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FOREWORD

This Report is a connected account of research begun as a spare-time activity
in 1952. From July 1954 - June 1955 the author was able to devote his full time

to this work, supported by the Medical Research Council of Great Britain, and
since then has continued and completed it at the Aeronautical Research Laboratory.

The tables which appear in the Appendix were prepared by the Computation
Laboratory of Harvard University as part of Project 7060 of the Aeronautical Re-
search Laboratory's Program, at the request of the Aero-Medical Laboratory.

The tables of M';o, M';0/a’, and E';, which appear in the text were computed
by the Mathematics Division of the National Physical Laboratory, Teddington, Eng-
land, and are reproduced by permission of the Editors of the "Journal of Physiol-
ogy".

The table of the correction-function in Section X was prepared on the 1103
Computer by 1ste. Lt He Pucci, USAF, of the Computation Branch.

The author also wishes to express his thanks to the following:

Mrs. Helen Hartmann, formerly of the System Dynamics Analysis Branch, and now
of the Biophysics Branch, Aero-Medical Laboratory, who programmed and accomplished
on the IBM Card-programmed calculator a wide range of essential computations -
Fourier Analysis,the calculation of reflection - coefficients, and a first tabula-
tion of the guantities later recomputed by the Harvard Cbmputation Laboratorye.
Mrs. Hartmann's willing and interested cooperation, and her unfailing industry and

competence, are most gratefully and warmly acknowledged.

William K. Shilling III, who prepared the majority of the diagrams for repro-
duction, and computed the values for about one-third of them.

Mrse. Cheryle Smith and Donald Geis, who prepared a generalized program for
Fourier Analysis on the 1103 computer which saved many hours of hard computatione.

1st Lt Thomas A. Brown, U.S.A.F of the Computation Branch, for his rigorous
proof-reading of the manuscript, also Mr. Henry Fettis of the Applied Mathematics
Branch, who checked the integrations in Section IX.

John R. Womersley
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ABSTRACT

This work develops the concept of a thin walled elastic tube as a rough work-
ing model of an artery, and from a solution of the equations of motion of such a
tube, filled with viscous liquid, a number of relationships are deduced that can be
tested experimentally. The theory of pulse-wave transmission, and the relation-
ships between pulse pressure, rate of flow, and radial expansion, are demonstrated
as parts of a single logical structure. Some comparisons with experimental results

are made, and new experiments are proposed, as tests of the adequacy of the theory.
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SECTION I
INTRODUCTION

The study of the propagation of pressure waves in a viscous fluid contained
in an elastic tube has a long history, going back at least as far as the work of
Witzig. (1914) He derived an approximate solution of the equations of viscous
fluid motion, neglecting the non-linear terms, and deduced a "frequency equation"
from which he derived an approximate formula for the wave-velocity in terms of
the thickness and radius of the tube, its elastic constants, the viscosity of the
liquid, and the frequency. Karreman, in 1952, extended Witzig's analysis to in-
clude the flexural rigidity of the tube, and gave (without explanation of the way
in which it was derived) an approximate formula for the variation of pulse velocity

in a given tube with frequency and viscositye.

In 1954, Morgan and Kiely reviewed this work, and also publications by Lambossy
(1951) and Branson (1945). They pointed out a number of errors, the main one being
a neglect of the surface-traction exerted on the inner wall of the tube by the vis-
cous drag, and derived a frequency equation identical (except for notation) with
that derived by the author at about the same time (Womersley 1955a). They also
gave two approximate formulae for the wave-velocity, characterized by them as so-
lutions for "large" and "small" viscosity. These are more precisely described as
solutions for large ahd small values of the important non-dimensional parameter

characterizes the motion of the liquid.

- [E
a—RlV

where R 1is the radius of the tube, n is the circular frequency (i.e. the fre-
quency in cycles per second multiplied by 2m) and . ¥ 1is the kinemetic viscosity
of the liquid. In their concluding paragraph they extended their approximate
formulae to take account of internal damping in the wall of the tube by replacing
its elastic constants by complex quantities whose imaginary parts were proportional

to the frequency.

All this earlier work was focussed on the problem of deriving approximate ana-
lytical formulae for the velocity of propagation. Morgan and Kiely also gave
approximate formulae for the damping coefficient for large and small da. It is,
however, the results for values of o which lie between these limits that are of
the greatest interest in studying the conditions in the larger arteries. The pulse
velocity is reduced by reason of the liquid being viscous, and the amount by which

it is reduced depends, not on the viscosity alone, but on da.
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In none of this earlier work was any attempt made to study the motion of the
liquid itself,

The present work, which began with the study of the motion of the liquid as
its main object, now stands as the first reasonably complete theory of flow in the
larger arteries, in the sense that the consequences of assuming a simple elastic
tube model have been fairly well exploreds This is the first time that the theory
of the velocity of wave-propagation, the pressure-flow relationships for the
motion of the liquid, and the pressure-diameter relationship have all been exhibited
explicitly as parts of a single logical structure. The whole of this work isorig-
inal, in the sense that it was all derived independently by the author, but two
of the results are not "new". The formula for oscillatory flow in a rigid tube
has been published several times, from 1929 onwards. The correct form of the
"frequency equation" was published by Morgan and Kiely some six or eight months
before it was published by the author in 1955. The rest of the work is both ori-
ginal and "new", except for a trifling anticipation by Morgan and Kiely in a sug-
gested use of complex elastic constants for a tube with internal damping, and by
Morgan and Ferrante in respect of the modification of the equations when the tube

has m"added mass".

The main value of this work lies, it is believed, in its endeavor to show‘
that the thin-walled elastic tube can be used as a rough working model of the
artery, and that from this model can be deduced a number of relationships between
observable quantities that can be tested experimentally. One broad general result

is of prime importance to the physiologist who may wish to make use of it.

The relationships which are susceptible to experimental verification show only
marginal differences for a wide variation in the parameters representing added mass
and longitudinal constraint. The variations for changes in the Poisson's Ratio
of the wall are somewhat greater, but this is not a disposable constant, since its
value for arterial tissue is known to be one-half. The relationship between pres-
sure and diameter,does, however, provide a critical test for the presence of inter-
nal damping. If variation in diameter shows a phase-lag behind variation in pres-
sure, internal damping is present. Furthermore, if it follows the simple law used
here, the phase-lag will be proportional to the frequency. It seems very probable
that the best model to use, in practice, will be the limiting condition of heavy
loading and stiff longitudinal constraint, with some internal damping in the wall,
should it be indicated by experimental measurements of pressure and diameter vari-
ations. For such a model,all the observable relationships take their simplest form.

WADC TR 56-614 2



There is another aspect of this problem which deserves mention, in view of
its importance in the study of the circulation in the smaller vessels. Blood is a

suspension of particles of finite size, and the question naturally arises; how far
is it reasonable to treat it as a liquid of uniform composition with constant vis-
cosity? Verbal discussion with a number of physiologists (McDonald, Pappenheimer,
Bayliss, Edholm) indicated some divergence of opinion, but there seemed to be
agreement that in the major arteries the effect of the finite size of the corpus-
cles might well be small, though Pappenheimer mentioned some unpublished work by
Coulter and himself that seemed to indicate that for oscillatory motion the vis-
cosity of blood increased with frequency. This may well have been an erroneous
impression. Recent experiments by Stacy, soon to be published, indicate that the
viscosity of blood is reasonably constant in oscillatory motion in a glass tube.
There is, however, a firm opinion, widely held by physiologists, that the red
cells in the blood are drawn towards the centre-line of the artery. Since the
viscosity of the blood varies markedly with the concentration of red cells (from
0.0156 for plasma to an upper limit of 0.04) it was suggested to the author that
this study should include the condition in which there is a thin layer of liquid
of lower viscosity than the rest in contact with the inner wall of the tube, i.e.,
in which U = Koy sSay, from the centre of the tube to some radius r,;, and p=p,
when r > r; , with a discontinuous change in viscosity, U, Dbeing less that pg.
The analysis is included here (in Section V) being completed only for the limiting
condition when the layer is of infinitesimal thickness. For this limiting condi-
tion the effect is very small. It seems reasonable to classify this as one of the
possible refinements of the theory that must await further progress in experimental
techniques.,

In presenting this work, it seemed best not to attempt to maintain a rigid
dichotomy between the mathematical theory and the physiological problem which has
been both its incentive and its justification. To do so would destroy the essen-
tial unity of the work and would give a false impression of the way in which it

was done.
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Grateful acknowledgment is made of the support given to this work by the Med-
ical Research Council of Great Britain by providing a Personal Research Grant from
July 1st 1954 to June 30th 1955. To Professor K. J. Franklin, F.R.S., who welcomed
the author into his department for a year, a special tribute is due, and is freely

given.
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hard to define, but nonetheless real. This work itself, will, it is hoped, be re-
garded as the successful result of an experiment in inter-disciplinary cooperation.
It demonstrates that the successful application of mathematics to biological pro-
blems is not to be found in the study or the library. An essential condition for
success is that the mathematician must get the "feel" of the problem by personal
contact and discussion with the physiologist, and must at the same time have suf-
ficient professional standing to maintain a critical attitude. If the mathemati~
cian is merely a junior hired "to do the mathematics" there will be no progress.

If he is a Professor in another department to whose Olympian presence problems are
brought, some interesting mathematics will be done, but it will lack point and -
substance from the physiologist's point of view. The history of past attempts at
the solution of this very problem is full of such examples. It would seem that
progress is likely to depend on the occurrence of happy accidents of the sort that
led to the work described here.
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SECTION II

OSCILEATORY FIOW OF A VISCOUS LIQUID
IN A STRAIGHT, RIGID, CIRCULAR TUBE

The flow of a viscous liquid in a long, straight, circular tube under the in-
fluence of a periodic pressure gradient seems to have been first investigated by
Richardson and Tyler (1929) and by Sexl (1930). If the tube is sufficiently long
in relation to its diameter, there will be no radial motion of the liquid, and the

velocity along the tube (w) will be independent of the distance (z) along the tube.
The exact equation will then be

ot p Oz 2.1

in which ég}- must be independent of 2z, since w 1is so. We now assume an ap-

w =1 3p + y(Q%w + 1 Ow
r or

plied pressure gradient

Writing w = w eint, the equation becomes
1

d?w1 1 dw, in A
P s Wy 5 — 2.3
dr2 r dr Y [V

We now throw this into non-dimensional form by writing y = r/R, R being the
radius of the tube. Equation 2.3 may then be written

d2w 1 dwi 2 - AR
+ L 2 - =
—-—Ldy2 vy dy ia " wy T 2.4

Yn which o® has been written for R2n/v. The quantity & 1is a non-dimensional
parameter which characterizes the form of the motion. The solution of 2.4 appro-

priate to the boundary conditions is

al2
W, Hﬂ%’f {1 _ Jo(ayi )} 2.5

JO (aia/z )

and therefore

. _AR? Jo(ayi®'?) fnt
w -2 - ” e 206
ing Jo(0is/z )
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or, inserting the value of a , the simpler form
/2

. 3

v A 1 — Jo(ayl ) o int 5.7

—— Tt .
inp Jo (aid’ 2)

A formula essentially the same as the real part of 2.7 when A 1is real was
published by Egami (1944) and again by Lamhossy (1953). Lambossy also gave a for-
mula for the viscous drage. He and Thurston (1952) who studied the problem at about
the same time, were concerned with the effect of fluid resistance on the frequency-

response of measuring instruments.

The limiting forms of this solution, for both large and small «, are well
known, (Richardson and Tyler 1929). Let the pressure gradient, in real form, be

Mcos (nt-¢) For small ¢ .

w = —gg-(l - ¥°) cos (nt - @).

For large «a,

. 2
w = MR2 [ sin(nt-9) -y

(1147 <

_1/2 ‘a(l‘Y)/J;
e sin Int-g-—% (1-y)
oo y}

‘Richardson and Tyler (1929) were interested in the asymptotic form of the
motion at very large values of 0, ie.e., at sonic frequencies in air. They meas-
ured the mean square velocity at various distances from the centre of the tube,
found the position of the maximum (which is near the wall in these conditions) and

compared it with that predicted with the theory, finding good agreement.

If 2.7 1is to be used to calculate the velocity-distribution across the tube,
the conventional method of separating the Bessel Functions into. their real and
imaginary parts leads to very clumsy formulae. A simpler mental picture of the
motion is provided by using them in modulus and phase forme. Tables are available
(McLachlan, 1941, Dwight, 1941, Jahnke and Emde 1938) of M, and 65, where

3/2)

Jo (xi = Mg (x) eido (%)

and therefore 2.6 may be written

.0 i
AR -8
w = = 1 - hge ° elnt
ipo

where 6o = 05(a) - Bo(ay) and hg = Mo (ay)' /My (a) e

If we write

! —
Mo = J1 + h, - 2hgcosé,

WADC TR 56-614 hosind,
tan €45 =

1 - hpcos,y
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then

2
AR i(nt+€y)
w = 5 . M(‘)'e o 208
iua

so that for an applied pressure gradient Mcos (nt-¢) the corresponding velocity
distribution across the tube will be given by

2 ]
MR M
LA m . -ES- sin (nt - @ * €4) 2.9

A group of representative velocity-profiles of this type of motion is shown
in Fige 1. The values of a for the four sets of profiles (each set covers half
a cycle) are 3.34 for A, 4.72 for B, 5.78 for C, and 6.67 for D. The decrease
in overall velocity with increasing d, and the flattening of the profile, can be
clearly seen. An experimental verification of the velocity-profile in a rigid tube
has been published by Muller, who measured the velocity with a Pitot tube in a

large-scale model at & = 6+43. His curves are very similar to Fig. 1.D.

The rate of flow, Q, is given by

2 1
Q = 27R _Cf)wydy 2.10
and integration of 2.6 gives at once
oJ (aialz)
Q = 7R + A {1 - ; - olut 2.11
inp 0i? QJo(di 3 2)
so that the average velocity across the tube is
3/ 2
= 2J, (ai \
w = <A 1 - ___J;£_1n7___ elint 2.12
inp aJo(ai )
and for a pressure-gradient Mcos(nt-9) the volume of flow is
4 M.
@ = ¥R . " . sinmt- o+ elo) 2413
K oz

in Which, if 2M1/aM° = hiO and 610 = 1350 = 91 (d.) +‘eo (a)

M; 0= Jl + hyo - 2h,0c0808,0

hyosind
Tan 8110= 10 10

1 - hiosinéio
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Fig.1 Velocity profiles, at intervals of 15°, of the flow arising

from a sinusoidal pressure gradient in a straight rigid tube.

a = 3.34,

B, @ = 4.72,

C’ a 2 5.78.

D, a =

6+67.



The quantities Mo, M{o/a2 and €,, have been tabulated by the Mathematics
Division of the National Physical Laboratory, for the ranges « = 0, (0.05)10.
These are reproduced here as Tables I and II. For values of a greater than 10
there are simple asymptotic expressions which can be derived from the asymptotic

expansions for the Bessel Functions. These are

2

Mio = 1 - ¥ = 2.14
]2 o

elo = —2 v = +———3~19 ' 2.15

Y a2 o 24 a’[2 .

The way in which the rate of flow falls off as @ 1increases is best shown by
a graph of the ratio of the maximum flow during the cycle to the Poiseuille flow

which would result from the same pressure-gradient, if constant. We have

Poay - Mo 2.16
Qsteady a?

and this ratio is plotted, against o in Fig. 2, together with a graph of the
phase-lag, 90° -~ €'/5.

If, instead of Qmax/Qsteady, its reciprocal, o /8Mi, is plotted against a®,
this may be regarded (by electrical analogy) as a plot of the modulus of the fluid
impedance against frequency, since a?  is proportional to the frequency. Such a
plot is shown in Fige. 3, in which the upper curve shows the variation of az/ 8M1o
with ¢°, The lower curve will be described in Section VI.

2
Pressing the analogy further, one may take the guantity 1? e,;o.and separate
it into its real and imaginary parts, o
2 ; (2
—&— sin €50 + i—%— cos €4, 2.17

8M4o 8M4 o

The real part of 2.17 may be regarded as a non-dimensional fluid resistance,
and its imaginary part as the fluid reactance, so that cose’,,/8M;, may be regarded
as a non-dimensional fluid inductance. Graphs of fluid resistance and inductance
are given in Figs. 4 and 5. Here again the upper curves are those for the rigid
tube. The fluid resistance rises almost linearly with frequency. The change in
inductance with frequency is small. It is substantially constant for large values
of «a.

WADC TR 56-614 9



TABLE I

/ / / / /
X Mo & Mo o« Mo Mio Mio
.00 0| 2.00 «4125 4.00 » 7062 6.00 «7909 8.00 + 8384
.05 .0003 | 2.05 4264 4.05 « 7092 6.05 «7924 | 8.05 «8393
«10 0012 { 2.10 4400 4.10 7122 6.10 »7939 €.10 «8402
<15 «0028 | 2+15 «4532 4.15 «7151 6.15 «7953 8.15 «8411
« 20 «0050 | 2.20 +4660 4.20 7179 6.20 «7968 8.20 « 8420
.25 «0078 | 2.25 4784 4.25 * 7206 6.25 « 7982 8.25 8429
«30 «0112 | 2.30 «4905 4.30 » 7233 6.30 « 7997 8.30 « 8437
«35 +0153 | 2.35 «5021 4.35 « 7259 6.35 «+8010 8.35 « 8446
.40 «0200 | 2.40 «5133 4.40 « 7285 6.40 « 8024 8.40 «8454
45 «0253 | 2.45 5241 4.45 7310 6.45 «8038 8.45 « 8463
«50 0312 | 2.50 5344 4.50 7334 6.50 8051 8.50 8471
«55 «0378 [ 2.55 5444 4.55 7358 6.55 « 8065 8.55 8479
«60 «0449 | 2.60 «5539 4.60 7382 6.60 +8078 8.60 « 8487
«65 «05627 | 2.65 «5631 4.65 « 7405 6.65 «8090 8.65 «8495
270 «0610 | 2.70 «5718 4.70 7428 6.70 «8103 8.70 «8503
75 «0700 | 2.75 «5802 4.75 « 7450 6.75 «8116 8.75 8511
«80 0795 | 2.80 5882 4.80 7472 6.80 « 8128 8.80 «8519
«85 +0896 | 2.85 «5959 | 4.85 * 7493 6.85 «8140 8.85 8526
+90 «1003 | 2.90 «6032 4.90 «7515 6.90 «8152 8.90 «8534
«95 «1115 | 2.95 «6102 4.95 + 7536 6.95 «8164 8.95 8541
1.00 «1232 | 3.00 «6169 5.00 + 7556 7.00 «8176 9.00 +8549
1.05 1354 | 3.05 «6233 5.05 7576 7.05 -8188 9.06 « 8556
1.10 «1481 | 3.10 <6294 5.10 7596 710 «8199 9.10 « 8564
1.15 «1612 | 3.15 +6353 5.15 7616 7.15 8211 9.15 «8571
1.20 «1747 | 3.20 «6409 5.20 « 7635 7.20 « 8222 9.20 «8578
1.25 +1886 | 3.25 «6463 5.25 7654 725 « 8233 9.25 + 8585
1.30 «2029 | 3.30 «8514 5.30 7673 7:30 «8244 9.30 «8592
1.35 2174 | 3.35 « 6563 5.35 « 7691 735 » 8255 9.35 « 8599
1.40 2322 [ 3.40 6611 5.40 #7709 7440 « 8265 9.40 8606
1.45 e 2472 | 3.45 6656 5.45 7727 745 8276 9.45 «8613
1.50 «2624 | 3.50 «6700 5.50 7745 750 8286 9.50 +8620
1.55 2776 | 355 « 6742 5.55 7762 7.55 8297 9.55 +«8626
1.60 «2930 | 3.60 «6783 5.60 « 7780 760 « 8307 9.60 + 8633
1.65 «3083 | 3.65 6822 5.65 7796 765 «8317 9.65 « 8639
1.70 03237 | 3.70 «6860 5.70 «7813 7.70 « 8327 9.70 +«8646
1.75 «3389 | 3.75 « 6896 5.75 «7830 7.75 « 8336 9.75 « 8652
1.80 «3540 | 3.80 «6931 5.80 « 7846 7.80 « 8346 9.80 + 8659
1.85 «3690 | 3.85 « 6965 5.85 . 7862 7.85 » 8356 9.85 +« 8665
1.90 «3837 | 3.90 «6999 5.90 « 7878 790 + 8365 9.90 «8671
1.95 «39829 3.95 «7031 5.95 « 7893 7.95 « 8375 9495 «8677
2.00 4125 | 4.00 « 7062 6.00 «7909 8.00 «8384 | 10.00 «8684
Linear interpolation produces an error not exceeding 1 unit in the last figure.

WADC TR 56-614
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a Mjjat
0-00 0-1250
05 1250
10 1250
15 <1250
20 1250
025 0-1250
30 1250
35 1250
40 1250
45 1249
0-50 0-1249
55 ‘1248
60 -1248
65  -1247
70 1246
076 01244
80 1243
-85 1240
90  -1238
95 1235
100 0-1232
108 -1228
1-10 -1224
1118 -1219
1-:20 -1218
1-258 01207
-1.30 1200
135 -1198
1-40 - 1185
145 1176
1-:50 0-1166
1-55 1158
160 1144
165 -1133
170 -1120
1-78 0-1107
1-80 -1003
1-85 -1078
190 -1083
188 1047
200 0-1031
206 1015
2:16 0098
218 0980
220 0063
2:28 0-0045
2:30 0027
2:35 0909
240 0891
245 0873
2:50 0-0855

WADC TR 56-614

TaBLE 3. M;y/a® and ¢4 tabulated for values of a from 0 to 10.

LT
90-00
80-88
89-00
89-79
80-62

8040
89-14
88-83
88-47
88-07

87-61
87-11
86-87
85-97
85-33

84-65
83-91
83-14
82-32
81-45

80-55
79-60
78-61
77-69
76-58

75-44
74-81
73:16
71-98
70717

69-54
68-30
6703
65-76
64-47

63:18
61-89
60-59
659-30
58-02

56-74
55-47
54-22
52-98
81-77

50-57
49-39
48-24
47-11
46-01

44-93

Tables 2 and 3 (Combined).

s

gag*

WSS RS RSESRD

LE¥E SIIiE S3ess 3F

3g8ss &

“ o
3

3-86

3¢ 3%

410
415
420

4-26
4-30
435
440

4-50
4-55
4-60
4-65
470

476
4-80
4-86
4-90
496

500

Mig/a?
0-0855
0887
0819
0802
0784

0-0767
0750
0734
0717
0701

0-0885
0870
06565
0640
0826

0-0812
0598
0585
0572
0559

0-0547
0536
05623
0512
0501

0-0490
0480
0470
0460
0451

0-0441
0432
0424
0415
0407

0-0399
0391
0384
<0876
<0369

0-0362
0855
0849
0342
0836

0-0330
0324
0819
0313

€0
44-93
43-88
42-86
41-86
40-90

39-96
39-06
38:17
37-32
36-50

35-70
34-93
34-18
33-46
3277

32-09
31-45
30-82
30-22
29-64

29-08
28-563
28-01
27-561
2702

26-55
26-10
25-66
2524
24-83
2443
24-05
23-68
23-32
22-98

22-64
22-32
22-00
2170
21-40

21-11

20-56
20-30

19-80
19-66
19-32
19-09
18-86

18-66

5-00
5-06
510
5156
520

6526
5-30
5-35
5-40
5456

560
5656
5-60
5-85
570

5-756
5-80
5-85
580
505

7-16

& hEgay

10A

Mot

0216
0213
0210

0-0204
0201
‘0199
0196
<0193

0-0191
0188
‘0186
0183
<0181

0-0178
0176
0173
0171
0169

0-0167
‘0165
<0163
-0161
‘0159

0-0157
0155
0163
0151
‘0149

0-0147

€
18-85
18-43
18-23
18-02
17-83

17-63
17-44
17-26
17-08
16-90

16-73
16-56
16-89
16-23
16-07

16-01
15-76
16-61
15-46
15-32

15-18
15-04
14-890
14-77
14-63

14-50
14-38
14:25
14-13
14-01

13-89
1877
13-66
13-54
13-43

13-32
13-21
1311
18-00
12-90

12-80
12-70
12-60
12-50
12-41

1231
12-22
12:13
1204
11-95

11-87

WEGA QOO OLA wdeladaded oFdadedad

@o@EEA M@PMWEP® W
JRBET LERBE RB5S8R 2REEI Jggggr

9-25
9-30

S POCCE TOEPOP DT
E 22ezy 2sssy BES

Miy/a?
0-0147
0146
0144
0142
0140

0-0139
<0137
<0136
‘0134
<0183

0-0181
<0130
<0128
0127
0125

0-0124
‘0122
0121
0120
<0119

0-0117
<0116
<0115
0114
<0112

0-0111
<0110
‘0109
0108
0107

0-0106
0104
<0103
<0102
<0101

0-0100

0099
0098
0097
<0096

0-0096
00956
0094
0093
0092

0-0091
-0089

0-0087

€
11-87
11-78
11-70
11-61
11-38

11-45
11-37
11-29
11-21
11-14

11-08
10-98
10-81
10-84
10-77

10-70
10-63
10-56
10-49
10-42

10-38
10-29
10-22
10-16
10-10

10-04
9-97
9-91
9-85
979

9-73
9-68
9-62
9-56
9-51

9-45
0-40
0-34
9-29
024

9-18
9-13
9-08
8-03
8-98

8-93
8-88
8-84
879
8-74

8-69
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Figo 2

Quax/ Qsteadqy and Phase-lag (90° - €40) against a. for a
rigid tube.
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The wide variation in maximum rate of flow with o raises the question of
how much o 1is likely to vary in different animals. At corresponding points it
is very much the same in man, cat, dog, and rabbit. This indicates a rough kin-
ematical similarity in flow in all these, and shows that the fluctuating flow in
the great arteries in these animals and man has the same form, and differs only

in scale.

Application of 2.13 to the computation of flow from an observed pressure gra-
dient is best made in an alternative form. Let the Fourier Series representing

the pressure gradient be

Ao + 2 (A, cosmnt + B, sinmnt) 2.18
n

and let this, when written in modulus and phase form, be

A, + 2, M, cos(mnt - @,) 2.19

o n n

Then the contribution to the flow made by the mth harmonic will be
(from 2.13)

: M '
Q, = 7R® - —m-ﬁzg M{o(a-)sin{mnt -9, t ezo(a.)} &0

in which «a will be the value of a appropriate to the mth harmonic, i.e.,
a = a,Iﬁ where @; 1s that value appropriate to the pulse frequency. If 2.20
is expanded it may be written

TTR2 g ' [
Q, = Tl s;mnt.l:A.I|I {Mlo(a-)cos Eio(0g)y + B, {M{o(a‘)sin e{o(a_)
7TR2 ’ '
+ YR cosnt [AE{Mio(a.) sin e1o(a_} - B,{M;o0(a,)cos e;o(a_%]

Since, however, M o cos €50 and M,;, sin e, are the real and imaginary

parts of

2J, (a!ES/Q)

8/ 2 3/ 2
a 1 Jo(ani

)

the practical calculation of flow from the pressure gradient is best done from a
table of the real and imaginary parts of this function. Write

WADC TR 56-614 14



o = [y . 20 (2 1002) 2M

n = .
al 2 . 1 - Ccos §, o
Ay 1 Jo(amf) re oMo !
o s
]
ay 1°7 256 (0 1% %) | im °
Then
: 2
TR2 B TR
Q, = “Eﬁﬁ'(AmCm B,D_ )sin + Eﬁﬁ"(AmDm - B,C_ )cCosmnt 2.21

The quantities Cp and Dy are given in Table 4. at intervals of 0.05 in a,
from a = 0 to o = 10.

McDonald (1955) made measurements of pressure gradient and flow in the femoral
artery of the dog, the rate of flow being obtained from the average velocity across
the tube, which was measured by following the motion of a gas-bubble in the artéry
by means of high speed cinematography. A comparison of the observed rate of flow
with that calculated from 2.20 is shown in Fige. 6. The pulse-frequency was 3 cy-
cles per seconde The assumed values for the other quantities were:

Radius of artery 0.15 cm

Viscosity of blood 0.04:-poise

Density of blood  1.05 gm./(cm)°®
These gave a value of a of 3,34 for the fundamental. The agreement between
theory and experiment is good, when one recalls the drastic nature of the assump-
tion that the artery is a rigid tube, and that the formula contains no disposable

constants.

If no assumptions are made about the viscosity of the blood, or the radius
of the artery, the average velocity across the artery can be calculated from 2.20,
if the density, the frequency, and the value of ds are known. Treating a,
therefore, as a disposable constant, a better fit to the observations can be ob-
tained, as is shown in Fig. 7, which gives the comparison between observed and
calculated rates of flow for o = 2.7 This value of «a was chosen by making the
two curves fit exactly at the point of reversal of flow - a point which is partic-

ularly well-determined by the method.

In the same investigation McDonald also made use of a suggestion made by the

WADC TR 56-614 15



TABLE 4

P19-96 YL JdQAVMm

91

- — ot
| =Fio () | =Fio (&) | =Fio (*) |=Fio () | FIO( )
X REAL | IMAGINARY X REAL | IMAGINARY x REAL | IMAGINARY x REAL | IMAGINARY x REAL | IMAGINARY
8.00 | o0.8228 0.1608
005 | O:%00 | 0.0000 § 2.00 | o.262 | o.3uk9 | %.00 | o.us0 | o0.2021 | &R [ 0.7633 | o0.20r0 | i | O-82 0.1
3% | 0-000 | 0.0003 | 2.05 [ o.2b17 | o0.3515 | .05 | olé77 | 02890 2:‘{?, 8'7255 g-g&s«i 8.10 0.82;2 0.123’5
o1 0000 | S-o0n2 | 2.10 | o572 | 0.3569 | .10 | o.6522 | o0.2860 | ¢ 15 T ’ 8.15 | 0.8261 | 0.1582
+15 0.0000 0.0028 2.15 0.2728 0.3618 | 4.15 | 0.6566 0.2831 | 32 0.7691 0.2027 | 820 | o.8272 0.157%
0.20 | 0.0000 0.0050 | 2.20 0.2884 0.3660 | 4.20 | 0.6609 0.2802 : 0.7710 0.2013
8.25 | 0.8282 0.1564
0-25 | 0.0001 | 0.0078 | 2.25 0.3039 | 0.3695 | %25 | o.6651 | o.ermu | 622 | o.7128 | 01999 | g5 Py 5.5
. . ’ : ) . .8292 .1556
035 | Sgoe | g-om2 | 230 | o1 | o.37r23 | 430 | oleor | oemy | &30 0TS | 015 | 8035 | 0305 | o0i157
o | o:o0s | Soaa | 2B | oomkk | 03w | w35 | orio | ozreo | g3 oy | o:m2 | 8o | ol8315 | o0.1539
b 0:0009 | oy | 2o | ook | 03761 | WO | 06769 | 0.2693 | ¢ 45 il 92 | 845 | oiszes | 0.15%1
0% | 0.0009 | 0.0253 | 2.5 0,340 | 0.3770 | %45 | 0.6806 | 0.2667 . 0-T799 | 0.1945
8.50 | 0.8333 0.1523
oo | Q0013 | 0.0312 | 2.50 | o8k | o.trw | A50 | o.esue | o.eke | §20 [ o.7816 | o9z | giog | 00 0.151
g'gg 0.0019 0.0377 2.55 0.392k 0.3773 :-55 0.6877 0.2617 ggg 8-7223 g-i%? 8.60 0:8?;2 ozlgog
. 00027 | 0.0M8 | 2.60 | o061 | 0.3768 | 60 | olon | o2s93 | & & | otser | oaal | 8-65 | oigzée | oidies
0.65 | 0.0037 | 0.0525 | 2.65 0.4195 | 0.3758 | %65 | o0.6945 | 0.2569 6.70 oLl 894 | 8.70 | 08371 | o0.1401
0.70 0.0050 0.0608 2.70 0.4322 0.37hk | k.70 0.6978 0.2546 . 0.7882 0.1882
1 8.75 | 0.8381 | 0.1483
0.75 | 0.0065 | 0.0697 | 2.75 0.hh47 0.3726 | %75 | o.7010 o.2523 | &P 0.7897 0.1870 | g°g5 .
0.80 | 0.008k | 0.0791 [ 2.80 | o.k568 | 0.3706 | %80 | o.7osr | o.2501 g'gg g g‘llgfg 8.85 313?33 8:&2&53
0.85 | 0.0107 0.0890 | 2.85 0.4684 0.3683 | %.85 | o.7072 0.2k79 | (o8 0.792 . 8.90 | o.8t08 o 1o
0.90 0.0134 0.099%% | 2,90 0.4797 0.3657 | 4.90 | o.7101 0.2458 | 0.7943 0.1834 | g os 08417 01453
0.95 0.0166 0.1102 2.95 0.4905 043629 L.95 0.7131 0.2437 . 0.7958 0.1823
9.00 0.8426 0.1446
1o | 9@ | 0.1215 | 3.00 | 0.5010 | 0.3600 | 3:0 | 0.7159 | o.2s16 | 1-% | 07973 | 0.18u | 2= 0.84 0.1k
1.05 0.02kk °-1252 3.05 0.5110 0.3569 | 5-95 | 0.7188 0.23% ;:‘3 3-7988 g'iBgO 9.10 0:8,32 o:n;?.
1.10 0.0292 0.1852 | 3,10 0.5207 0.353% | 5-10 | o0.7215 0.2376 | 2°15 0-83002016 0-17 g 9.15 | o.8452 0.142k
1.15 0.03h6 0.157h | 3.15 0.5300 0.3503 | 5.15 | o.7282 0.2356 | 7755 . 177 9.20 | o.8480 01417
1.20 0.0407 0.1699 | 3.20 0.5389 0. 5.20 | 0.7269 0.2337 . 0.8030 0.1767
. 9.25 | 0.8469 0.1k10
1.25 0.047h 0.1826 | 3.25 0.5475 0.3434 | 525 | o.7294 0.2318 ;?o g.gool;; g.gig 9.3 | oaury o 1%08
1.30 | 0.0549 0-212583 3.30 0.5557 0.3398 | 5-30 | o.7320 0.2300 | 735 0.8076 o | 935 | oiauss 0.1396
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(Upper) Rate of flow over one pulse cycle in
the femoral artery of the dog.
Broken curve - observed (McDonald 1955)
Continuous curve - calculated from

observed pressure-gradient, a = 3.34

. 4r (Lower) Observed pressure gradient in femoral

8 artery (McDonald 1955).
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author, (Womersley 1955b) that the rate of flow might be calculated from the time-
derivative of the pressure. It is well-known that for a wave-form travelling
— ~—~———

without distortion at a velocit c,

S

9p _ 1 Op
T~ 3z T 3t

and therefore if ¢ 1is known, the Fourier Series for the time-derivative can be

used to calculate the rate of flows The experimental technique is simpler than
that required for the measurement of pressure-gradient, since a single pressure-
measuring device may be used, fitted with a time-differentiating input to the am-
plifier. This method measures the amplitudes of the oscillatory terms only, and
does not enable the steady flow to be checked against the constant term in the
pressure gradient. If there is any perceptible reflection of the pulse wave, 2.21

is no 1onge} true, and the conseguences of this are considered in Section VII.

It is shown later (in Section VI) that this simple rigid tube formula applies
to an elastic tube under limiting conditions of stiff constraint, and the good
so—=e BERRAOTS D Shs ot BUmehTas Tty
agreement between the rigid tube formula and McDonald's results is admissible as

evidence in considering whether such conditions of constraint apply to the artery.

[

T 3 Comparison of calculated and observed flow in the femoral
g artery of the dog.

F : Broken curve - observed (McDonald 1955).

