ :
Cy = (1 +ky +ky)Cp,. &)

Knowing the form factors (1+k,) and k, it is possible to esumate the friction and
pressure resistance and the viscous resistance of the ship form.

In the present paper both viscous resistance components are analvzed in terms of
the form tactors (1 +k,) and k,. The way by which the form factors are estimated is
a combination of theoretical and statistical approaches embracing the following steps:

-a) with the aid of the equivalent body of revolution method as described in
Appendices 1 and 2 the skin friction resistance for 86 models of available ship forms
is calculated. Hence the value of C; in equation (1) can be found.

b) From equation (2) the form factor (1+ky) is deduced as

14k = - ' (&

FO *

where Cg, is the ITTC-1957 friction resistance coefficient for a flat plate,

. BO¥5
™ (ogR,—27

¢) The viscous resistance coefficient Cy in eq. (1) is found from known model test
results of the ship forms considered for the non-wave-making Froude number range
d) Lhe viscous pressure resistance in the present analysis is defined as the ditie-
rence between the viscous resistance measured and the calculated friction resistance
Cp = CV—Cp. (8)

The viscous pressure resistance coefficient C p estimated in this way for four geome-
trically similar models of the series 60 is compared in Fig. 1 with the pressure resis-
tance found experimentally by Conn and F erguson [3].

e) The form factor k, is estimated from €q. (3) as

M
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_ e
Cro

The proposed method of analysis has been verified preliminarily by systematic cal-
culation of the resistance components and the range of separation for ship forms of
different fullness and Reynolds numbers. By assessment of the trends of variation of
these characteristics with form parameters and Reynolds number the method can be
evaluated. Table 2 shows the results of calculations of the Reynolds number influence

ks ©

. : Table 2
Influence of the Reynolds number on the resistance components, Cy =
_=065F, =017

10° R,
09484 1.5387 2.3087 3.8805
10° Cro 4742 4277 3939 3.560
10° Cy 5.165 4342 4464 - 4.148
10° C; 4902 4536 4206 3.792
10° C, 0263 0306 0.355 0356
14k, 1.034 1.061 1.065 1.065
k, 0.055 0072 0.090 © 0200

on the resistance components and the form factors for four geosim” models of the
series 60 (Cp = 0.65). It can be seen from the table that the variation of the factors
with the Reynolds number is negligibly small except for the smallest model (R, =
= 0.95 x 10%), for which the discrepancy obtained can be explained by the inade-
quacy of the ITTC basic line used for the region of small R,.

Table 3
Influence of the Reynolds number and block coefficient on the length of separation X5

R, 7.768 1.260 1.891 3211 5.894 9.563 4.636 2335 7.311 1.125

Cr 5 x10° x 10° x 10° x 108 x10° x 10° x107 x 108 x 108 x10°
0.65 = e S — — — — — — -

0.70 0.630 0.573 0.544 0.513 0.503 0.493 0.480 0.480 0480 0.480

0.75 2414 2.305 2252 2.240 2.190 2.186 2172 2172 2172 2.172

0.80 2.895 2.305 2.715 2.678 2.668 2.657 2.657 2.667 2.647 2.647

| Table 3 presents the results ot calculation of the relative length of separation

| ¥ zone as defined in Appendix 3. The calculations were performed for four series of

zeosim” models of different block coefficients. In this way the influence of the
ullness and Reynolds number could be studied. It can be seen from the table that the
mggested method gives the results which could be expected in advance, viz. that with
m increase of fullness the range of separation increases. No separation was found for
the block coefficient 0.65. Also the increase of the Reynolds number leads to
=duction of the separation region unless the Reynolds number is greater than 10”.
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The calculation shows that beyondAthis value the range of separation\does not vary
with the Reynolds number.

3. Discussion of the assumptions made

The basic assumption of the suggested method as used in the present analysis, viz.
that the form function k = 1+k,+k, (eq. (5) is independent of the Reynolds
number, requires more detailed discussion in the light of the results of recent
investigations of the problem.

