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PREFACE 

This r eport describes methods for predi cting wave transmi ss ion coef
ficients for permeable breakwaters using a transmission by over t opping 
equat ion together with the analytical model of ~1adsen and White (1976). 
This technique has been tested with physical model r esults for nonbreak
ing and some breaking waves, for monochr omatic and irr egular wave condi
tions, and for riprap and some concrete armor unit breakwaters (Seelig, 
in preparation, 1979). The technique was found to give us eful predic
tic·ns of transmission coefficients for design. The work was carried out 
under the offshore breakwaters for shore stabili zat ion program of the • 
U.S. Army Coastal Engineering Research Center (CERC). 

This r eport was prepared by William N. Seelig, Hydraulic Engineer, 
under the general super vision of Dr. R. ~1. Sorensen, Chief, Coastal 
Processes and Structures Branch. 

Comments on t his pub lication a r e invi t ed . 

Approved for publication in accordance with Publ ic Law 166, 79th 
Congress, approved 31 July 1945, as supplemented by Public Law 172, 88th 
Congress, approved 7 November 1963. 

~ c.rED E. B SHOP 
Colonel, Corp s of Engineers 
Commander and Director 
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CONVERS ION FACTORS, U.S. CUSTO~~RY TO METRIC (SI ) 
UNITS OF ~fEASURHfENT 

U.S. customary uni ts of measurement us ed in this report can be convert ed 
to metric (51) units as foll ows : 

Mul tiply 

inches 

square inches 
cubic inches 

feet 

square feet 
cubic feet 

yar ds 
squar e yards 
cubi c yards 

mil es 
square mi les 

knots 

acres 

foot -pounds 

millibars 

ounces 

pounds 

ton , long 

t on , short 

degrees (angle) 

Fahrenheit deg r ees 

by 

25 .4 
2.54 
6.452 

16 .39 

30. 48 
0.3048 
0. 09 29 
0.0283 

0.9144 
0. 836 
0.7646 

1. 609 3 
259.0 

1. 852 

0. 4047 

1. 3558 

1. 0197 

28 . 35 

453. 6 
0.4536 

1.0160 

0.9072 

0.01745 

5/ 9 

x 10- 3 

millimeters 
centimeters 

To obt ain 

square centimeters 
cubi c centimeters 

centimeters 
meters 

square meters 
cubic meters 

meters 
square mete rs 
cubi c meter s 

kilomet ers 
hectares 

ki lometers per hour 

hectares 

newton meters 

ki l ograms per qu re cent i met r 

grams 

grams 
ki l ograms 

metric t qns 

met ric tons 

radians 

Cel sius degrees or Kel vi nsl 

ITo obtain Celsius (C) tcmperature readings from Fahrenhcit (F) readings, 
use formul~: C::: (5/9) (F -32). 

To obtain Kelvin (K) readings, use fonnula: K::: (5/9) (F - 32) + 273 .15. 
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ESTIMATION OF WAVE TRANSMISSION COEFFICIENTS 
FOR PERMEABLE BREAKWATERS 

by 
wit Ziam N. See Zig 

I. INTRODUCTION 

The primary purpose of a breakwater is to reduce wave energy in an 
area to be sheltered. One of the important characteristics of a break
water is the magnitude of the wave transmission coefficient, defined as 
the ratio of the transmitted wave height to the incident wave height. 

TI·JQ basic types of wave transmission are: (a) by overtopping that 
occurs when wave runup exceeds the crest elevation of the breakwater, 
overtops the breakwater, and generates waves in the lee; and (b) through 
a permeable structure that occurs because some of the wave energy is not 
dissipated by the break\.Jater and is transmitted through the breakwater. 
The total wave transmission coefficient, KT' is given by: 

( 1) 

11here 

KTo transmission by overtopping coefficient 

KTt coefficient of transmission through the structure 

HI incident wave height 

HT transmitted wave height 

These and other symbols are defined in Figure 1. 

Since the prediction method is complex, particularly for transmission 
through the structure, a computer program is presented in an Appendix to 
this report. The program incorporates the analytical model to determine 
KTt by ~ladsen and White (1976) 1 and an empirical equation to determine 
KTo developed by Seelig (in preparation, 1979)2. 

l~'1ADSEN , O.S., and WHITE, S.H., "Reflection and Transmission Character
istics of Porous Rubble-Mound Breakwaters," HR 76-5, U.S. Army, Corps of 
Engineers, Coastal Engineering Research Center, Fort Belvoir, Va., Mar. 
1976. 

2SEELIG, W.N., "Two-Dimensional Tests of Wave Transmission and Reflec
tion of Laboratory BreahJaters," U.S. Army, Corps of Engineers, Coastal 
Engineering Research Center, Fort Bel voir, Va. (in preparation, 1979). 
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.. f~ 
R 

H1-... t ~ F=h- ds l 
h 

Figure 1. Definition of terms for wave transmission 
for permeable breakwaters. 

II. WAVE TRANSmSSION BY OVERTOPPING 

Wave t r nsmission by overtopping occurs when wave energy is trans
mitted by flow over the top of a structure. The transmission by over
topping coefficient can be estimated using (Seelig, in preparation, 
1979)3,: 

where 

R 

F 

C 

= 

C (l-F/R) 

= a for FIR greater than 1.0 

wave runup 

breakwater freeboard, defined as the structure 
height, h, minus the water depth, ds 

an empirical coefficient 

l.0 

(2) 

Laboratory tests show that the value of C is related to the crest width 
of the structure, B: 

C = 0.51 - 0.11 Blh . (3) 

Thus, a slight decrease in the transmission by overtopping occurs as the 
structure crest width increases. 

3SEELIG, W.N., op. cit., p. 7. 
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\'lave runup is estimated using the formula (Ahrens and McCartney, 
1975)4: 

= 1 + bi; 

where a = 0.692 and b = 0.504 are recommended for rubble-mound break
waters and a = 0.988 and b = 0.703 are recommended for a breakwater 
armored with two layers of dolos. i; is the surf parameter given by 

(4) 

(5) 

where 8 is the angle of the seaward face of the breakwater, and La is 
the deepwater wavelength obtained from linear wave theory. Calculations 
of wave transmission by overtopping are performed automatically in the 
program ~~DSEN (see App.). 

