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Simplified Method to Calculate Wave Force 
U sing a Scientific Electronic Calculator 

Satoru Inoue * and Kuniharu Okuda * 

In coastal fisheries of ]apan， facilities such as set-nets， net cag己s，and artificial reefs are commonly used. Design-

ing of such facilities requires calculation of the wave force. However， wav巴forcecalculations have previously been 

made using a computer becausεthe mathematical treatment of waves is complex and even in the easiest wave 

theory， a hyperbolic function was applied. Furthermore it needed an integral calculation incorporating the water 

d巴pth.On the other hand， curr巴ntlyavailable scientific electronic calculators are commonly εquipped with a hyper-

bolic function and memory function. Consequently， we devised a simplified method of wave force calculation using a 

scientific electronic calculatol‘and compared it with the conventional method using a computer. We regarded such 

fish巴ryfacilities as submerged cylinders for the sake of simplicity and calculated the wave force acting on them by 

both methods. It became clear that we can regard that there is little difference between wave force estimated by the 

simplified method and the one by the conventional method if the cylinder length is smaller than 0.167 times the wave 

length. That means the simplified method is effective. Finally， th日calculationby the simplified method requires 

only a scientific elεctronic calculator， which allows the wave calculation to be easily done by hand. Furthermore 

the simplified method is applicable for use in lectures about wave force and thus has applications in education. 

Key words : wave forces， wave particle velocity， cylindrical bodies， submerged cages. 

I ntrod uction puter， we confirmed it is appropriate for use 

Development of coastal fisheries is one of the important 

tasks for th巴Japanesefishing industry du巴tothe setting of 

200 nautical mil巴sfishery zone 1). In coastal fisheries of 

J apan， facilities such as set-nets， net cages， and artificial 

reefs are commonly used. The wave force on these facilities 

2 Calculation of the wave force on a 

submerged body using small amplト

tude wave theory 

in coastal fisheries is also an important problem， although 

it was of little concern in the offshore and deep sea fishery， 

which mainly uses fishing boats. 

Designing of such facilities ther巴forer巴quirescalculation 

of the wave force. How己ver，wave force calculations have 

previously been made using a computer because the mathe-

matical treatm巴ntof waves is complex and even in the 

easiest wave theory， a hyperbolic function was applied 

Furthermore it ne巴dedan integral calculation incorporating 

the water depth 2) 

Present scientific electronic calculators ar巴commonly

equipped with a hyperbolic function and memory function. 

Consequently， we devised a simplified method of wave 

force calculation using a scientific electronic calculator 

Comparing it with the conventional method using a com-
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(1) Elements of waves 

As wave force differs with the type and features of 

structures， it is classified in many kinds of theories 3) 

However we applied the small amplitude wave theory be 

cause of the wave calculation on the fish巴ryfacilities. 

Elements of waves are show;n in Fig. 1 . In the figure， T: 
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Fig. 1 . Elements of waves. 

* Departm己ntof Fishery Science and Technology， National Fisheries University 
(井上悟・奥田邦晴.水産大学校海洋生産管理学科).
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wave period， L : wave length， H: wav巴height，h: water 

d巴pth，z: depth from the water surface (vertically upside 

indicates positive)， u : horizontal velocity of water partic-

les of waves，μ: horizontal acceleration of water particles 

of waves 

In the small amplitude wave theory， elements of waves 

used for wave calculation are expressed by the following 

equations : (1) to (6)， where g is the acceleration of gravity 

4) In that theory， waves are c1assified into deep water 

waves and shallow water waves. In order to distinguish 

d巴epwater waves from shallow water waves， the subscript 

o is attached to each symbol representing deep wat巴r

waves. Furthermore， maximum values are applied to the 

velocity and accel巴rationof water particles because max-

imum values of wavεare only ne巴dedin the wave force cal-

culation as describ巴dlater 
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As the above equations show， a hyperbolic function can 

be applied to calculate the elements of wav巴s.Therefore in 

the past， a computer was indisp巴nsabl巴tocalculate the 

elements of waves. How巴verat pr巴sent，using a scientific 

electronic calculator equipped with the hyperbolic function， 

it is very easy to calculate th巴elementsof waves 

(2) Calculation of wave length of shal!ow water wavεs 

The wave I巴昭thof shallow water waves (L) is neces 

sary to calculate the horizontal velocity and acceleration of 

water particles of waves. However， as shown in equation 

(2)， L is前 ededto calculate L. This means that the direct 

calculation of L is impossible. On that point， in the past， a 

computer was also indispensable to calculate L 1). But at 

present， using a sci巴ntificelectronic calculator， we are able 

to calc百lat巴Lvery easily by iterative calculations. In addi-

tion， if we use the memory function of a scientific electro 

nic calculator， the calculation is far easier. We will show 

the method as fol!ows. 