+ o Continuous curve - calculated from observed

pressure-gradient, a = 2.7

N, . 2 A s i 4
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SECTION III

THE EQUATIONS OF MOTION OF THE FREELY~-MOVING ELASTIC TUBE
AND THE
DERIVATION OF THE PULSE-VELOCITY

In Lamb's paper (1898) "On the Velocity of Sound in an Elastic Tube as Influ-
enced by the Elasticity of the Walls", he considered a compressible inviscid fluid
in a thin-walled elastic tube, took a wave-equation for the pressure inside, and
obtained a "frequency-equation" for the velocity in terms of the dimensions of the
tube and the elastic constants of the material. For a gas in a metal tube the cor-
rection is negligible, but he remarks

"for the other extreme, e.g., water }n an india rybber tube, we
have two values for ¢, (hE/2ap,)*'® and (B/p)*

In these expressions h 1is the thickness of the tube, a its radius and p
its density. E 1is Young's Modulus and B is E/(1-0 2). where ¢ 1s Poisson's
Ratios po 1s the density of the liquid.

Lamb adds that the former value of ¢ is the same as the velocity of the
pulse-wave as deduced theoretically by Résal (quoted by Korteweg in Liouville's
Journal in 1876). It is apparent from Lamb's results that if the wavelength is
long compared with the circumference of the tube, the velocity i is 1ndependent of
frequency. We show below that this does not hold if the viscosity of the 11quid
is taken into account. Let R be the radius of the tube, h 1its thickness, P
the density of the material, p, the density of the liquid. Take the axis of z
along the tube, and let ¢ be the displacement along the axis, & be the radial
displacement. For the elastic constants take B to be E/(1—025,as above, where

E 1is Young's modulus and ¢ DPoilsson's Ratio. ‘Then the extensions are

oL along z, and & radial.
Oz R

The tensions are P along 2z, and Q radial, so that

P=Bh{aC +o—£-} , 3.1
Oz R
(6}
Q= Bh‘{ E_ . o—éL- 3.2
0Oz

WADC TR 56-614 19



Lamb gives the equations of motion

phu op 3.3
at? dz
2

where p 1is the excess pressure on the inner surface, but if the liquid is vis-
cous there will be a surface traction on the inner surface of the tube due to vis-
cous drag, and eqn. 3.3 must be modifieds If w 1is the longitudiral component of
the velocity of the liquid and u 1its radial component, the surface traction per

Ow Ju
_ + 3¢5
u(ar Oz )

T=R

unit area will be

where |1 is the viscosity of the liquid. Meaking this modification to egn. 3.3
and inserting the values of P and Q from 3.1 and 3.2 the equations of motion

of the tube become

9% _Po v aw + R‘l) +B_(?%C , g Q& s 3.6
otz o hR dz p \Oz2 R Oz

y=1
0% p B /o 9t &
— = o i | e e # s 3.7
ot* P p(R 0z RQ)

&
= — at =1 3.8
dt ’
= oL
w = t = .
At a y 1. 3.9
In the usual notation the equations of motion of the liquid are
du du u 1% [ , 9% u
-~ +u + oW = - = + —~——* o
at N 3z por *2 r or B2~ #2|° 3.10
QW 4+ O o+ 4OW - _ 10w + v| 0% + 1 Ow +8w g.41
at dr dz p Oz or®* r Or 9z . )
o
together with the equatlion of continuity
du u ow 3.12
— P o e =
or r Oz
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If a trial solution is taken in which all the variables vary as explin(t-z/c)],
we shall be concerned with the type of motion in which u/c,w/c and nR/c are all
smalle It is clear from the equation of continuity that u, the radial component
of velocity, will be of order nR/c compared with w, the velocity along the tube.
It follows that the non-linear terms are in general of order 1/c compared with the
main linear terms, and we therefore neglect the inertia terms in the first approx-
imation. Let

P = p1 explin (t-z/¢)],

u = u, explin (t-z/¢)],

w = w,; explin (t-z/c¢)],
Equations 8.10 and 3,11 reduce to

2

du 1 du u 1 R d
__’i _ iaa"’u1 = —%— = e . _Bi R 3.13
dy y dy R i dy.

2 2
d w?2+ 1dw, 15a2w1 - ip - R’ - 3.14
dy2" y dy c W

where the terms in 0°w/0z?, 0%u/dz®’, have been omitted, since n’R®’/c? is

small (see below)

The equation of continuity is

1 d inR 30 15
- —(uy) = LEY
y dy

If now it is assumed that p,; = AJo(ky), where k 1is to be determined, the

equations of motion can be integrated to give

3/ 2 2
Jo (ai inR A ?
Wy = Cy sl 372y)_ 3 21 ] Jo(ky), 3.16
Jo (ai ) ch ia’- k
3/ 2
Ji(ai” "y) R A
u, = C s s 1 3.17
' " Jo@i®?y Ty Pa - g )

where C, and C, are arbitrary constants, and the constant Jo(ais/z) has

been introduced (by analogy with the simple theory for the rigid tube) for con-
venience., If these values of wu; and w,; are inserted in the equation of

continuity i1t should reduce to an identity. From 3,16 and 3.17

inR _ inR Jo(ai® ®y)  1°n’R° A
c Y1 ¢t T @iT Ty ozn 2= 2o (ky), 3.18
/2 2
1d al2 Jo(ai® %y) Rk A
S —(uy)= ai “¢,=2 ~ Jo (K 3.19
v dy QJo(aiGIQ) M iaaz k2 o (ky)
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For the equation of continuity to be s7tisfied these must be identical, and there-
fore k = inR/c and C,/C, = inR/cai’ s so that J,(ky) becomes I,(nR/C) and
J, (ky) becomes ilI; (nR/c).

At the highest frequencies likely to be of interest in the pulse-wave, n2R2/c?
is small compared with a’. As an example, for the sixth harmonic of the pulse
frequency of the dog, n”R 2/c®~ 6 x 107 , and the ratio of this to the correspondlng
value of a? is about 9 x 10 8. It is therefore justifiable to replace 12a -k? in
3.16 and 3.17 by i°a®, and in view of the smallness of nR/c to use the approxima-
tions I,(nR/c)=1 and I, (nRy/c)=nRy/2c. This is the same degree of approximation
that is implicit in omitting the terms 0% /3z° and 0°u/0x? from the equations of
motion. Inserting these approximations in the expressions for the velocity-compo-

nents,

al 2
Jo(ai y), éA

w =G 3.20
1 Jo (aiSIQ) fo
inR 23, ( 13/2 Ay
u1 = C1 3 + 2 = 3021
ai Jo(ai 3t ) Poe
At the inner surface of the tube, i.e., when y = 1,
A
w, = C, + -1 3.22
Poc
u, = 1 . inR. C, * Fyola) + _1_ inR A 3.23
2 c Pot

3/2)

/ai Jo(ald/z), the function of «
which appears in the expression for the rate of flow in the simple theory. The

where Fio(a) has been written for 2J1(a1

value of awi/ay at y = 1 is also needed, to substitute in the equations of motion

of the tube. Making the same approximations, this is

C 1 2. 2
- 2 %R (e) ¢ S B E - 3.24
2 2 c¢ PocC
If it is now assumed that ’
& = Diexplin(t-2/¢)],

el Eiexp[in t-2/c ],

where D, and E, are arbitrary constants, the boundary conditions for wu; and w,

become
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in E1 Ci p"(‘)'(_:' 3.25
1 inR A
in Dy = & = { Fyola)es C, + ‘g%} 3.26
and the equations of motion of the tube become
A B o) inE D
-n’D, = — - = { = (— ‘) + =33, 327
¢ hp P R c R
A v C .3 . 1 A 2R?
- n%RE == — e 2F1o(d) - —= B'g_
P hR 2 2 pPoc c
B n 'S in
& — — a2 " +\—{- (— —)Di 3.28
el @® R c

In 3.28 the term in Ou/Oz in 3.6 has been omitted, since it is of order

nQRQ/CQo

Equations 3.25-3.28 are four homogeneous equations in the arbitrary constants
Ai’ Ci’ Di’ Ei‘

termine the wave-velocity ¢

Eliminating them will give a'frequency equation' which will de-
in terms of the elastic properties of the tube and

the non-dimensional parameter «o. The result of the elimination is

0= 1/pcc¢ 1 0 -in
(o)
inR/204c inR/2c -in 0
3.29

1/hp 0 n®-B/pR? inoB/cRp
1 Po v 1 n”R* i Po va? in o] B 9( B
— 2. — e e e = 2 — Fyo - . - — n |1 -~ =,
2 p hR RC ¢ 2 p hR c R P pc

The first step in the evaluation of this determinant is to make all the ele-

The term - ipoanFio/zth is replaced by its equivalent
-inp,RF,o/20h, since va® = nR?,

ments non-dimensional.

If now the first column is divided by pgc, the
second column by inR/c, fourth column by -in, and the fourth row by in, the deter-

minant becomes .
1 1 0 ik
1/2 1/2F, 0 -1 0 3.30
RPo/hp 0 -B/pc? ~oB/pc?
0 -F10RP0/2hp ~oB/ pc? 1-B/ pc?
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At this stage the following further approximations have been made. In the
third row, third term, n°R?’/c® has been neglected- in comparison with B/pcg. This
is justified, since (B/p)% is the velocity of shear-waves in the material of the
tube, and this wiil be greater than the pulse-velocity, so that B/ch>1, and

n2R2/02 can be neglected in comparison with it. The first term of the fourth row

_is of order n ’R%?/c?a”® and can therefore be neglected. If now

z,

we write k=ht/Rpy,

\X_ = kﬁ/pe¢y«and reduce the order of the determinant by replacing the second row by

Row 1 - 2xRow 2) and the third row by (Row 1 - Row 3) the equation becomes

0~ |1 - Fio 2 1
1 X 1+tox
which reduces to - $F,0  —Ox (k-x)

D = (1 = 02)(1 = Fio) XQ— X {2 + k(l - F1o) + F1o(§ ~ Bg )} + Fio + 2k, 3.31

In this equation k<< 1 since the tube is assumed to be thin-walled, and in the

application to the arteries pO = pPge

When o - ®,i,e., as the viscosity of the liquid —0, Fjio™

0O and the roots of

this equation tend to equality with those of the corresponding equation which can

be deduced from Lamb's equation for the compressible fluid.

An equation which is

essentielly the same as 3.31 has been given by Morgan and Kiely (1954) in a some-

what different notation. They give two approximate solutions,

one for "small vis-

cosity", by using the asymptotic expansions of the Bessel Functions, and the other

for "large viscosity", by using the power series, but do not seem to have appreci-

ated the dependence of the wave-velocity on the single non-dimensional parameter,

U
The roots of 3.31 are given by
(1~ cx =g £v{6° - (1 -~ ¢2)n}
where
1+ %0 4
G = ——— + (k/2t0-2),
1"F1 o]

H = (1 *2k)/(1-F10)-1.

3.32

= '
In terms of the notation used in 2.13 above, 1/(1-F10)= exp(~i€)/Mic g6 tpat
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V4

the quantities required to compute the roots are already available. Since.F1o(a)
is complex, x is always complex, and the motion is either damped or unstable. The
sign of arg x is determined by that of arg G, and since arg G is always negative,
the motion is damped. If we write

fa = eyt ? = x = 1%, 3.35

and denote by co the velocity for the perfect fluid, i.e., write Co=(hE/2Rpo)§,
then if ¢, is the wave-velocity, co/ci = X and over a distance of one wave-
length the amplitude will be reduced in the ratio exp(-27Y/X). The quantities
of practical interest are, therefore, 1/X, which gives the ratio of the velocity
to that for the perfect fluid, and exp (-27Y/X).

The tables in Appendix I, which were computed by the Computation Laboratory
of Harvard University, give these quantities, together with those required for the
calculation of the motion of the wall, for a range of values a = 1(0.05)10;

k = 0, Oely, 0¢2, 0e3, 0e4; 0o = 0, 1/4, 1/2. They also contain tables for o= 1/2.
k = -1, -2, -5, -10; which are discussed in Section IV. Table 4 gives their val-
ues, together with the reduction in amplitude over a distances of 10 cm, for the
first four harmonics of the pulse of the pulse of the dog, in the femoral artery.
They have been calculated for k = 0s1, i.e., for a wall-thickness of one-tenth

of the radius, for ¢ = 1/2 and o6 = 0 . In this table, f, = exp (-27Y/X) and
fo = exp (-27Yz/X\), with & = 10 cm.

Table 5
c=1/2 c =0
a c/co f, £, c/co f, £,
3.34 0.914 0.274 0.946 0.842 0.132 0.917
4,72 0.924 0.472 0.938 0.876 0.294 0.900
5.78 0.936 0.565 0.929 0.894 0.381 0.883
6.67 0.942 0.636 0.925 0.906 0.442 0.870

The amount of damping seems rather large. A diminution in amplitude of 5-67 over
so short a length of 10 cm one would expect to have been observed and remarked
upon, but until more accurate observations are available it is not possible to say
with certainty that this degree of damping is greater than that which exists in
WADC TR 56-614 25



the arterial system.

ship between ¢

the smaller values of ¢ .

In practical observation it might well be masked by the
change in shape of the pulse as it travels.

Figure 9, which shows the relation-

and exp (-27Y/X), illustrates how much greater the damping is for

Figure 8, which shows 1/X = c¢/co against «a, demon-
strates that 1.0-
-/.-—.-—.-‘-—, ..... xR 8O0 SxE=Oe=
/ X ’L"::&l—
K LR D"—
> s
RN 4
l. ,/
s/
S
r Io
-, i
o
051 k=01
d=] e—eo
d:'/4 Wisicsi X
ag=0 0= —0
0-3-

2

Figo8

3 4 5 6 7 8 9 10

ot

Ratio of wave-velocity to that for an inviscid fluid as a
function of a,

for a wall-thickness ratio of 0.1 and

Poisson's Ratios of 0.5, 0.25, O.

for values of o greater than 3, which are those of yreatest practical interest,

the change in velocity with

is the value of O.

a is quite small,

being somewhat larger the smaller

Since the wave-velocity varies with frequency, energy will be

transmitted with the group-velocity, and it is the group-velocity that will be ob-

served when the pulse-velocity is measured.

form expli (nt-mz)], the group velocity ¢

and X this may be written

The analytical form for

If a wave-motion is described by the

is given by ¢ = dn/dme. In terms of «
g

1

o _ %o, L d&X
c, c 2X da

dX/da is unsuitable for computation. Figure 8

shows a graph of log X against log ¢, and since
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a g_x = dglog X)
X da d(log a)

it is possible from this to estimate its magnitude. It will be seen from the
graph that for those values of o which apply to the femoral artery (3<0<7),
d(log X)/d(log a) is about - 0.045, so that for these conditions cs/c1 is about
0.98, so that the difference is only 2%, and over the range o =3 to a = 4

is certainly never more than 2%%. Until accurate measurements of pulse-velocity
are made over short lengths of artery, this effect is not likely to be worth
taking into account.

WADC TR 56-614
28



SECTION IV
THE MODIFICATION OF THE EQUATIONS OF MOTION
FOR
ADDITIONAL MASS, ELASTIC CONSTRAINT, AND INTERNAL VISCOUS DAMPING

As a model of the mammalian arteries, the freely-moving elastic tube is inade-
quate in a number of ways. As will be seen later, when the motion of the liquid

and the pressure-diameter equation is discussed in detail, it predicts a longitu-
dinal motion of the wall which is almost certainly too large to be practicable, and
has, in fact, never been observed. It is known that the arteries are attached to,
and supported by, other tissues. It is also known that the material of the wall

is not perfectly elastics, Lawton (1954) has demonstrated that it has considerable

internal damping.

No very drastic change in the equations is needed to take account of these
factors in a simple manner. Morgan and Ferrante (1955) showed that if the tube
has additional mass attached to 1t which takes no part in the elastic deformation
the form of the equations is unchanged. It was assumed by them that this addition-
al mass is uniformly distributed and is cylindrical in shape. The only modifica-
tion required is that the thickness of the tube, h, be replaced by

_ h, PR,
H=nh (1 + T OR ) 4,1

where h,;, p,, R, are the thickness, density, and mean radius of the added mass.

If, together with this additional mass we now introduce an elastic constraint
of natural frequency m/27n to reduce the longitudinal motion of the wall, the
equation of motion for the longitudinal displacement becomes

fowee ot o (2) L m(TE o o
P hR Qy v=1 Hpo dz2 R e 4.2

If this equation is used instead of its counterpart in the freely-moving tube,
the form of the frequency equation is unchanged. The only modification required.
is a change in the definition of k, the wall-thickness ratio, which is replaced

by ' h H | 1 m®
R h n2 4.3

Thus if the frequency of the oscillation is the same as the natural frequency

of the constraint, k' = 0 and the tube behaves as though it had no mass. If m>n,

k' is negative, and if m>>n, i.e., if the constraint is very stiff, and the added
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mass large, k — — © and the frequency equation reduces to

5 .
o = o4
Xt ¥, 9 4
2
k 1 -0
so that (1 - 0% — = 4.5
2 1 - Fio
c 1~ g°
or C. =
c 1 - FJ.O
2 %
= €
i.e. x = 1209 cos 20 4.6
Mso 2
y Q2 A €ic
Y = 7 sin —— 4.7
Mio 2
and for o = 1/2,
3 1 e 4
1 - 2. (My0) sec -2 4.8
o 3 2
o €10
_—.y___ = ZHtan T 4"9
X 2

Graphs of these quantities are shown in Figs. 11 and 12. The curves for k = 0,

0 =1/2 and k = 0.2, 0© = 1/2, are shown for comparison. Although the asymp-
totic value of ¢, for the constrained tube is 1.15 ¢y, this value is attained

very slowly, and for moderate values of a, €, = ¢o5, approximately for all o > 4,

All three curves coincide for « < 2, and that for the constrained tube is
higher than the other two when a > 2. For small k, the variation of c/cy, with

¢ 1is not sensitive to variations in k.

Turning now to the modification of the equations to take account of internal
damping in the wall of the tube, a simple way of doing this was proposed by Morgan
and Kiely (1954). They replaced the elastic constants of the material by

E. = E - in E’ 4.11

c

B 6 - in o' 4.12

4nd, substituting these immediately into their approximate formulae for the wave-
velocity, demonstrated the effect to be expected from these modifications - an
increase in damping, and a reduction in velocity.
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It would seem that there is some difference in sign-convention between this
present account and Morgan and Kiely's paper, for the author is of the opinion
that the imaginary parts of the above expressions should be positive. For example,

consider longitudinal waves in an elastic bar. The equation is

- 9%u , A%u
—_—— = a —_—
ox* ot?
E
where a’ = 5 and a typical solution is

of

inft -
u = A e ( )

If now we replace E by Ec s where E_  1is complex, the imaginary part of

E, must be positive if the motion is to be damped. We therefore write

i1

E

C

E (1 + in AE) 4.13

- 6 (1 + in Ac) 4.14

c

As a question of principle, since the Poisson's Ratio for arterial tissue is
known to be almost exactly one-half, the theoretical maximum, it might be object-
ed that the second of these two expressions gives |0c| > 1/2, and perhaps it

ought to be put in the form

In what follows, 3.11 will be used., The change to the alternative form is a
simple matter, should it be necessary., We now wish to find the effect of these
changes on the roots of the frequency-equation. First consider the limiting con-

dition of stiff constraint. This gives

i 2(1-0°(1+ inko)? ) 3
=( ) | 4.15
3

2 M2 32 g
1-0 1-6> 1-g°
J.-F;g 1+1nAE
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If nAE and nAc are small, this may be written

2 2
Co 1 -0 AE o 4.16
— = — . T ¥ —_— —————A
p (1-Fu) 4 “(2 1—620)

and when o0 = 1/2 this reduces to

3
Co = _E_ e-ieé 1 - in (éE_ & ég—) 4.17
c 4aM, o 2 3

so that the damping of the pulse-wave in transmission is increased, and its veloci-

ty is reduced,

The effect of internal damping on the general form of the frequency equation

is more complicated. However, if nAc is small, so that second and higher powers

can be neglected, it can be shown that the quantity (1 - 02)x is replaced by
1 { k
X - -
(1 - 0%; - nbo {a/2+ 1-Fig —iFa}
n/ 6% - (1-0%) H '

showing that damping is increased, and the velocity reduced.
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SECTION V
MODIFICATIONS OF THE EQUATIONS OF MOTION FOR A
THIN BOUNDARY LAYER OF LOWER VISCOSITY.

Physiologists who have studied the flow of blood in the smaller vessels have
drawn attention to the existence of a region near the wall which is substantially
free from red cells. Such a boundary layer of plasma will have a viscosity less
than half that of the rest of the blood in the artery. In the larger vessels, with
which the present theory is concerned, the layer, if it exists, will have a thick-
ness very small compared with the radius of the tube. Whilst it might seem at
first sight that the introduction of an extra parameter (the thickness of the
bounding layer) would make the theory completely formless, and enable any desired
result to be obtained at will, it is shown below that, if the thickness of the
boundary-layer is allowed to tend to zero, the basic equations are only slightly
modified, and, in particular, for the limiting condition of heavy loading and stiff
constraint, reduce to those of the previous section. At the other extreme, if the
tube is free to move, and of negligible mass, the presence of the infinitesinal

layer causes a marked reduction, both in pulse-velocity and in damping.

The viscosity of plasma will be denoted by p_ , so that if the non-dimensional
parameter of the motion of'the blood is a, that of the motion of the plasma layer

will be [, where 8 = GO%AJO)%- We assume that the liquid within the tube is blood
when 0 < y < y, and plasma when y, <y < 1, so that the thickness of the boundary
layer is l—yo.

When 0 <y < y,; we have from equation 3.20,

3/
Al J, (ayi®’2)

w. = —

G =W o'05-1-
: Poc 1Jo(ay013/2

at y = y ,,1let w = w . Then w  is unknown, but is determined later from the con-
dition that the velocity must be continuous across the boundary y = y,. C, can be

determined in terms of w_ and

Ay A, J, (ayi®/2)
wl = —— + wo - 3/ -105020
p,c poc ) Iy (ay,i®/ 2)

’

The velocity gradient at y = y  1is
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aw Ay 1262
. a
—1 = = W= —— g =S Flo(ayo) veeDe3e
dy J y=vy, Poc 2

where F,, has the same meaning as in 3.23. In the boundary layer y < y < 1 the
velocity will be

3/ ' %
Ay JoByi™2) | K (Byi®)

C, 3 Cq cssDeds
Py J, (B13/2) X, (B1%)

The extra term has to be included, since the condition that w is finite at
y=0 no longer applies, and boundary conditions have to be fitted at y=y_ and at
y=1l. At y=1, 3.22 is replaced by

A

inE, = —L + ¢+ ¢ ven Dl
1 p,c 2 3
and at y=y_.
Ay J, By 1372) K, (By,1'"2)
L = Gy 2 'Q/—' Cs—o—'wT eoeHebo
Poc J, (8137 2) K, (Bil/2)
Also at y=y_
3/2 3/ % %
(—dw ) = —Cz ,Bi .L (,6301 2) + (.':3 ﬁi &(ﬁin ) 0005-7-
3 .
Y / y=y, F, (Bi3/2) K, (Bi%)
and at y=1
dw P17y, (8137 3) Bikk_ (Bi%)
—1 = —02 / + 03 _——lT— 0005080
dy Jy=1 J, (B1372) K, (Bi*)
L and ¢, can now be determined in terms of c, by equating the two values of

A
Wy -~ ;—i, i.e., by making the velocity continuous at y=y and by equating the two
0

values of the viscous drag at Y=Y oo

Introducing the notation

2J, (B1%/2) Jo Byoeid’?)

2K, (Bi%*) K, By, i%)
BE;QE&E;' =G, —E:&ggy— G, o(B)
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equations 5.6, 5.7 and 5.8 may be written

A
w, - p (1: = ¢, F (By,) t cy6,,By,) «ee5.9.
(o]
dw C2 Cs
—_— = - —— 3332 — 2 seeDe .
(dy - L 3pay By R, Br,) + o 18,0, (By,) 6, By, 5.10
o
dw c c
il = - —2 {332 : Z3 4333
(dy> = - o 15F10(/3) =2 1989 . (B) «ee5.11.
y=1

Equating the two values of the viscous drag at y=y_, and making use of
K=p,= (B/a,)? gives

A
(wo - ;—:) F o@y)= c,F o B .F,By,) * c;6,,By,)6,,By,)

and therefore, substituting from 5.9 above

0 = 02F0 (.Byo) {Flo(ayo) = FlO (lByo)} + caGo (ﬁyo) {Flo(ayo)-Glo (ﬁyo)}

and therefore

e - Fo (ﬂyo) [Fm&yo)"Flo (IByD)]

-c
3 26,(By,) F,o(@y,) -G, By,)

The boundary conditions for the motion of the elastic tube can now be re-

written in terms of €,. Equation 5.5 (which replaces 3.22) becomes

A FoBy,) Fyqlayy)-F,,By,)
1 10 y
- + C 1 - ° ° . 2 10 ° na!50120

1nE1 9
poc Go wyo) FlO(ayO)-Glo (IByo)

and 5.11 becomes

( dwl) 02 3ﬂ2 (ﬂ (ﬂ F0 (ﬁ,yo) Flo(ayo)—Flo (ﬂyo)
- — 1 F + G .
y=1 1o to @ G, (By,) Flo(ayo)'Glo(’Byo)

dy

If y,—1 this becomes

dw c
== = - =2 138%F (B)

as it should. If also y —1 in 5.12 it becomes
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A ¥ -G
inE1 = 1 +'cz. LDQB) 1008)
Poc Fio(@)-6,4(B)

If now we write

/ FlO (18) -Gio (IB)

2 7% F @)=, B
10 10

equations 3.25 - 3.28 remain the same, except that in 3.28, a?F,  (a) is to be re-
placed by
F,,(@)-G, ,(B)
—1g V7 " Qg N2
ﬁzF,o(,B)-F T
1008)“ 10 )

i.e., by azFlo(a) L(a,B)

2 1- F. (a)

where L(a,B) = éT S
al | 8,8

Fio®

The frequency equation becomes

(1-02)x2 - 26 x + g = O

in which
o @-92)+L(Ya%2) ko
G = + -+ -+ L(3-0)
1-F (@) 2 2

Hl

1
Lt N\, 2k
1-F10(a) l—Flo(a)

In the limiting conditions of heavy loading and stiff constraint (k — - ®)
the terms in L(alﬁ) will have no effect, and the presence of the low viscosity
layer will affect neither the pulse velocity nor the damping in transmission.

When o=%, G' is the same as G in equation 3.33 and the effect of L(alﬁ) on the
/
roots of the equation will be confined to its effect on H ., This will be greatest

' 1
H = L(alﬂ) (I—F - 1)
10

Fig. 13 shows c/co against a for k=0, 0=0.5, ﬁ/a=1.6, which is very close to

the correct value if the layer is assumed to be pure plasma. The ratio c/c is
o

when k=0, i.e., when
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reduced very considerably by the presence of the boundary layer, and the form of
the relationship between c¢/c_ and a is changed completely. It would seem, there-
fore, that if the simple theory which assumes conditions of limiting constraint
should prove to be inadequate, the consequences of the assumption of a boundary

layer of low viscosity will have to be explored further.
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SECTION VI

THE MOTION OF THE LIQUID

In this section the details of the motion of the liquid at a particular value
of z, 1.e., over a short length of artery, will be studied. If the origin of =z 7
is taken at the mid-point of this short length, the longitudinal velocity will be

A, Jo (ayis/ 2)
elnt 6-1

B P

where the value of C; 1is to be determined from the boundary-conditions. From
3.15, 3.16 and 3.17, Dy and E; can be eliminated. If in the resulting equa-

S

g 2 7,28 A
tion n is written fér the ratio of C; to A;/Poc, the value of mn 1is

= 2 _ 1 - 20) 6.2
X (Fi 0_20) F1 0'20

where x 1s the root of equation 3.197and 6.1 becomes

; g s
A,y Jo (ay1® ?) i

W = S 1 & 7 _.al 2 (-] nt »
Poc { " 5o (e 6.3

This shows that for a given applied pressure-function the velocity of the
liquid is inversely proportional to the wave velocity.

We may split up the constant A,/poc 1into factors:-
“in\. 1 . 1 .
(c) R (— in A,
and therefore if A; is the quantity that would result from Fourier Analysis of

the pressure gradient, we have

-in
- (Y,
c
and therefore
A, Af A R2
—= = 2 = 4 = 6.4
PoC inpo ipa

This establishes the identity of the constant in 6.3 with that in the simple
theory of the rigid tube. The average velocity across the tube is

- A .
" poe {1 ik Pic} efnt 8.5

40
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and this can be written

=1

2 "
MR M "
—  ~iFsin (at - 9 * €0) 6.6
" o

for a presure gradient Mcos(nt - 9), and the values of M",, and €3, compared
with those of Mjpand €, for the rigid tube. We note that

M, 8 |1 + nFy0l

"
€i0

ph (1 + nFy0)

Tables of these quantities are given in the Appendix.

Q .
Figs. 14 and 15 show graphs of —28%_ and of the phase-lag against a for
tead
k=0,0=1/2, 0=1/4, 0 = 0° **e%%Y The curves of Fig. 3 for the rigid

tube are not superimposed on these, but in Fig. 3 are shown curves for o = 1/2,
k = -10 for comparison with those of the rigid tube. If in 6.2 we insert

_ 2
x = —_—
1 - F,0
it reduces to
1-F - 20
no o= 0, 1 1.
Fi0 =20 F,0-20

so that for the tube in the limiting condition of stiff constraint the motion of
the liquid is the same as for the rigid tube: Figs 16, 17 and 18 give comparative
plots of the modulus of the complex impedance, fluld resistance, and inductance,

for the same conditions as those of Figs 14 and 15.
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Table #6

G.:% a=0
Amplitude Phase- Amplitude Phase-
a
ratio difference ratto difference
3.34 0.122 74.0° 0.527 26.2°
4.72 0.166 52.9° 0.226 - 16.2°
5.78 0.190 38.0° 0.145 12.6°
6.67 0.257 28.6° 0.104 10.5°

It is also of interest to calculate the longitudinal velocity at the wall.
This is

A
1 + int
poc (1tm)e cesBe7e

so that its ratio to the average velocity is (1+n)/(1+nF10). If the modulus
and phase of this are calculated, they will demonstrate the ratio of the
magnitude of the velocity at the wall to that of the average velocity, and
the phase-difference between the two. Table 6 shows these quantities, for
=%, and © = 0 F = 0.1 for the values, of a for the first four harmonics
of the pulse in the dog's femoral artery.

These figures emphasize the critical role of Poisson's Ratio in deter-
mining the details of the motion. The phase-differences in the above table
are shown with their correct sign in relation to the amplitude ratio, and
therefore show that the velocity at the wall 'leads' the average velocity
across the tube. The most striking point about this effect is its magnitude,
which is greater than might be expected.
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If 6.7 is integrated with respect to the time, it will give the longitudinal
distance traversed by a point on the wall. This will be

Al
ino (14m)elnt

and if expressed in terms of the pressure gradient it will be
‘

Ay
-— (147m)e
n2p

int ...6'8'

The Fourier - Series for the pressure gradient in McDonald's experiment was
taken, and the movement of the wall calculated, assuming K=0.1, o=4. The maxi-
mum value of { during the cycle was 3.92 mm, which is greater than the diameter
of the artery. It is reasonable to su;;bse that a longitiudinal excursion of
this magnitude would have been remarked upon, had it ever been observed. The
above calculation may seem unrealistic, since it is known the artery is not, in
practice, completely free, but it does show that the elastic constraint is not
likely to be in resonance with the pulse frequency.

From the point of view of the physical principles involved, the motion of
the 1iquid is most directly appreciated in terms of the dependence of flow on the
pressure gradient, which may aptly be regarded as the driving force of the motion.
It is also desirable that direct measurements of pressure-gradient be made at the
same time as flow measurements, since in comparing the theory with experiment,
the pulse-velocity is eliminated from the formula connecting the two, and the
complication of the variation of pulse-velocity with freguency does not arise,
Some recent results obtained by Spencer, (1956), in which both pressure-gradient
and pressure were measured, are considered in Section XI. However, as has
already been noted, if the pressure gradient is created by a travelling wave,
there is a simple relationship between the pressure gradient and the pressure it-
self. From 6.5 above,

P

1% 56C

Izl
Ml'loeielo . elnt eeebHe9.
c
in which ¢ is complex. Since —E°= X-iY,

— 1" 1
w = —Ec— ®-1Y). Mmeielo . BIEE ceeB.10.
o’o

so that the effect of the damping of the wave in transmission is to reduce the
phase-advance of flow over pressure. In the limiting condition of stiff
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constraint,

- 3M !
w= _P I . eMig) . efot . =¢6,11

PoCo 2

so that in these circumstances the maximum phase-lead of flow over pressure will
be 45°, The value of ¢, 1s not directly measurable. Measurement of the pulse-
velocity over a short length of artery one would expect to give cy= co/X. In
terms of measured pulse-velocity these two formulae become

- iy " Z int
W= p (1_ X )M e ielo . e "'6‘121

pocl
V au’
e’ 10 Z
R (;osﬂgi). 5. e¥'€i0, el ...6.13.

pocl

E §

and

In considering how these formulae might be tested experimentally, it would
seem that the best method would be, having available Fourier Analyses of all
three quantities, pressure, pressure-gradient, and flow, to abandon all pre-
conceived ideas of what the internal radius of the artery or the viscosity of the
blood, might be, and determine the value of a that gives the best fit between
pressure~-gradient and flow. This can be done without introducing the pulse-

velocity.

It might then be supposed that, taking the same value of a, the fit of
6.11. to the observed flow curve could be tested, with the same value of c, for
all harmonics. It must be remembered, however, that in equations 6.5 - 6.13 the
primary assumption has been made that p = A1e1“<t°z/c)i.e. that there is no re-
flected wave., This assumption is almost certainly not here, except, possibly, at
one or two exceptional places. If a reflected wave is included in the expression

for the pressure, then

z z
p = Alem(t- /C) + Azein(t+ /C) -006.14'
and 9 in z z
) ap i {Ax e!h (o) — 4 et /c)} ce:6.15.
Z (]

so that 6.9 now becomes

W -614
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!
P A -A, 3M10 ,
& ie int
w Poc, ° A A, p) e 0, - e vee6.16 .

An attempt to fit 6.9 to a set of observations containing a reflected wave

would therefore require an "apparent" velocity

A +A .
=1 "2 eeeB6.17.

whose ratio to the true velocity would depend on the amplitude and phase of the
reflected wave. It would seem therefore, that the best use to be made of an
analysis of simultaneous recordings of pressure and pressure gradient would be to
give information about any reflected wave that may be present, the theory being
assumed to be correct. To test the theory itself, some means would have to be
found of suppressing the reflected wave. One method wight be to apply a matching
terminal impedance at the nex£ junction on the distal side of the point of meas-

urement.

Another experimental test of the theory can be devised which is free from
this difficulty, using the relationship between pressure and radial expansion.

First, for the simpler condition when there is no reflected wave, from 3.26

inD, = 3 DR ...6.18.
o _
and therefore —Ré = Y «es6.19,

for each harmonic. This is a remarkably simple relationship between expansion

and flow. It can be deduced directly from the equation of continuity

1 J W
~ a7 (ru) + 32 = 0

writing y=-%% and integrating from y =0 to y=1,

1
- R o 2yd 6.20
[u]y=1 2 - ,az . y y . * v e . .
o]
o& R o) _
. ——— = —— cee6.21.
i.e 3t 2 N w 6
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Since A%

dz

Q|
Q)lo)
e+ | #

integrating 6.21 with respect to the time gives

N
o | sl

If the expression for the pressure contains a reflected wave, i.e., if

p = Alein(t"z/g) + Aze’n(t+z/c)

Al AZ " .
then W o= —  eln(t-z/ )y | % oin(t+z/) M, el€,,
Poc P, C 9
and therefore
aw in " ien
5; = Y Mloe 10 {Alein(t-z/c) + Azein(t+z/c§
o
so that ,2§ . P M” el! 5. D5
R p c2 10 10 LA N . .
(4]
CO 2 " % "
or g§ = p — Mloelelo . 0206 2T
R Py c
which may be written
2L p X
— = 1-a2) — (19F o s 5628
R "ol (1-a?) = (1Fy,)

and the form of this is the same whether a’'reflected wave is present or not. For
all finite values of k, the phase of the complex quantity éx(1+nF10) is positive,
so that variation in diameter always leads pressure, though never by more than a
few degrees, as is shown in Fig. 19, which is a plot of ph {(1-a2) g (1+nF&0)}
against a for k=0, a=#%.
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In the limiting condition of heavy loading and stiff constraint, (k —>—®)
6.15 reduces to the very simple form:

2£

R R

2
PoCo

.--6025'

and therefore the pressure and expansion will be in phase at all frequencies. In
view of the fact that for other conditions of constraint the phase difference is
always small, this equation does not provide a critical means of distinguishing
between them. It does, however, provide a test of the presence of internal damp-
ing in the wall of the tube.