I I I. WAVE TRAt"JSMISSION THROUGH PERMEABLE BREAK\'lATERS 

The coefficient of wave transmission through permeable breakwaters, 
KTt, is estimated using the analytical model of Madsen and White 
(1976)5. In this model the transmission coefficient is related to a 
complex function of the size and porosity of the materials used in 
building the breakwater (Table 1), the breakwater geometry, the seaward 

Table 1. Porosity of various armor units (after U.S. 
Army, Corps of Engineers, Coastal Engineer
i ng Research Center, 1977)6. 

No. of 
Ar mo r unit lavers Pl acement Pora s 'l t v 

Quarr ystone ( smooth) 2 random 0. 38 
Quarrystone(rough) 2 random 0.37 
Quarrystone(rough) >3 random 0.4 0 
Cube (modified) 2 random 0.47 
Tetrapod 2 random 0.50 
Quadripod 2 random 0.49 
Hexapod 2 random 0.47 
Tribar 2 random 0.54. 
Dolos 2 random 0.63 
Tribar 1 unifom 0. 47 
Quarrystone graded random , 0. 37 

4AHRENS, J., and McCARTNEY, B.L., "Wave Period Effect on the Stability of 
Riprap,lI Proceedings of Civil Engineering in the Oceans/III, June 1975, pp. 
1019-1034 (also Reprint 76-2, U.S. Army, Corps of Engineers, Coastal Engi
neering Research Center, Fort Belvoir, Va., June 1976, NTIS A029 739. 

5~~DSEN, O. S., and \VHITE, S. ~l., op. cit., p. 7. 
6U.S. AR}~, CORPS OF ENGINEERS, COASTAL ENGINEERING RESEARCH CENTER, 

Shore Protection i;Janual~ 3d ed., Vols. I, II, and III, Stock No. 008-022-
00077-1, U.S. Government Printing Office, Washington, D.C., 1977. 
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slope of the structure, water·depth, wave height and period, and the 
kinematic viscosity of water (Table· 2)~ To use this method, waves 
should have 

where L is local wavelength. 

Table 2. Kinematic viscosity of water. 
Water temperatur e Kinematic viscosity of water 

(0C) Cm2/s) 

0.0000018 
0.0000013 
0.0000010 
0.0000008 

(6) 

TIle ~ladsen and White model was tested against laboratory data for 
permeable breakwater s (Seelig, in preparation, 1979)7 and was shown to 
give useful estimates for both monochromatic and irregular waves. For 
irregular wave conditions, the wave input to the program should be the 
mean wave height and period of peak energy density. A few tests with 
breaking waves suggest that the prediction method can also be used with 
breaking waves. TIle ~ladsen and White model appea.rs to effectively 
account for breaking wave energy losses, although it does not explicitly 
include breaking. Tests of breakwaters armored with dolos units suggest 
that the program can also be used for artificial armor units. Compari
son with laboratory data shows that the model gives the best predictions 
for shallow-water waves. Predictions of transmission coefficients tend 
to be conservative for transitional or deepwater waves. Refer to Seelig 
(in preparation, 1979)7 or Madsen and White (1976)8 for more information. 
Figure 2 shows a comparison between wave transmission coefficients ob
served in a laboratory model and predicted using the methods described 
in this CETA. 

IV. EXAMPLE 

Use of the computer program (MADSEN) in the Appendix can best be 
illustrated by an example. The format of required input information lS 

given in Table 3. Any number of breakwater geometries, water depths or 
wave conditions can be analyzed in a single run. TIle first 53 cards are 
a standard deck of look-up (input) tables (see Table A-I); card type 1 
provides the number of breakwater configurations or Iva ter depths to 
analyze. Card types 2 to 6 give required input information for each 
breakwater of interest; however, a separate set of these card types is 
required when the breakwater geometry or water depth is changed. 

7SEELIG, W.N., op. cit., p. 7. 
8r-IADSEN, O.S., and WHITE, S.M., op. cit., p. 7. 

10 



v 

1.00 

_ 0,80 
<l 
~ 
lLJ 
U 

-:: 0 ,60 
0-
C 

I/> 
:J 

'0 
Ql 

"'U 0.40 
'0 
Ql 
L

a. 

I-
~ 0.20 

8=I.Oft 
~ 

f 
h=2.3ft 

.. 

0.0065 ~ ~ ~ 0.055 
gT 

0.00009 ~ ---;::: 0.0 14 
g T 

8/ h = 0.43 

o ~----~~----~------~------~------~ o 0,20 0.40 0.60 0.80 1.00 
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Figure 2. Observed and predicted transmission coef
ficients for a rubble-mound breakwater. 
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Card type 

Standard 

1 

2 

3 

4 

5 

6 

Table 3 . Format of i nput information . 

Format 

12 

20M 

312, 4X, 7FlO. 5 

l Ox , 2F10.5 
(1 card per material) 

10x ,7FlO.5 
(1 card per hori 
zontal layer ) 

2FIO .5 
(wave cond i t ion car d; 
one card per wave 
conditi on) 

Description 

53 standard i nput cards 

Number of breakwater conf igura -
tions or water depths to test 

Title card 

Number of wave conditi ons to t est 

Number of materi al s 

Number of horizont al l ayers 

Str uct ure hei ght (m) 

Water depth em) 
Kinematic viscosity (m2/ s ) 

Wi dth of t op of breakwater Cm) 
Front s lope of br eakwater = t an 

(6) 

Wave runup paramet er a = 0. 692 

Wave runup parameter b ~ 0. 504 

~~t erial di ameter em) (armor 1st) 

Mat eri al poros ity 

Layer thicknes s (m) 

Mean l engt h of each material t ype 
in the l ayer (put i n cons ecut ive 
order j e .g., mat erial 1 (armor) 
1st , et c .) 

Wave period '(5) 

Wave heights (m) 

Repeat card t ypes 2 to 6 for each water depth or breakwater confi~ra
tion t o be tested . 