First， it is necessary to decide which equation， for d巴巴p

water wav巴sor shallow water wav巴sshould be applied 

under the given conditions. The criterion of judgment is 

whether the relative water depth (hIL) is larger than 0.5. 

That is， hlL <0.5 indicates the application of shallow 

water waves. We can use Lo as L for this discrimination 

(1) 

The Lo can be easily calculated by equation (1) if the 

wave period (T) is given. 

Secondly， we apply the Lo to L of the right side member 

of eq臼ation(2) as exp巴dient.Let the calculated L be L 

Additionally， applying this LI to L of the right side mem-

ber of equation (2) again and get L2・Repeatedly，出III(2) 

this L2， we can get L3. In this way， using th巴iterativecal 

culations we get L i from L i -1 • 

(3) 

Then the value of L i changes f1uctuatingly and converges 

to a certain val ue (Fig. 2 ). If the difference between L 

(4) 
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Fig. 2 • Relationship between repetition number (j) and 
wave length for sl叫 lowwater (L). 
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and [;-1 becomes smaller than the allowable error， we re 

gard L， as the wave length L of shallow water waves. The 

number of iterative calculations will be smaller than 5 or 

6 unless thεrelative water depth is very small. If we in. 

put the values of Lo (=gT2/2π) and 21[ h into the mem-

ory of the scientific electronic calculator， and us巴themto 

calculate each [;， we are able to calculate very efficiently 

F百rthermore，if we input the calculated values of [; into 

maximum wave force. Then the maximum drag force (dFD 

m日)and the maximum mass forc巴 (dF¥fm，，) acting on dz are 

expressed by巴quation(8) and (9) respectively. 

dFρmaxItG  P 叫 m，， 2.dS (8) 

dF¥fmaxここCM・p・Um，，'dV (9) 

the memory and use them to calculate the next L，十 1，the Namely， 

calculation can be achieved very rapidly 

(3) Calculation of wave force 

Wav巴forcein the horizontal directio立 actingon a sub 

merged body in progressive waves can generally b巴ex-

pressed by equation (7) 5). Here we consider about the 

wave force on a cylinder set p日rpendicularlyin the sea 

(Fig. 3). 

dF=すC[)'p'u'lul'dS十 C.I!'p.I!'dV (7) 
where : dF (horizo丑talwave force acti時 onthe s巴ction

with vertical dほ ancedz)， CD (drag coefficient)， CM (mass 

coefficient)， dS (projected cross sectional area of dz sec 

tion of the body to the direction of wave flow) ， d V 

(volume of dz section of the body)， 11 (horizontal velocity 

of water part凶 esof waves)， u (horizontal acceleration of 

water pa山 clesof waves) 

This relation was sugg巴stedby Morison et al. Wave 

force is expr巴ssedas the sum of the drag force from water 

particle velocity and the mass force from water particle 

acceleration. 

The requisite wave force in designing the facility is the 

Z 

wave 

Fig. 3. Wave forc巴actingon a submerged cylinder. 

FD山口j::ihd九 max (8)' 

Fu max = f ::~/I dF~l max (9) ， 

As the velocity of the water particles reaches 90
0 

0日tof 

phase of its acceleration， drag force FD reaches the max. 

imum (FDm，，) and mass force F¥f becomes 0 at the peak of 

waves. However at the still water 1巴velof wave shap日，

mass forc巴F¥fis at the maximum (FMm"，) and the drag 

force FD becomes O. 11mね3叫 and叫 m，日‘は， in the formulas (8) an 

(ωω9ωare giv 巴I註1by the 巴Q中叩ua抗叫tion(4) and (ωω6紛). 

Fromthe compositio荘。fsingle vibrations F = F，ρmax' sin 

O十F¥fm，，，'cos8‘Therefore，the maximum wave force (F 

""，，) can be calculated by equation (10). 