The formula

2
25 P CO ” 18//
R = pcZ * ¢+ Mo 10

becomes, on inserting the value of c,/c from 3.14,

g. & p . i " {1_in(AE+£A)’)} -006-26.
4 3

so that if radial expansion lags behind pressure, internal damping must be
present, and if it is of the simple nature assumed above, the amount of phase-lag
in any harmonic will be roughly proportional to the freguency. If the phase-lag

is large, 6.17 will not be sufficiently accurate, and the exact form

el .2
1+ 3 (nbo) -i%/4nlo

26 _» 3
= . . - . u
R poc(z) 4 1+in AE ---6-270
must be used. The phase-lag is, therefore,
2nAo
tan”'nAE + tan"! —— «s+6:28.
3+4 (nfo)?

and from this estimates of AE and Ao could be obtained by combining the results

from several harmonics.

Lawton (1955) has succeeded in obtaining measurements of variation in diam-
eter throughout the pulse-cycle by filming the motion of very small beads sewn
to the abdominal aorta of the dog. Two typical results, together with the corre-
sponding variation in pressure, are shown in Figs. 20 and 21. The results of
Fourier Analysis up to the fourth harmonic are shown in Table 4. They are given

in modulus and phase form, i.e. in the form M cos (mnt-9_ ), in being the order
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of the harmonic. These results show no steady increase in phase-lag with fre-
quency. Those of curve #1 seem to show an opposite effect. This may be illusory.
The fourth harmonic is small in amplitude, and this estimate of phase-lag cannot
be expected to be very accurate, It seems reasonable, therefore, to conclude from
these results that, although there are irregular variations in phase between pres-
sure and diameter, these are not inconsistent with the assumption that there is no
damping in the wall, and therefore the simple theory is adequate. Finer distinc-

tions will have little meaning until more accurate measurements can be made.
)

TABLE 7
Harmonic Pressure Diameter Phase-lag
-3
¥ Pn Myx10 Py
Curve #1
1 18.74 75.67 12.17 86.31 10.6
2 6.80 128.67 4.05 133.55 4.9
3 3.14 154.45 2.14 149.68 -4.8
4 1.56 156.75 0.50 110.03 -46.5
Constant Term 69.73 1.31823
Curve #2 Phase-lag
il 62.35 56.85 5.5°
2 116.50 117.05 -0.5°
3 152.85 136.98 15.87
4 124.50 122.60 1.9
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SECTION VII

THE CALCULATION OF REFLECTION - COEFFICIENTS
AT JUNCTIONS AND DISCONTINUITIES

One of the obstacles to the acceptance of the theory developed in the preced-
ing pages is the amount of damping of the pulse wave predicted by it. Far from
diminishing, the peak of the pulse-pressure rises in transmission, as may be seen
from Fig. 22 which shows simultaneous recordings of the aortic and femoral pulse.

A state of affairs in which the theory predicts a 50/0 - 100/0 reduction in the
amplitude of the main harmonics for each 10cm. of travel is at first sight hard to
reconcile with the observed rise in peak pressure, or even wit? the simple clinical

observation that the human pulse can be felt in the foot.

A reconciliation of this apparent contradiction may very well be found in the
study of changes in phase and amplitude of the harmonic terms at changes in arte-
rial dimensions, and at junctions in the arterial system. Many observations have
been made in the past of the form of the pulse-pressure on both the proximal and
distal sides of important branching-points, but these cannot be used as a rigorous
test of the theory unless they are accompanied by measurements of pulse-velocity
over short distances on both sides of the junction, and by measurements of the in
ternal diameters of the arteries. Detailed calculations are made below for some
simple discontinuities and for a bifurcation into two equal branches, a few sets
of conditions being chosen out of the many possibilities. An attempt is also made
at a rough calculation of the reflection-coefficients at the celiac and iliac junc-
tions in the dog. The method used is the simple one given in Lord Rayleigh's
"Theory of Sound."” In this method no attempt is made to study the details of the
motion of the liquid at the junction. ' Two equations are written down, expressing
the conditions of continuity of pressure and rate of flow across the junction, and

these are solved to give the reflection and transmission coefficients.

Some calculations of reflection coefficients using this method were made by
Karreman (1952), 1953, 1954) for sudden changes in arterial dimensions and for a
division of an artery into two branches. Unfortunately, Karreman took no account
of the viscosity of the liquid in the equation for continuity of flow, so that his
results will only be true for very large a. Instead of the correct formula for
the pressure-flow relation

A " "

z
e‘in(t' /C) elﬁlo cco7t1.
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Aortic and femoral pulse in the doge.
(By courtesy of Dr. R. W. Stacy)
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he used w o= A/p,c i.e. in all his calculations he assumed

" "
M 0=1, elo=0. As an example of the kind of error that can arise from the use of
this approximation, consider a sudden reduction in the size of an artery from
radius R to radius r. Let the value of a in the larger tube be a,, and that in
the smaller tube be a,, Then a,<a,, since a,/q = r/R. Let the incident pressure-

2
wave be

in(t-%/, )
Ale g
and the reflected wave be
in(t+2/ )
Age ¢
the transmitted wave in the smaller tube being
Aje 1n(t-z/c2)

where c, is the wave-velocity in the larger tube, ¢, that in the smaller. For con-

tinuity of pressure across the discontinuity,

A1+A4=A2 .Ol7!2-

If we use the formula for flow in the constrained tube, the equation for con-

tinuity of flow will be

2 A _Lﬂ(_a'l.)
poco 1o
]
£
e _51_7 {F;o(az)} o e‘__lgiﬂal _ vee7.3.
Cc
o

in which ¢, c; are the limiting velocities in the two tubes for a — ®, Retaining
Karreman's assumption that these are inversely proportional to the square-root of
the radius, (Karreman quotes this as being correct for an elastomeric tube) i.e.

assuming that the mass-loading on the two tubes is the same, this equation becomes

L 1 i
_F.A -A (H*° Mio(a,) Ko i {510‘“2) - 510(“1)}
R . . 007040

“ Mlo(a )

and if we write A for the right-hand side of this equation,

A, 1-A
A = essTeDe

1 1+A

for the reflection-coefficient, The modulus of this complex quantity will be the
amplitude ratio,its phase will be the phase-change on reflection. Karreman's

formula for the reflection coefficient has

X =(£ )2'5.

56
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we thay therefore regard the factor

M (a ) % ' [
10 2 o *‘ {Elo(az) - em(al} ) o7n6o

:
Mio (oy)
as a "throttling" effect due to viscosity. It will be clear from this that for
Karreman's formula to be even approximately correct, both a, and a, must be very
large, and when studying the problem of reflection at a coarctation, (one of the

main purposes of Karreman's work) this can be very far from the truth,

The same formula can be used for a division of an artery into a number of
branches of equal size. All that is necessary is to multiply the right-hand side
of 10.4 by the number of branches. Thus for a division into two equal branches,

Sl R L ' '
A =2 (T) IO—Z_ e %i {810("2)'610(“1)} eesTeTe
Mig (@)

For the unconstrained tube with equal velocities on both sides of the junction,

(ay) : )
A _ (—-_) 10 e i {slo(az)-sm(al)} essTe8e
nigen)

2
r
The quantity 2 (_R) s which is the ratio of the combined area of the branches

to the area of the original tube, will be called the area-ratio of the junction.
Numerical values of amplitude ratio and phase-lag have been computed for this di-

vision into two equal branches, using both the above formulae.

In Fig. 23 the modulus of the reflection coefficient is plotted against the
area ratio, for four values of a,10, 8, 6, 5. with A as given in 10.7. i.e. for
the tube with stiff constraint, and equal mass-loading on the original artery and
branches. Fig. 24 gives the corresponding curves for the phase-lag on reflection.
Figs. 25 and 26 are a similar set of curves with A as given by 10.8. i.e. for an
unconstrained tube with K=0 and o= 1/2, the wave-velocities in the original tube
and the branches being assumed to be equal. In Figs. 27 and 28 the mass-loading
on the branches has been increased, the assumption being made that the wave-

velocity is inverely proportional to the radius of the tube, i.e.

3 Ml (a,) ' '
A= 2 ('RL) —f'u ec A {Em(“z)'elo(“l)}

My, (ay)
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Amplitude Ratio (percentage) of reflected and incident

waves at a division into two equal branches (tube in the
30% b condition of limiting constraint) plotted against area-
ratio for four values of a in the incident tube.

a = 10, 8, 6’ 5.

Amplitude Ratio

20%
10%
o A 4 A A ! A ' A A Y
1.0 1.2 1.4 AREA RATIO .6 1.8
FIG. 23
180° b
150" |
120" |
&
~
[o}] o
0 90
«
=
Ay
60" |
Phase-lag on reflection for the same conditions as Fig. 23.
30
00 A A 1 ' 1 1 A i i
1.0 1.2 1.4 AREA RATIO 1.6 1.8
FIG. 24
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Amplitude Ratio

Phase Lag

30
20
10
As Fig. 23 for freely-moving elastic tube with k = 0, o = 0.5.
1.0 12 .4 AREA RATIO 1.6 1.8 2.0
FIG. 25
l“f
ol W
e, 8
°‘. =6
o, = L)
As Fig. 24 for freely-moving elastic tube with k = 0, o = 0.5.
4o}
20p
1.0 1.2 AREA RATIO !.4 1.6 1.8 2.0
FI1G. 26
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As Fig. 23, but with greater change in pulse-velocity
25b between incident artery and branches.
20F
°
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FIG. 27
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As Fig. 24 but with greater change in pulse-velocity
L between incident artery and branches.
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FIG. 28
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When each of the branches is the same size as the original artery, the re-

flection coefficient is the same for all these conditions, having a modulus of 1/3

and a phase-lag of 180°.

All the curves are similar, showing a minimum at an area-ratio slightly

greater than 1.0- this minimum being at a higher value of the area ratio the

greater the disparity in velocity between the original artery and the branches.

It will also be noticed that
In Fig. 23 it is
though the minimum is higher

and lower.

Some enhancement of the
expected at each reflection,

great,

as this disparity increases, this minimum is sharper

always less than 3%, whatever the value of a. Al-

for the unconstrained tube, it is less critical.

harmonic terms in the pressure is, therefore, to be

so long as the increase in total area is not too

If the area-ratio of the junction is greater than about 1°3 or 1°4, the

phase-lag will be more than 90°, and this would be expected to cause "spreading"

rather than "peaking" of the

C=2450 0.4

0.3 \<

pulse-wave,

C=350

R\

C=250
C=450

0.3

C=450

o A
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As an example of the extension of the method to more complex junctions, the
celiac and iliac junctions in the dog will be taken. In Fig. 29 is shown a rough diagr
diagram of part of the arterial system of the dog, with estimates of diameter of
the arteries, in cm. and of the pulse-velocityyin cm/sec. The velocities were not
measured in the same animal, but were suggested by Dr. D.A. McDonald, who has made
measurements of the pulse-velocity in dogs using the microsecond counter chronom-
eter., (Hale, McDonald, Taylor and Womersley, 1955). In the calculations it is not
necessary for these values to be exact, so long as their ratios are reasonably
correct. Consider first the celiac junction, shown in Fig. 30. With the same
notation as before, i.e., A, for the amplitude of the incident wave, A2 for that of

the transmitted wave, and A, for that of the reflected wave,

n

2
N Ay-A, 250 R Myg(a,) N ﬁu( ; " )
1ty 450 Rf Mxo(a1) 10 V72 10 V1
2 n
250 R3 Ml 0 ((13) 1 " ( ) " (
Y450 * Rzt m" ny C XP o ryéﬁn A3)=€50 ax%
RT My
III7I13.
2 "
2x250 R4 M1o (a4) s { " @) " @)
+ d =
450 * ,? a . exp .« in{¢ a € a }
R} Mlo(al) 10 4 10 1
2 "
250 Rs. M;o(as) i = (o)
t 350 ° R2 M” .« exp . in ag 810 1
1 10 (@)

4___:|Ut_4

85 A, —

“__—_?H:H»_T

Diagram of celiac junction

Fig. 30
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A table for the calculation of A can be set out as shown below:

"

Branch a Mlo
1 8.5 0.8835
2 4.5 0.7956
3 5.0 0.8127
4 3.5 0.7462
5 7.9 0.8608

" Mlo(an)
€10 : -
8.56°

18.83 0.9005
16.37 0.9199
27.16 0.8446
10.78 0.9743

"

"
€10(an) €y (ay)

10.27°
7.81°
18.60°
2.22°

2 /p2
RE/RS

0.2803
0.3460
0.1696

0.6782

From this table the four separate terms which make up A can be calculated,

first in modulus and phase form, then in real and imaginary parts.

Phase Real

10,27° 0.1380
7.81° 0.1752

18.60° 0.1509
2.22° 0.4716
A = _0.9754

0.0243-0.11811

Term Modulus
1 0.1402
2 0.1768
3 0.1592
4 0.4729
so that
A 1-A
4 a
A, 1+A
The amplitude ratio is 4,
la|
tan-1!

1.9757+0.11811

= 0.0690 and the

0.1181

0.0243

0.1181
1.9757

=1

tan

Imaginary

0.0250
0.0240
0.0508

0.0183
0.1181

phase-lag is

= 81080

so that the reflected wave has 7% of the amplitude of the incident wave, and is

almost 90° behind it in phase.

If the iliac junction is treated as a division into three eaqual branches,

in Fig. 31, then

0.4 350
>\=3X — T
0.65 450
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which reduces to A=0.791Q+0.1451

giving A

4
l A

| = 0.1418 and a phase-lag of 39.53°

1—-‘\4

Diagram of iliac junction

These results show that for a wide range of conditions, reflection will cause
a moderate increase in amplitude of the transmitted pressure-wave, fbr a corres-
pondingly moderate increase in total cross-sectional area at the junction. They
also show that there is a value of the area-ratio at which reflection is a minimum.
From the point of view of transmission of energy through the junction, this condi-
tion of minimum reflection is, of course, an optimum. In electrical jargon, it is
the condition of optimum'impedance—matching at the junction. An analogous situation
arises, at much higher frequencies, in the problem of transmission of electro-

magnetic energy in wave-guides.

In view of what has been said in the past about standing waves in the arterial
system, (Hamilton and Dow, 1939) the relationship of the standing wave concept to

the above results ought to be considered. Whether one uses the idea of standing
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waves or not is largely a matter of choice of terminology. As a simple example,
consider a junction or discontinuity at which the reflection-coefficient has an
amplitude of 10% and there is no phase-lag, and, for simplicity, assume that the
wave-velocity is independent of frequency or the size of the tube. Let the inci-
dent wave-form be

Aeln(t-z/c)
The reflected wave will be

1 Aein(t*Z/c)

10

and the resultant of these two may be equally well described as

Alein(t-2/0)+ 1 A ein(t+Z/c) ceelel4d.
10
9 in(t-z/ 1 in(t-z/ in(t+z/
or as Aeln( ) + ] AelBit-3/p) 4 peiR( c) «557 15
10 10
which latter may be written
9 1 nz
—— felin(t-z/,) t _—_ pelnt oo " o007 1Bl
10 5 (&

7.14 is the sum of the incident wave and a wave of one~tenth of its amplitude
travelling in the opposite direction. 7.16 is the sum of a wave nine-tenths of the

amplitude of - the incident wave and a standing wave of one-fifth of its amplitude.

In wave-guide technology, this latter method of describing conditions has be-
come standard practice, and a method of indicating the efficiency of energy-trans-
fer has been devised, the standing-wave-ratio. Since the voltage is measured, it
is called the v.s.w.r. (voltage standing-wave-ratio). The corresponding quantity
in oscillatory fluid flow will be the pswr ( the pressure-standing-wave ratio)

measured as follows:

If there were no reflection, measurements of amplitude of pressure variation
would show the same amplitude at all distances from the junction. However, if

there is reflection, 7.16 above shows that at points half a wave-length apart,

65
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there will be minima and maxima of amplitude. (In the extreme case of total re-
flection these become nodes and antinodes) The ratio

Maximum Amplitude
Minimum Amplitude

is the standing-wave-ratio, and is a measure of the efficiency of energy-transfer
through the junction. In the example given in 7.16 the pswr is JEL = 1.22. If
there is total reflection, with no transmission of energy, the pswr 1is infinite.
The method of measurement of the pswr described above is useless in the arterial
system, since it would be impossible anywhere to find a length of artery in which
there would be a distance of half a wave-length free from other junctions. There
is another approach to the measurement of the pswr which can be used if simulta-

neous measurements of pressure and pressure-gradient are available,

Let the Fourier Series for the pressure and the pressure-gradient be

p=p t 2 (C, cos mnt + D, sin mnt)
m

=p, t 2 P, cos(mnt-y )
m

™
9p & +
ai-vai A E (A, cos mnt + B_ sin mnt)
= A, t > M, cos (mnt-o.)
m

If there is no reflected wave,
mn

A = (D XatC YY)
c

[o]

.l.7.17.
mn
By = & (men-DnYm)

o

and these may be regarded as simultaneous equations for X_  and Y . In terms of

modulus and phase they may be written

Mm C0
X. = = s soTsl180
| u ile P mn 7«18
m
ph (Xp-1Y,) = Yu-0,-7/5 eee7.19.
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If there is a reflected wave the relationship
. 3 ]
T2 e
no longer holds. If the origin of z is taken at the point of reflection, and the
place of measurement is a distance ! from this, i.e. at z=-1, then the m*®

harmonic of the pressure will be of the form

in
— .

' [ u

P e i¥m, elmn(t-z/), P:e'i¢m.e1"“(t+zé) +0+7.20.

so that at the point of measurement,

[} "
Pme'1¢m = Pne'i¢m+iman +Pne'1¢m.e‘1"“lk ese7e21,
and
-iQ in ! -1¢'+1mnl/ L -1w” -imnl/
Mme n = = PIn e m c—Pm e m.e c oneT o2
m

M c

The ratio _©° °

now depends on the reflection-coefficient at the junc-

Py mn

tion, and the distance of the point of measurement from it. If equation 7.21 is
divided by 7.22, we have

u
1 Mg, P;e-1¢ﬁ+imnl/cm - plet¥y-tEnise,
— el (Yp-Pp) = - -
i P, mn P'e-1¢m+1"l/cm =1 P"e-1¢m*1mnl/cm
m m
c M M
Write ] . . . s ei(‘/’m'(pm) = K
imn B Py
" 1\/1”
P e "o 1-K
Then S, et2lmnl/oy . -
L
Pne'1¢m 1+K
u u
Pme'i¢m
The quantity ) 7 is the reflection coefficient of the junction in com-
Pme'i¢m A

4
plex form, i.e., it is the same as the —— of equations 7.5 and 7.13. We have
1
therefore, \ |
1- -K
= e2imnl/c ee s 724,
1A 1+K
If, therefore, the geometry of the junction is known, the theory can be tested
by calculating A and K, and attempting to find a ¢, which is consistent for all

harmonics.
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There is another type of simple discontinuity which has the opposite effect
from that of a junction or a constriction, and which has an important practical
application. Some types of electromagnetic flowmeter require the insertion in- the
artery of a short length of rigid tube, or may confine the artery by means of a
cuff. The effect of such an artifact on steadyflow is negligible, but if the flow
has large oscillatory components distortion is introduced. Consider a tube,
elastic for the most part, which has in 1t.a stationary rigid portion of length 1.
As in previous calculations, let the incident pressure function be Alein(t'z/c)
and let A eiP(t*Z/¢) be the reflected wave. Take z=0 at the incident end of the
rigid portion and let Azeint, Ase1nt be the pressures at its two ends - i.e. at z=0,
z =1, respectively. This is correct, since the transmission velocity in the rigid
portion is infinite. For continuity of pressure, the transmitted wave must be
A e (t°%/c) and also
cee7425.

For continuity of flow, since the pressure gradient in the rigid part is(Az—Aa)/l,
A=A, " A=A, , ’ As " u

1€ . = 165 o 1€
pe M8 710 Yy Mip® 710 = 55— Mige F10 wo s 7526

The value of g is the same at all points, since the tube is assumed to be of

the same diameter throughout, and therefore

1 "
in! M

M 1
2 10 !
A = A4 ={1+ =G s« T e 81(810-8,10)} 5007.27-
10

For the limiting condition of stiff constraint, this will simplify, and the
ratio of the transmitted wave to the incident wave will be

A A
5 - i 1 cee7+28.
; C
A, Ay 1+dnl = “o
2c, c

The pressure-gradient in the tube may also be found in terms of A . We have, in
fact

Az‘As _ By 1 7.29
inpl  pe 1+#inl | So
2c, c

so that the rate of flow is reduced by the insertion of the rigid tube in this same

ratio. It should therefore be possible to calculate from the observed flow pattern
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produced by an electromagnetic flowmeter what the flow would have been had it not
been distorted by the insertion.

As a practical example, in the flowmeter used by Inouye (1954), the artery
was confined in a cuff 15mm. long. In the femoral artery of the dog, taking
c=450 cm/sec (McDonald) and a pulse-frequency of 3 cycles per second, i.e. n=67.

A, = —L1 .t .7.30.
1 + 100
100
where m is the order of the harmonic. The ratio ¢ /, has been neglected, since
the calculation is only intended to show the order of magnitude of the effect.
For the fourth harmonic the reduction in amplitude is about 1% and the phase-lag
about 7°, so that for this instrument the effect of the cuff is negligible. It
is not unknown, however, for electromagnetic flowmeters to be used, with flexible
plastic tubes leading from a severed artery, in which the effective length of the
rigid insert is ten times as long as this, or more. Consider a rigid insert

A
15 cm. long. A table of |K5—land the phase-lag is given below for the first four
1

harmonics
Harmonic |A5/A1| -phase A /A,
1 0.946 1g°
2 0.847 32.150
3 0.728 43.3°
4 0.643 51.5°

This table shows that results from an electromagnetic flowmeter with a rigid in-
sert of this length cannot represent normal conditions in the artery. Any rigid
insert or cuff which confines the artery acts as a low-pass filter and introduces
both phase and amplitude distortion. It is of the greatest importance, therefore,
that inserts of this kind should be kept as short as possible. For the benefit
of those who may wish to correct observations of flow which have been made with

an electromagnetic flowmeter with a rigid insert, the details are given below:

Let the Fourier Series fitting the observed flow be

A, * % A, cosmnt *+ Bmsinmng)

’ ! )
Then if f, is the pulse-frequency, n=27f, and if A , B are the Fourier Coeffi-

cients for the corrected flow,
i

Ap = Ay + B .2nfml/,
B = Bm = Am.277fml/c

m
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In another type of electromagnetic flowmeter used by Spencer (1956), the

artery is pressed between the poles of the magnet, its diameter across the gap
being reduced by about 20%, but left free to expand in the perpendicular direction.
Spencer claims that this will have a trivial effect on the rate of flow, since the
cross-sectional area is reduced by only 6%. Whilst the present theory does not
take into account any effect produced by the change in shape, it is of some inter-
est to calculate the reflection produced by this order of change in area. Let the
width of the pole-pieces of the magnet be lcm. It will be assumed that the veloc-
ity of wave-propagation is unchanged by the lateral compression of the artery.
Since 1 is small, it will be necessary to take into account repeated reflections
at the two ends. Let the pressure in the absence of constriction be Alei“(t'z/c)
and take the origin of z at the point of constriction i.e., at the proximal end of
the narrower portion. The value of A (see 7.4 and 7.5 above) for the reflection

at this point is

M’ (a) ' ’
10 Y72 .
N= 0,08 {—T——} ki (e)-€ (a) wss e 81,
Mio (@)

and at the distal end it will be the reciprocal of this.

If A, is the amplitude of the reflected wave at the proximal end,

A
LI N

A 1+A

and A, is the amplitude of the transmitted wave,

A3 2

A1 1+A

when this reaches the distal end, its amplitude will be
A = —-2 . et inl/
1 1+A

and at this point it will give rise to a reflected wave of amplitude

2 A

. o e-inl/
4 1A A+1

which, in travelling back to the proximal end of the constriction will have its

amplitude reduced to
2 A-1
Al . A
1+A A+1
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At this point it will be transmitted back into the larger tube with amplitude

Al 2 . K-l . 2)\. . e-zinl/c
1+A At+1 1A

It will be seen that, for the higher orders of reflection, each time the wave
traverses the constriction in both directions it reappears at the proximal end as a
reflected wave with its amplitude reduced in the ratio
%%féifv—'e‘zinl/c seeTedls
Adding together all the reflected waves except the first, we have a geometrical
progression whose first term is

2 2 A\-1)

. -2iﬁl/c
L BN (1+A) 2

and whose common ratio is given by 7.31 above. The sum of this series is

A 2 2)\()\—1)6'2“"1/0
fan (1+A)2 2\ (A -1) e-2inl/,

In calculating the flow (see 7.4 above) the sum of all the reflected terms
must be subtracted from A1' The ratio of the flow in the tube with the constric-
tion in place to that when there is no constriction will be

. 1-A _ 2 2 2}\()\—1)e‘21nl/c
TN 1 T 1 T @A) 2 - 2a (A-1)e” 2inl/,
which reduces to
2\ 2(\-1)e-21nl/;
—_— 1 I 00'7032.
14X\ (1tA\) 2 ~ 2\ (\-1) e-21nl/, :

If the flowmeter constricts the tube vy only a small fraction of its total area,

7.32 may be approximated by writing A = 1-8, and neglecting higher powers of 3.

7.32 then reduces to
(1-3) {1 + _.8_ e-2inl/,
2

-5/,
8 -2inl/ '
=1 - —5—(1_e 2 c) .

so that for a slight constriction of short length, the effect is very small indeed.

For Spencer's instrument, assuming that the poles of the magnet are lcm wide,

WADC TR 56-614 71



2nl ~ @m

c 250

and the modulus of e~ 2!2!/¢ will be given by
'ZWYO_E_I
€ X e

so that for values of a>3 the modulus of
1 - e-2inl/,

will be less than 0.005, and the effect on the flow will be very small.
It would seem from these calculations that the distortion of the normal flow
introduced by this type of flowmeter is negligible, so far as constriction is con-

cerned. The effect of the change in shape caused by the lateral compression of the

artery is not amenable to simple mathematical treatment.
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SECTION VIII
FIRST-ORDER PERTURBATION CORRECTION FOR FINITE VARIATION IN DIAMETER.

Up to this point, the rate of flow and the average velocity have been used
indiscriminately as indicators of "flow", it being assumed that Q= 7R2%, But this
is approximately only, since at any time the radius is not R, but R+£, and £ varies
with the time. A better approximation would be

A
Q = - , 7R%® (1+2i) cesBads
Poc R

and inserting the value of %?— this becomes

A 7
= —1 2 eee8e2
Q poc TR 2@ (i+ o )

Even 8.2 is not fully corrected for the oscillatory variation in radius. In
the original equations, R has been regarded as the boundary from the point of view
of the motion of the liquid. In fact the boundary of the liquid is at R+£. If we
replace R by R+£ in 3.11 and assume that w is still essentially a function of y,

i.e., that the lines of laminar flow expand and contract with the tube, it may be

2
9 2 0 R2 0
9x Lo B, =Y o fL BN R .. .8.3.
R ot R L oz

written

d2w
the inertia terms and the term in = being omitted. If we seek a solution of 8.3

which is of the same form as that for a constant radius, we can imagine 3p/az
represented by a Fourier Series in n(t—z/c), and corresponding Fourier Series for

w and 2% substituted in the equation. The products of the Fourier Series can be

mu]tiplféd out, and a set of equations for the velocity components obtained by
collecting up corresponding terms. The wave-velocity is not the same at all fre-
quencies, however, and on multiplying two periodic terms together there will be
some exponential terms "left over" as it were, which would disappear (being equal
to unity) in a system with constant wave-velocity. A typical term is

ein(t-z/c 1)x ein(t-z/cl)
which has to be compared with

e2in(t-z4:;

n
- where €, is the wave-velocity for a freduency 5;— and c, is the wave-velocity for

twice this fregquency. The question is, therefore, how far does
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eziin(l/cl-l/cz)

differ from unity? If four harmonics are taken in the Fourier Series, the quanti-

ties to be considered are

1 1 3 2 1
c, ¢, : Cgy Cy c,
1 1 4 3 1
€4 Ca ’ €4 3 €4
where ¢,, ¢,, ¢4, ¢, are the wave-velocities for the four harmonics. The largest
1 1
of these is ;— — z—, and for a=2 the wavelength of this is approximately four
2 1

times that of the fundamental. For a=5 the ratio is greater than 10:;1. It is
reasonable, therefore, to use a simple perturbation method, along the lines de-
scribed, to solve equation 8.3. It might well be thought that this correction for
radial expansion is less important in principle than the correction for the
quadratic terms in the equation of motion. This is not necessarily so, for both
corrections are concerned with terms of the order of W%w and could be of equal
importance. It will, in fact, be shown that they are, at moderate values of a, of

the same order of magnitude.

Since 8.3 is non-linear, we may no longer write the pressure-gradient as

A, 4 Alei"t + A2eZlnt e

and take the real part, or half the interaction terms will be lost. It is neces-
sary to start from the pressure gradient in real form and write down its exact

complex equivalent. Assume that

9p
-5 M, + Mjcos(nt+p;) + M,cos(2nt+g,) +... ...84.
If we define A , Al’ Az"" by
A = M
. Ay o
= i Q
Al éMle 1
= i@
A, M e’ P2
and so on, then
a . :
_ P _ A 4 A elint 4 op¥o-int 4 g4 g2int 4 ... ...8.5.
oz o 1 1 2

using a standard notation for conjugate complex quantities. Also assume

We=w + w.oel + wle'int + o o
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: int
and 0 £ = . £le o+ £lenint 4, -

6!
Equation 6.13 will be true for each harmonic, and therefore
— -
s "1 int Wy
—f = e + = e'lnt + . -n08|80
R Ci c’

)]

in which ¢, is the complex wave-velocity for the m*? harmonic. Taking the values

of the W already obtained as an adeguate approximation to use in substituting for

2¢£/R in 8.8 we have

2 1 int -int
1 + __;_ 1+ — C e " + CFe ’ + aee cee8.9.
R c, 1 1
A _R2
in which . n
C = (X -1¥ ) = 1 + F a 5 o-chlOu
m m m i#‘ag { n 10( m)

X and Y have the same meaning as in Section III, 1i.e.,
c,/cy = Xp-iY,

For the limiting condition of stiff constraint this reduces to

%

2 1
AR 3M,, (@y) . ess8.11.
C = o e“‘“lo("'m)
ipa 2 4

If the above expressions for 3p/Jdz and 1 +

are inserted into the right-

hand side of 8.3 we have, omitting the constant factor Rz/# and changing sign,

2§ ) ap int “ int i
& = 2int
- (1+ ) vl A, + Ae + Ae + Aje e
A = i
o % P
int -int 2int -2int
+ <, ( C,e + Ce + Cze + Cze )
1 % *
int -int int -int
+ ey ( Ale + Ale Yy i« Cle + Cle + o)
1 P e
+ ( Aze2int + Aze-Zint) (Cleint + Cle-int " ...)
c
o
+ e s 0 l..8‘12.

on the left-hand side of 8.3. This

We now consider the term in 1 +

becomes

WADC TR 56-614 75



R? ( 2¢ ) dw
- 1+ .
v R dt

iaz (wleint —WTe-int) + 21a2(w2e21nt _ wge-zint) P

ia? . "
+ (wielrt _wle 1ty (c e'™* + Cie 1nt 4+ C,e2it + ...)
c
[o]
2
2ia 2 s
2int wo=21int int Wo=int 2int
+ c, (wye ~w,e ) (C,e + Cle + C,e vew)
...8.13.
+ LI 2
int

If now 8.12 and 8.13 are inserted in 8.3, and corresponding powers of e

are collected, a set of equations for w , w, w? .e... can be written down. The

terms independent of elP™! gjye the equation

2 2
d Yo 1 dwO AOR R2 (A C::: A:.'=C )
+ = = + t ceee
dy2 y dy n pe 171 171
ia?

C¥w. - C w¥ 4 2(Chw

%
171 11 _Czwz ) toeed .o38014o

2

1
An approximate solution, coirect to order ¢ s can be obtained by inserting

E o
the known forms for wl, w;.... on the right-hand side of this equation. If this

is done, the integration can be carried through, and the result expressed in terms
of functions already known. The first term on the right-hand side gives the usual
Poiseuille solution. Since 8.14 is linear in the unknown W , we may consider the

contribution to the solution from each term separately. The general term for the

mt? harmonic gives the equation

[o]

$ - —— =

d2w 1 dw,, 1 g2 ‘ )
dyz y dy CO M mwm_mem) ees8e15.

The value of a appropriate to the m'M harmonic is a, = a m, so that

a,?= m2. The values of w,, wi to be inserted in 8.15 will be (expressing 6.3 in

terms of the pressure gradient,)
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2
AR Jo(amy13/2)

W= — 1+7n —
n inina? " J (awild/2)
* R2 =3/
and . A, R . Jo (agyi™=72))
Yt gz )1t
-iglna J, (ami'3/2)

LR % To @) 8.16
TS 77 LRI . L4
Co K e Jo (@ 13/2)

the constant terms cancelling. Since for any Bessel Function of order zero,
LA gy =l ) 1
+ —_— = —-— .llSl 7.
dy? y dy A °

the solution of 8.16 which is zero at y=1 is
I, (a,yid/2)

L A ACE () 1
— . Mo -
3,2
Co 1agu Jo(amia/z)
1 R2 Jo (agi=372)
b = o KTOL ) ...8.18.
Co 1 G.u/J- Jo (am1‘3/2)
and this may be written
1 R Jo(amyi'3/2.)
= e
2
Co lapp Jo(ami'3/2)
2 J (o 1"372)
_ _1_ . R . A*C (_n*> S ) aeuli 195
2 m m
Co dagH ’ Jo(ami‘3/2)J

and therefore the contribution of this pair of terms to the average velocity is

AYR2 ,
1 n 1 5 '
b o — o =, c: e (M) e M (ay) el€10 )
c, Ha i
E]
ATR? ,
1 m * s / _ «e:8:.20.
- = ==, = BRl)) My o) emttia
c, Ha :
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Inserting the expressions for C  and C: this becomes, after some obvious re-

ductions,
2
1 M " 3 £ " ! "
2c, \mnl X1y g (00) My (2g) cos {elo(a-)'elo(a-)+ Ph(X.+1Y.)+ph(-n.{}

For the 1limiting condition of stiff constraint this reduces to
2 (3 3/ !
Mm 3 1 2 Elo(am)
o e T e Mlo(am) COS —2" .-.80210

1

Co

1
2 mnp 2

It is possible, therefore, to prepare a table of standard correction functions
by calculating

3/ '
ﬁ ! (a ) 2 Elo(am)

E(m,-m) = —4— MIO m « COS —'2——‘ eee8s22,
for the full range of values of a. For any given pulse form the correction to the
steady term will be M

1 m 2
Z('——) E(m’—m) eee8:23.
c, @ \mnp

and this will be in the same direction as the main term.