. 
Card type 3 gives the number of wave conditions to analyze and sum

marizes general input information (Table 3), For the example breakwater 
(Fig. 3), 18 wave conditions with periods of S, 10, and 20 seconds and 
with heights that range from 0.1 to 2.0 meters, are analyzed. 

Card type 4 gives material characteristics, one card per material 
and the first card should describe the armor material. The example 
gives three materials (armor, underlayer, and core); diameter and poros
ity of the materials are shown in Figure 3. 

Card type S is used to input the mean horizontal length of various 
materials in various horizontal layers of the breakwater. A new hori
zontal layer occurs when there is a ~hange vertically in material type 
or slope and the layer next to the seabed should be designated as "layer 
number 1." In the case of the example breakwater, three horizontal layers 

12 



Di a",, '" : I ./yl'IS 

.. WAlllS 
Moterial 

Wa". Condifion. (,ou9h QUOrr,.'o",) D,a .. "" 1m) Por", i! , 

G) 0. 729 0.31 
~,: 4 e m 

T (.): ~.IO. 20 
H (ml ' 0.1, O. ~ , 1.0, 1.5, 1.75,2.0 

- -----II.- CD O.:BB 0.37 

0.092 0.37 

o 

Figure 3. Example br akwater. 



are shown in Figure 4. Sample horizontal lengt::l calculations are also 
included. Note that when determining horizontal lengths of the armor 
material, the outer la~er of the aimor tin the seaward side of the break
water should be "removed" first because dissipation of the seaward face 
is determined in a separate part of the computer program. 

Table 4 gives the computer program input information required for the 
example; Table 5 is the resulting program output. The output shows that 
predicted transmitted wave height for this example is a complex function 
of incident wave height and period. 

Table 4. Sample input. 

1 
EUMPl.E PIW BI. E'" 
18 :1 1 0 . 0 11',8 OOOO OO'il l. '5! a, boY o.ui 0. 5 0£1 
MAT I 0 , 729 0, 11 
"'AT 2 0 , H 8 C,l " 
MAT :J 0. OQ2 0 .1 7 
LA-V 1 3. 5 'S £1 . 51 1,80 0 .110 
LAY 2 C.lll> (l.t, 1 2 .511 0 .0 
LAY 1 !:leU ' S.25 0,0 0.0 

5. 0 o • 1 
S .O 0.'5 
5 . 0 1 .0 
'.). 0 1 • ~ 
5 . 0 1 • ""i 
5 . 0 iI.O 
10 .0 o • 1 
10.0 0.5 

10,0 1 .0 
10.0 , .5 
1 t'l • 0 1 .7') 
10.0 2 .0 
2 0 ,0 0 . 1 
.! O./l 0 .5 
2 0.0 10 0 
2 0 .0 1 . 5 
20 . 0 1. 713 
2 0.0 2.0 

V. SUt1r-1ARY 

A computer program is presented for estimation of ,,,ave transmission 
coefficients for permeable breakwaters. Extensive testing of the program 
with laboratory data has shown that the program can be used to estimate 
transmission coefficients for monochromatic or irregular waves and for 
rubble-mound or other types of permeable breakwaters. A limited amount 
of testing suggests that it can also be used for breaking and nonbreaking 
waves. 

A copy of the card deck and more extensive program documentation for 
the computer program r·1ADSEN (CERC Program Number 752X6RlCPO) are avail
able from the ADP Coordinator at CERC. The cost of running the program 
on a CDC 6600 computer is only a few cents for each wave condition of 
interest. 

14 



Horilonlol \flrllcal la.,.er Horilonl al "allr lol 
La,l r T"jGinl" '''''!) ~.nQI~ ( '" I 

CD 0 Q) 
, 0.47 ~ . 2~ 0.0 0.0 

I.~ I 
2 0.78 +3.02 2.34 0.0 

4. ~3 
o 

1.' 1 1.40 
3 . ~~ +3.02 .1 .40 6 .• 

4.53 2 .10 

Loy er 
~~--------l' 6 .4 .--------____ ....... 

G> ./ ~OO 

Figure 4. Inf ormation required for (hori zontal l ayer) example breakwateT. 



Table 5. Sample output. 

HUM 0' wAVE C ONOIT t O~S Ie 
NU~ OF HA TEHIALS. 1 
NU ~ 0, MOR[ ZONT I AL LA YE Rsa l 
IT"UCT URE ~ e I G HT (~). e,3oft 
WATER Offl TM (11) = /J.80 0 
k I NE~ATI C VI SC OS ITY (M2/!IC ) • • 0 0 0 00 o~J o 
8w TOP wI OT H ( M) S 2.~2 0 
TAN8 OF FR ONT SL OPE. .6610 
RUNU P C o E ~Fl r. I £ N TS A= . b~i B. .50G 
~ATtRIAL CH ARACTE QIS TICS ( H'ki ARMO~ ~' TERI'L NU~BER I) 

~'TE R I' L · 1 OU"!fTER C~). .H9 pn~oUT '" .:H o 
""HRI'L· 2 OfAM ETtR cP", • .H8 POli oll ITva . 37 0 
!'InERI'L.· 1 OIAMt: Tt.R (10, • .OQ2 ftO Ro U TU . 370 

1ot0RlZONTUL L AY ~R CHAR'CTiRI8Tl cS 
(~Al(f LA ytR "J U CT TO SE ABF.O L AV~R N U M~£R t 1 

HORIZ ON tAL THTC ~ "IES 8 
MATERU L. 

l Ayt.R. t C~,. J. <; 50 LE NG y lolS ( M). 
HO"HONT h L LAYER. 2 TH TCHN ES S eM) . .'~ O L ~NGTH 6 (H) . 
HORIZONT rA L LAYER. 1 THfCHN[SS oot) • • 1170 LENG THS C 14)8 

1'4 041 HU e) H/ «(; · T'T) 101/1. o/(e*T*T/) 
. 100 15. 1'1 0 ,OO(\4I/I1S , 0033'S .0 196 
. Mo 5.00 . n020al . 010141 .01 Q,. 