The research work carried out by Gadd on doubled models in the wmd tunnel
[8] showed that the above assumption is not satisfied only in the case of large
separation area on the body surface. If no separation occurs or its region is restricted
to a rather small area and the line of separation shifts towards the end of the body
with increasing Reynolds number then it can be assumed that k is only a function of
form characteristics of the body and does not depend on the Reynolds number. In
practice this assumption is fulfilled for large models of even full forms (C; = 0.83)
provided that R, is greater than 4-10°. Accordingo results obtained by Gadd it can

~ be further assumed for such forms that the viscous resistance' C, (embracing the
friction and pressure resistances) is proportional to the skin friction resistance of the
plank as expressed by eq. (5). It was also shown that the hypothesis of proportiona-
lity is not satisfied in the case of bodies with large separation area or bodies with
fixed separation point as, for instance, ship models with transom stern. Fqi' such
forms separation drag does not change with the Reynolds number. However, because
the friction resistance decreases with increasing R, the proportion of the separation
drag in the viscous resistance increases. Therefore it can not be assumed in this case
that the viscous resistance is proportional to the skin friction of a plank. The
separation drag or base drag of forms with transom stern is relatively higher for the
normal size than on a model. :

For the forms of large separation area or forms with transom stern having con-
stant separation drag with variation of R, the following relation has been suggested
[9] in place of equation (5)

Cy =(14k)Cpo+Cs, e - (108
where Cg is the separation drag coefficient (or the base drag coefficient).

From the point of view of scaling laws of the ship resistance all hull forms can be
divided into streamlined bodies if they follow equation (5) and bluff bodies if their
drag coefficients satisfy equation (10). The resistance components C, in eq. (1) ané
Cs in eq. (10) are due to the pressure difference and both are components ot viscous
pressure resistance. They follow different scahng laws and therefore should be
considered separately.

The object of the next part of the work is to examine the effect of the form
parameters variations on the viscous resistance components defined by equations (4

or (5). This is done by analyzing the form factors k, and k, as dependent only on the
ship form. o
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4. Influence of form parameters on the viscous resistance
components and length cf separation area

The problem how the form parameters affect the viscous resistance components
and separation area has been studied by means of a statistical method. First of all 86
statistical data were collected in connection with model test results of ship forms
having block coefficients between 0.50 and 0.90. The data were taken from [9, 10, 11
and 12]. - '

For these models the friction resistance coefficient Cp, pressure resistance

coefficient Cp, separation area X ¢ and form factors (1 +k;) and k, were calculated by
means of the method described in section 2. The results of calculation are given in
Table 4 for Cz > 0.8, and in Table 5 for C < 0.8, together with geometrical particu-
larities of the models. These values were plotted to find how the considered hydro-
dynamic characteristics correlate with the form parameters. Examples of the plots