We now turn to the construction of the corresponding standard correction
functions E(l,m) and E(l-m), being the effect of the I'M™ and m'"™ harmonics on the

(1+m) P and (1-m) *®™ harmonics respectively. The equation for the former is

d2w 1 dw 2
— + - — - i(ltm)a2w = - -1 B= (A c,+ A,C))
dy2 y dy ( ) c, K m’l 1¥m
ia?
+ —c_o . (mclwﬂ + I’ Cﬂwl) -a-8o24o

Inserting the values of w and w, this becomes

3/,
d%w 1 dw \ 1 R? Jo (agyi®i2)
— + - — —i(ltm)acw = — — C A7, .3/
dy? y dy c, K J, (e id3’2)
1 R2? Jo (ayyid/a)
+ 6_ JU— CIAan - .¢08025.
o K J,(a;1%/2)

and this can be integrated by using the well-known result:
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If
2 A, (ly)
d“w " dw + 1w _ o

1
dy? 'y dy Io (1)
then the integral of this which vanishes at y = 1 is
A Jo,(ly)  J,(ky)

- k 1 ee+8.26.
k2-12 Jo(l) Jo(k)

The solution of 8.25 is, therefore,
Jo(al+myi3/2)

1 1
—_—— 5 m—— « CAL . Mw 1 -
e 1"m*/m . 3
i3 (l+m-m)a? 9 Jo(al+m13/2)

3/2
{1 Jo(@pyi®’ ) )
- = =
J, (agi /3) I
together with the same expression with ! and m interchanged. The corresponding
average velocity will be

1 R2 1 ) 4
= —iiClhysA_ e (~0. ) s—2 M, (a ) eislo(“1+m)
1°%m LG 10 l+m

c, M
M ie. (2n)
- 10(am) e -10

together with the same expression with ! and m interchanged.

We may, therefore, write the above correction in the form

1 (A R? A R2
- m L E(1,m)
c fmo. 2 @ la? ’

(o}

where
E(l,m) = (-7m,) .F(l,m) + (-n,;).F(@m,1) +++8.27.
W In imposing the condition that all the correction terms vanish at y=1, a
it enforces the condition that

further approximation is being made. Physically,
the motion of the wall is due to the main terms only and the correction “erms have

no effect., Since the correction terms are small, this approximation may be ade-
quate. For complete consistency, the arbitrary constants in the expressions for
average velocity which are substituted in the equation should be left 'floating’
and the fully corrected solution substituted back in the equations of motion of the

'frequency-equation' would then be non-linear, and the pulse-velocity

tube. The
The same situation

would depend on the particular form of the pressure function.
will arise if a similar method is used to calculate the inertia-term correction.

WADC TR 56-614 79



and

’

" !
m " ! 1]
F(l,m) = ; (Xl’in)Mlo(al)eielo(al) Mlo(al+m)e‘€10(a1+m)-Mlo(am)eielo(am)

We now consider the actual form of the (l+m)th harmonic. For a pressure-

gradient in real form it will be necessary to combine the two terms

i(l+mynt -i(l+m)nt
wl+ne ( ) + wl+me ¢ )

The correction term will be therefore, in real form,

1 My My
“eo \mp )\ o [E(1,m) [cos {(l+m)nt t9,te,tphE (1,m) o s 6 o 280w

and it will be convenient to have a table of E(l,m) in modulus and phase form. For

the limiting condition of stiff constraint the formula for E(l,m) simplifies con-
siderably. E(l,m) then becomes
E(lym) = F(l,m) + F(m,1)

and ‘

mi{3 éie’ ! .
F(l,m) = 12 Mo (ay)p selrREpotap), Mlo(al+m)e1€10(“m)

R}

' i { )
- Mlo(am)e Elo am} es 8429,

The formula for F(l,-m) can be written down at once by substituting -m for m in the
above. Thus

m3, é r I' ]
F(l,-m) = - N ;Mlo(al) .ei‘xelgal) M (a )Yele (a )

I
d -ie, (a_) .
- Mlo(am)e 10 “m s s e8.30%

The above formulae do not apply when.l or m = 0. For the effect on the mth

harmonic of its own interaction we have

d2%w 1 dw R2
—— - — F 19madw = - —AC, +++8.31.
dy? y dy Ke,

and since the right-hand side is constant the solution of this is

, AR? J,(a,yi®/?)

w = . 22— .0 .1 -
c, ipma? " m J, (1372
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and therefore the correction term is

1 Mo My
- E‘,—; “\mng | * | omp ) E (m,0) .cos mnt+(pm+phE (m, 0)

in which ) , ’
- ie (a )
Bi(m,0) = (xm-ij)‘Mlo(am)°e1€10(am)'M € 10 m

and for the limiting condition of stiff constraint this reduces to
{5 . 3/2 '
E(m,0) = T{Mxo(a,)} = e St s5sB:32:

We now consider the practical application of these formulae. In the applica-
tion to arterial flow, four harmonics in the pressure gradient are usually suffi-
cient. The formulae for the components of the corrected average velocity are

written out in full below:

: M_R2 4 2
1 M
W = ° = + 2 —a) - = E(m,—m) -508033-
8u o poq \mnp
_ Ml Mn ( t + " )
W, = — s sin (nt-¢@ €
1 np, 10 1 10

[=]

1 Mg Ml
o (npc,)' (np ) .|E(@,0)]|cos {nt-@l+phE(1,0)]

——1— ¥ M, |E(2,-1) |cos { nt-(p, -9 ) +phE(2,-1)
c 2np '(; ) . ° { P,=9)7P ’

¢} po
M M
1
1 3) ‘ 2\ |E(3,-2) | cos !nt- (9,-9,) tphE (3,-2)
Co \Bnpo 2np
M M |
1 4 3 ‘
) Q(‘IHPO ' (3np0) [ (4,-3) |cos {“t' (9,-9,) *phE (4,-3} ...8.34.
M n n
W, = 2 M, @) sin} 2nt-g te o (a,)
2np, 10 2 2 2

M M
1 2
- — ° . . |E(2,0)|cos 2nt-@2+phE(2,0)
c, \R’np, 2np
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) .
1 M,
- “‘(‘——‘) |E(1,1) | cos {2nt—2wl+phE(1,1a
n

¢4 \ 10,

1 M, M,
= — (———— il |E(3,—1)|cos{ 2nt—(@3-@1)+phE(3,-1)

¢, 3np np

M M

1 4 2
- . ( |E(4,—2)chs{2nt—(®4-®2)+phE(4,-2% .+.8.35.

c, \4npo, 2np

M3 " "
W3 = én_p: . Mlb(ali) . sin {3nt-cp3+€lo (a3) }

M, M,
. ) . |E(3,0)]|cos {3nt—®3+phE(3,0%
3np 3np

M M
2 1

5np ) . (np ) . |E(2,1)|cos<{3nt—(®1+@2)+phE(2,1}
M

1 L 1
= — sl ——1| s |E(4,—1)|cos{3nt-((p4-(pl)+phE(4,-3 ...8.36.

o \ 410, NP,
M
w 4 ] "
4 = ;— M (a )sin {4nt-cp4+elo(a4)}
np, 10 4
1 Mo M4
- = |E(4,0)|cos ]4nt-¢ +phE(4,0)
¢, \4np / \anp, %
1 Ml Ms
-—1— ) | =) IE@,1)|cos L ant- (9 ,+¢,) tPhE(3,1)
¢, \NP, 3np !
1/ M\ °
- —\{-—=") |E@®,2)]cos }ant-2¢,*phE (2,2) «+8-37.
c, \3np,

As an example of the magnitude of a typical set of corrections, a complete
calculation has been done for one of McDonald's experiments on the femoral artery

of the dog. Fourier Analysis of his pressure gradient record gave
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9
L 0.159 + 0.774 cos (ntt0°39')

z 1
¥ 1.317 cos(2nt-82°45 )
- 0.743 cos (3nt+26°30')
1
- 0.414 cos (4nt-16°39 )

These coefficients are in mm. of mercury per centimetre. The conversion con-
stant to bring them to absolute units was included in the common factor 1/npb.
It is not possible to make an accurate estimate of c¢_ until accurate measurements
have been made over short lengths of artery. The author was permitted to examine
the film record of this experiment, and made a rough measurement of the maximum
arterial expansion on the projected image. This gave a maximum §/R of about 6%.
Since

2f EN

R T ¢

| X-1Y|

(o]

and the maximum average velocity was 88 m/seC! which suggests
cm
600 < ¢, < 700 “V/seec,

The pulse velocity, estimated from records of other experiments, suggested a
value of c¢_  of about 850 cm/sec. Two sets of corrections have, therefore, been

calculated, for c_=1000 °%/, and for ¢, =500 ¢M/sec. These have been carried

sec
out for the limiting condition of stiff constraint only. As may be seen from Fig.
32, the effect is not very marked, even for ¢,=500. The curve for ¢ =1000 is not
shown. In table 7 the Fourier Coefficients are shown for the uncorrected average

velocity and the two sets of corrections.

These results indicate that, particularly during systolic flow, the main effect

of the finite expansion on the rate of flow is the factor 1 + Eﬁ when multiplying

R
the average velocity by the cross-sectional area.
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Table 7A

Uncorrected ¢, = 1000 CO = 500
Coefficient Coefficient Coefficient Coefficient Coefficient Coefficient
of of of of of of
m cos mnt sin mnt cos mnt sin mnt cos mnt sin mnt
1 +19.08 +33.14 20.01 32.44 20.94 31.75
2 -31.78 +14.89 -32.57 15.57 -33.37 16.25
3 = 8-79 ‘10.58 - 8.47 _10-69 - 8016 -10079
4 - 0044' - 5.86 - 0-15 - 5.73 0.14 - 5-47
100p
o Variation in average velocity over one cycle in the femoral
8o} § artery of the dog, calculated from the observed pressure
5 gradient of Fig. 6.
z Full line, without expansion correction.
60p I Broken line, with expansion correction for Co = 500 cm~-per sec.
8
o)
g
QOF w
q
4
s
2of <
(o] —t—
0° 0°
PHASE
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SECTION IX

THE FIRST-ORDER PERTURBATION CORRECTION FOR
THE QUADRATIC TERMS IN THE EQUATIONS OF VISCOUS FLUID MOTION

The correction for the quadratic terms in the Navier-Stokes equations follows
the same pattern as the correction for finite expansion, with one important dif-
ference. If the same forms for p and w are substituted in the equation for the
longitudinal velocity,

o'y, 1 Ow R°% _R°% _ R Ow R Ow

— —— — e — —— = — = — — e
dy?® y9dy v dt L Oz vuay ¥ a2 9.1

and a solution is sought along the same lines as in the previous section, it is
found that the functions on the right-hand side of the resulting equations are
(since they contain quadratic terms in the velocity components) products of three
Bessel Functions, and when an attempt is made to solve these by the method of
Variation of Parameters, the resulting quadratures involve products of three Bes-
sel Functions, which do not reduce to known forms. To find the average velocity
across the tube requires a further quadrature, and the amount of numerical inte-

gration required is, at first sight, quite formidable.

As the main objective is to find the effect of these terms on the average
velocity, there is an obvious advantage in seeking a method that will give the
average velocity directly, without the calculation of the velocity profile across
the tube. This can be done by using the quantity

y
q =_f w © 2y ° dy 9.2

(o]

which is, 1n effect, the Stokes stream function of the motion. Before deriving
the detailed equations from 8.1 we prove a general result which will be required

for their solution. Consider the equation

-(-i-i‘l +_1..d_w & 132 =

aw = f

dy2 y dy @) 9.3

in which f(y) is a known function of y. The corresponding equation for q 1is
2

d"q 1 dg 3 2

— e e 5 + 1 o =

ay? y dy q g(y) Bea

y

in which g = [ f@) -2y ay
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The solution of 9.4 which is zero at y = 0 is
y

y
- 3/2 ) / dy /
q = AyJy(ayl "y - 4+ yJ 4 (ayi® 2) y{-J (ayiarn)} - g(y) «Jq (ayi®?) ay 9.5
o : o

Since w =0 at y = 1 the equation to determine A is %g_ =0 at y =1 9.6
y

Differentiating 9.5 and inserting y = 1, the equation for A is

/ al2 3/ 2 al2 1 dy y
0 = Aei® T, (ad + 01 23, (ad (Er? , -
o{# ™) o . TR CTERN L IO N C ALY
(o]

1

1 378 9.7
h == . *© Jq (ayl * d
J1(a13/2) f g@) 1( 38 ) Yy
so that © y
q = - yJ, (ay1°/2) = - g (ay1®?) ay
vy Ji(eyi™?®)
(o}
/ 9.8
yJ1 (ay1®' ?) (ay1°'?)
T alsT2y,(ais’2) 3, (aisT ) 8(y)Jq layi oy
and when y = 1 this reduces to 0
1
- al2
[q]y=1 = [ 2 - ala g(y) Ji(ayi )dy 9.9
ai® g (ai™ ")
o
This can be put into a more convenient form by a single integration by
parts, It then becomes
1
3/ 2
Jolayi )
la),-. = 1= L L O 9.10
y=1 3 2 al 2 y
1 a Jo(ai )

o
The determination of the correction to the average velocity is therefore re-
duced to a single quadrature. Moreover the function which multiplies f(y) 1is

that which has already been calculated in finding the velocity profile for the
rigid tube.

Returning to 9.1 and inserting the following expressions for Op s
Oz

w and uy

o) *
- 52_ = Ao + Ajexp {1n(t-z/c1)}- + A,exp {—in(t—z/cf )} + cessee
z

+ Apexp {}mn(t—z/c.)} + A:exp {imn(t-z/cﬁ )) o,
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k3
i

= wg +t wiexp {1n(t-z/ci)}+ w’:exp {—in(t-z/c’: )} coo

”
oe i w.exp{imn(t-z/c.)} +mw;exp {—imn(t—z/c- )}

i

uiexp‘{in(t—z/cl)} + u:exp {-1n(t—z/cj ﬂ+ cee

ees * u exp {1mn(t-z/c.)} + u:exp {fimn(t-z/c:{}+ v

where ¢ is the complex wave-velocity of the mth

" harmonic, the equations for

the Woy Wy ssss become, after collecting up powers of eint,

3
2 2 2 %
d w, N _l_dw - . A R + _1_ E_ 5 Coly Ezl_ N C U, dw. o
dy y dy v c, Vv B R dy R dy
2
d w 1 dw
-— — =1 4 13(!2"1
dy? y y
2 2 ¥ —
. AR IR Joou, MMany L cour ) aw,
M Co V m R dy R dy
1a? me (m-1) cqo #®
- T IR B m-1
C 4 LI - P Ch 9,12

and similarly for the other harmonics.,

As with the expansion correction, if the known forms for w_  and u, are
inserted on the right-hand sides of these equations, they have become linear, and
the effects of the interactions between the harmonics can be treated separately.
We now write down the equations for these individual interactions. There are
four different forms to be considered.
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1. The effect of the mth harmonic on the steady flow. The equation for this

is
2 * *
1afo a\ 1R fequ, o} cpul | dw, o1
y dy dy Y R dy R dy ‘
in which :
y /g
u _ A , imn y + T 2J1(0Lmyi3 )
R imnp  2cm a, i 3/2Jo(amis/2)
Rm A G &
—s/ 2 ) A 40
u¥ A% —~imn * 2J,4 (a yi =
s A ——{y + e = } &
R -imnp 2¢c, Qgd 3 2Jo(ami 3 2)
dw A J o 13/2
“'m n_ o, —n. -« i3/2 . s (o y )
dy imnp o n Jo (amI37Z)
< - —al.
dw) A, # e | I (aqyt *'%)
—A_ ~nm ¢ omi °'2 e
dy -imnp Jo(am 1‘3/2)
so that the right-hand side of 9,13 becomes
2 % / I /
iaﬂ AIA n Co y i Jl(amyi—a 2) . ( % . dmia 2J1((1mu3 2)
= | = -+ =
Cq ma2n2p02 c}‘-_m 2 Ma a 1"3/2JJ0(a 1—3[2) ns) Jo(a 13/ 2 )
2 % / — —
~-lay ApAy Cq y ¢ 5 Ji(a.yia 2) ( *) . gl G/QJi(dmyi :13/2 )
',— - m i n =
5 m2n2,02 ¢y 5 q-13/2J° (a.is/ 2) m Jo (a. 3/2)

o]

If now we define the standard correction function as being such that the

effect of the m'® harmonic on the steady flow is

_1 <._hi!._. )w(m,_m)

Co \ mnp
Then
1
W(m,-m) = —ij w * 2y " dy g9.14
o]
in which w 1is the solution of the eauation
A Ji g!_ = 15;_ Ly 3/ 2 J1(g£ 13/2Y)
¥ dy ydy 2 C* " O 1 o (d.i al 2 )
_1o, co w mala Ja(agd ° %y
2 ¢ =% ¥ T 17" )
3y (a3%' %)+ Jolegt ¥ %)

2 {Co), 2| .
+ 20 (5%26 ‘ﬂ.l Jo(@,1372 J + Jolayl o/2 )



Multiplying 9.15 by y and integrating from zero to Yy,

/ . -3/2
VRS U PSS PG St B L L AU %)
e ———— T — — . n y —_——
I A P P Jo(ay1-3/2)
-3/2 /
+ g2 [ & 2 y |1 3d0led Ty d Jola 1% ? y)
20 | e) 1Ml 2T0| Foai872) T dy )T @islz)
njp a Jolayi dy Jolayis/ 2
-3/2
1 Jo(agr %) d Jolagi ")
+ 5T L I, -3/2 9'16
Jo (agi "' y) dy Jo(0gl )
From the recurrence relation for Bessel Functions,
y Jo(ky) - 2‘11(ky) ¥y Jdo(ky)
Jo (k) K Jo(k) Jo (K)
and therefore 9.16 can be integrated, giving
2 /2
ia c 2 Jola 1% %y)
w= B o . . o\t y
- "N w5 1 - —a
2 c, e { Jo(a.13 %)
N Eﬁf% { 1 Jy(a 18/2) y JIila, 19/ 2y)
2 R /2 / 1
Cn 10/ 2 Jo(a, 13/2) ais/ 2 Jo(a" i al 2 )
together with its complex conjugate and
3/2 3/2,V ) 9.17

o . 2 . Jo (@ 7% D) Jo(a
Y2 I“m | {1 Jol(ayis’2 } J, (a =872
re

Integrating again to obtain the average velocity,

!
' Eso, 1a° 1, Jola1®?
Wom = ) or S« g, o)
(o}
;ﬁco . ()
P L N TR
together with its conjugate and
. Jug
(ﬂ) Inj? - {1 - 2% fu1?®)
c ai472 o(a1®" 2) 9.18
re

This last result follows from the example given in McLachlan's "Bessel
Functions for Engineers" Ch VII, Page 146 (Second Edition, 1955).
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We have, therefore,

1 c ie, 1 —ie!
W (m,-m) —(=n) - 2 . Mio e %+ — (-n®) 2Mi, e 10
2 c¥
1/c
* ~(-9 | n*| + Miccosefo
4 \c re ,
2
ia“fco ) . 1 . 1eg0
Pt — (1 - Mjoe 9.19
8 ( o n > 10
ia® ¢ 1 ie,
- — =0 . - — - ! 10
8 ¢ n 5 1 - M,ee

In the 1limiting condition of stiff constraint this reduces to

Y3

' /_ ]
Vigm) = _2- (Milo)i 0053810 + 3 €ad

3
:;(M;o) €OS —+—CO0S €44

' 2
2\. V3 3 € g 3¢’
* a") -3 (My0)~ sin -2 - Mio) 2 sin )—2
8M;o 2 2 2

9°20

Combined correction to steady flow, T(m,-m).

FIG. 33
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t

As written, this is in the same direction as the steady stream. The combined
effect of this correction and that due to finite expansion is

V3 3 3 1 €4 1 £l
T (m,-m) = —5 (M{o) cos —Elo + = cOS €40C08 —2 + —M!,cos —2
’ 5 M1o 5ct0 * o 10 o SMio 5

2 ] . '
a €40 ! 340 9.21
+ 1 —_— —
M, | (s n 5 Mio sin ) )

A graph of T(m,-m) as a function of o 1s shown in Fig. 33. It will be
seen from this that the steady flow 1s augmented for all values of ¢« 1less than
10, but that as «a increases further the effect of inertia is dominant and the
steady flow 1s hindered by the presence of the oscillatory terms. The amount of
this combined correction for the results of McDonald already quoted, is given

below: N is taken to be 10 metres/sec.

m - (—!—;)2 T Contribution to ;0
Cco \mnp

1 2+696 0.537 1.448

2 0.488 0.539 0+263

3 0.031 0.455 0.014

4 0.00003 =

1.725 cm/sec~

In McDonald's experiment the measured steady term was 15 cm/sec, so that
this correction is about 12%, and by no means negligible.

NG
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2 The effect on the m'® harmonic of its own interaction with the steady flow.
The equation for this interaction is

2 . )
d'w d _ cou_ . dw ia . C_ .
+_1_W+lad.w_.1_3. e T S T
dy2 y dy c \Y R dy Co Cp
so that the equation for the standard correction function is
d%w 1 dw s 2 . ¢ 2yJ 4 (a 13/2)
puriia Qw = =-a, = y 4 - ;/2!X 37
dy? y dy c, 0, 1% 20, (g 1% T
/- 2,
2 S0 [y JoleaytT I a-yY
" ¢, " Jo (a1 3/2) 9.23
Solving this by 9.10, the standard correction function is
1 /
Co J a 13 2 2 J a N al 2
W(so) = - 41 — - °£4!X, A v+, ¥y 74x? )/ aydy
Cy Jo(o,l 3’?)] 0y13/ 234 (e 13/ 2)
/ 9.24
1 ale /
Co Jo (o yi®" *) Jo(a, 1%2)
-i— 14 1+n = -y°
Cy { Jo(a 1 al2) n JQ—(—"ﬁ—jo a, 1972 (1-y7) 2ydy
[}
All the terms in these two integrals can be expressed in terms of Jo(ais[Q)
and Jl(ais/z) )

The necessary reduction formulae can be found in Watson: "Theory of Bessel Func-
tions" Ch. Ve It is, however, simpler and quicker to evaluate them by direct

numerical integration.

For the pressure gradient in real form, this W(m,0) must be combined with
its conjugate, in the same manner as was done for the expansion correction. Thus,

the complete interaction term will be, for the m'? harmonic.
2
1 (MR Mo lW(m,o)lcosA{mnt - @, * ph¥W(m,0)
Co 4y mne

3. The effect on the (k-m)th harmonic of the interaction between the k'® and
th )

9.25

harmonics.

The equation for this is.
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dw N 1 dw N 13a§-mw - 1 E c Uy |, dwj i Coly | dw,
dy® y dy coV R dy R dy
9.26
ia® kcg mcp -
- E Cy Cn W

so that in the equation for the standard correction function the right-hand side
is

( al2 ) 7 (0 1—3/9 )
2 co .|y CJa(exd Ty ). o 4=z Jalan y
towr o 2 ™" g 19723,(q 197 %) } () om Jo(agl o/
——3/2 3/2

10 . So J Y oo JaledT %y ale, Jalaei” "y)
" o Na —al.2 3/ 2 ("nk) Tl ’ —3872

cg |2 L7 B PN S Io(a, 1 )

s/ 2 —3/ 2
- in® ko E,(:_o 14 m Jo (agd y) 1+ Jo (g,} h)/)
ey c, Jo(ak19/2 ) Jo(ani"3 %)

and the standard correction function is obtained from this by the use of 9.10.

9.27
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P19-9C HI JIaVM

For the limiting condition of stiff constraint the result is

W(ky~m) = 2 1
-ie,o (@) .al2 .~3l2 .3/ 2
k [ 3 e tF10ll y o Ji(api® Cy) o, Jalagi 7'y) Jo (@) _¥i” *)
- — ———— e, @ R " a i~ . ‘41 - 2vd
k-m } 4 Mio(ak) & 2 a8z Jo(akiS/Q) " Jo(dk_miG_F?) Jo(ag.gl 32 ) e
' /
+1€;_0 (au) _3/2 3/2 .3/ 2
N B S CANE P S T Rl ﬁ—Ji(aki Doy el yﬁ—}l ! oyay
7 =T —31Z
k-m| I Myo(a) g2z el Jo(a 1 k Jola,1°'2) Jola, 1 3/2)
1

3
_€50(ay) i€} (an) al2 -3
+L{k (9_9_1: _m(§ € ) o Jolad i) _Jologd 9 l_Jo(ak_.ialﬁy) ovd
k-m 4 Mo(a,) 4 Mio () o Jo(ak13/2 ) Jo(a.j__s/z) Jo (“x-.ia;Q ) yey



When the W (k,m) are known, the expressions for the corrected components of
the average velocity can be written down, being similar in form to equations 8.34 -
8.37 with the W(k,m) taking the place of the E(k,m). The coefficients multiplying
the W(k,m) in these expressions will be the same as those multiplying the E(k,m) in
equations 8.34 - 8.37, except for the W(m,o0) which will be as shown in 9.25. Except
for the interaction with the steady flow, therefore, the E(k,m) and the W(k,m) can
be combined into a single standard correction-function T(k,m). The question of
the preparation of tables of T(k,m) over a full range of values of ¢ up to the

fourth harmonic is at present being considered.

In order to make an estimate of the magnitude of the correction for the same
experimental results as in Section VIII, the values of the W(k,m) for a = 3.34,
k and m < 4 were calculated by numerical quadrature. The computations were per-
formed on the 1103 computer in the Computation Branch, Aeronautical Research Lab-

oratory, being programmed and supervised by Lt L. 0'Dell, USAF.

Table 7B

Values of W(k,m) for ¢g = 3.34

Tor W, Wip | Wl phw

1,0 0.6745 -0.4100 0.7893 -31°.29
2,0 0.4986 -0.6424 0.8132 -52°9.18
3,0 0.3961 -0.7106 0.8135 -60°.86
4,0 0.3369 ~0.7423 0.8152 -65°.59
1,1 0.0966 0.3030 0.3180 720.32
2,1 0.3130 0.6453 0.7172 64°.12
3,1 0.3110 0.6575 0.7273 64°.69
2,-1 0.2495 0.9197 0.9529 74°.82
3,-1 0.2782 0.4594 0.5371 58°.80
4,-1 0.2870 0.2381 0.3729 39°.68
3,-2 0+1450 1.4288 1.4361 84°.20
4,-2 0.3032 0.9189 0.9676 71°.74
4,-3 0.0261 1.7606 1-7608 90°.85
2, 2 0.2392 0.2256 0.3288 43°.32
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The trapezoidal rule was used for integration, one hundred ordinates being

taken in the range 0 < y < 1. The values of the W(k,m) are given in Table 7A.

These values of the W(k,m) were substituted in the expressions for the veloc-
ity components (i.e. those corresponding to 8.34 - 8.37 above) together with
the components of McDonald's observed pressure gradient. The resulting values for
the coefficients in the Fourier Series for the average velocity are given in Table
7B together with the values of the coefficients when this correction, and that for

finite expansion, are combined.

Table 7C
Harmonic Quadratic Term Combined Correction
Correction only.
Coefft of Coefft of
cos mnt sin mnt cos mnt sin mnt
1 22.51 33.94 24.37 32.55
2 - 31.56 13.92 - 33.15 15.28
3 - 7.35 - 10.15 - 6.72 - 10.36
4 - 0.94 - bHe34 - 036 - 4.95

(renes, A- elin)

The average velocity, with the combined correction, is shown in Fig. 34. The
full line shows the uncorrected average velocity, and the discrete points are the
values of the corrected average velocity, plotted at intervals of 15°. The cor-
rection increases the predicted value of the systolic peak by about 5%, and pre-
dicts greater backflow. The differences between the corrected and uncorrected
values are small, never being more than 7 cm. per second, and since these correc-
tions are exaggerated, the value of c,( = 500 cm/sec.) taken being about two-thirds
of its value, these non-linear corrections would seem to be an unnecessary

refinement.

WADC TR 56-614 96



FIG 34

Variation in average velocity over one cycle in the femoral artery of the dog,
calculated from the observed pressure gradient of Fig. 6. Full line - without non-
linear corrections. 1Isolated points, with combined correction for Co = 500 cm/sec.
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SECTION X

THE "EXACT" SOLUTION FOR OSCILLATORY MOTION
IN THE PRESENCE OF A STEADY STREAM

Whilst the perturbation method is the obvious first step toward taking
account of deviations from linearity in a system which is approximately linear, it
is always desirable to have an exact solution, if one can be obtained,in a practical
and usable form. It is shown below that the exact solution for the interaction be-
tween a sinusoidal oscillation and a steady stream can be derived in terms of a
Confluent Hypergeometric Function of complex argument. This function has never
been tabulated, and to study the implications of this exact solution on the motion
of the liquid, the wave-velocity, and on the perturbation formulae of the previous
section, requires an elaborate program of computation which is at present under
consideration. It is possible, however, to derive some close approximations in
terms of Bessel Functions when the velocity of the steady stream is small compared

with the wave-velocity, and these are discussed in some detail.

An approximate solution of this problem, when the amplitude of the oscilla-
tion is small compared with the steady stream, has been given by Morgan and Fer-
rante (1955), who by a close-reasoned physical argument, based on a critical study
of the magnitudes of the guantities involved, derived simple formulae for the wave-
velocity which they compared with some experimental results obtained by Muller.,

As in the earlier paper (Morgan and Kiely 1954) the motion of the liquid is not

discussed at all.

In the great arteries, however, the oscillatory terms are at least as large
as, and very often considerably larger than, the steady stream, and the assumptions
made by Morgan and Ferrante do not apply. It is very desirable, therefore, that
the nexact" solution be studied. The solution given belew 1s called "exact" in
quotation marks because it omits the generation of higher harmonics, assuming that
they can be accounted for by perturbation theory. The approximations in terms of
Bessel Functions which are given depend for their validity only on the smallness of

the steady stream velocity in relation to the velocity of wave-propagation, and not

on the relative magnitudes of the velocities of the steady and oscillatory streams.

We assume

(o] in(t-z/c)
— __Q = AO + Aie ( : 101
oz
in(t-z/c
w = wg t wye ¢ #60 10.2
in(t-z/c) 10.3
u = ug t uge
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From the equation of continuity

u,y = inR 4, 10.4
2c

where g, has the same meaning as in the previous section, 1i.e.,

Yy
q; = [ wy-2y - dy 1043
o
2
AGR
Now Wo = 2 a-y%
4
2w, (1-y?% 10.6
dwg _
— = -4 w 107
dy o ¥
and ug = 0

Substituting these in the equation for the longitudinal velocity, 9.1, we have
2 2

d'w 1 dw AR

; & = i 4 isa2w1 !

dy y dy i

Now write b?

2w 2w
-1a® - Co q: — ia2—;2(1’y2)w1 10.8

= 2;o/c: the ratio of the axial velocity of the steady motion to
the wave-velocity. The equation then becomes

2 2
d w, 1 dw, 5.5 AR
S o4 = +1%%w, = -—1 _ 4%p? j w, 2ydy - 102b2w, (1-y2 10=3

o
If the second term on the right-hand side of 10.9 is integrated by parts the

equation becomes

2 y 2
g;g + i %i% + 1ad2(1-b2)W1 + 1%47p? ‘15 y2 %ﬁ%dy - Ai? —_—
A Particular Integral of this equationois
A,R?
ipa® (1-b%)

and the complete solution of 10.10 will be the sum of this and the solution of

10.10 with the right-hand side =zero. Changing the independent variable to

bai%y2

X
and defining Yy as

-
I

1
= baié( B2 1)
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this becomes

d X Eﬁz g fﬁi d 0
———— ——; w — =
dx ax YW J;x x X 10.11

dw
If 10.11 is differentiated throughout, and v written for xa;l it becomes

d’v { 1 Y 10°12
5 (-
dx

which 1is Whittaker's form of the equation for the Confluent Hypergeometric Function.
The solution is '

x/
M , 1,0, (x) = xe” 2. F (} + Q)
~Y/qr 1790 (X) 1Xy s 2 10.13
and therefore
dw X
— = Cy e % 1F4 (1 * L) 2, x) 10.14
dx 4
; dw,
The second solution of 10.12 1is not required, since 7;— = 0 at y = 0.
y
The solution of 10.11 will therefore be
_x/2
Wi =€t €y [ e F, 1+ i—, 2,x )dx 10.15

and the value of C, must be %ftermined by substitution in 10.11. If this is
done, it is found that Ca = — Cyo If, therefore, Z,(y,x) be defined by
Y

oly,x) = 1F1(i + L 2, x) dx 10.16

Iﬁ
OL>><

the solution of 10.10 which satisfies the boundary- condition w; = 0 at y =1

is
- Zo(Y:X)
LA b
ipa® (1 - Zo(y,bai

10.17
The average velocity is given by £ 11/2
o
- 1
VI [
bai o
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and therefore

bai®
- A.R® 1 1 Zo (YyX) . —_—
& g = .
Y17 it (1-n) bai® Zo (Y,bai®)
o

An integration by parts gives the alternative form

A1R2 - Zl (Y’ bdié )

. 10.19
Wi 40a? (1-b%)  Zo(y, bai”® )

in which

X
1 -
Z, (Y,x) = WJ; xe™/2 F.Qa +i, 2, x)dx

When b = 1, 1i.e., when the axial velocity of the steady stream is equal to

the wave-velocity, these expressions cannot be used. Equation 10.10 reduces to

d?w 1 dw . ", dw A.R?
: * ; — +i%%) y? gy = - 22 10.20
o

and a constant value of w; 1is no longer a Particular Integral of this equation.
al2

ai
If, however, instead of x = ba.iéy2 we write x = 2 - y2 in 10.20, it
becomes
X 2
d dW1 4 dW1 4 - A1R
— — x v B =
dx \* dx o & 201’ R 10.21
W 1; L
riting x I e this becomes
a’v +V = éiE;—— 10.22
dx? 2ai3 it )
dav

with the initial conditions V = E; 0 at x = 0O the solution of which is

A R?

vV = — ——‘Tf; (1 - cosx) 10.23

201 V8

and therefore ;
- kais/2 X
-A1R2 C; (1—cosx)d Uy (1-cosx) p
w,; = =15 —_— X — — dx

! 201°"*n| o, x - 0 X 10.24

Integrating this to give the average velocity,
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) AlRQ aia/z a13/2
w,; = = — sin
ipa 2

10.25

This remarkably simple result is not likely to have any practical application
to arterial flow. The only place where the steady stream velocity could approach
half the pulse-velocity would be in the thoracic aorta, where inlet conditions,and
possible turbulence, might well nullify the entire theory. Moreover, since c¢ 1is
always complex, the condition b = 1 can never exist, except as an approximation

when the damping is very small.,

It is also desirable to check the limiting form of the solution of 10.12 for
b —> 0, i.€sy for Y —> = , When Yy is large, 10.12 reduces to the Normal Form
of Bessel's Equation
a’v Yv
—5 - — =0 10.26
dx 4x
3 x 3 ,
with the solution x"J, {iy" x « Rewriting this in terms of y as an independ-

ent variable,

dw, - 2 3/2
dy- T Cuda |\ V1 -7 iy 10.27

which reduces to the solution already known for b = 0. The simplicity of 10.27
suggests that it may be worth while to examine the range of b over which it
would be a reasonable approximation, i.e., for what values of vy, 7%; >> 1. The

maximum value of x is bd.ié and therefore this inequality may be replaced by

I CGEDES
1

i.eey Dby wo/c << _IB

In the femoral artery McDonald's results give Wo = 15 cm/sec. The pulse-
velocity is not less than 450 cm/sec. so that for these conditions #wy/c 1is
about 1/30. Nearer the heart it is to be expected that W, would be greater, and
the pulse-velocity less, so that practical conditions seem, at best, to be beyond
the range of usefulness of the approximatione. This is unduly pessimistic , for a
closer approximation may be obtained very simply by applying the method used in
Section IX. If equation 10.10 is written in the form

2

d2w1 N 1 dw, AR

iBBQW1 = _

yi
= 13b2a2 y — dy 10.28
dy * y dy " .
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in which BQ = a2(1—b2), the first approximation
A,R? 3o (B’ %y f} |
W, = Tup? {_1 - EZ_TBTET?—T 10.29
is obtained at once by dropping the second term on the right-hand side. The first
impression is, therefore, that for a small steady stream flowing in the direction
of travel of the pulse-wave, the amount of oscillatory flow is increased, and is

-reduced if the steady stream flows in the opposite direction.