1.000 5.1'10 .OO"O~&! . oH "9 .0 19,. 
-1, 15(1 0 Ii . ao ,0 Obl:-l . 0 S O ~ 1 . 0190 
1.111 0 ~. O O .0 0 71 aJ .0 "i8&0 .0 190 
i , oao 'i. oo .0 08 111l .ob&Q1 .0 1~6 

. 100 11"00 .0 001n2 . 001"i 1 .0 0119 
,'BOO 10.00 .0 005 ; 0 ,0 1'1 7'53 . 000 9 

1 . 000 10.00 . 00 10, o . 01s 07 .1'1 0119 
1 . 51\0 1(1. 1'1 0 .0 0 15 ,\1 . OZ2bO , 00/J9 
1.7 '10 10 . 00 ,1'10\ 7/10 . 02b31 .0 0" 9 
l,oeo 11'1.00 ,0 02 011 1 . 0 30 ' 3 . 001lQ 

. 100 lo . eo . 0 0O O1b . 00013 .0 012 

. 500 2n.00 .0 001 ?8 .0(\ 1&1 . 0012 
1. 000 20.11 0 .001'1 2"15 .onns .001l 
1. !l00 20. 00 .0 00111 1 .0 110l .C oll 
1 . 1'50 20.0 0 .0 00qob .0 128& . 0012 
i,OOO lO.oo . 000!li o . 01""0 .001l 

KTT • WAY! TR .NS~ TS SI O~ TMR nUGH TM f STP ucTUR~ 
MTO • ~ A Y E TkANS~ISSt ON BY nVf RT O ' P I ~ G COE~FJCIE N T 
KT • TOT'L ~'VE TkANS~ I SSl nN C O lF F r C I E~T 
~~ • - AVE REF LECTION CO tFfT CJE NT 
HT • TRA~S I TT EO ~AVE H t I ~HT 

16 

leTT KT" 
,1'1 0 . 0110 
. &! II 0,0 00 
.IOq 0 .01'10 
.1 29 . 0 ' & 
.1 21 . 01'6 
.1 tl . 125 
. 591 0 . 0('10 
. 199 O. Otl O 

-. 135 o.o no 
. 09Q . 115 
. 088 . 1<;9 
. 080 .1Ql 
. 319 0 .01'1 0 
. 18G 0.01'10 
. 125 .010 
. 09& .t'!" 
. 08& .1Q& 
.oeo . 2i'7 

2 l 
".~ J.e &.11 
".5 2.'S . 0 .0 
5.1 0.0 0.0 . 

I(T KR 11 1("" 
. 1fi l . 26 .0 3Q 
. ZI I , il l . 105 
.14I1i .28 .1419 
.1 14 ,27 ,201 
.1 118 .21 . 2bO 
.1 b8 .2f) , 131 
. 19 7 . 5 1 .0 " 0 
.I qq . bO . 0 9q 
.1 3') .& 2 .t 3"i 
.1 52 .b" .228 
. 182 .bl! . 31ft 
, 20Q .&" ,II III 
. 31q . S3 .O le 
. 18" ."0 .OQ2 
. 12') . 70 .t 2S 
.182 . Tl .?7 3 
.2t Q .12 . HII 
. lil1 . 12 .1.1 8 1 



APPENDIX 

LIS'? ING OF THE COMPUTER PROGRAM MADSEN 

P fW G Q A I-t , H A nSf'" ( J ' .1 ~ 1 IT, IJ 1 I T P LI 1 , TAP l r;:; l N PUT, TAP ~ c::: nUT P U 1 , TAP~. 3 1 
C 0 ,"II" 0 N 1 ..., A l) S lIN M , ~I L , D ( ! 1 l , ~ ( I 1 1 , L L ( , I , I I ) , T H ( 1 1 ) 
CClMHilNi:,t ~ l./"IKL ,rS 
RtAL "II< L 
D I "~ . ... S I ( , I, t f1 I t F ( 1 ) , T 1 r L F ( r 0 ) , '" I 1 '1 ( I 0 1 
R tAL l,·' Iii ~ T , K J./ , N, Lf , ," q , l L , I( T () , K T T 
OA1A NU"/I,?,.3,iI,';,t>, 7,0,9,1('11 
PI:;3.11JIr;~ 

CALL ~[A l ll 

RfAIl(",<;,40) NC(1I-'P 

5'0 ~OJ./HAT[ '1~,4K,7r' O .r;) 
() u 2 n 0 I . I :; ! • ' J C 0 " Jr' 

C RFA() l"Pt)T U J ~ ' ''~'''ATTn ~ . 
R~. A f'l [ 'i , , 7 I) (T tTL !:. ( J.J H, , .I J 14::: 1 , ? (J ) 

171 F' 1l J./HATCC OAU) 
wRTTE(I-o"'2) nITl..HJJH),JJH:lI,20) 

172 F'04"'ATCI/<!.!nX,2I1 AtJ ) 
R fAn ( c, , ., 4 lI) 'I T • N"" , '" L , " S , H U , N I J, TOP lot , 1 AN [l , R A , ~ B 
F:f4;;-H( 1 
Uoa.Ll,o.) RA:::n,h<i? 
npu~. l. t.().} kl3=.':lnu 
... R T T ~ ( h • Ii ., ,) 'Jr, \: I" , " L , ~ S , H () , 'J I , , 1 n p .J, T A I ~ Ii , R A , ~ H 

enl F'UR"4TU .IOll.tr:U ·' >',rTAI!I)Ns (I, WAVE:. TRA~S/llSSI(jN TH~HlU(jH A POROI.lS 
• f:HHh: ~· ATt..RI,III.<.j., ' 1\01 ) '" M .. A\lF c:uNDTTrUNS'.tCli,I3,1.5X, 
• 'NUH (l~ MATr"1AIS=I.17)ol',I.C,X, 
• INIJ'-I ()~ HllRTZl i '~TI""L LA~~RS:I,I-oXtlr"I,C;)("STPur.TUR~ HETGHT (1") 

• :: I • b X • ~ 1 () • , • 1 , ';;( • ' '" A T ~ R n f r , H (~: ): I , 1 I X • FlO. 3 , 1 , <; X • 

• t I( I N ~ . /' A TIC V T ~ C (I SIT Y (M C 1 :> Fe) = 1 , r ! I , q , 1 , ':> X , I tl W T [l P \01 1 D T 14 (,..,): 1 , 