Table 4
Form parameters and hydrodynamic characteristics calculated for the ship model, Cy > 0.8
No. | Cpx10® | B/T | LB LT oL X bus X, L ox100 | 6 %100 L1tk |k
1 5817 2063 | 5934 | 27670 | 0834 |-3993| 0514 | 390 4,1046 38684 | 1310 | 0,080
2 5,504 2760 | 7,042 | 19351 | 0831 | 320 | 0,520 | 500 43258 40663 | 1,377 | 0089
3 5,063 3,120 | 5917 18484 | 0849 |20 | 0424 | 425 4,1401 38684 | 131 | 0092
4 6,579 2630 | 9709 | 25510 | 0583 | 18 | 0560 | 4,50 4,0072 37267 | 1,262 | 0095
5 6,682 2,750 | 9434.| 27933 | 0862 | 16 | 0480 | 525 4,0545 37208 | 1,260 } 0,113
6 6,752 3950 | 9615 | 28409 | 0884 | 12 | 0711 | 625 4,0869 37326 | 1,264 | 0,120
7 6,398 2,500 | 9150 | 24213 | 089 | 1,1 | 0800 | 725 4,1283 37503 | 1,270 | 0,128
8 | . 5446 2,710 | 6993 19011 | 081 | 42 | 0266 | 425 4,3011 40413 | 1369 | 0088
9 5458 2,620 | 7,143 18657 | 081 | 31 | 0324 | 438 4,1578 3,9541 1,339 | 0,069
10 5,774 2600 | 7813 | 20243 | 0825 | 29 | 0219 | 363 4,1578 39393 | 1334 | 0074
i1 5,385 2620 | 7042 | 18450 | 0829 | 51 10289 | 438 42346 39925 | 1352 | 0,082
12 5385 2320 | 7042 | 18450 | 0815 | 51 | 0289 | 438 | 41638 39482 | 1,337 | 0073
13 5417 2620 | 7042 | 18450 $os30 | 46 | 0316 | 400 4,0869 37857 | 1,282 | 0,102
14 5,156 2120 | 7299 | 15432 | 0824 | 33 | 0327 | 400 | 41342 39216 | 1,328 | 0072
15 | 5350 3200 | 6350 { 22727 | 0825 | 33 | 0290 | 275 4,0309 38094 | 1,290 | 0075
16 4,062 2,100 | 6,325 15733 | 0814 |-01 | 0240 | 188 42228 | 40456 | 1,370 | 0,060
17 5,801 2600 | 7,875 | 20284 o815 | 28 | 0050 | 188 3,8832 36765 | 1,245 | 0070
18 5,575 2760 | 7,143 | 19724 | 0819 | 36 |®333 | 34 43202 40544 | 2373 | 0,090
19 | 5805 430 | 7813 | 2033 | 0870 | 250 | 0300 | 475 3,9983 36676 | 1242 | 0112
20 5,805 260 | 9153 | 2033 | 0819 | 310 | 0300 | 325 4,0456 38448 | 1,302 | 0,068
21 5,646 250 | 7634 | 19047 | 0801 | 240 | 0386 | 275 40013 38004 |<1,240 | 0065
2 - [iossn 269 | 7,002 | 19120 | ogo1 | 320 | 0040 | 125 3,9895 38300 | 1,297 | 0054
23 5,509 271 | 6992 | ‘19011 | 0802 | 420 | 0060 | 1,50 4,0456 38802 | 1314 | 0,056
- 24 4954 414 | 8787 | 20450 | 0804 | 1,10 | 0280 | 338 38923 37119 | 1,257 | 0061
25 5373 230 | 6711 18,656 | 0,805 | 3,10 { 0355 | 338 42021 40102 | 1358 | 0065
26 5,610 368 | 7,576 18,868 | 0,807 { 300 { 0157 | 163 39718 37769 | 1,279 | 0,066
27 5,610 300 | 7.519 18,797 | 0,793 | 385 | 0090 | 1,63 | 39688 38182 | 1,293 | 0051
28 5375 406 | 8400 | 18182 | 0853 | 191 | 0384 | 438 3,9806 36410 | 1,233 | 0115
29 5,495 466 | 8525 18,182 | 0798 | 204 | 0060 | 1,50 3,7089 35554 | 1204 | 0052
30 5,483 340 | 7273 18,182 | 0840 | 095 | 0297 | 362 4,0660 38153 | 1,292 | 0,085
31 5464 350 | 7273 18,182 | 0802 | 200 | 0308 | 425 39482 37474 | 1,269 | 0,068
2 5477 332 | 8273 18,182 | 0845 | 490 | 0296 | 375 50663, 37710. | 1,277 | 0,100
33 | 5434 250 | 7273 | 18182 | 0826 | 19 | 0707 | 500 39777 36913 | 1,250 | 0097
34 5,260 265 | 6631 17,543 | 0810 | 450 | 0150 | 225 4,1312 39688 | 1,344 | 0,055
35 5477 250 | 6750 | 18182 | 0802 | 208 | 0329 | 2,50 4,0220 38448 | 1,302 | 0,060
36 4918 282 | 665 | 18083 |.080 | 1,50 | 0212 | 275 39540 37857 | 1,282 | 0,057




.Form parameters and hydrodynamic characteristics calculated for the ship model, Cy < 0.8

Table 5

: S o 7 e b o 103
No. Model o L/B BT i X, X, &5 X, Cre10° Cy:10° C,-10° kil 2 1 0 v‘v";,#;c
j bl (T=T) WT=075T)(T=05 D{T=025T) Ce/Cr, Coq o
wm