Since b? < 1, the accuracy of this first approximation can be improved by
substituting

.
dwl A1R2 Bi:;/‘r‘) J1(Bia Qy) )

S————— = . _.—-——-—-T—-—

dy  ipp® Jo(BL%'%) 10.30

on the right-hand side of 10.28. If we write w, for the correction to w,

arising from this,

/2
d?w2 1 dw, 3,2 2 3.2, 2. Ay RQf 3/ 2 J1(Bis y) 2
+ -~ —23 1°f%w; = - i%a’p?- Bi « TRt yPdy
dy® y dy inp® o, Jo(B1® %)
LS V4 S 3, (81 %y)
= 2. .
1-b° Jo (B1* %) - 1ot

it is not necessary to solve this equation for w,, since by 9.10, W, can be

obtained at once.

i
I SR T S 1 j L) I PG S
1-b b 1% Jo (BT T 9B ?)
10.32

_ b® , AR, 2 . J.(i%?)

107 % B g (B ?)

1

_ b® . AR’ CJ py@l2 By ") L 3o (By1®?)

1-b' pi®p? A {Jo (813/2)}2 Y 10433

From Watson: "Theory of Bessel Functions" Chapter V,

4

225 (2)J (2 dz = —g— d J,(2) Jo(2) *Is(2) T4 ()
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and, using this result, 10.33 becomes
b ART [ 2 g, (p1Y?) 1J,(B13/2)_ ) 3, (81°?) S5 (B1%?)
Jo(BL™ %) 3, (B1°T7)

1034

- 1
1-6%  1%up® | BTt g (B 3 0,(RYY 3

Expressing J; in terms of J, and J; by means of the recurrence formula the
expression within the bracket becomes

(4 {3_11)(‘2 1 J, 1J,
p1°/% 5o uo/ \p1%/? 3 g, 38Jo 10-35

and this may be further reduced to

LR
o (B1%/%) '

If there were no damping of the pulse-wave in transmission, ¢ would be real,

[
'

l

[

ie, 8 2 ie, 1
- Mioe ‘°{i—a§,+5u;oe 0. B = 1+ =

and the effect of substituting [ for o in the Bessel Functions could be cal-
culated from the available tables. Since ¢ 1is complex, the Bessel Functions are

no longer functions of i%'?

, but of a general complex argument. When 2wo/c is
small, it 1s possible to derive an approximation in terms of known functions by

using the well-known formula

- 1-A*
= \I - .
Jo(Az) = A mz_lo Jnm(z)[ 5 % 10+37
If ¢, 1is the measured velocity, then
2W, 2W, Y
2 = 1 - i—
c c, X
2W,
and if f, 1is written for 1 - —— , then
Cq

w

"

™

o

[

+

3

b
(R "]
=l
o
|

1
—
+
|

to first order, and if we write A? =
n=40,n=1, in turn, we find that

in 10.27 above, writing

2

2 J,(Bi'a/'z) 2 J1(6018/2> W [  elo Jl(Bois/g)]
10.38

V]
s
lo
LR

1- 3/2 =1- al2y ' - My o
Bi%/ 234 (B1% Bois/ 2d4(Bo1® ?) Cy > Jo(Boi® ?)
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These two expressions, 10.36 and 10.38, can now be brought together to give
the average velocity correct to first order in 2wo/c. Since 10.36 is itself a
first~-order correction, it will be sufficiently accurate to write 5, for f in

it. Combining 10.36 and 10.38 the corrected average velocity is

2

_ _ A, R L oW
Wy t oW, = Iaég— Mio(ﬁs)eleio<80) + —2 8,4 (Bo) 10.39
in which S,q(Bo)
i 3/2
» 18:‘[0 81 2 1810 1 Ji(BOi ) 2
ST Mot PR A ) PR CEUDN ’

/2 2
- Eop i€40 J, (Boi®®) 10+40
- itan ——'2 MiO e + 372)

Table 8 is a table of S1o(Bo) for 0 € By £ 10 at intervals of 0.05. The
first four columns give the real and imaginary parts, and the modulus and phase,
of Sio(eo), in that order. The last two columns are the real and imaginary parts
of

3/2
1-20:(Bei™ )

= Lares 2 10.41
BoJo(Bois/z)

i.e., the quantities €, and D of Section II.

For the experimental results of McDonald which have been previously used as
an example, the steady component of the average velocity is 15 cm/sec. Only part
of this, however, is generated by the steady component of the pressure gradient.
As was shown above, in Section IX, 1.7 cm/sec. of this is caused by interactions

between the harmonic terms, leaving 13.3 cm/sec. generated by the pressure-gradi-

ent.
Taking the pulse velocity to be 450 cm/sec. this gives 2W,/c, = 0.06 ,
1l , = 1
1-b 0.94 -

From a succession of trial values of [5, therefore, we calculate the real

and imaginary parts of
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1
0.94

1 - F1O(BO) + 0.06S;0(B1o)

from Table 8, for each of the four harmonics. Using these as our values of C

and D in 2.21, and find the value of Bo for which the combined oscillatory
terms will give equal and opposite to the steady velocity at the observed point

of flow reversal, which in this experiment was 125°., The best fit at this point
was given by f, = 2.5, corresponding to o = 2.58. The coefficients of the

Fourier Series for W are given in Table 10 below.

Harmonic Coeff. of cos nt Coeff. of sin nt
1 21.81 20.74
2 - 25.97 18.81
3 --9.73 - 8.66
4 = 0028 == 3-18

A graph of this is shown in Fig. 34, where it is compared with McDonald's
observed values. The ordinates in Fig. 34are in flow units, obtained by multi-
plying the coefficients in Table 9 by the cross- sectional area, the value of R
taken being the same as that assumed by McDonald, i.e., 1.5 mm. The fit to
the observations is not improved much by using the nexact" solution. Except for
a slight increase in diastolic flow, as good a fit can be obtained by using the
simple theory with o = 2.7. (Fig. 34).

If the approximate solution for w given in 10.40 were to be substituted in
the "frequency equation" 3.31, the reduced determinant would become

1 - l’ho(ﬁo) 2 1 =0 10
1 X 1 + ox 42
it - 3 Yo (Bo) -0x K -x +1inY
in which 1 - Y,0(Bs) = 1 - F,0(Bo) + i_wiﬁ S10(Bo) 10.43
1 4w
Y=o Ao o 10.44

B2 K, ¢

this term representing the viscous drag due to the steady stream. It will be
noted that &}is small over the range of values of (¢ which are of interest. For
example, in the femoral artery, o*>7, gglw %_ ’ aqs ;o/c.’” .03 so that

Y < 1/450. Even in the thoracic aorta,iassuming ]g- =1, ;o/c = 1/4, < 0.01,
since a® ~ 100. ’
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Applying the same method of reduction of the determinant as was used in

Section III, it reduces to the quadratic equation

(1-0?) x2- 26"x + H" = 0

in which
Gn___l"“&—d"if\?(%‘»o) +__k_+o_}+i_ﬁ?
1 - vi0 2 4 2
and A" = 1+ 2k Le
1 - ¥i0

For o0 = 1/2, the effect of the term -1JQ- in G" (leaving
aside the substitution of y,o(Bo) for F,o(a), which is d%scussed below) will
be to reduce the imaginary part of G", and therefore to reduce the damping of
the wave in transmission, if the steady stream is in the same direction as the
velocity of propagation. If it is in the opposite direction, damping will be
increased. In the limiting condition of heavy loading and stiff constraint,

(k~» - ®) the viscous drag of the steady stream will have no effect, as might
be expected.

The effect of the substitution of y,o(B) for F,,(a) can be studied very
simply for this limiting condition. When k —» - © ,

x = —2
1-¥,0
so that - '
1-0% @ -&af)
a-o6%) X = a 10.45
2 2o

1 FiO(BO) + e, S10(Bo)

c X ¢
and from this —* and e‘gny/ may be calculated. A plot of 63— for 0 = %,
CQ 0
2W,
k= - ®, <, = 0.06 ( as in McDonald's experiment) is shown in Figure 35,
with the corresponding plot for 0 = 4, k = - ® with no steady component for

comparison. It will be seen that the presence of the steady stream raises the
wave-velocity,by 6 - 8%. A plot of e °X is shown in Fig. 36. It will be
seen that the damping of the wave in transmission is practically unchanged by
the presence of the steady stream. It appears to be very slightly increased.

This effect is opposite from that predicted by Morgan and Ferrante (1955) but
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in view of the widely different conditions, is not in conflict with their conclu-

sions.

For larger values of 2Wo/c this very simple approximation breaks down, and
there would seem to be no alternative to a full scale tabulation of the required
solutions of the Confluent Hypergeometric Equation, and an attack on the problem
in full generality. Before this can be contemplated, measurements of the com-
parative magnitudes of the steady and oscillatory components of flow in the major
arteries are needed, together with accurate measurements of pulse-velocity over

short distances, to delimit the ranges of the parameters.

-7
L6
L5
f\'4
(@)
P4
(@]
O3
(/2]
(1 o4
a2
-l /—'"\
p-
z| v \
. AR
o 2 — A A A A Vi 2 A 2 2 \ 2
0 30° 60 9o~r20°\ 150° I80'2l/240' 270° 300° 330° 360°
| \ /
-2t Ny

FIG. 35
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K:-oe, b=0.06
K-—u.c-o

¢/

o6t Comparison of variation in wave-velocity with «a
for a steady stream of axial velocity 6 per cent
of the wave-velocity with that for no steady stream,

o.4f

0.3t

Comparison of amount of damping in transmission
in presence and absence of a steady stream,

-2my,

o3}

0 | 2 3 4 5 6 7 8 9 10

4
3

FIG. 37
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TABLE 8.

WADC TR 56-614

po Slo(po) For K= —oo | =Fyo ()
PHASE
xt REAL |IMAGINARY | MODULUS DEGREES REAL | IMAGINARY
0.00 0.0000 OQM) 0.0000 -u5.0000 o.m 0.0000
0.05 -0.0003 0.0002 0.0004 -34.5857 0.0000 0.000%
O.lo -0.00].2 0.0001 0.0012 - 20“9& 0.0000 0.0012
0.15 -0.0028 0.0000 0.0028 - 0.7242 0.0000 0.0028
0.20 ~0.0050 0.0001 0.0050 - 0.8379 0.0000 0.0050
0.25 -0.0077 0.0002 0.0077 - 1.2479 0.0001 0.0078
0030 -0.0lll 0.0&5 O-Olll -. 1.753“ o.w% 000112
0.35 -0.0150 0.0006 0.0150 - 2.3530 0.0003% 0.0153
0.ko -0.0195 0.0010 0.0195 - 33,0666 0.0005 0.0200
0.45 -0.0245 0.0017 0.0245 - 3.8691 0.0009 0.0253
0-50 -0.0}00 0.0@5 0-0}01 - uo77w 0.0013 000512
0.55 -0.0359 0.0036 0.0361 - 5.7Thk 0.0019 0.0377
0.60 -OQM 0.0051 ODM6 - 6-869'( 000027 0.0“08
0.65 ~0.0489 0.0069 0.040% - 8.058% 0.0037 0.0525
0.70 -0.0559 0.0092 0.0567 - 9.3405 0.0050 0.0608
0.75 =0,0631 0.0119 0.06k2 «10.7150 0.0065 0.0697
0.80 -0.0705 0.0152 0.0721 -12.1805 0.0084 0.0791
0.85 -0.0779 0.0190 0.0802 -13.7358 0.0107 0.0890
0.90 -0.0855 0.%55 0.0885 -15.5797 0.015‘6 0.099‘0
0.95 -0.0926 0.0285 0.0968 -17.1101 0.0166 0.1102
1.00 -0.0996 0.0342 0.1053 -18.9252 0.0202 0.1215
1.0% =0.106k 0.0kOk 0.1138 -20.8222 0.02U44 0.1332
1.10 -0.,1127 0.0kTh 0.1222 -2.7987 0.0292 0.1452
1.15 -0.].1& 0.0§~v9 o.lm -2&.&512 0.09&6 001571‘
1.20 -0112% 00%29 o.l% -26097“ 0.0“07 001699
1025 -0012& 000711‘ 00M5 '29017% 0.0'&7‘& 0.1826
1.30 =0.1315 0.0804 0.1542 -31.4297 0.0549 0.1953
1.35 -0.1342 0.0897 0.1614 =33, Th87 0.0630 0.2081
1.k0 -0,1359 0.0992 0.1683 -36.1231 0.0718 0.2208
10"5 '0.1%6 0.1089 o.l?h? -w-%76 0.08].‘& 00233“
1.50 -0.1363 0.1186 0.1806 -41.0167 0.0917 0.2458
1.55 -0.1349 0.1281 0.1861 43,5247 0.1027 0.2580
1.60 -0.1325 0.1375 0.1909 -46.0659 0.1143 0.2698
1.65 -0.1290 0.1465 0.1953 -48.6341 0.1266 0.2811
1.70 -0.1246 0.1551 0.1990 -51.2232 0.1395 0.2921
1.75 -0.1193 0.1632 0.2022 -53.8272 ' 0.1529 0.3025
1.80 -0.1132 0.1706 0.2047 -56.4398 0.1668 0.3123
1.85 -0.1063 0.1773 0.2067 -59.0551 0.1812 0.3215
1.90 -0.0988 0.1833 0.2082 | -61.6673 0.1959 0.3300
1.95 -0.0908 0. 0.2091 -64.2706 0.2109 0.3378
2,00 -0.0823 0.1927 0.2095 -66.8596 0.2262 0.3449
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TABLE 8. CONTINUED
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Po Sio (po) ForR K= —oo | =Fio ()
PHASE
X REAL [IMAGINARY | MODULUS DEGREES REAL IMAGINARY
2-00 ‘Oo(&} 001927 0020% -6608596 0-2262 005,"“'9
2.05 -0.0736 0.1961 0.2095 -69.4293 0.2417 0.3513
2.10 -0.0647 0.1987 0.2090 =71.9748 0.2572 0.3569
2.15 -0.0556 0.2005 0.2081 =74 . 4917 0.2728 0.3618
2.20 -0.0k66 0.2015 0.2068 =76.9760 0.2884 0.3660
2.25 -0.0377 0.2017 0.2052 =T79.4241 0.303%9 0.3695
2.35 -0,0203 0.2002 0.2012 -84.1992 0.3344 0.3745
2.k0 -0.0121 0.1985 0.1989 -86.5211 0.3494 0.3761
2.45 -0.0041 0.1963 0.1963 -88.7964 0.36k0 0.3770
2.50 0.0035 0.1936 0.1937 88.9765 0.3784 0.3774
2.55 0.0107 0.1906 0.1909 86.7988 0.392k 0.3773
2.60 0.0175 0.1872 0.1881 8L4.6713 0.4061 0.3768
2.65 0.0239 0.1836 0.1851 82,5946 0.4193 0.3758
2.70 0.0299 0.1797 0.1822 80.5690 0.4322 0.37kk
2.75 0.0354 0.1757 0.1792 78.5944 O.lhly7 0.3726
2.80 0.0406 0.1715 0.1763 76.6706 0.4568 0.3706
2.85 0.0455 0.1673 0.173h4 Th.7971 0.4684 0.3683
2.90 0.0499 0.1630 0.1705 72.9732 0.4797 0.3657
2.95 0.0540 0.1587 0.1676 T1.1982 0.4905 0.3629
3,00 0.0578 0.1544 0.1649 69.4710 0.5010 0.3600
3.05 0.0613 0.1501 0.1621 67.7906 0.5110 0.3569
3.10 0.0645 0.1459 0.1595 66.1557 0.5207 0.3536
2:15 0.067h 0.1417 0.1569 64,5651 0.5300 0.3503
3,20 0.0701 0.1376 0.154k 63.0175 0.5389 0.3468
3,25 0.0725 0.1336 0.1520 61.5116 0.5475 0.3434
3.30 0.0747 0.1297 0.1497 60.0458 0.5557 0.3398
3,35 0.0768 0.1259 0.1474 58.6189 0.5636 0.3363
3.40 0.0786 0.1221 0.1453 57 «2293% 0.5712 0.3327
3.45 0.0803% 0.1185 0.1432 55.8758 0.5785 0.3292
3.50 0.0819 0.1150 0.1412 54 45567 0.5856 0.3256
3.55 0.0833 0.1116 0.1393 53.2709 0.5923 0.3221
3.60 0.0846 0.1083 0.137h 52.0169 0.5988 0.3185
3,65 0.0858 0.1051 0.1357 50.7934 0.6051 0.3151
3,70 0.0868 0.1020 0.1340 k9.5991 0.6111 0.3116
3,75 0.0878 0.0990 0.1323 48.4328 0.6169 0.3082
3.80 0.0887 0.0961 0.1308 47.2933 0.6225 0.3049
3.85 0.0895 0.0933 0.1293 L6.1794 0.6279 0.3016
3.90 0.090% 0.0906 0.1279 45,0900 0.6231 0.2984
3.95 0.0910 0.0879 0.1265 L ,0241 0.6381 0.2952
k.00 0.0916 0.0853 0.1252 42.9807 0.6430 0.2921
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TABLE 8. CONTINUED
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o Slo(po) ForR K= —oo | —Fio ()
PHASE o "
X REAL |IMAGINARY | MODULUS DEGREES REAL | IMAGINAR
4.00 0.0916 0.0853 0.1252 42.9807 0.6430 0.2921
k.05 0.0921 0.0829 0.1239 41.9587 0.6477 0.2890
k.10 0.0927 0.0804 0.1227 40.9573 0.6522 0.2860
4,15 0.0931 0.0781 0.1215 39.9757 0.6566 0.2831
4.20 0.0936 0.0758 0.1204 39.0129 0.6609 0.2802
k.25 0.0940 0.0736 0.1194 38.0683 0.6651 0.277h
") 0.0943 0.0714 0.1183 37.1412 0.6691 0.2747
4,35 0.0946 0.0693 0.1173 36.2308 0.6730 0.2720
W'Y 0.0949 0.0673 0.1164 35.3365 0.6769 0.2693
b b5 0.0952 0.0653 0.1154 34 4578 0.6806 0.2667
k.50 0.095k 0.0634 0.1145 33,5941 0.6842 0.2642
k.55 0.0956 0.0615 0.1137 32,7449 0.6877 0.2617
4,60 0.0958 0.0596 0.1128 31.9097 0.6911 0.2593
k.65 0.0959 0.0578 0.1120 31.0880 0.6945 0.2569
L.70 0.0960 0.0561 0.1112 30.2796 0.6978 0.2546
.75 0.0961 0.054) 0.1104 29.4840 0.7010 0.2523%
4.80 0.0962 0.0527 0.1097 28.7008 0.7041 0.2501
4.85 0.0963 0.,0510 0.1090 27.9298 0.7072 0.2479
4.90 0.0963 0.0494 0.1082 27.1706 0.7101 0.2458
4.95 0.0963 0.0479 0.1076 26.4230 0.7131 0.2437
5.00 0.0963 0.0463 0.1069 25.6867 0.7159 0.2416
5.05 0.0963 0.0448 0.1062 24,9614 0.7188 0.2396
5.10 0.0963 0.0434 0.1056 242471 0.7215 0.2376
515 0.0962 0.0419 0.1049 23,5434 0.72k2 0.2356
5.20 0.0961 0.0405 0.1043 22.8502 0.7269 0.2337
5.25 0.0960 0.0391 0.1037 22.1673 0.7294 0.2318
5¢30 0.0959 0.0378 0.1031 21.k946 0.7320 0.2300
5.35 0.0958 0.0365 0.1025 20.8318 0.7345 0.2282
5.40 0.0957 0.0352 0.1019 20.1789 0.7369 0.2264
5.45 0.0955 0.0339 0.101% 19.5358 0.739k 0.2246
5.50 0.0954 0.0327 0.1008 18.9022 0.7417 0.2229
5.55 0.0952 0.0314 0.1002 18,2780 0.74k41 0.2212
5.60 0.0950 0.0302 0.0997 17.6632 0.7463 0.2195
5.65 0.0948 0.0291 0.0991 17.0576 0.7486 0.2179
5.70 0.0946 0.0279 0.0986 16.4612 0.7508 0.2163%
5.75 0.0943 0.0268 0.0981 15.8737 0.753%0 0.2147
5.80 0.0941 0.0257 0.0976 15.2951 0.7551 0.2131
5.85 0.0939 0.0247 0.0971 14,7253 0.7572 0.2115
5.90 0.09%6 0.0236 0.0966 14,1642 0.7593 0.2100
5.95 0.0934 0.0226 0.0960 13.6116 0.7613 0.2085
6.00 0.0931 0.0216 0.0956 13.0675 0.7633 0.2070
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TABLE 8. CONTINUED

B, Sio (Fo) For K= —oo | =Fpo ()
(o ¢ REAL |IMAGINARY | MODULUS FHASE REAL IMAGINARY
DEGREES
6.00 0.0931 0.0216 0.0956 13.0675 0.7633 0.2070
6.05 0.0928 0.0206 0.0951 12.5318 0.7652 0.2056
6.10 0.0925 0.0197 0.0946 12.0043 0.7672 0.2041
6.15 0.0922 0.0187 0.0941 11.4849 0.7691 0.2027
6.20 0.0919 0.0178 0.0936 10.9735 0.7710 0.2013
6.25 0.0916 0.0169 0.0932 10.4701 0.7728 0.1999
6.30 0.0913 0.0161 0.0927 9.9745 0.7746 0.1985
6.35 0.0910 0.0152 0.0922 9.4866 0.7764 0.1972
6.40 0.0907 0.01h44 0.0918 9.0062 0.7782 0.1959
6.45 0.090% 0.0136 0.0913 8.5333 0.7799 0.1945
6.50 0.0900 0.0128 0.0909 8.0678 0.7816 0.1932
6.55 0.0897 0.0120 0.0904 7.6095 0.7833 0.1920
6.60 0.0893 0.0112 0.,0900 7.1583 0.7849 0.1907
6.65 0.0890 0.0105 0.0896 6.71h1 0.7866 0.1894
6.70 0.0886 0.0097 0.0892 6.2769 0.7882 0.1882
6.75 0.0883 0.0090 0.0887 5.8463 0.7897 0.1870
6.80 0.0879 0.0083 0.0883 5.4225 0.7913 0.1858
6.85 0.0876 0.0077 0.0879 5.0051 0.7928 0.1846
6.90 0.0872 0.0070 0.0875 k5942 0.7943 0.1834
6.9% 0.0869 0.0064 0.0871 4,1896 0.7958 0.1823
7.00 0.0865 0.0057 0.0867 3.7912 0.7973 0.1811
7.05 0.0861 0.0051 0.0863 3.3989 0.7988 0.1800
7T.10 0.0858 0.0045 0.0859 3.0125 0.8002 0.1789
7.20 0.0851 0.0034 0.0851 2.2571 0.803%0 0.1767 .
7.25 0.0847 0.0028 0.0847 1.8879 0.8044 0.1756
T7.30 0.0843 0.0022 0.08u44 1.5241 0.8057 0.1745
735 0.08k0 0.0017 0.0840 1.1658 0.8070 0.1735
7.40 0.0836 0.0012 0.0836 0.8128 0.8083 0.172h
T.45 0.0832 0.0007 0.0833 0.4649 0.8096 0.171h4
7.50 0.0829 0.0002 0.0829 0.1222 0.8109 0.1704
7.55 0.0825 -0.000% 0.0825 - 0.2156 0.8122 0.1694
7.60 0.0822 -0.0008 0.0822 - 0.5486 0.8134 0.1684
7.65 0-08].8 -0.0013 0.0818 - 0-8767 0081h7 001.671"
7.70 0.0815 -0.0017 0.0815 - 1.2002 0.8159 0.1664
1.75 0.0811 -0.0022 0.0811 - 1.5191 0.8171 0.1655
7.80 0.0807 -0.0026 0.0808 - 1.83%6 0.8182 0.1645
7.85 0.0804 -0.0030 0.0805 - 2.1436 0.8194 0.1636
7.90 0.0800 -0.0034 0.0801 - 2.4494 0.8206 0.1627
7095 °c°797 -0.00% 0-07% -~ 2.7509 008217 001617
8.00 000793 -OQM 000795 - 3.&83 008228 0-1608
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TABLE 8. CONTINUED

po Slo(po) ForR K= —oo | —Fo ()
o REAL |IMAGINARY | MODULUS DEGREES REAL IMAGINARY
8.(X) 000795 'OQM 0007” ] 5.0"83 0.@8 0.1608
8.05 0.0790 -0.00k6 0.0791 - 3.3417 0.8239 0.1599
8-10 0.0787 -0.0050 0007% - 3-631.1 00&50 001590
8.15 000783 -0.005'& 000785 - 509166 00&61 0.1%
8020 O.U(&) '000057 000782 - holw“ 00&72 001573
802’ 000776 'OOMI 0.0779 2 u.h?& 0.8%2 00156“
8050 000773 -0.006’& 000776 -~ 1&.7507 00&92 0.1556
8055 0-0770 -0.0068 0.0772 - 5-0215 008303 00151‘7
8.h0 0.0766 -0.0071 0.0769 - 5.2888 0.8313 0.1539
8.45 0.0763 -0.007h 0.0766 - 5.5526 0.8323 0.1531
8.50 000760 -0.0077 000765 - 508151 008333 001523
8.60 | o0.0753 -0.0083 0.0758 - 6.3242 0.8%352 0.1507
8.65 0.0750 -0.0086 0.0755 - 6.5749 0.8362 0.1499
8.70 0.07h6 -0.0089 0.0752 - 6.8226 0.8371 0.1491
8.75 0.07h3 =0.0092 0.0749 - T.0671 0.8381 0.1483
8.& 0.07“ "0.% 0-07’46 - 7.3%7 008390 0.1)&75
8.85 0.0737 -0.0098 0-071‘5 = 705“‘75 008599 o.l“'@
8.90 0.07}“ -0.0100 0-07‘50 - 7'7830 0-8‘&08 0.1‘&60
8.95 0.0730 -0.0103 0.0738 - 8.0159 0.8417 0.1453
9.‘» 0.0?27 -0.0105 000735 - 8.2‘.’60 00&26 o.l‘u"‘é
9.05 0.072k -0.0108 0.0732 - 8.4733 0.8435 0.1438
9.10 000721 -0.01.1.0 050730 - 806%0 0081‘1"3 o-l“}l
9015 0.0718 '0-0113 000727 - 8.9200 008“52 0.1“2&
9.20 0n0715 "0.01.15 0.072‘!» - 9.159“ 008!"60 OIlhl7
9.25 0.0712 -0.0117 0.0722 - 9.3562 0.8469 0.1410
9.30 0.0709 -0.0120 0.0719 = 9.5706 0.8477 0.1403
9.35 0.0706 -0.0122 0.0716 - 9.7825 0.8485 0.1396
9.40 0.0703 -0.0124 0.071k - 9.9919 0.8493 0.1389
9.45 0.0700 -0.0126 0.0711 =10.1990 0.8501 0.1382
9.50 0.0697 -0.0128 0.0709 -10.40%37 0.8509 0.1376
9.55 0.0694 -0.0130 0.0706 -10.6061 0.8517 0.1369
9.60 0.0691 -0.0132 0.0704 -10.8063 0.8525 0.1363
9.65 0.0688 '0.01}“ 000701 -11.00’42 008532 001356
9.70 0.0686 -0.0136 0.0699 =-11.1999 0.8540 0.1350
9.75 0.0683 -0.0138 0.0696 -11.3935 0.8547 0.1343
9.80 0.0680 -0.0139 0.0694 -11.5849 0.8555 0.1337
9.85 0.0677 -0.0141 0.0692 -11.7742 0.8562 0.1331
9.90 0.067k -0.0143 0.0689 -11.961 0.8569 0.1325
9.95 0.0671 -0.0145 0.0687 -12.1k 0.8577 0.1319
10.00 0.0669 -0.0146 0.0684 -12.3301 0.8584 0.1312
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SECTION XI

SUMMARY AND CONCLUSIONS.

This exploration of the consequences of taking an elastic tube as a rough
working model of an artery leads to two broad general conclusions. The rate of
flow generated by a known oscillatory pressure gradient does not vary greatly
over a wide range of conditions of added mass and longitudinal cons$traint, and the
phase-difference between cyclic variations in pressure and diameter is also in-
sensitive to wide variations in these conditions. For accurate deductions to be
made about the conditions of support, measurements are needed of a higher degree
of accuracy than any at present available. Until such measurements can be made,
nothing is lost by assuming conditions of heavy loading and stiff constraint. For
this model all the relationships between observable quantities take their simplest
form. The relationship between pressure gradient and flow is the same as for a
rigid tube (disregarding the non-linear corrections) and the cyclic variations in

pressure and diameter are always in phase with each other, being connected by the

simple constant plcz . The experimental results of McDonald (1955) on the re-
lationship betwee: gressure gradient and flow, and the measurements made by
Lawton (1956) of pressure and diameter variations, are in accord with this simple
theory, though the claim that they confirm it, in the full sense of the word, is
less than justified. It is better, rather, to say that until experimental evidence
is forthcoming which compels the use of a more elaborate theory, this is fully
adequate in relation to the evidence available. These two relationships (between
pressure gradient and flow, and between pressure and diameter) have the advantage
that their form is independent of the amplitude of any reflected wave that may be
present. The multiplying constant in the relationship between pressure and flow
is changed considerably by the presence of a reflected wave, and is therefore not

suitable for a direct test of the theory.

Another important advantage of the method used by McDonald is the fact that
the average velocity was measured. It was shown in Section VIII that the effect of
the correction for finite expansion on the average velocity is small, and therefore
a comparison with the linear theory is adequate. If, however a true measurement

of mass-flow had been made, the measurements would have included the factor

2 .
1+ e and the comparison of the observations with the theory made more difficult.
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When measurements of the true volume flow are made in the undisturbed artery,
the calculation of_the average velocity is possible, if a recording of pressure is

taken at the same time. The quantity }; can be calculated from

2 _3 _p
R 4 p,cl
2&

2
and the rate of flow divided by (1 + i; ) «TR  to give an estimate of the average
velocity.

It would seem from present knowledge that further refinement of the theory by
elaboration of properties of the arterial wall, however desirable, is not mandatory
at the present time. The next step would seem to be the improvement of the per-
turbation theory by using as the first approximation in it the "exact" solution in
the presence of the steady stream, and the preparation of full tables for the cal-
culation of those perturbation corrections that prove to be important. When this
has been done, it will be necessary to examine how far these non-linearities affect
the reflection calculations. The author also proposes to have computed some solu-
tions of the Confluent Hypergeometric Equation as a check on the accuracy of the
approximate solution. Two other modifications of the theory also need to be
studied, the question of the anomalous viscosity of blood, and the effect of small

branches on the flow, by making the artery, in effect, a porous tube.

The question may be asked, how far is the theory applicable to the flow of
blood in veins? The answer probably is, so far as the motion of the blood in the
large veins is oscillatory. The motion of the blood in the veins is not derived
directly from a periodic injection of blood propagating a pressure wave, The veins
are a drainage system, and some of the larger peripheral veins have non-return
valves built into them. This results in these veins themselves acting as pumps,

driven by muscular movements which do not have the clockwork regularity of the

heart action. Nearer the heart the oscillatory motion of the blood is compounded

" of two basic effects, changes in intra-thoracic pressure during the respiratory
cycle, and the movements of the heart. Furthermore, the veins are very expansible,
and the first-order correction given here may not be adequate. This suggests that
the problem of flow in veins may be worthy of a separate theoretical study, but

the presen£ theory might well be tested out to see how far it is applicable.

Finally, it may be added that parts of this theory might well apply to hydrau-
lic servomechanisms and other devices in which pipes filled with liquid are used as
transmission links. As has been said in Section II, some work has been done in

this direction, but the application to servomechanisms has scarcely begun.
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APPENDIX

TABLES FOR PULSE-VELOCITY AND FLOW CALCULATIONS

1. Statement of the Problem:

The following functions, were submitted for computation by Mr. John R.
Womersley of WCRRU.

(1-02)1:

(1) The complex function 5—— Where X is one root of the

equation (1-02)1:2 « 26x + H=0,

1.25-0  k
G-ﬁ];-#300'- .25

H-l—-F'l—-o-"l

and

(1—02)1 =G+ JGz-(l-cz)H

3/2
, 9@

l"F Hl- L]

1(0,05)10

3}
]

k = 0,0, 0.1, 0.2, 0.4

= OOOO’ 0025, O.SO
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and
k = -1.0, "200’ -SOO, "‘1000

when o = 0,50,

--217X

2n¥, and e » where

; 4 1
(2) The functions , 2y

(1—02)x

2 3 (X-iY)zo

(3) The complex functions -n 1#7, and 1¥vFlo, where

2, 1 1
T %" (Fpy-2) T F 20

14MF

2
a

Tn addition, the behavior of the function —il

as a—») is

analyzed at the end of this introduction,

2., Method of Computation

The values of Jo(ai3/2) = Ber a + i Bei «¢ were computed from

n=18
Ber a.sﬁigz (-1)™ QQQQ___
n=0 (2n)'
n=19
lin=2
Bei « aszg:: ( 1)n-1 (a/2) -
=5 (2n=- 1)'
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4 (332

The first derivative, —>——— = Ber! a + 1 Bei' a and the
d Jo(a13/2
second derivative'——————jr———— = Ber" a + 1 Bei" o were computed from
da

n=18 hn-l
Ber! a & (-1)1’1 ____2___2n ((a/2 )'
;E; 2n)!

= 4n-3
Bei! @ = Z (-1)P-L (2n-1)(a/2)
n=0 (21’1—1)1
n=18 hne2
Ber" q :s:EZ: {354 n(hn—l)(a/z)
n=0 (2n)1°
n=19
Bei a Z (-1y-1 <2n-1><un-3)(a12>hn-h
n=0 2(2n-1)12

The number of terms used was sufficient to give ten significant
figures of accuracy for values of "a" up to 20 although "a" has a maximum
value of 10 in the functions reported here. This was done in order that

the same program might be used at a later date as a sub=routine in comput=-

ing the non-linear corrections which require values of J (x13/ ) up to

x = 20,
It may be of general interest to note that these series were
computed on the Mark IV Calculator at a fixed decimal point although it

appeared at first that floating decimal routines would be necessary since

the series contain numbers such as 2 = , ete.

(361)%° (3L1)°
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The method used can be applied quite generally to any series
which contains many terms and high order factorials, and the fact that
it utilizes fixed decimal point operation means a saving of many hours
of machine time and coding time.

To illustrate, take the series

Ber x »1 - (X/Q)ZLL . (x/2)8 ) (x/2)12
(21)

RN €7/ S €7 Ll
wn? o (6n? GLNZ  (361)°

The usual method of setting this up for computation would be

(X/Z)h _ 1 (zc_)h + 1 E)LL _ i
602 (3022 T (20?2 (301)2

Ber x =~

(%)h + .00 (g)h + 1.

Clearly, floating decimals are necessary for this evaluation on
1 1

22
(361)° (3L1)
To get around this difficulty, factor the term

account of the terms

55 etc.

0 )2 from the
34

from the

first expression in brackets and then factor the term 5
| (321)

second expression in brackets, and so on until all the constants have

been reduced to +l. The resulting expression will be

bor E(x/2)h2 _ E] Gl of byt
36-35) (3k-33) (32431)

/2t |2t

2 7+ L
WADC TR 56-614 - (30-29) (2.1)
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Here is an expression which will oscillate between -1 and +1
as the sumation proceeds for values of (%}h from O to 106. This is,
therefore, a powerful method of evaluating a series at a fixed decimal
point.

The accuracy of the method, however, is limited by the operat-
ing decimal point, This problem ﬁas operated at decimal point 11/10 and
it was found for example that Ber 20,which is of the order of 47,489.370,
was accurate to eight significant figures or only three decimal places,

In general it can be said that the number of accurate significant figures
in the results can never be more than the number of decimals carried minus
the round off error., The reason for this, of course, is the very fact that
the successive values of the summation oscillate very close to unity up to
the last two or three closing terms,

The entire evaluation was checked by the following identities:

Ber% a +-%'Ber' a+ Beia=20

Bei® a +-% Bei!' @ - Ber a = O.

a + i Bei. a were then obtained

.3/2y _
The values of Jl(al ) = Berl 1

from the recurrence relations

Ber, a = —1—~(Ber' a - Bei' a)

o2

= (Ber! a + Bei? a).
2

Bei, «a

1
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The remaining computations consisted essentia}ly of straight
forward substitution of the parameters in the functions under investigation.

The tables are believed to be accurate to':.é in the last decimal,
all values having been rounded off.