.. lOX, F tn • . ~ , 1 , 'i X, I T A'·! 0 U r F ~ (1 /oJ T S LOP E:; , , q X , r 1\ , IJ • 1 , ., X , I R LI N U P CO E ~ rIc! 
'~NTS A:"F'tJ.~ . 1 tj::ll,rll,l) 

DO Qq 1=\.,1 
DO q~ J;\" 1 

q~ LLCI.J):(). 
qq C(l/oJTI "JU ~ 

\ljkIHCh,2H3) 
7.1\3 fOR MU( ')X,IHATf'.I.IIAL CH4I./AC1t~ISTTC5 ("1AKf A~MOR "'ATE-RIAL NIIM!iU~ I) 

• I ./) 
00 b 1=1.'1 '-1 
R!:.AD(~,71 n(T),N(l l 

7 F' ( 11./ ~, A T ( 1 01. • 7 F I ('I • '" ) 

Wh'Ilt(b,I77) I,Il(I),"J(T) 
177 FUI./~AT["X, I~AT~I./TAL~I,tl, 1 DtAMETER (~)=t,F b.3, I PORQSI1Y=',rb,3) 
o UI" II ' !I I !. 

\01 h' J T E ( " , ? M lJ) ( N \j" ( J M 1 , .f :~:; I , 1J'1 ) 

2 A lj F (I h' /. I. 1 ( 1 1 , ~ ) , , " 1.' Q I l u " T TAL l A V ~. 1./ r H A 1./ ACT f:. h' I S 1 I cst , 1 • S X , 
.t("'~"'f I AVF\, I-; ~XT TU SFARfn L,\VtQ "'UMbP~ 1)1,1, 

• 5?X.IHAT~RrAL= 1,7(Tl,SX)'I,b3X.b(12.~X)./) 
DO .n J:;I,"IL 
h'l A [j ( ') , 7) T /. ( J ) , ( L L ( J , J 1 , I I: 1 • ~. '" ) 
~h'IT~(b't7A) J,TH(J)'(ll(I,J),!cl,NHl 

l1R FOI./~A1(SX, IHnh'lzn~TIAL LAV[h':',I', I THIC f4 NfS5 (M)at, fb.l, t l~~GTH 
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'S CMh',7ft-,1t1,,.(lX,7fb.I) 
11 CONT INLJt. 

NM::NM+! 
OCNM):af'C1) 
"1("1 101 )1:0.01 

NL=NL+! 
THCNL)::l n on nn O(1. 
lLCN~,NLl=].*n(!) 

IOIWITf.Cb,QUn 
QCj2 FORI'IATC/I, 0)(, ,~pq T(SH) 

h 1 ( ~;) I , 
I'4/L 

.. I(TO I';T KR 
1)0 IqQ 1I<="NT 
RlAIlCC;,lll T,~ 

8 rU~I'IATC~~ln,~) 

22 

A:H.n," 
DW=OC\)*O,') 
HO,IT,nlnOtHII) GO TlJ tno 
I~CTANkILt ,0,) ~" TU 37 
CALL ~t~L(A,HS,O(1),HU,TAN8,T,WII,RU,L) 
1.1=1(11" 
r>HT=21*~U*A 
I ~ LA r;= 0 

C ASSllMt ()~.t=l>HT ANI) Ilt~ATE ON THE: ~QIIILlVANT BW 
IcnUNT::O 

10 
I)H~:f)HI 

TC()l)"'T=ICOIINT.' 
CALL! (JH"'Cr)H[ ,OHT,Lt,I'n,HS, TANA,NRIDQoT(JP .. , 
(; A l. LIN T t '" ( ; J R , T , L t , ~ IJ , 4 1 , Nil, !) ~ , T I , R I , L , IF LAG) 
IF C I ~ LAG, t r~ , I) n!J:: (lfH 0 , \I '5 
I t· C 1 r l. A (i I t (J , ') C; f1 T D 2 ? 
DHt::C '1+~I)~Rll*4 
IFCI(f)1I"'T I L1,lI) r.u 1U ,0 
~ r~ = I? I " J.,: I I 
I(TT: f PRI 1 
TFC1A NH IL~,OI) CALL I~TlRCN(1),T,Tnpw,Ho,A,~U,I)Cl),KTT,KR'l,I~LA~) 
H(HLAti,t.QI') OR;Ok*O.<:' 
IF(1rLAG,t~,I) Gn TU 31 
SURF=TANS/S~RT(~/(I,')b*T*r) 
IH04=RA.Suwf IC '1+Io/A*SURf ~ 
R::~*R~ 

~fl:rlR 

CeO 151 • (1 , , " T OJ> wIt. S 
I(TO:C* C 1,-r!<) 

I F ( ( T I) P .. I ... S) , C; T • n , f\ fl , A ~IIJ ,I- , LT. (1 .' I( T U:: C .. C 1 ," r R , - C 1 ,-? I .. C) * F ~ 
TF(I(TO,GT,I,) I(T[1=I I 

IfCfR,~1,11 0 ' I(Tf);O. 
HG T2=A*2.ICQ,An*T*T) 
Hl:?,*'/L 
I)GT2::~O/Cq,Rn*T'T} 
Fl.AG=\,-1 
I(T=S~~T(1(1T·*2.KTU**~) 
H(~T,(';1,I,O) KT:l,O 
H1aH*I<.T 
~RIl[Cb,Q81) ~.T.HGT?HL.OCT2,KTT,~T~.I(T,KR,HT 
fUR~4TC ~XI~h.3,rlo,?,rl0,b,Fl(1.~,FI0.~,3Fb.3,Fb,i.F1.3) 
CO'llT INUE 
CONTINUE 
~wIHCb,?OI) 
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20, ~OR"'ATClI,?~,IKTT. "'AVt l lJ .p'S"ISST(l N T .... PUIIG~ nl~ STl~UCTURr',I, 
.. ;> X, I ~ T U • .. A V F. T P A :, :;" 1 s S J WI 'I V 0 V t q T (I P fl P I r. COt n I C I H < 1 I , 1 , 
.. ZX,IKT - T()T~L "4 '/~ T "' ~ N S ~<.' !)SlnN C () l~'JCri."'TI'I,2x, 
.. IKW • "'Av~ REFL~ClrO~ rOfF~rClfNT" 