1 | a0w 6,60 7.5 2 C - L = - 38837 38355 0,0482 1,194 0015 — 3211
2 | 4252 0,60 6.5 30 = - - Ly L 40050 3,8766 0,1284 1,207 0,040 3211
3 1 458 0,60 b 30 . ‘o . - 38810 3,7782 0,1028 1,177 0032 - 3211
4 | 4254 0,60 85 20 . e - . - 38720 3,8238 0,0482 1,191 0,015 - 3211
51 a4 0,60 7.5 35 o - = - 40330 38275 02035 1,191 0,064 = 3211
6 | 4253 0,60 75 35 - - o - - 3,909 38416 0,0574 1,197 0,021 - 3211
7 | a4 . 060 85 35 - - e - 3911 3,8468 00642 1,196 0020 - 3,211
8 | 42w 0,65 725 2,50 - - oo - 39458 38816 0,0642 1,208 0,020 - 3211
5. | 4n 0,65 6,25 3,00 L o . 3,993 38142 0,1798 1,190 0,056 - 3211
10 | 4275 065 7,25 3,00 . — - - - 4,002 38222 0,1798 1,190 0056 T 3211
1t I 4078 0,65 825 300 - - - — . 3.892 38246 0,0674 1,191 0,021 — 321
12§ 4265 6,65 6,25 3,50 - - 5 - - 4025 38195 0,2055 1,189 0,064 - 3211
13 | 43 0,65 75 350 . - . o 3918 3,779 0,1381 1,177 0,043 “ 3211
14 | 4266 0,65 8,25 2.50 = — - — 3,890 3829 00610 1,192 () BT 3211
151 200w 0,70 7,00 2,50 L 0,533 - - - 39438 37511 0,1927 1,168 G0c0 | 2,480 3211
16 | 425 0,70 6,00 300 L 1,098 - - L 4139 38243 03147 1,191 0088 | 2140 3211
17 | 4259 6,70 70 3,00 = - ~ - - 4,047 38351 02119 1,142 0,066 - 3,211
12 | 4258 0,70 8,00 300 - - - el 3.39i 3,7754 0.1156 1,176 06,036 — 3211
19 | 4245 0,79 6,00 3,50 o 0,545 - . - 4,032 3,7912 0,2408 1,181 0075 | 2338 3211
20 | 4257 0,70 7,00 3,50 - - - - 4058 3,8076 0,2504 1,186 0,078 3211
2t {4246 0,70 8,00 3,50 - - o - - 3979 3,7863 0,1927 1,179 0,060 - 3211
2 | aiw 0,75 6.75 2,50 19314 2,6534 - - 4,0071 38531 0,2440 1,200 0075 | 250 3211
23 | 4276 0,75 5,75 300 - 2079 2929 — i 4,195 38546 0,3404 1,204 0106 | 2709 3211
2 | 4219 0,75 6,15 300 - 1,557 2,402 - - 3982 3,1926 0,1894 1,181 0059 | 2500 3211
25 | 4278 0,75 115 300 i 1,058 & i - 3929 38006 0,1284 1,183 0040 | 230 2211
26 | 4269 07s 1575 3,50 . 1,868 2,696 1 4122 3,3555 0,2665 1,201 0828 | 240 3211
21 | 477 0,75 6.75 3,50 o 1271 2,066 - o 39701 3,7871 0,1830 1,179 0057 | 22 3211
28 | 4214w 0,80 6,50 2.5 - 2,795 4276 - 4,1905 3,8565 0.2344 1,230 0073 | 2446 3211
29 | 4260 086 5,50 30 - 3,025 4047 . - 4434 4,004 0,3436 1274 0107 | 250 3211
30 | 4263 0,50 6,50 30 i, 3,048 4322 3404 — 4,102 3,8034 0,2986 1,185 0093 | 220 3211
31 | 4262 0,80 7,50 30 - 295 3,825 2,640 o 3,999 38013 0,1927 1,184 0060 | 220 3211
32 | 428 0,30 55 35 3438 4,152 3,648 - 4262 39698 02922 1237 0,091 2,626 3211
33 | 421 0,80 65 35 o 2,998 4019 2,882 - 4,064 3,820 02440 1,189 0076 { 2,501 211
34 | 4250 6,30 75 3,5 2,792 3,644 ol 4,005 3,7834 02216 1,078 6069 | 2,525 3211
35 835 0585 | 7235 240 - i — - - 17360 36862 | 00498 1,184 0,016 -~ 3,114
3 833 0610 | 7235 240 — -~ - - — 3.7449 3,6826 00623 1,183 0,020 — 3,114
37 795 0634 | 7235 240 e e : o “L] 3,6949 36233 60716 1,164 0,023 3,114