The final results were checked by taking 5th differences. Running

time on the Mark IV Calculator was approximately forty hours,

1-&'7)Fl

3. Evaluation of 1lim 5 0

Let ai3/2 = z, then

7
Z Z Z Z
Jl(Z) = 5‘- ig + EEH - EEEEE + oo

L 6

Z Z Z
JO(Z) = 1 - Ir'+ ZE'- 530 + oco

22 Zh Z6
o2, 0 1-Frim-gmgt e
10 © z Jo(z)‘ 2 b 6

e ————Z‘ ee
1-"g*el " 2308t

2 b
Z 2 11 6
=1+_—8 +——h8+_—3072 e Z + oece,
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3/2

Substituting z = ai

1-Fo=3g *+18 - 13072 *
and by division
2
1 8 L L«
—_— e ——— b — = - $ ooo
1-F, " 2 737 I
o', as a—»0
02
h 2
- F a_, 2
1 10 L8 + 1
1,8
1F, 3772

555 -]
¢° ( ) 1—8%—
a 3a
= - ::'1—30— - iiS—Z_ neglecting—(% A
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a 3a

, 2 2 61 10
G -(1-0' )H = ‘6—0 ia-—

G2—(1-62)H = -

G+ JG2-(1-02)H = %0—6

(1-02)x 73 _ 119
2 60

(73 10)

-
p.d

B _§+ 10)

73, 410

2
il a 1
Fompo = (-lvigg) (—)

2
77 = (“1'0'20')
= 10

(O
1-1 8

neglecting ==

neglecting (% 2

neglecting (gg) 2

73)4

neglecting £000°



a—0
2
My = (-11 )(11 )
a—»0
2 b
= =14+ iia neglecting ~320
and
2
- +7)Fl -1+1lo o
2 10°°
a—»0 cr. a

For all other values of k (i.e., 0.1, 0.2, 0.3, O.4, -1.0, =-2.0,
-5.0, -10,0) this limit remains the same., The only values which change are
the neglected terms and therefore do not affect the limit.

By a similar procedure for ¢ = 0.25

1+7F
1im 10 - 7i
2 6
a—»0 a
and for o = 0.50
1+"MF
lim —21Q = -81.

- \
ﬂ::mfm~&mmwwnm(ﬁvmeh <= R{np  (p TJ

' feur o vmat
sk 'e‘m} oy eonadang! ”“’ }““ J “n ?\f"”' ( Ll

F, = cocdomecd nelatidniquce § (X
io= =
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k= 0.0 o = 0.00
/- ot ' Y
X / 2r L -7
a = X é?vzi; X -
PH.

REAL | IMAG. REAL IMAG. | MODULUS | (plepees)
1.00 | 1,2180| -9.9928 | 0.4210 | 5.5638 | 0,0038 | 1.0054 | 0.0241 | 1.0057 1.37
1,05 | 1.2183 ) -9,0824 | 0,4393 | 5.4950 | 0.0041 | 1,0065 | 0.0263 | 1.0069 1.50
1.10 | 1,2188 | -8,2559 | 0,4573 | 5.4238 | 0,0044 | 1,0078 | 0.0286 | 1.0082 1.63
1.15 | 1,2180 -7.5521 | 0,4749 | 5.3503 | 0.0047 | 1.0093 | 0.0309 | 1.0097 1.75
1,20 | 1,2194 | -6.9343 | 0,4921 | 5.2747 | 0,0051 | 1.0109 | 0.0333 | 1.0114 1.88
1.25 | 1.2199 | -6,3891 | 0.5088 | 5.1970 | 0.0055 | 1.0127 | 0.0356 | 1.0133 2.01
1,30 | 1.2204 | -5,9055 | 0.5252 | 5.1175 | 0,0060 | 1,0147 | 0.0379 | 1.0154 2.14
1,35 | 1,2210 -5.4745 | 0,5411 | 5.0362 | 0.,0085 { 1.0169 | 0,0401 | 1,0177 2.26
1.40 | 1,2218 | -5.0888 | 0.5566 | 4.9533 | 0.0071 | 1.0193 | 0.0423 | 1,0202 2.38
1.45 | 1,2223 ) -4,7422 | 0,5717 | 4.8690 | 0,0077 | 1.0219 | 0.0444 | 1.0228 2.49
1,50 | 1,2231 | -4,4296 | 0.5863 | 4.7834 [ 0.0084 | 1,0246 | 0,0464 | 1,0257 2.59
1,55 | 1.2240| -4.1467 | 0.6004 | 4.6968 | 0,0091 | 1,0276 | 0,0482 | 1.0287 2.69
1,60 | 1,2249 | -3,8898 | 0,6141 | 4.6088 | 0.0100 | 1.0307 | 0.0499 | 1.0319 2.77
1.65 | 1.2259 | -3.8559 | 0.6273 | 4.5201 | 0.0109 | 1.0340 | 0.0513 | 1.0353 2.84
1.70 | 1.2270 | -3.4424 ( 0.6401 | 4.4308 | 0,0119 | 1,0375 | 0,0526 | 1,0388 2.90
1.75 | 1.2282 | -3.2468 | 0.6524 | 4.3409 | 0,0130 | 1.0410 | 0,0536 | 1.0424 2.95
1.80 | 1.2294 | -3.0873 | 0.8642 | 4,2507 | 0.0143 | 1.0447 | 0,0544 | 1.0461 2.98
1.85 | 1.2307 | -2.9022 | 0.6755 | 4.1603 | 0,0156 | 1,0485 | 0.0549 | 1,0499 3.00
1,90 | 1,2321| -2.7499 | 0.6864 | 4,0699 | 0.0171 | 1,0522 | 0,0552 | 1,0537 3.00
1.95 | 1.2336 | -2.8093 | 0.6968 | 3.9795 | 0.0187 | 1.0561 | 0.0551 | 1,0575 2.99
2.00 | 1,2351 | -2.4791 | 0.7067 | 3.8895 | 0.0205 | 1.0599 | 0.0548 | 1,0613 2.96
2.05 | 1.2367| -2.3584 | 0,7161 | 3,7999 | 0.0224 | 1,0638 | 0.0541 | 1,0850 2,91
2.10 | 1.2383 | -2.2463 | 0,7252 | 3.7108 | 0,0245 | 1,0673 | 0.0532 | 1,0687 2.85
2.15 | 1,2400| -2.1420 | 0.7337 | 3.6227 | 0.0287 | 1,0709 | 0.0520 | 1.0722 2.78
2,20 | 1.2417 | -2.0448 | 0.7419 | 3.5354 | 0,0291 | 1.0744 | 0.0506 | 1.0756 2.69
2,25 | 1.2435| -1.9542 | 0.7485 | 3.4492 | 0.0318 { 1,0777 | 0.0488 | 1.0788 2.60
2.30 | 1.2453 | -1.8696 | 0,7568 | 3.3643 | 0,0346 | 1,0808 | 0,0469 | 1,0818 2.49
2.35 | 1.2471|-1.7904 | 0.7637 | 3.2808 | 0.0376 | 1.0837 | 0.0448 | 1.0846 2.37
2.40 | 1.2490| -1.7188 | 0.7702 | 3.1984 | 0.0408 | 1.0864 | 0,0424 | 1,0872 2.24
2.45 | 1.2508 | -1.8469 | 0.7763 | 3.1179 | 0,0443 | 1,0888 | 0,0400 | 1,0895 2.10
2.50 | 1.2526 | -1.5817 | 0.,7820 | 3.0390 | 0.0479 | 1.0910 | 0,0374 | 1.0916 1.96
2.55 | 1.2544 | -1.5205 | 0.7874 | 2.9619 | 0.0517 | 1,0928 | 0.0347 | 1.09835 1.82
2.80 | 1.2561 | -1,4830 | 0.7925 | 2.8867 | 0.0558 | 1,0946 | 0.0319 | 1,0951 1.67
2.86 | 1.2578 | -1.4089 | 0.7973 | 2.8134 | 0,0800 | 1,0961 | 0.0281 | 1,0965 1.52
2.70 | 1.2595| -1.3580 | 0.8017 | 2.7421 | 0,0644 | 1,0973 | 0,0263 | 1.0976 1.37
2.75 | 1.2610| -1.3100 | 0.8059 | 2.6729 | 0.0891 | 1.0982 | 0.0235 | 1.0985 1.23
2.80 | 1.2626 | -1.2647 | 0.8098 | 2.6057 | 0,0738 | 1.0990 | 0.0207 | 1,0992 1,08
2.85 | 1.2640| -1,2220 | 0.8135 | 2.5408 | 0.0788 | 1.0995 | 0,0180 | 1.0996 0.94
2,90 | 1.2653 | -1.1817 | 0.8170 | 2.4777 | 0.0839 | 1,0998 | 0.0153 | 1.0999 0.80
2.95 | 1.2666|-1,1435 | 0,8202 | 2.4167 | 0,0892 | 1,1000 | 0,0128 | 1,1001 0,67
3,00 | 1.2677] -1.1075 | 0.8232 | 2.3579 | 0.0946 | 1,1000 | 0,0103 | 1,1000 0,54
3.06 | 1.2688] -1,0733 | 0.8261 | 2.3011 | 0,1001 | 1,0998 | 0.0079 | 1.0999 0.41
3,10 | 1.2697 | -1,0410 | 0,8288 | 2,2463 | 0,1058 | 1,0996 | 0,0056 | 1,0996 0.29
3,15 | 1.,2706 | -1,0103 | 0,8313 | 2.1935 | 0.1115 | 1,0992 | 0,0034 | 1.0992 0,18
3.20 | 1.2713] -0.9812 | 0.8337 | 2.1427 | 0,1173 | 1,0987 | 0.0013 | 1.0987 0.07
3.25 | 1.2719]-0.9536 | 0.8360 | 2.0937 | 0.1232 | 1.0981 |-0.0006 | 1.,0981 | 359,97
3,30 | 1.2725]-0.9273 | 0.8382 | 2.0468 | 0,1292 | 1.0974 |-0,0025 | 1,0974 | 359.87
3.35 | 1.2729 | -0.9024 | 0.8402 | 2.0012 | 0,1352 | 1.0967 |-0,0042 | 1.0967 | 359.78
3.40 | 1.2732]-0.8786 | 0.8421 | 1.9575 | 0,1412 | 1,0958 |-0,0059 | 1,0960 | 359.69
3.45 | 1,2734|-0.8560 | 0.8440 |-1,9155 | 0.1473 | 1,0951 |-0,0074 | 1,0952 | 359.61
3.50 | 1.2735| -0.8344 | 0.8458 | 1.8752 | 0.1533 | 1.,0943 |[-0.0089 | 1.0943 | 359.53
3.55 | 1.2735]-0,8139 | 0.8475 | 1.8363 | 0,1594 | 1,0934 |-0,0102 ( 1.,0935 | 359.46
3.60 | 1.2734|-0,7943 | 0.8491 | 1,7989 | 0.1655 | 1.0925 [-0.0115 | 1,0926 | 359.40
3.85 | 1.2732 | -0.7755 | 0.85068 | 1.7630 | 0.1715 | 1,0916 |-0,0127 | 1.0917 | 359,33
3.70 | 1.2729 | -0.7576 | 0.8522 | 1.7284 | 0.1776 | 1.0907 |-0,0138 | 1.0908 | 359.27
3,75 | 1.2725 | -0.7405 | 0.8536 | 1.6951 | 0.1836 | 1,0898 |-0,0149 | 1.0899 | 359,22
3.80 | 1.2721 | -0.7241 | 0,8550 | 1.6630 | 0.1896 | 1,0889 |-0,0158 | 1.0880 | 359.17
3.85 | 1.2715| -0.7084 | 0.8564 | 1.6321 | 0.1955 | 1.0879 [-0.0167 | 1.,0881 | 359.12
3.90 | 1.2709 | -0.8933 | 0.8577 | 1.6024 | 0.2014 | 1.0870 |[-0.,0176 | 1.0872 | 359.07
3.95 | 1.2702| -0.8789 | 0.8590 | 1.5737 | 0,2073 | 1,0861 (-0.0184 | 1.0863 | 359.03

WADC TR 56-614

A-10




k= 0.0 o= 0.00
a 47 147 Fo
PHASE PHA
REAL | maG. | moouus| o83 | ReaL | mac. | moouys | PRASE |
1.00 [-0.0054 |-0.0241 |0.0247 |257.35 [ 0.0120 [ 0.0986 [0.0993 [ 83.05
1.05 |-0.0065 [-0.0263 | 0.0271 [256.07 | 0.0146 | 0.1084 |0.,1094 | 82.34
1710 |-0.0078 [-0.0286 | 0:0296 |[254.72 | 0.0175 | 0.1185 [0.1198 | 81.60
1.15 |-0.0093 [-0.0309 | 0.0323 |253.32 [ 0.0208 | 0.1291 |0.1307 | 80.83
1:20 [-0.0109 |-0.0333 | 0.0350 |251.87 | 0.0246 | 0.1399 |0.1420 | 80.03
1.25 [-0.0127 [-0.0356 | 0.0378 |250.35 | 0.0288 | 0.1510 [ 0.1537 | 79.19
1.30 [-0.0147 [-0.0379 | 0.0406 |[248.79 | 0.0336 | 0.1624 | 0.1658 | 78.32
1.35 [-0.0169 [-0.0401 | 0.0435 | 247.17 | 0.0388 | 0.1740 [ 0.1783 | 77.43
1,40 |-0.0193 [-0.0423 | 0.0465 | 245.50 | 0.0446 | 0.1858 | 0.1911 | 76.50
1.45 [-0.0219 [-0.0444 | 0.0495 |243.78 | 0.0510 | 0.1977 | 0.2042 | 75.55
1.50 [-0.0246 [-0.0464 | 0.0525 |242.01 | 0.0579 | 0.2098 [ 0.2176 | 74.56
1.55 |-0.0276 [-0.0482 | 0.0555 | 240.20 | 0.0655 | 0.2218 [ 0.2313 | 73.55
1.60 |-0.0307 [-0:0499 [ 00586 | 238.35 | 0.0737 | 0.2339 | 0.2452 | 72.52
1.65 |-0.0340 [-0.0513 | 0.0616 | 236.46 | 0.0824 | 0.2459 | 0.2593 | 71.46
1.70 |-0.0375 |-0.0526 | 0.0646 | 234.54 | 0.0919 | 0.2578 | 0.2736 | 70.38
1.75 |-0.0410 |-0.0536 | 0.0675 | 232.58 | 0.1019 | 0.2694 | 0.2881 | 69.28
1.80 |-0.0447 (-0.0544 | 0.0704 | 230.59 | 0.1126 | 0.2809 [ 0.3026 | 68.16
1.85 |-0.0485 |-0.0549 | 0.0732 | 228.58 | 0.1238 | 0.2920 | 0.3172 [ 67.02
1.90 |-0.0522 |-0.0552 | 0.0760 | 226.56 | 0.1357 | 0.3028 | 0.3319 | 65.87
1.95 |-0.0561 |-0.0551 | 0.0786 | 224.51 | 0.1481 | 0.3132 | 0.3465 | 64.70
2.00 [-0.0599 |-0.0548 | 0.0812 | 222.45 | 0.1610 | 0.3232 | 0.3610 | 63,52
2.05 [-0.0636 |-0.0541 | 0.0836 | 220.39 | 0.1744 | 0.3326 | 0.3755 | 62.33
2.10 |-0.0673 |-0.0532 | 0.0858 | 218.32 | 0.1882 | 0.3414 | 0.3899 | 61.13
2.15 [-0.0709 |-0.0520 | 0.0880 | 216.26 | 0.2024 | 0.3497 | 0.4040 | 59.93
2.20 [-0.0744 |-0.0506 | 0.0899 | 214.21 | 0.2170 | 0.3573 | 0.4180 | 58.73
2.25 [-0.0777 |-0.0488 | 0.0918 | 212.16 | 0.2318 | 0.3642 | 0.4317 | 57.53
2.30 [-0.0808 |-0.0469 | 0.0934 | 210.14 | 0.2468 | 0.3705 | 0.4452 | 56.33
2.35 [-0.0837 |-0.0448 | 0.0949 | 208.14 | 0.2620 | 0.3761 | 0.4583 | 55.14
2.40 [-0.0864 |-0.0424 | 0.0962 | 206.17 | 0.2772 | 0.3809 | 0.4711 | 53.96
2.45 [-0.0888 |-0.0400 | 0.0974 | 204.23 | 0.2925 | 0.3851 | 0.4836 | 52.78
2.50 [-0.0910 |-0.0374 | 0.0984 | 202.32 | €.3077 | 0.3886 | 0.4956 | 51.62
2.55 -0.0929 |-0.0347 | 0.0992 | 200.45 | 0.3228 | 0.3913 | 0.5073 | 50.48
2.60 | -0.0946 |-0.0319 | 0.0999 | 198.63 | 0.3378 | 0.3935 | 0.5186 | 49.35
2.65 | -0.0961 |-0.0291 | 0.1004 | 196.86 | 0.3526 | 0.3950 | 0.5295 | 48.24
2.70 | -0.0973 [-0.0263 | 0.1008 | 195.13 | 0.3672 | 0.3959 | 0.5399 | 47.16
2.75 | -0.0982 |-0.0235 | 0.1010 | 193.45 | 0.3814 | 0,3962 | 0.5500 | 46.09
2.80 | -0.0990 [-0.0207 | 0:1011 | 191.83 | 0.3953 | 0.3960 [ 0.5596 | 45.05
2.85 | -0.0995 [-0.0180 | 0.1011 | 190.26 | 0.4089 | 0.3953 | 0.5688 | 44.03
2.90 | -0.0998 [-0.0153 | 0.1010 | 188.74 | 0.4221 | 0.3942 | 0.5776 | 43.04
2.95 | -0.1000 [-0.0128 | 0.1008 | 187.28 | 0.4350 | 0.3927 | 0.5860 | 42.08
3.00 | -0.1000 [-0.0103 [ 0.1005 | 185.87 | 0.4474 | 0.3908 | 0.5941 | 41.14
3.05 | -0.0998 |-0.0079 | 0:1002 | 184.52 | 0.4594 | 0.3886 [ 0.6017 | 40.23
3.10 | -0.0996 [-0.0056 | 0.0997 | 18322 | 0.4710 | 0.3861 [ 0.6090 | 39.35
3.15 | -0.0992 |-0.0034 | 0:0992 | 181.97 | 0.4822 | 0.3834 | 0.6160 [ 38.49
3.20 | -0.0987 |-0.0013 | 0.0987 | 180.78 | 0.4930 | 0.3805 | 0.6227 | 37.66
3.25 | -0.0981 | 0.0006 | 0.0981 | 179.63 | 0.5033 | 0.3773 | 0.6291 | 36.86
3.30 [ -0.0974 | 0.0025 | 0.0975 | 178.54 [ 0.5133 | 0.3741 | 0.6351 | 36.08
3.35 | -0.0967 | 0.0042 | 0.0968 | 177.49 | 05229 | 0.3707 | 0.6409 | 35.33
3.40 | -0.0959 | 0.0059 | 0.0961 | 176.49 | 0.5321 | 0.3672 | 0.6464 | 34.61
3.45 [ -0.0951 | 0.0074 | 0.0954 | 175.53 | 0.5409 | 0.3636 | 0.6517 | 33.91
3.50 | -0.0943 | 0.0089 | 0.0947 | 174.61 | 0.5494 | 0.3600 | 0.6568 | 33.23
3.55 | -0.0934 | 0.0102 | 0.0940 | 173.74 | 0.5575 | 0.3563 | 0.6617 | 32.58
3.60 | -0.0925 | 0.0115 | 0:0932 | 172.90 | 0.5654 | 0.3526 | 0.6663 | 31.95
3.65 | -0.0916 | 0.0127 | 0.0925 | 172.10 | 0.5729 | 0.3490 | 0.6708 [ 31.35
3.70 [ -0.0907 | 0.0138 | 0.0917 [ 171.33 | 05801 | 0.3453 | 0.6751 | 30.76
3.75 | -0.0898 | 0.0149 | 0.0910 | 170.60 [ 0.5871 | 0.3416 | 0.6792 | 30.20
3.80 | -0.0889 | 0.0158 | 0.0903 | 169.89 | 0.5937 | 0.3380 | 0.6832 | 29.65
3.85 | -0.0879 | 0.0167 | 0.0895 | 169.22 | 0.6002 | 0.3344 | 0.6870 | 29.12
3.90 [ -0.0870 | 0.0176 | 0.0888 | 168.57 | 0.6064 | 0.3308 | 0.6907 | 28.61
3.95 [ -0.0861 | 0.0184 | 0.0881 | 167.95 | 0.6124 | 0.3273 | 0.6943 | 28.12
WADC TR 56-614 A-11




k= 0.0 o = 0.00
/- ot y
X / 27 = -7

s z |emx|0X —

REAL | IMAG. REAL IMAG. | MODULUS | tpeerees)
4,00 | 1.2694 | -0.6650 | 0.8603 | 1,5461 | 0,2131 | 1,0852 |-0.0191 | 1,0854 | 358.99
4,05 | 1,2686 | -0.6517 | 0,8615 | 1,5195 | 0.2188 | 1.0843 |-0,0198 | 1,0845 | 358,95
4,10 | 1,2677 | -0,6389 | 0.8627 | 1.4038 | 0.2245 | 1,0835 [-0,0205 | 1,0837 | 358,92
4,15 | 1,2668 | -0,6266 | 0,8639 | 1.4690 | 0,2302 | 1,0826 (-0,0211 (1,0828 | 358.89
4,20 | 1.2658 | -0,6147 | 0.8650 | 1,4451 | 0,2357 | 1.0817 |-0.0216 [ 1,0820 | 358.886
4.25 | 1,2647 | -0,6083 | 0,8681 | 1,4219 | 0,2412 [ 1,0809 |-0.0221 |1,0811 | 358,83
4,30 | 1.2636 | -0,5623 | 0.8673 | 1.3906 | 0.2467 [ 1,0801 |-0,0226 | 1,0803 | 358.80
4,35 | 1.2624 | -0,5817 | 0,8683 | 1.3779 | 0,2521 | 1,0793 |-0,0231 | 1.0795 | 358.77
‘.40 | 1,2612 |-0,5715 | 0,8604 | 1.3570 | 0,2574 | 1,0785 |-0,0235 |[1,0787 | 358,75
4.45 | 1,2600 | -0.5616 | 0.8705 | 1.3368 | 0,2627 | 1,0777 (-0,0239 | 1.0780 | 358.73
4.50 | 1.2587 |-0.5520 | 0,8715 | 1,3172 | 0,2679 |( 1,0769 (-0.0243 |1,0772 | 358.71
4,65 | 1.2574 | -0.5428 | 0,8725 | 1.2082 | 0,2730 | 1,0762 (-0,0246 | 1.07685 | 358,69
4,60 | 1,2561 [-0,5338 [ 0,8735 | 1,2797 | 0.2781 | 1.0754 [-0.0260 | 1.0757 | 358.67
4,65 | 1.2547 | -0.6252 | 0.8745 | 1.2619 | 0,2831 | 1,0747 (-0,0253 | 1,0750 | 358.65
4.70 | 1,2634 |-0.5188 | 0.8765 | 1.2445 | 0,2881 | 1,0740 |-0.0256 [ 1,0743 | 358.64
4,75 | 1,2520|-0,5087 | 0,87686 ( 1.2277 | 0.2030 [ 1,0733 (-0,0258 | 1.0736 | 358,62
4.80 | 1.2505 |[-0.5008 | 0.8775 | 1.2113 | 0.2978 | 1.0728 (-0,0261 | 1.0729 | 358.61
4.85 | 1.2491 | -0.4831 | 0.8784 | 1,1954 | 0,3026 | 1,0719 |-0,0263 | 1,0722 | 358.59
4.90 [ 1,2476 | -0,4857 | 0.8793 | 1,1799 | 0.3073 | 1,0712 (-0,0286 | 1.0716 | 358.58
4.95 | 1,2462 | -0.4785 | 0.8803 | 1,1649 | 0,3120 | 1,0706 |-0,0268 | 1.0709 | 358,57
5.00 | 1,2447 | -0.4715 | 0.8812 | 1,1502 | 0,3166 | 1,0699 |-0,0270 [ 1,0703 | 358.56
5.05 | 1,2432 | -0,4647 | 0.8821 | 1,1359 | 0,3211 | 1,0893 [-0,0271 | 1.0897 | 858.55
5,10 | 1,2417 | -0.4581 | 0,8830 | 1,1220 | 0,3266 | 1.0887 |-0.0273 [ 1,0890 | 358.54
5.16 | 1.2402 (-0,4517 | 0,8839 [ 1.1085 | 0,3301 | 1,0881 |[-0,0275 | 1,0884 | 358.53
5.20 | 1,2387 | -0,4454 | 0,.8847 | 1,0053 | 0.3345 | 1,0876 (-0.0276 | 1,0878 | 358,52
5.25 | 1,2372 |-0,4393 | 0.8856 | 1,0824 | 0,3388 | 1.0869 |-0,0278 | 1.0872 | 358,51
5.30 | 1,2357 | -0.,4333 | 0.8885 | 1,0898 | 0,3431 | 1,0663 |-0.0279 | 1.0867 | 358,50
5.35 | 1,2342 | -0.4275 | 0.8873 | 1,0575 | 0.3473 | 1.0857 |-0,0280 | 1,0861 | 358,50
5.40 | 1,2327 | -0.4219 | 0,8881 | 1,0455 | 0,3515 | 1.0652 |-0.0281 | 1.0855 | 358.49
5.45 | 1,2312 | -0,4164 | 0,8890 | 1.0337 | 0.3557 | 1.0646 |-0.0282 | 1.0650 | 358.48
5.50 | 1.,2297 | -0.4110 | 0.8898 | 1.0223 | 0,3508 | 1.0840 (-0,0283 | 1,0644 | 358.48
5.55 | 1,2282 | -0.4058 | 0.8908 | 1,0111 [ 0.3638 | 1.0635 |-0,0284 | 1.0639 | 358.47
5.60 | 1.2267 | -0.4007 | 0.8914 | 1,0001 | 0,3678 | 1,0630 |-0,0285 | 1.0834 | 358.47
5.65 | 1,2252 |-0,3957 | 0,8922 | 0.9893 [ 0,3718 | 1.0624 |-0,0285 | 1.0628 | 358,46
5.70 | 1.2238 | -0,3908 | 0,8929 | 0.9788 | 0.3757 | 1.0619 |-0,0286 | 1.0623 | 358.46
5.75 | 1.2223 [-0.3860 | 0.8937 | 0.9685 | 0.3796 | 1,0614 (-0,0287 | 1.0618 | 358.45
5.80 | 1,2208 [-0.3813 | 0.8945 | 0.9585 | 0,3835 | 1,0609 (-0.,0287 | 1.0613 | 358.45
5.85 | 1.2184 | -0,3768 [-0.8952 | 0.9486 | 0.3873 | 1.,0604 (-0.0288 | 1.0608 | 358.45
5.90 | 1.2180 | -0,3723 | 0.8959 | 0.9389 | 0.3910 | 1,0599 (-0.0288 | 1.0603 | 358.44
5.95 | 1,2185 | -0.3680 | 0,8967 | 0.9295 | 0.3948 | 1.0595 (-0,0288 | 1.0598 | 358.44
6.00 | 1,2151|-0.3637 | 0.8974 | 0.9202 | 0.3985 | 1,0590 |-0,0289 | 1.0594 | 358.44
6.05 | 1.2137 |-0.3595 | 0.8981 [ 0.9110 | 0.4021 | 1,0585 |-0,0289 | 1.0589 | 358.44
6.10 | 1,2123 | -0,3554 | 0,8988 | 0.9021 | 0,4057 | 1,0581 (-0,0289 | 1.0584 | 358,44
6.15 | 1.2109 | -0.3514 | 0.8995 | 0.8933 | 0.4093 | 1.0576 |-0.0289 | 1,0580 | 358,43
6.20 | 1,2096 | -0.3475 | 0.9002 | 0.8847 | 0.4128 | 1,0572 [-0,0289 | 1.0575 | 358.43
.25 | 1.2082 | -0,3437 | 0.9009 | 0.8763 | 0.4163 | 1.0567 (-0,0289 | 1,0571 | 358,43
8.30 | 1,2069 | -0,3399 | 0.9015 | 0.8680 | 0.4198 | 1,0563 [-0,0289 | 1.0567 [ 358.43
6.35 | 1.2085 | -0.3363 | 0.9022 | 0.8599 | 0.4232 | 1.0558 (-0,0289 | 1.0562 [ 358.43
6.40 | 1.2042 | -0,3327 | 0.9029 | 0.8519 [ 0.4266 | 1.0554 |-0.0289 | 1.0558 | 358.43
6.45 | 1.2029 | -0,3291 | 0,9035 | 0.8440 | 0.4300 | 1.0550 [-0.0289 | 1.0554 | 358.43
6.50 | 1.2016 | -0.3257 | 0.9041 | 0.8363 | 0.4333 | 1.0546 (-0,0289 [ 1.0550 | 358,43
6.55 | 1.2003 | -0.3223 | 0.9048 | 0.8288 | 0.4366 | 1.0542 (-0.0289 | 1,0546 | 358.43
6.60 | 1.1991 [ -0,3189 | 0.9054 | 0.8213 | 0,4398 | 1.0538 [-0.0289 | 1.0542 | 358.43
6.65 | 1,1978 [ -0.3157 | 0.9060 | 0.8140 | 0.4431 | 1.0534 [-0.0289 | 1.0538 | 358.43
6.70 | 1.1966 | -0.3125 | 0.9066 | 0.8068 | 0.4463 | 1.0530 [-0,0288 | 1.0534 | 358.43
6.75 | 1.1954 [ -0,3093 | 0.9072 | 0.7998 | 0.4494 | 1.0526 (-0,0288 | 1.0530 | 358,43
8.80 | 1,1941 |-0.3062 | 0,9078 | 0.7928 | 0.4526 | 1.0522 |-0,0288 | 1.0526 | 358.43
6.85 | 1.1929 | -0.3032 | 0.9084 | 0,7860 | 0.4557 | 1.0519 |-0,0288 | 1,0523 | 358,43
6.90 | 1,1917 [ -0,3002 | 0.9090 | 0,7793 | 0.4587 | 1,0515 |-0,0287 | 1.0519 | 358.44
6.95 | 1,1906 | -0,2973 | 0.9095 | 0,7727 | 0.4618 | 1,0511 |-0,0287 | 1.0515 | 358.44

WADC TR 56-614
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k= 0.0 o= 0.00
o 1+7 1+7 Fp
PHASE 7

rReaL | mac. | moouus| PAASE | mear | mae. | moourus | FHASE
4.00 |-0.0852 | 0.0191 |0.0873 [167.35 |0.6181 | 0.3238 | 0.6978 | 27.65
4.05 [-0.0843 | 0:0198 | 0.0866 | 166.78 | 0.6237 | 0.3204 |0.7012 | 27.19
4.10 [-0.0835 | 0.0205 [0.0859 |166.23 |0.6290 | 0.3170 | 0.7044 [ 26.75
4.15 [-0.0826 | 0.0211 [o0.0852 |165.70 |0.6342 | 0.3137 | 0.7076 | 26.32
4.20 [-0.0817 | 0.0216 |[0.0846 |165.19 | 0.6393 | 0.3105 | 0.7107 [ 25.90
4.25 [-0.0609 | 0.0221 |[0.0838 [164.70 | 0.6441 | 0.3073 |0.7137 | 25.50
4.30 [-0.0801 | 0.0226 | 0.0832 | 164.22 | 0.6488 | 0.3041 | 0.7166 | 25.11
4.35 |-0.0793 | 0.0231 | 0.0826 | 163.76 | 0.6534 | 0.3011 |0.7194 | 24.74
4.20 |-0.0785 | 0.0235 | 0.0819 | 16332 | 0.6578 | 0.2981 | 0.7222 | 24.37
4.45 [-0.0777 | 0.0239 | 0.0813 | 162.89 | 0.6621 | 0.2951 | 0.7249 [ 24.02
4,50 [-0.0769 | 0.0243 | 0.0807 | 162.47 | 0.6663 | 0,2022 | 0.7276 [ 23.68
4.55 [-0.0762 | 0.0246 | 0.0801 | 162.07 | 0.6704 | 0,2894 | 0.7302 | 23.35
4.60 [-0.0754 | 0.0250 | 0.0795 | 161.68 | 0.6743 | 0.2866 | 0,7327 | 23.02
4.65 [-020747 | 0.0253 | 0.0789 | 161.30 | 0.6782 | 0,2838 | 0.7352 | 22.71
4.70 [-0.0740 | 0.0256 | 0.0783 | 160.93 | 0.6819 | 0.2812 | 0.7376 | 22.41
4,75 [-0.0733 | 0.0258 | 0.0777 | 160.57 | 0.6856 | 0.2785 | 0.7400 | 22.11
4.80 [-0.0726 | 0.0261 | 0.0771 | 160.23 | 0.8891 | 0.2760 | 0.7423 | 21.82
4.85 |-0.0719 | 0.0263 | 00766 | 159.89 | 0.6926 | 0.2734 | 0.7446 | 21.54
4.90 |-0.0712 | 0.0266 | 0.0760 | 159.56 | 0.6960 | 0.2710 | 0.7469 | 21.27
4.95 |-0.0706 | 0.0268 | 0.0755 | 159.24 | 0.6993 | 0.2685 | 0.7491 | 21.01
5.00 [-0.0699 | 0.0270 | 0.0750 | 158.92 | 0.7028 | 0.2662 | 0.7513 | 20.75
5.05 -0.0693 | 0.0271 | 0.0744 | 158.62 | 0.7058 | 0.2638 | 0.7535 | 20.50
5.10 [-0.0687 | 0.0273 | 0.0739 | 158.32 | 0.7089 | 0.2615 | 0.7556 | 20.25
5.15 [-0.0681 | 0.0275 | 0.0734 | 158.03 | 0.7119 | 0.2593 | 0.7576 | 20.01
5.20 |-0.0675 | 0.0276 | 0.0729 | 157.74 | 0.7149 | 0.2570 | 0.7597 | 19.78
5.25 -0.0669 | 0.0278 | 0.0724 | 157.46 | 0.7178 | 0.2549 | 0.7617 [ 19.55
5.30 [-0.0663 | 0.0279 | 0.0719 | 157.19 | 0.7208 | 0.2527 | 0.7637 | 19.33
5.35 [-0.0657 | 0.0280 | 0.0714 | 156.93 | 0.7234 | 0.2506 | 0.7656 [ 19.11
5.40 [-0.0652 | 0.0281 | 0.0710 | 156.67 | 0.7262 | 0.2485 | 0.7675 | 18.89
5.45 [-0.0646 | 0.0282 | 0.0705 | 156.41 | 0.7289 | 0.2465 | 0.7694 | 18.69
5.50 | -0.0640 | 0.0283 | 0.0700 | 156.16 | 0.7315 | 0.2445 | 0.7713 | 18.48
5.55 |~0.0635 | 0.0284 | 0.0696 | 155.92 | 0.7341 | 0.2425 | 0.7731 | 18.28
5.60 [-0.0630 | 0.0285 | 0.0691 | 155.68 | 0.7366 | 0.2406 | 0.7749 | 18.09
5.65 -0.0624 | 0.0285 | 0.0687 | 155.44 | 0.7391 | 0.2387 | 0.7767 | 17.90
5.70 | -0.0619 | 0.0286 | 0.0682 | 155.21 | 0.7415 | 0.2368 | 0.7784 | 17.71
5.75 | -0.0614 | 0.0287 | 0.0678 | 154.99 | 0.7439 | 0.2349 | 0.7802 | 17.53
5.80 | -0.0609 | 0.0287 | 0.0673 | 154.77 | 0.7463 | 0.2331 | 0.7819 | 17.35
5.85 | -0.0604 | 0.0288 | 0.0669 | 154.55 | 0.7486 | 0.2313 | 0.7835 | 17.17
5.90 | -0.0599 | 0.0288 | 0.0665 | 154.34 | 0.7509 | 0.2295 | 0.7852 [ 17.00
5.95 | -0.0595 | 0.0288 | 0.0661 | 154.13 | 0.7531 | 0,2278 | 0.7868 | 16.83
6.00 | -0.0590 | 0.0289 | 0.0657 | 153.93 | 0.7553 | 0.2261 | 0.7884 | 16.66
6.05 | -0.0585 | 0.0289 | 0.0653 | 153.73 | 0.7575 | 0.2244 | 0.7900 | 16.50
6.10 | -0.0581 | 010289 | 0.0649 | 153.53 | 0.7598 | 0.2227 | 0.7915 | 16.34
6.15 | -0.0576 | 0.0289 | 0.0645 | 153.34 | 0.7616 | 0.2211 | 0.7931 | 16.18
6.20 | -0.0572 | 0.0289 | 0.0641 | 153.15 | 0.7637 | 0.2194 | 0.7946 | 16.03
6.25 | -0.0567 | 0.0289 | 0.0637 | 152.97 | 0.7657 | 0.2178 | 0.7961 | 15.88
6.30 | -0.0563 | 0.0289 | 0.0633 | 152.79 | 0.7677 | 0.2162 | 0.7975 | 15.73
6.35 | -0.0558 | 0.0289 | 0.0629 | 152.61 | 0.7696 | 0.2147 | 0.7990 | 15.59
6.40 | -0.0554 | 0.0289 | 0.0625 | 152.43 | 0.7715 | 0.2131 | 0.8004 | 15.44
6.45 | -0.0550 | 0.0289 | 0.0621 | 152.26 | 0.7734 | 0.2116 | 0.8018 | 15.30
6.50 | -0.0546 | 0.0289 | 0.0618 | 152.09 | 0.7753 | 0.2101 | 0.8032 | 15.16
6.55 | -0.0542 | 0.0289 | 0.0614 | 151.93 | 0.7771 | 0.2086 | 0.8046 | 15.03
6.60 | -0.0538 | 0.0289 | 00611 | 151.76 | 0.7789 | 0.2072 | 0.8059 | 14,89
6.65 | -0.0534 | 0.0289 | 010607 | 151.60 | 0.7806 | 0.2057 | 0.8073 | 14,76
6.70 | -0.0530 | 0.0288 | 0.0603 | 151.45 | 0.7824 | 0.2043 | 0.8086 | 14.63
6.75 | -0.0526 | 0.0288 | 0.0600 | 151.29 | 0.7841 | 0.2029 | 0.8099 | 14.51
6.80 | -0.0522 | 0.0288 | 0.0596 | 151.14 | 0.7857 | 0.2015 | 0.8112 | 14.38
6.85 | -0.0519 | 0.0288 | 0.0593 | 150.99 | 0.7874 | 0.2001 | 0.8124 | 14.26
6.90 | -0.0515 | 0.0287 | 00590 | 150.84 | 0.7890 | 0.1988 | 0.8137 | 14.14
6.95 | -0.0511 | 0.0287 | 0.0586 | 150.70 | 0.7906 | 0.1974 | 0.8149 | 14,02