Fm"" =feFDm"，，)2十 (F¥fm，，)2 (10) 

(4) Simpl出edmethod of the wave force calculation 

Since th巴velocityand acceleration of water particles of 

waves are functions of the water depth from the water sur 

fac巴(z)shown by equation (3) to (6)， calculation of the 

wave force acting on the submerged body is calculated by 

integration from the depth of water of the upper part of the 

body (ZI) to thεlower part of the body (Z2). Therefore 

the calculation must be done using a computer. But here， 

as a simplified method， wave force is calculated by using 

the water particle velocity and acc日lerationof waves at the 

central part of the body (zc) as follows 

① Distinguish whether shallow water waves or deep 

water waves 

h/L。与さor< 1/2 

② Calculation of water particl色 velocityand acc巴lera-
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tion of waves 

(a) Deep water waves 

(b) Shallow water waves 

③ Calculation of the maximum values of drag force， 

mass force and wave force 

FDmox (8) (dS→ S) 

FM'"" (9) (dV→ V) [:;[ 
※In the calculation of water particle velocity and 

acceleration of waves， zc is used as z. Instead of dS 

and dV， projected cross s巴ctionalarea of the whole 

body (S) and volume of the whole body (V) are 

used 

3 Comparison of the calculation by in-

tegration with the calculation by sim-

plified method of the wave force 

When w邑regardfishery facilities such as net cages and 

floating fish aggregating devices as submerged bodies and 

calculate the wave force acting on them， let us consid巴r

thos巴facilitiesas cylinders for the sake of simplicity. 

Namely we calculate the wave force acting on a cylinder 

(diameter: D， length: e )， which is set in water (water 

depth of the sea bottom: h， water depth from the water 

surface at the central part of the cyli吋巴r:zl丘ωc)S山 ta凶a幻in山m

wave (wav巴period:T， wave height: H) . 

We set the wave conditions as follows considering the 

observed values around Japan 6) 

T = 6. 9. 12. 15 sec 

H = 4， 8，12 m 

h = 20， 40， 60 m 

We also set the cylinder conditions as follows 

D = 2， 6， 10 m 

e 4， 8， 12， 16， 20 m 
Zc = e /2 -h/ 2 m 

Although values in an unsteady flow originally must be 

applied to CD in equation (8)， from the viewpoint of prac 

tical use， val ues in a steady flow are generally applied 5) 

CD of cylinders in finite length in a steady flow changes 

accordi月初出eslenderness ( e / D) of cylinders 7) 

Under the condition above 日出oned，the slenderness (e 

/ D) changes from 0.1 to 2.5. Therefore， in this paper， we 

used CD of cylinders according to slenderness (e / D) for 

the calculation of wave force. We used 2.0 for CM of cylin-

ders. 

Under these conditions， we carried out the calculation of 

wave force by the simplified method and by integration 

from the depth of wat巴rof the upper part of the cylinder 

(Zl) to the lower part of the cy linder (z 2) using a person-

al computer. We applied Simpson formula to the integral 

calculation 6) 

We made th巴calculatedvalue by the simplified m巴thod

F、andone by integration F， respectively. In ord巴rto com苧

pare the difference between the two values， we examined 

the relationship between F，/F， and other factors which 

were made dimensionless. We can get 15 dimensionless faじ

tors as follows， H/  L， h/ L， D/  L， e / L， zc/ L， h/ H， 

D/H， e /H， zc/H， D/h， e /h， zc/h， e /D， zc/D， 

zc/ e 

As the result， it was clarified that F，/F可 isclosely re 

lated to e / L and is more remotely related to other 14 fac-

tors. We show the relationship between e / L and F，/F， 

in Fig. 4. In Fig. 4， F，/F， increases in proportion to the 

square of e / L. Although there is som巴variationof F，/ 
F， for the same value of e / L， it is due to the influence of 
other factors. Then weεxamined the relationship between 

F，/F， and oth巴rfactors for the same e / L. However we 

could not d己termineany other relationship. Although th巴

range of variation is large when e / L is large， it con-
verges to zero as e / L becomes small. 