(17.1)

cd. Tab. 5

38 720 0.658 1,235 2,40 — — — — - 3,7645 36711 00934 1,179 0,030 — 3114
39 796 0,683 7,235 2,40 - 0,906 L - e 3,8609 3,6678 06,1931 1,178 0,062 211 3,114
40 719 0,707 7,235 240 . 1,061 - i s 3,8826 3,6646 0.2180 1177 0,070 2,34 3114
41 834 0,732 7,235 24 i 1,628 L i 3,8959 3,6623 0,2336 1,178 0075 2,635 3,114
42 251-Al1 0,518 7,070 225 i - - - i 5200 51666 0,0534 1,160 0012 4453
43 251-A2 0,518 797 325 L - - . 5,250 51565 06,0935 1,158 0021 i 4452
44 249-A3 0,518 8,916 225 o e e — 5,170 4,6802 04898 1,153 0,100 . 4453
45 269-R0 0,518 6,775 3,35 - L - e . 5215 51215 0,0935 1,160 0,021 o 4,453
46 264-R1 0,605 7,013 3,35 1,168 o i 5,280 5117 0,1603 1,150 0,036 2,196 4453
47 267-R2 0,645 7.25 335 L 2,126 - il i 5455 52324 1,2226 1,174 0,050 2,384 4,453
48 260-D2 0,518 5,65 390 - . 5,360 51772 0,1826 1,162 0,041 - 4,453
49 261-E2 0,523 5,65 445 i o L g 5,525 5,3914 0,1336 1,22 0,030 4,453
50 270-R2 0,60 7,67 280 jr 1,174 = L i 5,320 51330 0,1870 1,15 0,042 2319 4453
1+K, |
1 L +
13 1 o+ -:. +4:+ ?5 T +
e +t T e o * o+ +4

42 1 £y

M1

40 | 1 ‘ i i 2 ) + : i

50 55 60 65 70 75 &0 85 49 95 Lig 10

Fig. 2. Relation between form factor (1+k,) and L/B for Cp>038
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are shown in Figs. 2 to 5* The plots show a distinct trend of changing the form
factors (1+k;) and k, and separation area 5(—3 with the length-breadth ratio L/B,
breadth-draught ratio B/ T, block coefficient C; and longitudinal position of the
centre of buoyancy X . Also the relation between the form factor k, and the relative
transverse section area at which separation of flow occurs §s was established (with
S, s = Ss/Su» Sy being the midship section area and the subscript S desngnatmg the

point of separation).
In Table 5 there are included the values of separation area X calculated for

* For the complete set of plots see: Truong Sy Kap, D. Sc. Thesis, Technical University of Gdansk
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different draughts 7, 0.75 T; 0.5 T; and 0.25 T. Table $ includes also the shape factor
H, which is the ratio of the displacement thickness of the boundary layer é* and
momentum thickness 0 calculated for the point of separation of the models with
separated flow. It can be pointed out that separation in two-dimensional turbulent
boundary layer occurs at H, = 1.8 —2.4. Extension of the two-dimensional boundary
layer theory to the special three-dimensional case of a plane of symmetry, made by
Johnson, yielded the criterion of separation H, = 1.8 [14]. As it is seen from Table 5
the shape factor H, for all the models with separated flow is larger than 2.

The relations between the hydrodynamic characteristics considered and the form
parameters were found by statistical method based on the regression analysis and the
least square method. When forming the equations, conclusions drawn from correla-
tion plots were taken into account as far as the trend of a particular relationship
was concerned. The details of the statistical approach are given in [15]. In that
reference different equations were tried and solved by statistical method using the
data from Tables 4 and 5. Some combinations of form parameters tried were com-
plex and led to complicated relationships. They enabled the study of influence of
form parameters to be performed as did the data included in Tables 4 and 5. Some
efforts were also undertaken to obtain certain simplified formulations for calculation,
(1+4k,), k; and X These are as follows :