*I,,?x,pq • TRA NSMIIHn wAVE ~fJ(, Hrll 
2110 CO'll [Nil!: 

STnp 
F Nf) 

5 u Il R nuT 1 '/ t R F F" I. ( 4 , '"'!i , 1.' , t" [l , TAN R , T , R T 1 , "II I , L , 
COI'1"" (l ~I 1 ~ !. () ~ 1 ~ S T ( Q, , I ) , Q U T ( Q, , 1 ) , P T ( I 7, , I ) , T X ( Q, 1 0 ) , ,.. X ( 9, 1 0 ) 
n I M~. N SIll/" " S .'\ ( I I ) , k lJ S ( , \ ) , J< S ( I 1 ) 
R tAL. l I L S L , L 5 

C r ~ : .... (11) ~ l. C U iHI E C T I ,., to., H C T U R T (1 A C ((11 PI 1 F (1 ~ MOO ~ L S LOP ~. P F reT ~ 
CF:I,2H-O,S7A .. TA~~ 
PC14 NH,Ll,u,U) 0=1,0;1 
IF(TAN"',G'.ll,hfl.) Cf:n,lIq 

C F J N () ... A V E: U . 11\, r ,< L 
H (I L ll:; .... (I 1 C ! • 5 h * T • T ) 

CAL L U ~. t; I ( H (1 L 0 , H I I L ) 
L="'U/",nL 
LS=,",O/'A 'I f; 
IF(H~,Ll,"H) LS:HSIlA N ~ 

LSL:LS/L 
H(L~(.LT,o.~) (;(1 TO 11')5 
TM1~2S ~ WT(~,?~1"(L!)/O,A)I(q,A*'A~H(b,2A5"HOI(LS/O,B'»), 
w R 1 T ~. ( h, I 0 I) i '< I ~I 

l 0 , F u ) ~ ~< AT "I I " X , I ... ~ H '-I 1 ' J!; - 1 H ~ M r ~, J ,.1.1 '" .. A V r p ~. R I (1 0 T tl ~ E. A ~ A L V 2' E. 0 1::\ Y 
' • .qS °RllliIolA"i TSI,FO.e,1 ::;~C HIR THIS CO"UITJlJ"'l) 

UiL= I). JqQ 

Inc; I:;(LSL*! I),+!.) 
C I~T~RPOLA'~ I~PUl TA~L( FUQ THIS LSL VALUt 

r 1 = L S L .. 2 :) , • 1 , 
DO 1 J= t , , t 

F 55 ( J ) = ~ S r ( r • J ) + ( ~ ::; T ( i + t I .1 ) .. r S T ( I , .1 ) 1 • ( L S L - ( 1- , ) .. 0 • 1 ) 10 , 1 
R IJ 5 ( J ) = L./I I T ( ( • J ) ... ( k I J 1 ( I • ! , ,I ) • ~ '.I l ( T •. 1 ) ) • ( L S L - ( 1· 1 ) • 0 , 1 ) 10 , I 

:5 R 5 ( J ) = RIC IT, J) • ( R 1 ( I ! + I I J ) .. R T ( T r I J ) ) • ( L S l. - ( 1 ! .. I ) • 0 • 00; , 10 • (\ r; 
C GuESS ;lHi A!Io n ITfRATF 

P""I::'1.0 
~=/'I 

b J::PHI . 
F A C = ( A l. 0 G ( PHI + 1 , ) - A LlI G ( J + 1 , ) ) 1 ( AI 0 G ( J + 2 , ) .. A LOG ( J + 1 • ) ) 
FS=FSSCJt\)+ .AC'(FSS(J ... ~)-FSS(J+I)) 
R U = k tJ 5 ( J. t ) • ~ A C • ( Q II S ( .1 • ~ ) - f./ II 5 ( J. I ) ) 
R 1 I :: R S ( J + I ) ... ( "I S ( .) + ? ) .. 1'1 S ( J. \ ) ) • ~ ~ C 
A ~ (;:: n ,2 'H ( nIH lJ ) * • i.J , c' • ( 0 " " Z , .. A 1 ( .... 0 • T A ~" ) ) •• 0 • .5 H' S 
PHrh=0.~·ATA~(~~G)·~7,?~~lA 
M:;M+\ 
OlL:ABS(PHT~-PH1) 
Ynl-',r,l,?Ol GO Tn q 
PHr=~MT'" 

tFcP~l,Lr,n.l)ll oHt:n,l')\ 
IFCPHI,~l,Q,Q9) PHI=~.Q~ 

I~(Ol:::l,(jT.(),n.,) r.u TO b 
q RJI:RrlaU 

~lTU~N 

E~n 

SjJ~R()IIT I ~t: Rf t1n 1 
cn~M0~/MA U S/~~T(Q,1 1"RUT(Q.I\).RT(!7.11),TXC 9 .10), RX C9 .IO) 
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177 FO~MA'CSX,'7Fij,?1 
(')0 t "'= I , 1 1 
IH. AO(5'171> r~STrN'''')' .''l~t,q) 
DO 2 '1 = 1 I 1 1 

2 ~!:.AO("'117l r~lITrr-.,I")''''~I,Q) 
no 1 M=I,11 

3 p~An(~'177l (ijT(~,M"~:1.17) 
no II 101: 1 , 1 t1 

q ~!:.AO(~'177> (TXC~I,..),N=I,ql 

no '5 "1: 1 , 1 !1 

S ~~AD(5'171l rHX(N,~l'~:I~q> 
R~ 1 U ~ ~I 

ENn 
SUIi~O(lrI'It LE"IGT( Ill-O,M.) 
~(AL LU,LO"'E~,Lun 
LD=I,O/l>lv 
LflO: t • rl/f)L0 
N:I 
PI:Q,t U l'lQ 
A~G=,>.n'PJ/lO 
LlJ "I ~ .. : l () fl' TAN t-\ ( A R G) 
N: "1+ 1 
~I~F;ARS(L~'IF~·Ln) 
T F ( ~,. ? 0 0) 3. u , u 