WADC TR 56-614
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k= 0,0 o = 0.00
[-of y
X / 2r L -7

a £ I é?ﬂiﬁ; { X
REAL | /MA4G. reaL | mas. | moouus| PHAE
7.00 | 1,1894 | -0,2945 | 0.9101 [ 0.7662 | 0.4648 | 1.0508 [-0.0287 | 1.0512 | 358.44
7.05 | 1.1882 | -0.2918 | 0.9108 | 0.7598 | 0.4678 | 1.0504 |-0.0288 | 1.0508 | 358.44
7.10 | 1.1871 | -0.2889 | 0.9112 | 0.7535 | 0.4707 | 1.0501 |-0.0286 | 1.0505 | 358.44
7.15 | 1.1880 | -0.2862 | 0.9117 | 0.7473 | 0.4736 | 1.0497 [-0.0285 | 1.0501 | 358.44
7.20 | 1.1848 | -0.2835 | 0.9123 | 0.7412 | 0.4765 | 1.0494 |-0.0285 | 1.0498 | 358.44
7.25 | 1.1837 | -0.2809 | 0.9128 | 0.7353 | 0.4794 | 1.0490 |-0.0284 | 1.0484 | 358.45
7.30 | 1.1826 | -0.2783 | 0.9133 | 0.72084 | 0.4822 | 1.0487 |-0.0284 | 1.0491 | 358.45
7.35 | 1.1816 | -0.2758 | 0.9138 | 0.7236 | 0.4850 | 1.0484 [-0.0283 | 1.0488 | 358.45
7.40 | 1.1805 | -0.2733 | 0.9144 | 0.7178 | 0.4878 | 1.0481 [-0.0283 | 1.0484 | 358.45
7.45 | 1.1794 | -0.2709 | 0.9149 | 0.7122 | 0.4806 | 1.0477 |-0.0282 | 1.0481 | 358.46
7.50 | 1.1784 | -0.2685 | 0.9154 | 0.7087 | 0.4933 | 1.0474 |-0.0282 | 1.0478 | 358.46
7.55 | 1.1773 [-0.2661 | 0.9159 | 0.7012 | 0.4960 | 1.0471 |-0.0281 | 1.0475 | 358.486
7.60 | 1.1763 [-0,2638 | 0.9163 | 0.6958 | 0.4987 | 1.0468 |-0.0281 | 1.0472 | 358.46
7.65 | 1.1753 [ -0.2615 | 0.9168 | 0.6905 | 0.5013 | 1.0465 |-0.0280 | 1.0469 | 358.47
7.70 | 1.1743 [ -0.2592 | 0.9173 | 0.6853 | 0.5039 | 1.0462 |-0.0280 | 1.0466 | 358.47
7.75 | 1.1733 | -0.2570 | 0.9178 | 0.6802 | 0.5065 | 1.0459 [-0.0279 | 1.0463 | 358.47
7.80 | 1.1723 | -0.2549 | 0.9182 | 0.6751 | 0.5091 | 1.0458 [-0.0278 | 1.0460 | 358.47
7.85 | 1.1713 [-0.2527 | 0.9187 | 0.6701 | 0.51168 | 1.0453 |-0.0278 | 1.0457 | 358.48
7.90 | 1.1704 [-0.2506 | 0.9192 [ 0.6652 | 0.5142 | 1.0450 [-0.0277 | 1.0454 | 358.48
7.95 | 1.1694 |-0.2486 | 0.9198 | 0.6604 | 0.5167 | 1.0448 [-0.0277 | 1.0451 | 358.48
8.00 | 1.1684 [-0.2465 | 0.9201 | 0.6556 | 0.5191 | 1,0445 |-0.0276 | 1.0448 | 358.49
8.05 | 1.1675 [-0.2445 | 0.9205 | 0.6509 | 0.5216 | 1.0442 |-0.0275 | 1.0446 | 358.498
8.10 | 1.1666 [-0.2425 | 0.9209 | 0.6462 | 0.5240 | 1.0439 |-0.0275 | 1.0443 | 358.49
8.15 | 1.1657 |-0.2406 | 0.9214 | 0.6417 | 0.5264 | 1.0437 |-0.0274 | 1.0440 | 358.50
8.20 | 1.1648 [-0.2387 | 0.9218 | 0.6371 | 0.5288 | 1.0434 |-0.0273 | 1.0437 | 858.50
8.25 | 1.1639 [-0.2368 | 0.9222 | 0.6327 | 0.5312 | 1.0431 |-0.0273 | 1.0435 | 358.50
8.30 | 1.1630 |-0.2349 | 0.9226 | 0.6283 | 0.5335 | 1.0429 |-0.0272 | 1.0432 | 358.51
8.35 | 1.1621 [-0.2331 | 0.9231 | 0.8240 | 0.5358 | 1.0426 |-0.0272 | 1.0430 [ 358.51
8.40 | 1.1612 [-0.2313 | 0.9235 | 0.6197 | 0.5381 | 1.0424 |-0.0271 | 1.0427 | 358.51
8.45 | 1.1603 |-0.2295 | 0.9239 | 0.6155 | 0.5404 | 1.0421 |-0.0270 | 1.0425 | 358.51
8.50 | 1.1595 [-0.2278 | 0.9243 | 0.6113 | 0.5428 | 1.0419 |-0.0269 | 1.0422 | 358.52
8.55 | 1.1586 [-0.2260 | 0.9247 | 0.6072 | 0.5449 | 1.0416 |-0.0289 | 1.0420 | 358.52
8.60 | 1.1578 [-0.2244 | 0.9251 | 0.6031 | 0.5471 | 1.0414 |-0.0268 | 1.0417 | 358.53
8.65 | 1.1570 |-0.2227 | 0.9255 | 0.5991 | 0.5483 | 1.0411 [-0.0267 [ 1.0415 | 358.53
8.70 | 1.1561 [-0.2210 | 0.9258 | 0.5952 [ 0.5515 | 1.0409 |-0.0267 | 1.0412 | 358.53
8.75 | 1.1553 [ -0.2194 | 0.9262 | 0.5913 | 0.5536 | 1.0407 |-0.0266 | 1.0410 | 358.54
8.80 | 1.1545 |-0.2178 | 0.9266 | 0.5875 | 0.5557 | 1.0404 |-0.0265 | 1.0408 | 358.54
8.85 | 1.1537 [-0.2162 | 0.9270 | 0.5837 | 0.5578 | 1.0402 |-0.0265 | 1.0405 | 358.54
8.90 | 1.1529 [-0.2147 | 0.8273 | 0.5799 | 0.5599 | 1.0400 |-0.0264 | 1.0403 | 358.55
8.95 1,1521 | -0,2131 0,9277 0.5762 0.5620 1.0398 [-0.0263 1.0401 358.55
9.00 | 1.1514 |-0.2116 | 0.9281 | 0.5726 | 0.5641 | 1.0395 |-0.0263 | 1.0399 | 358.55
9.05 | 1.1506 |-0.2101 | 0.9284 | 0.5690 | 0.5661 | 1.0393 |-0.0262 | 1.0396 | 358.56
9.10 | 1.1498 |-0.2086 | 0.9288 | 0.5654 | 0.5681 | 1.0391 [-0.0261 | 1.0394 | 358.56
9.15 [ 1.1491 |-0.2072 | 0.9291 | 0.5619 | 0.5701 | 1.0388 |-0.0261 | 1.0392 | 358.56
9.20 | 1.1483 |-0.2057 | 0.9295 | 0.5584 | 0.5721 | 1.0387 |-0.0260 | 1.0380 | 358.57
9.25 | 1.1476 |-0.2043 | 0.9298 | 0.5550 | 0.5741 | 1.0385 |-0.0259 | 1.0388 | 358.57
9.30 | 1.1469 [-0.2029 |0.9302 | 0.5518 | 0.5760 | 1.0383 [-0.0258 | 1.0386 | 358.57
9.35 | 1.1461 |-0.2015 | 0.9305 | 0.5482 | 0.5780 | 1.0381 |-0.0258 | 1.0384 | 358.58
9.40 | 1.1454 |-0.2002 | 0.9308 | 0.5449 | 0.5799 | 1.0378 [-0.0257 | 1.0382 | 358.58
9.45 | 1.1447 |-0.1988 | 0.9312 | 0.5416 |0.5818 | 1.0378 [-0.0256 | 1.0380 | 358.59
9.50 |1.1440 |-0.1975 | 0.9315 | 0.5384 |0.5837 | 1.0374 [-0.0256 | 1.0378 | 358.59
9.55 |1.1433 |-0.1962 | 0.9318 | 0.5352 | 0.5858 | 1.0373 [-0.0255 | 1.0376 | 358.59
9.60 |1.1426 |-0.1949 | 0.9322 | 0.5320 | 0.5874 | 1.0371 [-0.0254 | 1.0374 | 358.60
9.65 |1.1419 |-0.1936 [ 0.9325 | 0.5280 | 0.5892 | 1.0368 [-0.0253 | 1.0372 | 358.60
9.70 |1.1412 |-0.1924 | 0.9328 | 0.5258 | 0.5911 | 1.0367 [-0.0253 | 1.0370 | 358.60
9,75 | 1.1406 |-0.1911 | 0.9331 | 0.5228 | 0.5929 | 1.0365 |-0.0252 | 1.0368 | 358.61
9.80 |1.1399 |-0.1899 | 0.9334 | 0.5198 | 0.5947 | 1.0363 [-0.0251 | 1.0366 | 358.81
9.85 [1.1392 |-0.1887 | 0.9337 | 0.5168 | 0.5964 | 1.0361 [-0.0251 | 1.0364 | 358.61
9.90 |[1.1386 |-0.1875 | 0.9340 | 0.5138 | 0.5982 | 1.0359 [-0.0250 | 1.0362 | 358.62
9.95 |1.1379 |-0.1863 | 0.9343 | 0.5109 | 0.5999 | 1.0357 |-0.0249 | 1.0360 | 358.62
10,00 |1.1373 [-0.1851 [0.9346 | 0.5080 |0.8017 | 1.0356 [-0.0249 | 1.0359 | 358.62

WADC TR 56-614 A-14




T S ey s

k= 0.0 o= 0.00
- Iy 147 Fp

PHASE PHASE

REAL IMAG. | MODULUS | 7020 | REAL IMAG. | MODULUS | [72o8

7.00 |-0.0508 | 0.0287 | 0.0583 | 150.56 | 0.7922 | 0.1961 | 0.8161 13.91
7.05 |-0.0504 | 0.0286 | 0.0580 | 150.42 | 0.7938 | 0.1948 | 0.8173 13.79
7.10 |-0.0501 0.0286 0.0576 150.28 0,7953 0.1935 0.8185 13.68
7.15 |-0.0497 | 0.0285 | 0.0573 | 150.15 | 0.7968 | 0.1923 | 0.8197 13.57
7.20 [-0.0494 | 0.0285 | 0.0570 | 150,02 | 0.7983 | 0.1910 | 0.8208 13.46
7.25 |-0.0490 | 0.0284 | 0.0567 | 149.89 | 0.7998 | 0.1898 | 0.8220 13.35
7.30 |-0.0487 0.0284 0.0564 149,76 0.8012 0.1885 0.8231 13.24
7.35 [-0.0484 0.0283 0.0561 149.63 0.8026 0.1873 0,B242 13.14
7.40 |[-0.0481 0.0283 0.0558 149.51 0.8040 0.1861 0.8253 13.04
7.45 [-0.0477 0.0282 0.0555 149.39 0.8054 0.1850 0.8264 12.93
7.50 |-0.0474 | 0.0282 [ 0.0552 | 149.27 | 0.8068 | 0.1838 | 0.8274 12.83
7.55 |-0.0471 | 0.0281 | 0.0549 | 149.15 | 0.8081 | 0.1826 | 0.8285 1274
7.60 |-0.0468 | 0.0281 | 0.0546 | 149.04 | 0.8094 | 0.1815 | 0.8295 12.64
7.65 |-0.0465 | 0.0280 | 0.0543 | 148.92 | 0.8107 | 0.1804 | 0.8305 12.54
7.70 |-0.0462 | 0.0280 | 0.0540 | 148.81 | 0.8120 | 0.1793 | 0.8316 12.45
7.75 |-0.0459 0,0279 0.0537 148,70 0.8133 0,1782 0.8326 12,36
7.80 |-0.0456 0.0278 0.0534 148.59 0.8145 0.1771 0.8336 12.27
7.85 |-0.0453 0.0278 0.0532 148 .48 0.8158 0.1760 0.8345 12.18
7.90 |-0.0450 | 0.0277 | 0.0529 | 148.38 | 0.8170 | 0.1750 | 0.8355 12.09
7.95 | -0.0448 0.0277 0.0526 148.27 0.8182 0.1739 0.8365 12.00
8.00 | -0.0445 0.0276 0.0523 148,17 | 0.8194 0.1729 0.8374 11,91
8.05 [-0.0442 | 0,0275 | 0.0521 | 148.07 | 0.8205 | 0.1718 | 0.8383 11.83
8.10 |-0.0439 | 0.0275 | 0.0518 | 147.97 | 0.8217 | 0.1708 | 0.8393 11.74
8.15 | -0.0437 0.0274 0.0515 147 .87 0.8228 0.1698 0,8402 11.66
8.20 |-0.0434 0.0273 0.0513 147.78 0.8240 0,1688 0.8411 11.58
8.25 | -0.0431 0.0273 0.0510 147.68 0.8251 0.1679 0.8420 11.50
8.30 | -0.0429 0.0272 0.0508 147.59 0.8262 0.1669 0.8428 11.42
8.35 [-0.0426 | 0.0272 | 0.0505 | 147.50 | 0.8272 | 0.1659 | 0.8437 11.34
8.40 |-0.0424 | 0.0271 | 0.0503 | 147.41 | 0.8283 | 0.1650 | 0.8446 11.27
8.45 | -0.0421 0.0270 0.0500 147 .32 0.8294 0.1641 0.8454 11.19
8.50 [-0.0419 | 0.0269 | 0,0498 | 147.23 | 0.8304 | 0,1631 | 0.8463 11.11
8.55 | -0.0416 0.0269 0.0495 147.14 0.8314 0.1622 0.8471 11.04
8.60 |-0.0414 0.0268 0.0493 147 .05 0.8325 0.1613 0.8479 10.97
8.65 | -0.0411 0.0267 0.0491 146,97 0.8335 0.1604 0.8488% 10.89
8.70 [-0.0409 | 0.0267 | 0.0488 | 146.89 | 0.8344 | 0.1595 | 0.8496 10.82
8.75 | -0.0407 0.0266 0.0486 146.80 0.8354 0.1586 0.8504 10,75
8.80 [-0.0404 | 0.0265 | 0.0484 | 146.72 | 0.8364 | 0.1578 | 0.8511 10.68
8.85 [-0.0402 | 0.0265 | 0.0481 | 146.64 | 0.8374 | 0.1569 | 0.8519 10.61
8.90 | -0,0400 0.0264 0.0479 146 .56 0.8383 0.1561 0.8527 10.55
8.95 [-0.0398 | 0.0263 | 0.0477 | 146.48 | 0.8392 | 0.1552 | 0.8535 10.48
9.00 | -0.0395 0.0263 0.0475 146,41 0.8402 0.1544 0.8542 10.41
9.05 | -0.0393 0.0262 0.0472 146,33 0.8411 0.1536 0.8550 10.35
9.10 | -0.0391 | 0.0261 | 0.0470 | 146.25 | 0.8420 | 0.1528 | 0.8557 10.28
9.15 | -0.0389 | 0.02€1 | 0.0468 | 146.18 | 0.8429 | 0.1520 | 0.8564 10.22
9.20 | -0.03817 0.0260 0.0466 146.11 0.8437 0.1512 0.8572 10.16
9.25 [ -0.0385 0.0259 0.0464 146,03 0.8446 0.1504 0.8579 10.10
9.30 | -0,0383 0.0258 0.0462 145.96 0.8455 0.1496 0.8586 10.03
9.35 | -0.0381 | 0.0258 | 0.0460 | 145.89 | 0.8463 | 0.1488 | 0.8593 9.97
9,40 | -0.0378 0.02517 0.0457 145.82 0.8472 0.1481 0.8600 9.91
9.45 | -0.03176 0.0256 0.0455 145,75 0.8480 0.1473 0.8607 9.85
9.50 | -0.0374 | 0.0256 | 0.0453 | 145.69 | 0.8488 | 0.1465 | 0.8614 9.80
9.55 | -0.0373 0.025b 0.0451 145.62 0.8496 0.1458 0.8621 9.74
9.60 | -0.0371 | 0.0254 | 0.0449 | 145.55 | 0.8505 | 0.1451 | 0.8627 9.68
9.65 | -0.0369 0.0253 0.0447 145,49 0.8512 0.1443 0.8634 9.62
9.70 | -0.0367 0.0253 0.0445 145,42 0.8520 0.1436 0.8641 9.57
9.75 |1 -0.0365 0.0252 0.0443 145.36 0.8528 0.1429 0.8647 9.51
9,80 | -0.0363 0.0251 0.0442 | *145.29 0.8536 0,1422 0.8654 9.46
9.85 | -0.0361 0.0251 0.0440 145,23 0.8544 0.1415 0.8660 9.40
9.90 | -0.0359 0.0250 0.0438 145,17 0.8551 0.1408 0.8666 9.35
9.95 | -0.0357 0.0249 0.0436 145.11 0.8559 0.1401 0.8673 9.30
10.00 | -0.0356 0.0249 0.0434 145.05 0.8566 0.1394 0.8679 9.25

WADC TR 56-614 A-15




k= 0.0 o = 0.25
2
/ a--x / y 1?7.Z -7

a £ X 2rg |t X A

REAL | IMAG. REAL mac. | moouLus| A
1.00 | 1.1011 | -7.9847 | 0.4672 | 5.4762 | 0.0042 | 1.0054 | 0.0145 | 1.0055 0.83
1,05 | 11016 | -7.2394 | 0.4872 | 5.3994 | 0.0045 | 1.0065 | 0.0157 | 1.0066 0.90
1010 | 101021 | -6.5032 | 0.5068 | 5.3201 | 0.0049 | 1.0078 | 00169 | 1.0079 0.96
1015 | 1.1028 | -6.0292 | 0.5259 | 5.2382 | 0.0053 | 1.0092 | 0.0181 | 1.0093 1.03
1.20 | 1.1034 | -5.5339 | 0.5445 | 5.1540 | 0.0058 | 1.0108 | 0.0192 | 1.0109 1.09
1.25 | 1.1042 | -5.0066 | 0.5626 | 5.0676 | 0.0063 | 1.0125 | 0.0203 | 1.0127 1.15
1.30 1.1051 | -4.7086 0.5802 4,9792 0.0069 1.0144 0.0212 1.0147 1.20
1.35 | 1.1061 | -4.3626 | 0.5973 | 4.8890 | 0.0075 | 1.0165 | 0.0220 | 1.0168 1.24
1.40 1.1072 | -4.0529 0.6138 4.7969 0.0083 1.0188 0.0227 1.0190 1.27
1.45 1.1084 | -3.7744 0.6298 4.7034 0.0091 1.0212 0.0232 1.0214 1.30
1.50 | 1.1097 | -3.5231 | 0.6453 | 4.6084 | 0.0100 | 1.0237 | 0.0234 | 1.0240 1.31
1.55 | 1.1112 | -3.2056 | 0.6602 | 4.5122 | 0.0110 | 1.0264 | 0.0235 | 1.0267 1.31
1.60 1.1127 | -3.0889 0.6745 4.4150 0.0121 1.0292 0.0233 1.0295 1.30
1.65 1.1144 | -2.9006 0.6883 4.3169 0.0133 1.0321 0.0228 1.0323 1:.27
1.70 | 101163 | -2.7285 | 007015 | 4.2181 | 0.0147 | 1.0350 | 0.0221 | 1.0352 1.22
1.75 1.1183 | -2.5709 0.7141 4,1188 0.0163 1.0379 0.0210 1.0381 1.16
1.80 | 1.1204 | -2.4261 | 007262 | 4.0192 | 0.0180 | 1.0409 | 0.0196 | 1.0410 1.08
1.85 | 1.1227 | -2.2020 | 0.7377 | 3.9195 | 0.0199 | 1.0437 | 00179 | 1.0439 0.98
1.90 | 11250 | ~2:1700 | 0.7486 | 3.8199 | 0.0219 | 1.0465 | 0.0158 | 10466 0.87
1.95 | 1.1276 | -2.0564 | 0.7589 | 3.7206 | 0.0242 | 1.0492 | 0.0134 | 1.0493 0.73
2.00 | 1.1302 | -1.9513 | 0.7686 | 3.6218 | 0.0267 | 1.0516 | 0.0108 | 1.0517 0.59
2.05 1.1330 | -1.8538 0.7778 3.52317 0.0295 1.0539 0.0078 1.0539 0.42
2.10 | 1.1358 | -1.7633 | 0.7865 | 3.4286 | 0.0325 | 1.0559 | 0.0045 | 1.0559 0.25
2.15 | 1.1388 | -1.6791 | 0.7946 | 3.3306 | 0.0358 | 1.0576 | 0.0011 | 1.0576 0.06
2.20 | 1.1418 | -1.6007 | 0.8022 | 3.2361 | 0.0393 | 1.0590 |{-0.0026 | 1.0590 | 359.86
2.25 1.1449 | -1.5277 0.8093 3.1430 0.0432 1.0600 |-0.0064 1.0600 359.65
2.30 | 1.1480 | -1.4595 | 0.8158 | 3.0518 | 0.0473 | 1.0607 |-0.0104 | 1.0608 | 359 .44
2.35 | 1.1512 | -1.3958 | 0.8219 | 2.9624 | 0.0517 | 1.0610 |-0.0144 | 1.0611 | 359.22
2.40 | 1.1543 | -1.3362 | 0.8276 | 2.8752 | 0.0564 | 1.0610 |-0.0184 | 1.0612 | 359.01
2.45 | 1.1575 | -1.2805 | 0.8328 | 2.7902 | 0.0614 | 1.0606 |-0.0224 | 1.0609 | 358.79
2.50 1.1606 | -1,2283 0.8376 2.7075 0.0667 1.0599 |-0.0263 1.0602 358.58
2.55 1.1637 | -1.1794 0.8421 2.6273 0.0723 1.0589 (-0.0301 1.0593 358.37
2.60 [ 1.1667 | -1.1335 | 0.8462 | 2.5497 | 0.0781 | 1.0575 |-0.0338 | 1.0581 | 358.17
2.65 | 1.1696 | -1.0004 | 0.8499 | 2.4746 | 0.0842 | 1.0559 |-0.0373 | 1.0566 | 357.98
2.70 1.1724 | -1.0499 0.8534 2.4022 0.0905 1.0541 |-0.0406 1.0549 357.79
2.75 | 1.1751 | -1.0119 | 0.8566 | 2.3324 | 0.0971 | 1.0521 |-0.0437 | 1.0530 | 357.62
2.80 | 1.1777 | -0.9761 | 0.8595 | 2.2653 | 0.1038 | 1.0499 |-0.0466 | 1.0509 | 357.46
2.85 | 1.1802 | -0.9423 | 0.8622 | 2.2007 | 0.1107 | 1.0476 |-0.0493 | 1.0487 | 357.31
2.90 | 1.1825|-0.9105 | 0.8647 | 2.1388 | 0.1178 | 1.0451 |-0.0518 | 1.0464 | 357 16
2.95 | 1.1847 | -0.8805 | 0.8670 | 2.0794 | 0.1250 | 1.0426 |-0.0540 | 1.0440 | 357.03
3.00 1.1867 | -0.8522 0.8691 2.0224 0.1323 1.0400 |-0.0560 1.0415 356.92
3.05 | 1.1886 | -0.8255 | 0.8711 | 1.9678 | 0.1398 | 1.0374 |-0.0579 | 1.0390 | 356 81
3.10 | 1.1903 |-0.8002 | 0.8729 | 1.9156 | 0.1473 | 1.0347 |-0.0595 | 1.0364 | 356.71
3.15 | 1.1919 | -0.7762 | 0.8746 | 1.8656 | 0.1548 | 1.0321 |-0.0609 | 1.0339 | 356.62
3.20 | 11934 | -0.7536 | 0.8763 | 1.8177 | 0.1624 | 1.0295 |-0.0622 | 1.0313 | 356 54
3.25 | 1.1947 | -0.7321 | 0.8778 | 1.7719 | 0.1700 | 1.0269 |-0.0633 | 1.0288 | 356.47
3.30 1.1959 | -0.7117 0.8792 1.7281 0.1776 1.0243 |-0.0643 1.0263 356.41
3.35 | 1.1969 | -0.6923 | 0.8805 | 1.6862 | 0.1852 | 1.0218 |-0.0651 | 1.0239 | 356 .35
3.40 1.1978 | -0.6739 0.8818 1.6461 0.1928 1.0193 {-0.0658 1.0214 356.31
3.45 1.1986 | -0.6564 0.8830 1.6077 0,2003 1.0169 {-0.0664 1.0191 356.26
3.50 1.1993 | -0.6397 0.8841 1.5709 0.2079 1.0146 |-0.0669 1.0168 356.23
3.55 | 1.1998 |-0.6238 | 0.8853 | 1.5357 | 0.2153 | 1.0123 |-0.0673 | 1.0145 | 356 .20
3.60 1.2002 | -0.6086 0.8863 1.5020 0.22217 1.0100 |[-0.0676 1.0123 356.17
3.65 1.2006 | -0.5942 0.8873 1.4697 0.2300 1.0079 |-0.0678 1.0102 356.15
3.70 1.2008 | -0.5804 0.8883 1.4387 0.2372 1.0058 |[-0.0680 1.0081 356.13
3,15 1.2009 | -0.56171 0.8893 1.4090 0.2444 1.0037 |-0.0681 1.0061 356.12
3.80 1.2010 | -0.5545 0.8902 1.3805 0.2514 1.0018 | -0.0681 1.0041 356,11
3.85 1.2009 | -0.5424 0.8911 1.3532 0.2584 0.9999 | -0.0681 1.0022 356,10
3.90 1.2008 | -0.5308 0.8920 1.3269 0.2653 0.9980 | -0.0681 1.0003 356,10
3.95 1.2005 | -0.5197 0.8929 1.3016 0.2721 0.9962 | -0.0680 0.9985 356.09

WADC TR 56-614
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k= 0.0 o= 0.25

- /+7 1+7 Fio
PHASE PHASE
REAL IMAG. | MODULUS | [riteees | REAL MAG. | MoouLws | [TTASE
1.00 |-0.0054 |-0.0145 | 0.0155 | 249.64 | 0.0132 [ 0.1080 | 0.1088 83.03
1.05 |-0.0065 |-0.0157 | 0.0170 | 247.57 | 0.0160 | 0.1187 | 0.1198 82.32
1.10 |-0.0078 [-0.0169 | 0.0186 | 245.39 [ 0.0192 | 0.1299 | 0.1313 81.57
1.15 |-0.0092 [-0.0181 | 0.0203 | 243.12 | 0.0229 | 0.1414 | 0.1433 80.79
1.20 1-0.0108 |-0.0192 | 0.0220 | 240.76 | 0.0271 | 0.1533 | 0.1557 79.97
1.25 [-0.0125 |-0.0203 | 0.0238 | 238.30 | 0.0318 | 0.1656 | 0.1686 79.12
1.30 |-0.0144 [-0.0212 | 0.0256 | 235.75 | 0.0371 | 0.1781 [ 0.1819 78.24
1.35 |-0.0165 [-0.0220 | 0.0275 [ 233.10 | 0.0429 | 0.1909 | 0.1957 77.33
1,75 |-0.0188 [-0.0227 | 0.0294 | 230.37 | 0.0494 | 0.2039 [ 0.2098 76.38
1.45 |-0.0212 |-0.0232 | 0.0314 | 227.55 | 0.0566 | 0.2171 | 0.2243 75.40
1.50 | -0.0237 |-0.0234 | 0.0334 | 224.65 | 0.0644 | 0.2304 | 0.2392 74.38
1.55 | -0.0264 |-0.0235 | 0.0353 | 221.66 | 0.0729 | 0.2437 [ 0.2544 73.34
1.60 |-0.0292 |-0.0233 | 0.0374 | 218.59 | 0.0822 | 0.2570 | 0.2698 72.217
1.65 |-0.0321 |-0.0228 | 0.0394 | 215.45 | 0.0922 | 0.2702 [ 0.2855 71.16
1.70 | -0.0350 |-0.0221 | 0.0414 | 212.24 | 0.102y | 0.2833 | 0.3014 70.03
1.75 | -0.0379 | -0.0210 | 0.0434 | 208.97 | 0.1144 | 0.2961 [ 0.3175 68.88
1.80 | -0.0409 | -0.0196 | 0.0453 | 205.63 | 0.1267 | 0.3087 | 0.3337 67.69
1.85 | -0.0437 | -0.0179 | 0.0473 | 202.23 | 0.1396 | 0.3209 | 0.3499 66.49
1.90 | -0.0465 | -0.0158 | 0.0491 | 198.79 | 0,1533 | 0.3326 | 0.3662 65.26
1,95 | -0.0492 | -0.0134 [ 0.0510 [ 195.30 | 0.1676 | 0.3438 | 0.3825 64.01
2.00 | -0.0516 |-0.0108 | 0.0527 | 191.77 | 0.1826 | 0.3544 | 0.3986 62.74
2.05 | -0.0539 | -0.0078 | 0.0544 | 188.22 | 0.1981 | 0.3643 | 0.4147 61.47
2.10 | -0.0559 | -0.0045 | 0.0561 | 184.65 | 0.2141 | 0.3735 | 0.4305 60.18
2.15 | -0.0576 | -0.0011 | 0.0576 | 181.06 | 0.2306 | 0.3819 | 0.4461 58.88
2.20|-0.0590 | 0.0026 | 0.0590 | 177.47 | 0.2474 | 0.3895 | 0.4614 57.58
2.25 | -0.0600 | 0.0064 | 0.0604 | 173.88 | 0.2645 | 0.3962 | 0.4764 56.217
2.30 | -0.0607 | 0.0104 | 0.0616 | 170.31 | 0.2818 | 0.4020 | 0.4909 54,97
2.35 | -0.0610 | 0.0144 | 0.0627 | 166.75 | 0.2992 | 0,4069 | 0.5051 53.68
2.40 | -0.0610 | 0.0184 [ 0.0637 | 163.23 | 0.3166 | 0.4110 | 0.5188 52.39
2.45 | -0.0606 | 0.0224 | 0.0646 | 159.75 | 0.3339 | 0.4141 | 0.5319 51.12
2.50 | -0.0599 | 0.0263 | 0.0654 | 156.31 | 0.3511 | 0.4164 | 0.5446 49 .87
2.55 | -0.0589 | 0.0301 | 0.0661 | 152.92 | 0.3680 | 0.4178 | 0.5568 48.63
2.60 | -0.0575 | 0.0338 | 0.0667 | 149.59 | 0.3846 | 0.4185 | 0.5684 47 .42
2.65 | -0.0559 | 0.0373 | 0.0672 | 146.32 | 0.4009 | 0.4184 | 0.5795 46,23
2.70 | -0.0541 | 0.0406 | 0.0677 | 143.12 | 0.4167 | 0.4177 | 0.5900 45.07
2.75 | -0.0521 | 0.0437 | 0.0680 | 140.00 | 0.4321 | 0.4163 | 0.6000 43,94
2.80 | -0.0499 | 0.0466 | 0.0683 | 136.95 | 0.4470 | 0.4144 | 0.6095 42,84
2.85 | -0.0476 | 0.0493 | 0.0685 | 133.97 | 0.4613 | 0.4120 | 0.6185 41.77
2.90 | -0.0451 | 0.0518 | 0.0687 | 131.07 | 0.4752 | 0.4091 | 0.6270 40,73
2.95 | -0.0426 | 0.0540 | 0.0688 | 128.25 | 0.4885 | 0.4059 | 0.6351 39.73
3.00 | -0.0400 | 0.0560 | 0.0688 | 125.51 | 0.5012 | 0.4023 | 0.6427 38.75
3.05 | -0.0374 | 0.0579 | 0.0689 | 122.85 | 0.5134 | 0.3985 | 0.6499 37.82
3.10 | -0.0347 | 0.0595 | 0.0689 | 120.27 | 0.5251 | 0.3944 | 0.6567 36.91
3.15| -0.0321 | 0.0609 | 0.0689 | 117.77 | 0.5363 | 0.3901 | 0.6632 36.04
3.20| -0.0295 | 0.0622 | 0.0688 | 115.34 | 0.5469 | 0.3857 | 0.6693 35.20
3.25| -0.0269 | 0.0633 | 0.0688 | 112.98 | 0.5571 | 0.3812 | 0.6750 34.39
3.30| -0.0243 | 0.0643 | 0,0687 | 110.70 | 0.5668 | 0.3767 | 0.6805 33.61
3.35| -0.0218 | 0.0651 | 0.0687 | 108.49 | 0.5760 | 0.3720 | 0.6857 32.86
3.40 | -0.0193 | 0.0658 | 0.0686 | 106.36 | 0.5849 | 0.3674 | 0.6907 32,13
3.45| -0.0169 | 0.0664 | 0.0685 | 104.28 | 0.5933 | 0.3627 | 0.6954 31.44
3.50 | -0.0146 | 0.0669 | 0.0684 | 102.28 | 0.6013 | 0.3580 | 0.6998 30.77
3.55)| -0.0123 | 0.0673 | 0.0684 | 100.33 | 0.6090 [ 0.3534 | 0.7041 30.13
3.60 -0.0100 | 0.0676 | 0.0683 98.45 | 0.6163 | 0.3489 | 0.7082 29,51
3.65| -0.0079 | 0.0678 | 0.0683 96.63 | 0.6233 | 0.3443 | 0.7121 28.92
3.70| -0.0058 | 0.0680 | 0.0682 94.86 | 0.6300 | 0.3399 | 0.7158 28.35
3.75( -0.0037 | 0.0681 | 0.0682 93.15 | 0.6364 | 0.3355 | 0.7194 27.79
3.80| -0.0018 | 0.0681 | 0.0681 91.49 | 0.6426 | 0.3312 | 0.7229 27.217
3.85| 0.0001 | 0.0681 | 0.0681 89.88 | 0.6485 | 0.3269 | 0.7262 26.16
3.90| 0.0020 | 0.0681 | 0.0681 88.33 | 0.6541 | 0.3228 [ 0.7294 26.26
3.95| 0.0038 | 0.0680 | 0.0681 86.82 | 0.6595 | 0.3187 | 0.,7325 25.79