. Ci »
B T
* - s e ;
X = 12.137—-L£,i,2~+ 1.279, (12)
9
k, = 0.0177+0.573 Cs for C4;< 0.8
2 =0, + 0. lm or Ly <O, (13)
B
ky = 00482255 L 002 for €, > 0.,

(5)

5. Conclusions

To study the complex three-dimensional flow around the ship form an analogy
with a body of revolution was applied. The simulation of the real ship flow by that of
the simplified form,although inadequate from theoretical point of view,leads to some
conclusions which can have practical significance, particularly when the results
obtained are treated in some statistical way. This refers to the study of the influence
of form parameters on the flow characteristics of the ship form. From the study
a general trend of the influence of basic ship form parameters on the viscous resistance
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and its friction and pressure components could be evaluated. Also the relation be-
tween the form parameters and the separation area could be investigated.

The thebry applied gives results which based on our previous knowledge can be
accepted qualitatively. The calculations performed provide also many quantitative
informations and reveal some new trends that should be confirmed experimentally
on bodies of revelution and actual ship forms. :

Reeeived by the Editor, October 1982,
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Appendix |
The principles of the calculation method

a. Velocity potential of the body of revolution

|

Calculation of the velocity potential as performed following Zazurca’s work [1]. Fig. 6 shows the

cylindrical system of coordinates adopted and the basic quantitics involved. The body of revolution in the
coordinate system is defined by

R = Ry(x),
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4

>

~ Fig. 6. Cylindrical system of coordinates adopted in calculation of flow characteristics
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Fig. 7. Location of singularity and velocity components

fts motion can be described by the following velocity components

Uy — radial velocity,
The resultant velocity potential of the flow is a sum of the potential of velocity in infinity U, and the
potential of the induced velocity ¢(x, R)

and it satisfies the Laplace’s equation

U — UN + U, — axial velocity.

®=U,+9(x R)

720 =0.

The following boundary conditions are considered

1. If x or R approaches infinity, U, = Up =0.
2. The resultant velocity vector must be tangent to the surface of the body at the point R = Ry(x).

Fulfiliment of condition 2 leads to the following expression for the velocity potential of the body

where S(x) = nRE(x); g(¢) — strength of the singularity located at the point Q(¢, 0), Fig, 7.

2UN-S(x) = f a(6)

i
Xx—&

o

(x—¢)P+R3

dg,

(14)
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The resultant velocity can be expressed as - -

U= (UN+U+U,.

For R=R,
U=U, = JIUN+(U)ger, P+ Upion,
Sinze
(Ux’ﬁ=xo = RA[UN‘F(Ux)x=x°]
we have

U, = J1+R; [UN+(Ux)R=ROJ-

The final equation for calculating the resultant velocity along the body of revolution is as follows

L

- 1 X :

Lo= JA+RHUN+— g — gl ‘ 1

V14 o( '4ﬁjq(f'[(x—-fz+R3]3’1 ») (19)
(4]

Values of giZ) can be found from an approximate solution of equation (14). The equation is a Fredholm

eguatior: of the first kind and can be substituted by a set of algebraic linear equations of the type

Y AKX, X)g(Xp) = AiX), (16)

m=1
b+a
where g(X';) is the unknown function. 4 are coefficients found from the Tchebychefl formula A, = =
Xy — are abscissae corresponding to the Tchebychefl division, X; are abscissae corresponding to the
section considered.
The set of equations (16} can be solved by means of the Gauss method [2].

b. Equivalent body of revolution

The friction resistance of the ship can be assumed to be equal to the friction resistance of the equivalent
body of revolution. The equivalent body of revolution is defined by two conditions: the pressure field and
the wetted surface. The pressure field of the ship form is obtained from that of the body of revolution for
which the distribution along the length of the transverse section radius is obtained from the following
relation :

hs (x)
%
where S(x) is a transverse section area of the ship form at distance x. 5 :
The radius of the equivalent body of revolution R, adopted for calculation of the boundary layer
characteristics is found from the formula

P
R,="=, L)
k¢

" where P is the wetted perimeter of the ship form section.
Appendix 2

Calculation of the boundary layer characteristics

To calculate the boundary layer characteristics the following equation for turbulent flow is adopted