3 I~(DlrF·Q.t1oo~) ?,?5 
5 LO:(Llll\;~"'.!'LJ1/?,(i· 

GU TO 1 
/I I) l : 1 ,0 I L I) '" E .. 

wRll~(h.IOI'\) llL 0 ,I1L 
100 FU~~IAi(u(j~ 5 I JH~(lU1I"E U"'l;TH nTO NoT CnNVr.Rli!:., 011.0 : 

1 RHO/L: ,FIO.Sl 
~ DL=I.O/LIJ'4F .. 

RE TUR~J 
END 
SU~~OUTINt E~~W(nHlIOHT'lE.HO,H5,TANR,NR'DRITop .. ) 
CO'" M 0 NIH A J) 5 1 I N "I , N L • I) ( I 1 ) • N ( I I l' L ( I 1 , 1 1 1 , T H ( 1 I.) 
DIM~NSIUN ~ETA(I '),D~(II) 

R~. A LN. l • L f , "J ~ 

NR:O.u3':> 
RErAH~?"(I.·~H1/(~~+.1'YR) 
DO 21 1:1.-:·'" 

21 8fTA(I):2.7'(I.- N(I)l/CNtI)"1*Otl)J 
1 .. ,:0. 
TH?:O. 
00 U J = 1 , "l 
TH1:hq.T"'C..!> 
NYL:J 
DH(Jl=Ti1(Jl/HO 
IF(TH,.GT.~Ol Dh(Jl;(Hn.TH?)/~O 
IF(lHl.GT .Hr)) GO TO 5 

/I TH~:TH2~T~(J> 

5 SU Io1 2=O. 
00 10 J=I,NYL 
SU"'l=O. 
00 17 1:1,,,1-1 

17 SU"'I:SlJMI.AETA(1)/~tr4Q.l(I.J) 
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1 b SUM 2 : S I)" .? rJ H ( J ) / ( :, IJ k T ( S v '" I ) ) 
Lt=l oI(::;1I~?.2)H1Ht/r,"T 
RE: T lll./N 
ENn 
5 U H ~ 0 t) TIN t TIl TE R r ,~ • T , L , H a , A , /. IJ , n • T T • R I ... L • I F L i G ) 
Cl1/04'1()N/SFt:l/"l~L,F:) 

co'" "n~, / ~ A l) '3 / F 5 T C <1, I I 1 • Q I) T ( q. t t ) • R T ( I 7 , I 1 ) , T X ( q , 1 0 ) , ~ )( ( q. 1 0 1 
01"[NSIUN T5(IO),kS(:O) 
REAL N~L'L.~U,KO.LAHHUA.N 
55-('1/o./J'j)··2 
~O=2,·'.1~15Q/~L 

NKL::'II.KUfL 
AlTA:?,7·(1 ,.~l/r~ •• l.n) 
LiHHIJA: I. 
F=o, 
~C::170, 

1(=0 
Z ~ N=~ 

IC: \C.\ 
IJ: A • S I) R I ( q , H ° / H (l ) / ( I , • '- AM B 11 A ) 
~():ll' nF~lJ 

F : N / ( )( ( J • L. ) * ( S I," T ( I • + ( I ~ • ReI ~ n ) * ( , b • • II t T At At L I ( ~. * .s. I U I C; q 0 H n ) ) ) • \ • ) 
LAM 1I;) ~ : '" I i ~ L • r 1 ( 2 • * :,1 ) 

IF ( Ie, (; T , 1 .,) r; n T U 'j 

IF ( ( ,. h ~ U ". ~ 1 / f ) • (; T , n , I) ~ 1 r; 0 Tn? 
5 TI=I,I(\,'I A""tlI)A) 

R 1 = LA" f1 0 A 1 ( 1 , + L A ~I tI () A l 
f'S:Sf/SS 

C IHIITt(h. ,I"I'l) f,f!'ol'.I.Il) 
3Qy rOR114T(~nl, 'F,~S.lJ.>!n::I,lJf:.1 l,,) 

I~(~KL.GT.1,Q) IrL~G:l 

Tf'(IIji':L,i,T,n,Q) kFILJliI' 
T F ( N ~ L • L T , n • ') J.i ~ I U 1< ~ 
I~(fS,GT.3~.) rS=5~, 
J = I~ K L. 1 O. 
T:: f S 

C INTt RI'0L ATE "AflSf:N CII~vl 5 ? pm ~ 
00 1 M= I • 1 n 

~ S ( '" ) = ~ x ( J , "') + C k ~ ( J + 1 .... ) ... ~ ( .1 , "', ) * f '" II. L. 0 , 1 • J l I" , I 
T S C " 1 = r x ( J • M ) + C T 'i ( .J. 1 • u l - 1 I. ( J , ... ) ) , ( '" 1', L • 1,1 • I ... 1 ) 1 0 , 1 
H 0 5. I r • 1 • I) TJ:: T S ( , ) • A L u (i InC r s) • tT S ( 1 0) • r S C \ 1 ) 
IF'CF'S,l.l,l.(I) RI:H::;(IJ.:'IOr.ll)(~S . l.rf.lS(IU)-~S\ll) 
1 F r F S • (. r. , I 0 ,1 T I ~ T 5 ( t () 1 • f .~ 'i •• ~ 5 ) 12 S • 
I F' C ~ S , (; t: • I 1'1 .) R I : >< 5 ( 1 tIl. f I ,- R 5 rIO) ),. C F S - I 0 • lIt!. , • 
t F C f S I l. r , I • I) • (J h' • I" S • (,j f , I I) , 0) R 1: T I ) R .. 
~ I = ~ S ( I ) + ( ~ :i ( I + 1 1 .;.; SCI 1 ) • CAL (' (; C ~ ~, ) • A luG ( I • I • , ) I ( 1\ LOG C I + 1 • ) • A LOr, ( I * 

• , • 1 ) 

TI=TSrll+CTSCI+ll·rSCI»$(ILnGCF'Sl-ALUGCI*I.')/CALOGrl+l.)·ALUGCI* 
• 1 • ) l 
R[TU~~ 

f.IljO 
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Table :\-l. Standard look-up tables to be read by 
subroutine REDI. 