As T is a function of L (e中国ion(1) and (2))， natural司

ly F，/F， at small T (= 6 seconds) ar巴totallydistributed 

on the right side and F，/F， at large T (= 15 seconds) are 

distributed on the left side. But they completely overlap 

with each other. A solid line of thεtwo curves in the fi-

g臼reindicates a regression curve of the total data (number 

is 2，304) and the correlativity is very high (P = 0.995)ー

On the other hand， the broken line indicates th巴linewhich 

connects upper limit of data. Former is shown by a regres-
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Fig. 4. Relationship between e / L and F，/.久 F，: the calculated value by integration， F、:
the calculated value by the simplified method. The solid line indicates a r邑gres-
sion curve of the total data (number is 2，304). In the regression巴quation，Fi/.F， 
becomes 1.05 in the case of e /. L equals to 0.167 

sion equation① and latter is shown by a regression巴qua也

tion② 

民/.F、=1.79・(e /. L ) 2 + 1.00 
Fi/.F， ヱコ 2.39 ・(e /.L)2 十 1.00 

① 

② 

We consider that th巴reis no diff巴rencebetween the two 

values， value by the simplified method F， and the one by 

integration Fi， when the differenc巴issmaller than 5 %， 

that is Fi/.F、issmaller than 1.05. In the regression equa-

tion①， Fi/.F， becomes 1.05 in the case of e /. L equals to 

0.167. That is， if the cylinder司 length(e ) is smaller than 

0.167・L，we can regard that there is no difference between 

the two values. When we put e /. L = 0.167 into the re-

gression equation ②， we can get Fi/.F， = 1.066. This 

means that th巴upperlimit of Fi/.F旬以 e /. L = 0.167 be-

comes 1.066. W巴canalso regard th巴remight be no differ 

ence b邑tweenthe two values 

Data in the case of e /. L > 0.167 account for 13.7 per-
cent of all data. How巴ver，on close inspection by period， 

the case of T = 6 seconds is main. Data in the case of T 

= 6 account for 53.1 percent and they account for 13.3 

perc巴ntof all data. On the other hand， data of e /. L > 

0.167 in th巴caseof T = 9 account for 0.4 percent of all 

data. Therefore in the wave， whos巴periodis larger than 

9 seconds， almost Fi/.F， become smaller than 1.05 under 

the condition above-m巴ntioned.Namely we can regard that 

ther巴isno difference between F， and Fi under such con-

ditions. Consequently it is eHective that the simplified 

method about wave calculation which we proposed in this 

paper. 

Furthermore， spheres are also often regarded represent-

ing submerged bodies. If we compare the calculated wav己

force on sph巴resby the simplified method against the one 

by int巴gration，it is clear that there is far less difference 

between the two methods than in the case of cylinders， be-

cause the projected cross sectional area and volume of dz， 

which is the section at water depth at the central part of 

the body， become maximum in the case of spheres. That 

m巴ansthat th芭simplifiedmethod about wave forc巴calcula-

tion on a sphere is more邑ffective

4 Conclusion 

We took cylinders repr巴sentingfishery facilities and 

compared the calculated wave force on them by intεgratlOn 

using a computer against one by the simplified method us-

ing a scientific electronic calculator， which we proposed in 

this paper. The latter is the calculation using water parti-

cle velocity and acceleration of waves at water d巴pthfrom 

the water surface at the central part of the cylinder町Itbe-

came clear that we can regard that there is no difference 
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betw巴巴nthe wave force by integration and the one by sim 

plified method if the cylinder length is smaller than 0.167 

times of wave length under the conditio日above-mentioned.

This means that the simplified method about wave calcula-

tion which we propose in this paper is effective. Thus， the 

calculation by the simplified method needs only a scientific 

electronic calculator， and it can b巴easilydone by hand. It 

might be very convenient for designing fishery faciliti巴S

against waves. Furthermore it is applicable for use in lec-

tures about wave force and thus has applications in educa-

t!On 
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関数電卓による波力簡易計算法

井上悟・奥田邦靖(水大校)

定置網・ 1静養殖施設・魚、礁などの各麓水産施設の設計には波力計算が伴うが，本来波力計算において

は，コンピュータによる種分計算が避けられないのが実情であった。一方，現在の関数電卓には双曲線

開数機能や複数のメモリ一機能を付加したものが一般的である。そこで筆者らは，関数電車を使った波

力の簡易計算法を考え，従来のコンビュータを用いての積分計算法と比較した。水産施設を水中に鉛直

に設置された円柱と考え，それらに作用する波力を二つの方法で算出した。その結果，円柱の長さが波

長の0.167倍より小さければ，簡易計算値と積分計算値とに差がないことが示された。すなわち関数電

車を用いた簡易計算法での波力計算が有効であることが明らかになった。