P 6dU, 6 dR, 1 ,
—+(2 — ———=_C/. .
dx+( +H)U, d, R, dx ZC" T uy

i
{
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The above equation is solved by the so called parametric method. similar to that applied in the case of
laminar flow. For the turbulent boundary layer the following parameters can be used

T

r=20Gwmm, €= G(Re)

- eU;
It can be shown that

{=3(f) and H=H( ).
With these parameters equation (19) can be transformed inio the form

aq U, . R
—=_°fF a0 20
& U U”u; 2R0f, v
where 5 . .
F(NH=0+mi-B+m+(1+mH]Lf 21

The function G(R}*) can be evaluated by different methods for the regions far away from the boundary
layer separation point and close to that point. Loitsansky [16] suggested the following functions along
the body for a completely turbulent boundary layer

: G(RY*) = 153.2 R**',
1
Thus form = -
us for m 3

7 (19 7
F)=-—{—+-H
N - (6+6)f
an be obtained from eq. (21),
The function can be presented in the form

F(f)=a-}f
where a = 1.17 and b = 4.7 + 4.8.
Solution of eq. (20) leads to the following equation

- Ue(x) _ - R
Sid = M G f UEPTRE)Med:. = = (22)
’ = -
By means of the function fix) the following quantities can be found: the momentum thickness 8, tangential

stress coefficient £, shape factor H(f), local stresses 7o and skin friction resistance R;

JU,
g de 23
U.G(RY) -
& = 1.0+ 0.1367/+ 001572 +0.003332, W
H = 1.4—0.070f+0.0291312 +0.01083/° + 0.001606/%, 25)
2
e wﬁf" (26)
G(R¥*)
Re = [1,ds, 27
S
2R,
- 28
f T e(UNYZS =

In case of a body of large fullness the procedure for calculating the boundary layer characteristics will be
the same as outlined above for the region some distance apart from the separation point, but it will differ
_ for the region close to that point. In the latter case, after the function S(x) has been found, the new function
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Jx) should be introduced

Jx)

: 5

where f, is the shape factor at the point of separation estimated experimentally, f; = 3.3 + 6.8 [161.
For calculation of 0, &, H and 1, equations (23),. (24), (25) and (26) are applied, respectively, with

Jix) being used instead of the functiop f. The separation point 5 defined by the equality 74 = 0.

Je) = 29)

Appendix 3

Numerical example of calculation of the ship viscous resistance components -

The calculation method described in Appendices 1 and 2 was applied to compute the velocity potential,
velocity distribution, boundary layer characteristics and viscous resistance components of a tanker model
of the following characteristic parametes: !

length on waterline Ly, = 8549 m
length between perpendiculars : Lep= 8374 m
mean draugth ‘ T= 0568 m
breadth - B= 13713 m
displacement D= 5525 kG
wetied surface 5= 18.503 m?
block coelficient Cg= 0.834
The calculated characteristics of an equivalent body of revelution, viz.
T -
Sti) = [Y@)dT; ; (30)
(4]
0]
R(i) = —(l) 31
P
Rpli) = - (32)
4

are presented in Fig. 8.

The potential g(%) and the velocity along the hull were evaluated following equations (14) and (15)
The boundary layer characteristics 0(i), H(i) and 1, were calculated by means of equations (23), (25) and
(26), respectively. The results of calculation for V= 1.26 m/s are shown in Fig. 9.

The skin [riction resistance Ry and its coeflicient C, were calculated according to equations (27) and
(28), respectively.

For the ship form considered in the present example the total resistance coeflicient Cy is known from
experiment for wide range of Froude numbers F,. Assuming that in the non-wave-making range of F, the
only component of the total resistance is the viscous resistance, ‘

Cr=Cy

and C, = Cp+ Cp according to the assumption made previously. :
Having the skin friction coefficient C; calculated theoretically by the method described in Appendices
1 and 2 we have :

€=, -C,

The form factors k, and k, are calculated using relations (6) and (9).
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Fig. 10. Resistance components of the tanker calculated by the prop

As was stated above the point on the body surface at which t, = 0 was taken as the boundary layer
" separation point. The distance between the point and the trailing edge is designated by X, and expressed
nondimensionally as
X,

5
X, =22-100. ‘ 33)
£Pp (

Fig. 10 presents the results of calculation for the given example.