I ,85 ,83 ,Qnl,S~2,IQ2,333.23"uh3,9o 
2 ,ile; , " .~ ,qOI,UQ2,IQ2,3~3.IQ3,~11,iO 
J ,I\~ ,Al ,QOI,Uq2,1~2,2Qj.I03.2~l.'O 

" .1I'ii .AJ .Qo.I.Q72.1n2.222.qUl.~13.40 
5 ,IlS ,113 .q~I.~~2.~~2.IU~.7u2.8nJ,oo 
0 ,85 .~:5 ,qnl.~~I.QA2.032.502.50l,&0 
7 ,8~ .In .Qnl."u\.8ol.QZ2.Z~2.2~2.Zn 
8 ,~5 .8:\ .qOl.~~1.8nl.7Q2.021.qll.81 
0 ./le; .1'\3 • Ii 0 I • " 0 1 • 7 n I • b 8 1 • 701 .631 .00 

10 ,1'15 .83 .q~I.301.b'I.521.S71.3Al,2" 
I 1 ,AS .1\3 .qO'.3nl.~01.~nl.371.17I,OO 
12 I.OOI.2 u2.032./JQ2.h03.?83.3S3.Tu",OO 
\j l.nnl.2'I.Q"2.322.5n2.8eZ.Q73.201.l4 
I ~ 1.0nl.2?1.852.1~2.J'2.502.b'2.7'2.80 
15 1.001.20, .7h2.0'2.IU2.28c.322.3u2.3& 
I ~ I,OOI.IQI.701.001.Q~2.v"2.v"2.02t.9' 
I 7 1.001.1 0 1 ,oll.7AI.~?1.821.7QI.731.b5 
I B ! ,I)OI.I~I.5uI.bi\' ./'J11.bSI.Sill."QI,Je 
1'1 l.not.1 1I1."1I1.5 71.5 lJ l. U1 1.3'71.2'71. HI 
20 \.1)01.17\.~31.1J~I.U;JI.321.2'I,Oa .Q1 
21 l,oOI.I/;,I.371.3f\l.31I.1AI.0'5 .'n .en 
22 '.Onl.I/)I.J~1.2ol.IQI.Oe .Q3 .80 .0" 
H 1.001.onl .001.001.001.001;001.001.onl.OOI.00I,OOI.001,OOI.0018001.00 
2" 1.01)1.On .qf\ ~~" .Q2 .8'7 .1:11 .8A .,." .Ill .7b ,78 .7 Q .17 .72 .69 .70 
25 1 .00.1 • 0 ~ .o~ .Q~ .1:1, • 7 '5 .7/) .71\ ."5 .cb .bO ,b I .co .bO .5 u ~/,j8 .u~ 
2b 1.001.00 .Q'1 .Q(') .75 .05 .06 .0 0 .015 JC;3 ."0 .'-18 .51) .1J7 ."\8 .32 ,lq 
27 , .01)1.00 .Q'7 .87 ,bA ,1)'5 .':>~ .t>' .5h .a2 .:SIJ .18 .IJO .37 .27 .21 .2a 
28 1.001.0t) • Q') .8! .~2 .U~ .':i~ .SS .(j~ ,33 .25 .30 .33 ,2 Cl .llI • 1 Z • 1 ~ 29 I .00 .qq .qu .7q .57 .UI) .U5 .S!) ."3 .20 , I a ,241 .28 .2u J'13 .Ob .14 
Jo 1.00 .q9 .en .75 .51 .314 .411) .uC§ .3" .21 • 12 ,20 .214 .2n .0 8 .O! .11 
31 1·00 • qq ,q? .7? .14" .21:1 .lb .u~ .:53 • I/) ,07 , 17 .22 , I ~ .0 7 .O~ .11 
32 \ .00 .q~ • q 1 .70. • '-In .23 .33 .38 .30 • 12 .015 • 17 .20 ,te .0 7 .02 .t! 33 \ • 0 ('I .Ql:l ,QI) .n7 • 3~ • I ~ • 3 , .3~ .27 • 10 ,oS ,17 .20 , I 8 .07 .02 ,13 
3~ .~Il .bt- .57 .50 .£16 .142 .lB .3~ .34 
35 .c7 .50 , " 1 .3 11 .3n .~f'o .22 .18 .1& 
3~ ,58 • 41 1 .32 .2~ .21 • 1 '7 • 1 3 • I 1 .oe 
37 .511 .33 .2r, , 1 Q ,10 ,12 .1/0 ,01 ,O~ 
38 ,"S; .30 ,22 • I b .12 ,O~ .1)1 .Oa .0] 
3q , " I .20 • 18 • 1 3 .eo .07 .(j~ .01 ,O! 
uo .3'7 .23 • I" 011 ,OB .(15 .03 ,O~ ,Ol 
UI 033 .2' • I 3 .Oq .06 .U" .03 .02 • 0 1 
U2 031 • I ~ • 12 .01'1 ,OC; .03 .03 .Oz .0 t 
u1 .2 Q • I '7 • I I .e1 ,OIJ ,OJ .02 ,01 .Ot 
(jlj .2'; • /,j (l 

.Uq ,56 .S~ .,q .5~ .5e .5~ 
uS 0315 .52 .&0 .b5 .b" .&5 ,,03 ,&l ,tlO 
(jb ,"U .60 ,b~ .7\ .7, .b q .~'7 .01 .ob 
"7 .'50 .6'7 .7'1 .70 .73 ,1? • , 1 .Tn ,70 
liB .51 • , I ,75 ,7' .16 .714 .73 .7' ~n 
Oq ,bO ,73 .7~ .7~ .77 .70 .76 .7~ .'" '50 ,63 .76 .80 .7Q • 7~ .78 .'7, ~ 71 ,71 
51 ,bb .71'1 .81 .81\ .7Q .7 Q .70 ,7q .7t) 
52 ,oA .80 .ot' .81 .8" .~O .e~ .aO .et'! 
53 ,71 .81 .8' .8~ .8, .81 .81 .81 • e, 
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