Badanie skladnikéw oporu lepkosci statku oraz ich zaleznosci od parametréw ksztaitu
kadluba na podstawie analogii do ciala obrotowego

Streszczenie

Celem pracy jest badanie zaleznosci skladnikow oporu statku od parametrow ksztattu kadluba. Dia
wyodrgbnienia skladnikoéw oporu, tzn. opér tarcia i cisnienia, z oporu lepkosci opracowano metode
obliczania oporu tarcia opierajgc sic na koncepcji rownowaznego ciala obrotowego. Zgodnie z tg kon-
cepcju charakterystyki przeplywu potencjalnego statku oraz charakterystyki warstwy przysciennej mozna
obliczy¢ postugujgc si¢ analogia ksztaltu statku i ciala obrotowego. Obliczony na tej podstawie opor
tarcia zgadza si¢ z wynikami badan cksperymentalnych. Opor tarcia policzono nast¢pnie dla 86 models
statkéw, kiorych opor calkowity znany byl z badan eksperymentalnych. Obliczony opor tarcia przyréwna-
ny nastepnie do oporu lepkosci znanego z doswiadczenia dla ,bezfalowego™ obszaru liczb Froude’a po-
zwolil na wyznaczenie oporu cisniecnia spowodowanego lepkoscia wody. Oba skladniki oporu: tarcia
i cisnienia wyznaczone dla rozwazanych modeli sy nastepnic przedmiotem analizy statystycznej, majacel
na celu wyznaczenie ich zaleznosci od parametrow ksztaltu kadluba.
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JcceoBanne KOMIIOHEATOB COMPOTHBJICHNHS BA3KOCTH Cy/(HA A TAKIKe HX 3aBHCHMOCTH
OT nmapamMeTpoB GOPMBI CYIHA HA OCHOBE AHAJIONHH K OCCCHMMETPHIHOMY Texy

Pesrome

Llenpio paboTH! SBNSETCA HCCICAOBAHNE 3ABHCHMOCTH KOMIIOHCHTOB CONPOTHUBJICHUS CyAHA OT Ia-
JaMeTpoB QopMbl Kopnyca. Jlis Beienenns KOMIOHEHTOB CONPOTHBJICHHS, T.€. CONPOTHBJICHUS TPEHUSN
4 ZABJIEHHA H3 CONPOTHBJICHAS BA3KOCTH, pa3paboTaH METO/ pacicTa CONMPOTHBIICHUA TPEHUSA HA OCHOBE
JeH - SKBABAJICHTHOTO OCECHMMETpHYHOTO Teyia. CorlacHo ¢ 3Tol wjieell xapakTepuCTHKA HNOTEHIMABHOTO
“ESeHHS CY/HA, 2 TAKXKE XapaKTEPHCTHKH OTPAaHAYHOrO CJIOSl MOXHO BBIMMCIIHTH NOJIb3YSICh aHAIOTUCH
JopMBI CVIHA H OCECHMMETPHYHOTO Tena. BrruucieHHoe Ha 3TO# OCHOBE COIPOTHBJICHHE TPEHHS COBIIA-
eT C Pe3yNLTATAME OSKCTICPHMEHTANBHLIX MCCIEAOBaHMH. BEIMHCICHHOE CONPOTHBIICHAC TPCHHI,
D2BHABAEMOE 3aTEM C CONPOTHBJICHHEM BA3KOCTH, M3BCCTHBIM M3 ONBLITA JULA ,,0€3BOTHOBOI 30HKI
wmcen ®pyna, NO3BOJNMIIO ONPEHEIUTh CONPOTHBICHHE ABJICHUS, BRI3BAHHOE BSSKOCTBIO BOJRI. O06a
OMTIOHEHTBI COTPOTHBIICHUS: TPEHNUS U JARJICHNS, OTPE/ICTICHHbIC /ISl PACCMATPYBACMEBIX MOJEJIEH, SBISHOTCA
\&TEM IPEAMETOM CTATHCTHYECKOrO aHAJN3a, ENbI0 KOTOPOro SBJISCTCA ONPE/IETICHHE X 3aBHCHMOCTH
T napaMeTpoB GopMEI Kopryca. \