WADC TR 56-614
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« |2 x |7x | —

REAL | IMAG. REAL | mac | moouwus| PIAX

4,00 1.2003 | -0.5091 0.8937 1.2774 0.2788 0.9945 |-0.0679 0.9968 356.09
4,05 1.1999 | -0,4988 0.8045 1.2540 0.2854 0.9928 |-0.0678 0.9951 356.10
4,10 1.1995 | -0.4890 0.8954 1.,2315 0.2919 0.9912 |-0,0676 0.9935 356.10
4.15 1.1990 | -0.4795 0.88862 1.2098 0.2982 0.9896 |-0.0674 0.9919 356.10
4,20 1.1984 | -0.4704 0.8970 1.1890 0.3045 0.9880 |[-0.0872 0.9903 356.11
4.25 1.1979 | -0,.4816 0.8977 1.1688 0.3107 0.9885 |-0.0670 0.9888 356.12
4.30 1,1972 | -0.4532 0.8985 1.1494 0.3168 0.9851 [-0,0668 0.9874 356.12
4.35 1.1965 | -0.4450 0.8993 1.1307 0,.3228 0.9837 ([-0.0665 0.9859 356.13
4,40 1.1858 | -0.4372 0.9000 1.1126 0.3287 0.9823 |-0.0662 0.9846 356.14
4.45 1.1950 | -0.4296 0.9008 1.0951 0.3345 0.9810 |-0.0660 0.9832 356.15
4,50 1.1942 | -0.4223 0.9015 1.0781 0.3402 0.9797 [-0.0857 0.9819 356.16
4,55 1.1934 | -0.4152 0.8022 1.0617 0.3459 0.9784 |-0.0654 0.9808 356 .17
4.60 1.1925 | --0.4083 0.9030 1.0459 0.3514 0.9772 |-0.0651 0.9794 356.19
4,65 1.1916 | -0.4017 0.9037 1.0305 0,3568 0.9760 |(-0.0649 0.9782 356.20
4,70 1.1906 | -0.3952 0.9044 1.0156 0.3622 0.9749 (-0.0646 0.9770 356.21
4.75 1.1897 | -0.3890 0.9051 1.0012 0.3675 0.9737 (-0.0643 0.9758 356.22
4.80 1.1887 (-0.3830 0.9058 0.9871 0.3726 0.9726 |-0.0640 0.8747 356.24
4,85 1.1877 | -0.3771 0.9065 0.9735 0.3778 0.9715 (|-0.0637 0.9736 356.25
4.90 1.1867 [ -0.3714 0.9072 0.9603 0.3828 0.9705 |-0.0834 0.9725 356.26
4.95 1.1857 | -0.3659 0.9079 0.9474 0.38717 0.9694 (-0.0830 0.9715 356.28
5.00 1.1847 | -0.3605 0.8085 0.9349 0.3926 0.9684 (-0,0627 0.9705 356.29
5.05 1.1838 | -0.3553 0.9092 0.9227 0.3974 0.9674 |-0.0624 0.9695 356.31
5.10 1.1828 | -0,3502 0.9099 0.9109 0.4022 0.9665 (-0,0621 0.9685 356.32
5.15 1.1815 | -0,.3453 0.9105 0.8984 | 0,4068 0.9655 |-0.0618 0.9675 356.34
5.20 1.1804 | -0,3405 0.9112 0.8881 0.4114 0.9646 |[-0.0615 0.9666 356.35
5.25 1.1793 [ -0.3358 0.9118 0.87172 0.4160 0.9637 [-0.0612 0.9656 356.37
5.30 1.1783 | -0,3313 0.9125 | 0.8665 0.4204 0.9628 |-0.0609 0.9647 356.38
5.35 1.1772 | -0.3268 0.9131 0.8560 0.4248 0.9619 |-0.06086 0.9638 356.40
5.40 1.1761 | -0.3225 0.91317 0.8459 0.429% 0.9611 |-0.0603 0.9630 356.41
5.45 1.1750 (-0.3183 0.8143 0.8359 0.4335 0.9603 |-0.0600 0.9621 356,43
5.50 1.1739 | -0.3142 0.9149 0.8262 0.4377 0.9594 |-0.0597 0.9613 356.44
D55 1.1728 | -0.3102 0.9155 0.8168 0.4419 0.9586 |-0.0594 0.9605 356 .46
5.60 1.1718 | -0.3062 0.9161 0.8075 0.4460 0.9578 |-0.0591 0.95917 356.47
5.65 1.1707 |-0.3024 0.9167 0.7984 0.4500 0.9571 |-0.0588 0.9589 356.49
5.70 1.1696 | -0.2987 0.9173 0.7896 0.4540 0.9563 |-0.0585 0.9581 256.50
5.75 1.1685 | -0.2950 0.9179 0.7809 0.4580 0.9555 [-0.0582 0.9573 356.52
5.80 1.16875 | -0.2914 0.9185 0.7724 0.4619 0.9548 |-0.0579 0.9566 356.53
5.85 1.1664 | -0.2880 0.9190 0.7641 0.4657 0.9541 |-0.0576 0.9558 356 .55
5.90 1.1654 | -0.2845 0.9196 0.7560 0.4695 0.9534 |-0.0573 0.9551 356.56
5.95 1.1643 | -0.2812 0.9202 0.7480 0.4733 0.9527 (-0.0570 0.9544 356,58
6.00 1.1633 | -0.2779 0.9207 0.7402 0.4770 0.9520 |-0.0567 0.9537 356.59
6.05 1.1622 | -0.2748 0.9213 0.7326 0.4807 0.9513 [-0.0564 0.9530 356.681
6.10 1.1612 | -0.2716 0.9218 0.7251 0.4843 0.9507 |-0.0561 0.9523 356.62
6.15 1.1602 | -0.2686 0.9223 0.7177 0.4879 0.9500 [-0.,0558 0.9517 356 .64
6.20 1.1592 | -0.2656 0.9228 0.7105 0.4914 0.9494 [-0.0556 0.9510 356 .65
6.25 1.1582 | -0.26286 0.9234 0.7035 0.4949 0.9487 |-0.0553 0.9504 356 .67
6.30 1.1572 | -0.2598 0.9239 0.6966 0.4983 0.9481 [-0.0550 0.9497 356.68
6.35 1.1562 {-0.2570 0.9244 0.6898 0.5017 0.9475 |-0.0547 0.9491 356.70
6.40 1.1552 | -0.2542 0.9249 0.6831 0.5051 0.9489 |-0.0544 0.9485 356.71
6.45 1.1543 | -0.2515 0.9254 0.6766 0.5084 0.9463 |-0.0541 0.9479 356,73
6.50 1.1533 | -0.2488 0,.9259 0.6701 0.5116 0.9458 (-0.0539 0.9473 356.74
6.55 1.1523 | -0.2462 0.9263 0.6638 0.5149 0.9452 [-0.0536 0.9467 356.75
6.60 1.1514 | -0.2437 0.9268 0.6576 0.5181 0.9446 |-0.0533 0.9461 356.717
6.65 1.1505 | -0.2412 0.9273 0.6516 0.5212 0.9441 [-0.0531 0.9456 356.78
6.70 1.1495 | -0.2387 0.9278 0.6456 0.5244 0.9435 |-0.0528 0.9450 356.80
6.75 1.1486 | -0.2363 0.9282 0.6397 0.5274 0.9430 |-0,0525 0.9445 356.81
6.80 1.1477 | -0.2340 0.9287 0.6339 0.5305 0.9425 |-0.0522 0.9439 356.83
6.85 1.1468 | -0.2317 0.9291 0.6283 0.5335 0.9419 |-0.0520 0.9434 356.84
6.90 1.1459 | -0,2294 0.9296 0.6227 0.5365 0.9414 |-0.0517 0.9429 356.86
6.95 1.1450 | -0.2272 0.9300 0.6172 0,5394 0.9409 [-0.0515 0.9423 356.87
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a /*7 1+ Fp
PHASE PHASE
Real | mac | moouws| EASE T mear | mac, | mopuius | PAASE
4.00 | 0.0055 | 0.0679 | 0.0681 | 85.35 | 0.6648 | 0.3147 | 0.7355 | 25.33
4205 | 0.0072 | 0.0678 | 0l0sei | 83193 | 0l6698 | 0.3108 |0.7384 | 24.89
4710 | 0.0088 | 0.0676 | 00682 | B2.55 | 0.6746 | 0:3070 | 0.7412 | 2447
4715 | 0.0104 | 00674 | o0.0682 | 81.21 | 016793 | 013033 | 01743y | 24.06
4720 | 0.0120 | 00672 | 00683 | 79.91 | 06838 | 0.2097 | 017466 | 23.66
4.25 | 0.0135 | 0.0670 | 0.0683 | 78.64 | 0.c882 | 0.2061 |o0.7492 | 23.28
4130 | 0.0149 | 0.0668 | 0.0684 | 77.41 | 0l6924 | 0.2926 | 0.7517 | 22.91
4.35 | 0.0163 | 0.0665 | 0.0685 | 76222 | 0.6965 | 0:2893 | 0.7541 | 22156
4740 | 0l0177 | 00662 | 00686 | 75106 | 07004 | 0l2860 | 0i7565 | 22721
4745 | 0.0190 | 00660 | 0.0687 | 73.93 | 0l7042 | 012827 | 07589 | 21.67
4.50 | 0.0203 | 0.0657 | 0.0688 | 72.83 | 0.7080 | 0.2796 | 0.7612 | 21.55
4755 | 0.0216 | 0.0654 | 0.0689 | 71.76 | 0.711¢ | 02765 | 0.7634 | 21.24
4760 | 0.0228 | 0.0651 | 0.0690 | 70.72 | 07151 | 012735 | 0.7656 | 2093
4765 | 0.0240 | 0.0649 | 0.0891 | 69.71 | 07185 | 012706 | 0.7677 | 20.64
4270 | 0.0251 | 0.0546 | 0.0693 | 68.72 | 0.7218 | 0.2677 | 0.7699 | 2035
4.75 | 0.0263 | 0.0643 | 0.0694 | 67.76 | 0.7250 | 0.2649 | 0.7719 | 20.07
4780 | 0.0274 | 00640 | 0.0696 | 66.82 | 07282 | 0.2622 | 0.7740 | 19.80
4285 | 0.0285 | 00837 | 0.0697 | 65.91 | 0.7313 | 012505 | 017759 | 19l54
4790 | 0.0295 | 0.0634 | 0.0699 | 65.01 | 07343 | 012569 ( 0.7779 | 19.28
4.95 | 0.0306 | 0.0630 | 0.0701 | 64.14 | 0.7372 | 0.2543 | 0.7798 | 19.03
5.00 | 0.0316 | 0.0627 | 0.0702 | 63.29 | 0.7401 | 0.2518 | 0.7817 | 18.79
5.05 | 0.0326 | 0.0624 | 0.0704 | 62.46 | 0.7429 | 0:2493 | 07836 | 18155
5.10 | 0.0335 | 0.0621 | 0.0706 | 61.65 | 0.7456 | 0.2469 | 0.7854 | 18.32
5.15 | 0.0345 | 0.0616 | 0.0708 | 60.86 | 0.7483 | 0.2446 | 0.7872 | 18.10
5.20 | 0.0354 | 0.0615 | 00710 | 60.09 | 0.7509 | 0.2423 | 0.7890 | 17.88
5.25 | 0.0363 | 0.0612 | 0.0712 | 59.33 | 0.7535 | 0.2400 | 0.7908 | 17.67
5.30 | 0.0372 | 0.0603 | 0.0714 | 58.59 | 0.7560 | 0.2378 | 0.7925 | 17.46
5.35 | 0.0381 | 0.0606 | 0.0716 | 57.87 | 0.7584 | 0.2356 | 0.7942 | 17.26
5.40 | 0.0389 | 0.0603 | 0.0718 | 57.16 | 07608 | 0.2334 | 0.7958 | 17.06
5.45 [ 0.0397 | 0.0600 | 0.0720 | 56.47 | 017632 | 0.2313 | 0.7975 | 16.86
5.50 | 0.0406 | 0.0597 | 0.0722 | 55.80 | 0.7655 | 0.2293 | 0.7991 | 16.67
5.55 | 0.0414 | 00594 | 0.0724 | 55.13 | 07678 | 012273 | 0.8007 | 16.49
5.60 | 0.0422 | 0.0591 | 0.0726 | 54.49 | 07700 | 0.2253 | 0.8023 | 16:31
5.65 | 0.0429 | 0.0588 | 0.0728 | 53.85 | 0.7722 | 0.2233 | 0.8038 | 16.13
5.70 | 0.0437 | 0.0585 | 0.0730 | 53.23 | 017743 | 0.2214 | 0.8054 | 15.96
5.15 | 0.0445 | 0.0582 | 0.0732 | 52.62 | 0.7764 | 0.2195 | 0.8069 | 15.79
5.80 | 0.0452 | 0.0579 | 0.0734 | 52.02 | 07785 | 0.2176 | 0.8083 | 15.62
5.85 | 0.0459 | 0.0576 | 0.0736 | 51.44 | 0.7805 | 0.2158 | 0.8098 | 15.46
5.90 | 0.0466 | 0.0573 | 0.0733 | 50.87 | 0.7825 | 0.2140 | 0:8113 | 15.30
5.95 | 0.0473 | 0.0570 | 0.0741 | 50.31 | 0.7845 | 0.2123 | 018127 | 15.14
6.00 | 0.0480 | 0.0567 | 0.0743 | 49.76 | 0.7864 | 0.2105 | 0.8141 | 14.99
6.05 | 0.0487 | 0.0564 | 0.0745 | 49.22 | 07863 | 0.2088 | 0:8155 | 14.84
6.10 | 0.0493 | 0.0561 | 0.0747 | 45.69 | 0.7901 | 02071 | 0.8168 | 14.69
6.15 | 00500 | 010558 | 0.0749 | 4B.17 | 0.7919 | 02055 | 0.8182 | 14.54
6.20 | 0.0506 | 0.0556 | 0.0752 | 47.66 | 0.7937 | 0.2038 | 0.8195 | 14.40
6.25 | 0.0513 | 0.0553 | 0.0754 | 47.16 | 0.7955 | 0.2022 | 0.8208 | 14.26
6.30 | 0.0519 | 0.0550 | 0.0756 | 46.67 | 0.7972 | 0.2006 | 0.8221 | 14.13
6.35 | 0.0525 | 0.0547 | 0.0758 | 46.19 | 07989 | 01991 | 0.8234 | 13.99
6.40 | 0.0531 | 0.0544 | 020760 | 45.72 | 018006 | 01975 | 0.8246 | 13.86
6.45 | 0.0537 | 0.0541 | 0.0762 | 45.26 | 0.8022 | 0.1960 | 0.8258 | 13.73
6.50 | 0.0542 | 0.0539 | 0.0764 | 44.80 | 0.8039 | 0.1945 | 0.8271 | 13.60
8.55 | 0.0548 , 0.0536 | 00767 | 44136 | 0.8054 | 01931 | 0.8283 | 13.48
6.60 | 0.0554 | 0.0533 | 0.0769 | 4392 | 0.8070 | .0.1916 | 0.8204 | 13136
6.65 | 0.0559 | 0.0531 | 0.0771 | 43.49 | 0.8085 | 01902 | 018306 | 13.24
6.70 | 0.0565 | 0.0528 | 0.0773 | 43.07 | 0.8101 | 0.1888 | 0.8318 | 13.12
6.75 | 0.0570 | 0.0525 | 0.0775 | 42.65 | 0.8115 | 0.1874 | 0.8329 | 13.00
6.80 | 0.0575 | 0.0522 | 0.0777 | 42.24 | 0.6130 | 01860 | 0l8340 | 12189
6.85 | 0.0581 | 0.0520 | 00779 | 41.84 | 0.8145 | 01847 | 0l8351 | 12.77
6.90 | 0.0586 | 0.0517 | 00781 | 4145 | 0:8150 | 01833 | 08362 | 12.66
6.95 | 0.0591 | 0.0515 | 0.0783 | 41.06 | 0.8173 | 0.1820 | 0.8373 | 12.55
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a £ ¥ 27}}/ - X
REAL | 1MaG. REAL mac. | moouLus| AX
7.00 | 1.1442 | -0.2250 | 0.9304 | 0.6119 | 0.5423 | 0.9404 |-0.0512 | 0.9418 | 356.88
7.05 | 1.1433 | -0.2228 | 0.9309 | 0.6066 | 0.5452 | 0.9400 [-0.0509 | 0.9413 | 356.90
7°10 | 1.1424 [-0.2207 | 0.9313 | 0.6014 [ 0.5481 | 0.9395 |-0.0507 | 0.9408 | 356.91
7.15 | 1.1416 | -0.2186 | 0.9317 | 0.5963 | 0.5509 | 0.9390 [-0.0504 | 0.9404 | 356.93
7.20 | 1.1408 |-0.2166 | 0.9321 | 0.5912 [ 0.5536 | 0.9385 [-0.0502 | 0.9399 | 356.94
7.25 | 1.1399 | -0.2146 | 0.9825 | 0.5863 | 0.5564 | 0.9381 [-0.0499 | 0.9394 | 356.95
7.30 | 1.1391 | -0.2126 | 0.9329 | 0.5814 | 0.5591 | 0.9376 |-0.0497 | 0.9389 | 356.97
7.35 | 1.1383 {-0.2107 | 0.9333 | 0.5766 | 0.5618 | 0.9372 [-0.0494 | 0.9385 | 356.98
7.40 | 1.1375 | -0.2088 | 0.9337 | 0.5719 | 0.5645 | 0.9367 (-0.0492 | 0.9380 | 356.99
7.45 | 1.1367 [-0.2069 | 0.9341 | 0.5673 | 0.5671 | 0.9363 [-0.0489 | 0.9376 | 357.01
7.50 | 1.1359 | -0.2051 | 0.9345 | 0.5627 | 0.5697 | 0.9359 (-0.0487 | 0.9371 | 357.02
7.55 | 1.1351 | -0.2033 | 0.9349 | 0.5582 | 0.5722 | 0.9354 (-0.0485 | 0.9367 | 357.03
7.60 [ 1.1343 | -0.2015 | 0.9353 | 0.5538 | 0.5748 | 0.9350 |-0.0482 | 0.9363 | 357.05
7.65 | 1.1336 [-0.1998 | 0.9356 | 0.5404 | 0.5773 | 0.9346 |-0.0480 | 0.9359 | 357.06
7.70 | 1.1328 | -0.1981 | 0.9360 | 0.5451 | 0.5798 | 0.9342 |-0.0478 | 0.9354 | 357.07
7.15 | 1.1321 | -0.1964 | 0.9364 | 0.5409 | 0.5822 | 0.9338 |-0.0475 | 0.9350 | 357.09
7.80 | 1.1313 |-0.1947 | 0.9367 | 0.5367 | 0.5846 | 0.9334 (-0.0473 | 0.9346 | 357.10
7.85 | 1.1306 | -0.1931 | 0.9371 | 0.5326 | 0.5871 | 0.9330 |-0.0471 | 0.9342 | 357.11
7.90 | 1.1299 | -0.1915 | 0.9374 | 0.5286 | 0.5894 | 0.9327 |-0.0468 | 0.9338 | 357.13
7.95 | 1.1291 |-0.1899 | 0.9378 | 0.5246 | 0.5918 | 0.9323 |-0.0466 | 0.9334 | 357.14
8.00 [ 1.1284 |-0.1883 | 0.9381 | 0.5207 | 0.5941 | 0.9319 |-0.0464 | 0.9331 | 357.15
8.05 | 1.1277 [ -0.1868 | 0.9385 | 0.5168 | 0.5964 | 0.9315 |-0.0462 | 0.9327 | 357.16
8.10 | 1.1270 {-0.1853 | 0.9388 | 0.5130 | 0.5987 | 0.9312 |-0.0459 | 0.9323 | 357.17
8.15 | 1.1263 [-0.1838 | 0.9391 | 0.5083 | 0.6009 | 0.9308 |-0.0457 | 0.9319 | 357.19
8.20 | 1.1256 | -0.1823 | 0.9395 | 0.5056 | 0.6032 | 0.9305 |-0.0455 | 0.9316 | 357.20
8.25 | 1.1250 [ -0.1809 | 0.9398 | 0.5019 | 0.6054 | 0.9301 |-0.0453 | 0.9312 | 357.21
8.30 | 1.1243 | -0.1795 | 0.9401 | 0.4983 | 0.6075 | 0.9298 |-0.0451 | 0.9309 | 357.22
8.35 | 1.1236 [-0.1781 | 0.9405 | 0.4948 | 0.6097 | 0.9294 |-0.0449 | 0.9305 | 357.24
8.40 | 1.1230 |-0.1767 | 0.9408 | 0.4913 | 0.6118 | 0.9291 |-0.0447 | 0.9302 | 357.25
8.45 | 1.1223 [-0.1753 | 0.9411 | 0.4879 | 0.6139 | 0.9287 |-0.0445 | 0.9298 | 357.26
8.50 [ 1.1217 |-0.1740 | 0.9414 | 0.4845 | 0.6160 | 0.9284 |-0.0443 | 0.9295 | 357.27
8.55 | 1.1210 |-0.1727 | 0.9417 | 0.4811 | 0.6181 | 0.9281 [-0.0441 | 0.9291 | 357.28
8.60 | 1.1204 [-0.1714 | 0.9420 | 0.4778 | 0.6201 | 0.9278 |-0.0438 | 0.9288 | 357.29
8.65 | 1.1198 [-0.1701 | 0.9423 | 0.4745 | 0.6222 [ 0.9275 |-0.0436 | 0.9285 | 357.31
8.70 | 1.1191 |-0.1689 | 0.9426 | 0.4713 [ 0.6242 | 0.9271 [-0.0434 | 0.9282 | 357.32
8.75 | 1.1185 [-0.1676 | 0.9429 | 0.4681 | 0.6262 | 0.9268 [-0.0433 | 0.9278 | 357.33
8.80 [1.1179 |-0.1664 | 0.9432 | 0.4650 | 0.6281 | 0.9265 |-0.0431 | 0.9275 | 357.34
8.85 | 1.1173 [-0.1652 | 0.9435 | 0.4619 | 0.6301 | 0.9262 |-0.0420 | 0.9272 | 357.35
8.90 | 1.1167 |-0.1640 | 0.9438 | 0.4589 | 0.6320 | 0.9259 |-0.0427 | 0.9269 | 357.36
8.95 | 1.1161 [-0.1628 | 0.9441 | 0.4558 | 0.6339 | 0.9256 [-0.0425 | 0.9266 | 357.37
9.00 | 1.1155 | -0.1616 | 0.9443 | 0.4520 | 0.6358 | 0.9253 [-0.0423 | 0.9263 | 357.38
9.05 [1.1150 |-0.1605 | 0.9446 | 0.4499 | 0.6377 | 0.9251 (-0.0421 | 0.9260 | 357.39
9.10 | 1.1144 [-0.1594 | 0.9449 | 0.4470 | 0.6395 | 0.9248 |-0.0419 | 0.9257 | 357.41
9.15 | 1.1138 |-0.1583 | 0.9452 | 0.4442 | 0.6414 | 0.9245 [-0.0417 | 0.9254 | 357.42
9.20 [1.1132 |-0.1572 | 0.9454 | 0.4414 | 0.6432 | 0.9242 |-0.0415 | 0.9252 | 357.43
9.25 | 1.1127 [-0.1561 | 0.9457 | 0.4386 | 0.6450 | 0.9239 |-0.0414 | 0.9249 | 357.44
9.30 | 1.1121 [-0.1550 | 0.9460 | 0.4358 | 0.6467 | 0.9237 |-0.0412 | 0.9246 | 357.45
9.35 | 1.1116 [ -0.1540 | 0.9462 | 0.4331 | 0.6485 | 0.9234 [-0.0410 | 0.9243 | 357.46
9.40 [1.1110 | -0.1529 | 0.9465 | 0.4304 | 0.6503 | 0.9231 |-0.0408 | 0.9240 | 357.47
9.45 [1.1105 [-0.1519 | 0.9467 | 0.4277 | 0.6520 | 0.9229 |-0.0406 | 0.9238 | 357.48
9.50 | 1.1099 [-0.1509 | 0.9470 | 0.4251 | 0.6537 | 0.9226 (-0.0405 | 0.9235 | 357.49
9.55 | 1.1094 |-0.1499 | 0.9473 | 0.4225 | 0.6554 | 0.9224 |-0.0403 | 0.9232 | 357.50
9.60 | 1.1089 |-0.1489 | 0.9475 | 0.4200 | 0.6571 | 0.9221 [-0.0401 | 0.9230 | 357.51
9.65 | 1.1084 [-0.1479 [ 0.9478 | 0.4174 | 0.6587 | 0.9210 (-0.0400 | 0.9227 | 357.52
9.70 | 1.1079 | -0.1470 | 0.9480 | 0.4149 | 0.6604 | 0.9216 [-0.0398 | 0.9225 | 357.53
9.75 | 1.1073 |-0.1460 | 0.9482 | 0.4125 | 0.6620 | 0.9214 |-0.0396 | 0.9222 | 357.54
9.80 | 1.1068 [-0.1451 | 0.9485 | 0.4100 | 0.6636 | 0.9211 [-0.0394 | 0.9220 | 357.55
9.85 | 1:1063 [-0.1441 | 0.9487 | 0.4076 | 0.6652 | 0.5209 |-0.0393 | 0.9217 | 357.56
9.90 | 1.1058 |-0.1432 | 0.9490 | 0.4052 | 0.6668 | 0.9206 |-0.0391 | 0.9215 | 357.57
9.95 | 1.1053 |-0.1423 | 0.9492 | 0.4028 | 0.6684 | 0.9204 [-0.0390 | 0.9212 | 357.58
10.00 | 1.1048 [-0.1414 | 0.9494 | 0.4005 | 0.6700 | 0.9202 [-0.0388 | 0.9210 | 357.59

WADC TR 56-614

A-20




k= 0.0 o= 0.25

a /+7 1+7 Fip
PHASE PHASE
REAL IMAG. | MODULUS | 1 cimees) | REAL IMAG. | MODULUS | "2
7.00 | 0.0596 | 0.0512 | 0.0785 | 40.68 | 0.8187 | 0.1807 | 0.8384 12.45
7.05 | 0.0600 [ 0.0509 | 0.0787 40.31 | 0,6200 | 0.1794 | 0.8394 12.34
7:10 | 0.0605 | 0.0507 | 0.0789 | 39.94 | 0.8213 | 0.1782 | 0,8404 12.24
7.15 | 0.0610 [ 0.0504 | 0.0791 39.58 | 0.8227 | 0.1769 | 0.8415 12.14
7.20 | 0.0615 | 0.0502 [ 0.0793 39.22 | 0.8240 | 0.1757 | 0.8425 12.04
7.25 | 0.0619 | 0.0499 | 0.0795 36.88 | 0.8252 | 0.1745 | 0.8435 | 11.94
7.30 | 0.0624 | 0.0497 | 0.0797 38.53 | 0.8265 | 0.1733 | 0.8445 11.84
7.35 0.0628 0.0494 0.0799 38.19 0.82717 0.1721 0.8454 11.75
7.40 | 0.0633 [ 0.0492 [ 0.0801 37.86 | 0.8290 [ 0.1710 | 0.8464 11.65
7.45 | 0.0637 | 0.0489 | 0.0803 | 37.53 | 0.8302 [ 0.1698 | 0.8473 11.56
7.50 0.0641 0.0487 0.0805 37.21 0.8313 0.1687 0.8483 11.47
7.55 | 0.0646 | 0.0485 | 0.0807 36.90 | 0.8325 | 0.1675 | 0.8492 11.38
7.60 | 0.0650 | 0.0482 | 0.0809 | 36.59 | 0.8337 | 0.1664 [ 0.8501 11.29
7.65 | 0.0654 | 0.0480 | 0.0811 36.28 | 0.8348 | 0.1654 | 0.8510 | 11.20
7.70 | 0.0658 | 0.0478 | 0.0813 | 35.98 | 0.8359 | 0.1643 | 0.8519 11.12
7.75 | 0.0662 | 0.0475 | 0.0815 35,68 | 0.8370 | 0.1632 | 0.8528 11.03
7.80 | 0.0666 | 0.0473 | 0.0817 35.39 | 0.8381 | 0.1622 [ 0.8537 10.95
7.85 | 0.0670 | 0.0471 | 0.0819 | 35.10 | 0.8392 [ 0.1611 | 0.8545 10.87
7.90 | 0.0673 | 0.0468 | 0.0820 | 34.82 | 0.8403 [ 0.1601 | 0.8554 | 10.79
7.95 | 0.0677 | 0.0466 | 0.0822 34,54 | 0.8413 | 0.1591 | 0.8562 10.71
8.00 | 0.0681 | 0.0464 | 0.0824 | 34.26 | 0.8423 | 0.1581 | 0.8570 | 10.63
8.05 | 0.0685 | 0.0462 | 0.0826 | 33.99 | 0.8434 | 0.1571 | 0.8579 10.55
8.10 | 0.0688 | 0.0459 | 0.0828 | 33.73 | 0.8444 | 0.1561 | 0.8587 10.48
§.15 | 0.0692 | 0.0457 | 0.0829 | 33.46 | 0.8454 | 0.1552 | 0.8595 10.40
8.20 [ 0.0695 [ 0.0455 | 0.0831 33.20 | 0.8463 | 0.1542 | 0.8603 10.33
8.25 | 0.0699 | 0.0453 | 0.0833 32.95 | 0.8473 | 0.1533 | 0.8611 10.25
8.30 | 0.0702 | 0.0451 | 0.0835 | 32.70 | 0.8483 | 0.1523 | 0.8618 10.18
8.35 | 0.0706 | 0.0449 | 0.0836 | 32.45 | 0.8492 | 0.1514 | 0.8626 10.11
8.40 | 0.0709 | 0.0447 | 0.0838 | 32.21 | 0.8501 | 0.1505 | 0.8633 10.04
8.45 | 0.0713 | 0.0445 | 0.0840 | 31.96 | 0.8510 | 0.1496 | 0.8641 9.97
8.50 | 0.0716 | 0.0443 | 0.0842 | 31.73 | 0.8520 | 0.1487 | 0.8648 9.90
8.55 0.0719 0.0441 0.0843 31.49 0.8528 0.1479 0.8656 9.84
8.60 | 0.0722 | 0.0438 | 0.0845 | 31.26 | 0.8537 | 0.1470 | 0.8663 9.77
8.65 | 0,0725 | 0.0436 [ 0.0847 31.04 | 0.8546 | 0.1461 | 0.8670 9.70
8.70 | 0.0729 | 0.0434 | 0.0848 | 30.81 | 0.8555 | 0.1453 [ 0.8677 9.64
8.75 0.0732 0.0433 0.0850 30.59 0.8563 0.1445 0.8684 9,58
8.80 0,0735 0.0431 0.0852 30.37 0.8572 0.1436 0.8691 9.51
8.85 0.0738 0.0429 0,0853 30.16 0.8580 0.1428 0.8698 9.45
8.90 0.0741 0.0427 0.0855 29.95 0.8588 0.1420 0.8705 9.39
8.95 0.0744 0.0425 0.0856 29.74 0.8596 0.1412 0.8712 9.33
9.00 0.07417 0.0423 0.0858 29.53 0.8604 0.1404 0.8718 9.27
9.05 | 0.0749 | 0.0421 | 0.0860 | 29.33 | 0.8612 [ 0.1396 [ 0.8725 9.21
9.10 | 0.0752 | 0.0419 | 0.0861 29.12 | 0.8620 | 0.1389 | 0.8731 9.15
9.15 | 0.0755 | 0.0417 | 0.0863 | 28.93 | 0.8628 | 0.1381 | 0.8738 9.09
9.20 | 0.0758 | 0.0415 | 0.0864 | 28.73 | 0.8636 | 0.1373 | 0.8744 9.04
9.25| 0.0761 | 0.0414 | 0.0866 | 28.54 | 0.8643 | 0.1366 | 0.8751 8.98
9.30 0.0763 0.0412 0.0867 28.35 0.8651 0.1359 0.8757 8.92
9.35| 0.0766 | 0.0410 | 0.0869 [ 28.16 | 0.8658 | 0.1351 | 0.8763 8.817
9.40 | 0.0769 | 0.0408 | 0.0870 [ 27.97 | 0.8666 | 0.1344 [ 0.8769 8.82
9.45 0.0771 0.0406 0.0872 27.79 0.8673 0.1337 0.87175 8.76
9.50 | 0.0774 | 0.0405 [ 0.0873 | 27.61 | 0.8680 | 0.1330 | 0.8781 8.71
9.55| 0.0776 | 0.0403 | 0.0875 | 27.43 | 0.8687 | 0.1323 | 0.8787 8.66
9.60 0.0779 0.0401 0.0876 27.25 0.8694 0.1316 0.8793 8.61
9.65 0.0781 0.0400 0.0878 27,08 0.8701 0.1309 0.8799 8.55
9.70 0.0784 0.0398 0.0879 26.90 0.8708 0.1302 0.8805 8.50
9.75 0.0786 0.0396 0.0881 26.73 0.8715 0.1295 0.8811 8.45
9.80| 0.0789 | 0.0394 | 0.0882 | 26.57 | 0.8722 | 0.1289 | 0.8816 8.40
9.85| 0.0791 | 0.0393 | 0.0883 26.40 | 0.8728 | 0.1282 | 0.8822 8.36
9.90,| 0.0794 0.0391 0.0885 26.24 0.8735 0.1276 0.8827 8.31
9.95 0.0796 0.0390 0.0886 26.01 0.8741 0.1269 0.8833 8.26
10.00 0.0798 0.0388 0.0888 25.91 0.8748 0.1263 0.8838 8.21

WADC TR 56-614 A-21




k= 0.0 o = 0.50
/- o Y
X / 27 = =7

a 4 X 2?715; I X

REAL | 1M4G. reac | mac | moouus| EAE
1.00 | 1.0037 |-5.9743 | 0.5322 | 5.3156 | 0.0049 | 1.0049 |-0.0015 | 1.0049 | 359.92
1.05 | 1.0045 |-5.4139 | 0.5542 | 5.2246 | 0.0054 | 1.0059 [-0.0020 | 1.0059 | 359.89
1.10 | 1.0054 |-4.9278 | 0.5757 | 5.1306 | 0.0059 | 1.0070 (-0.0026 |1.0070 | 359.85
1.15 | 1.0065 |-4.5032 | 0.5965 | 5.0339 | 0.0065 | 1.0082 |-0.0034 | 1.0082 | 359.81
1.20 | 1.0077 |-4.1302 | 0.6167 | 4.9345 | 0.0072 | 1.0096 |-0.0043 |1.0096 | 359.76
1.25 | 1.0091 |-3.8007 |0.6362 | 4.8327 |0.0080 | 1.0110 |-0.0054 |1.0111 | 359.69
1.30 | 1.0106 |-3.5080 | 0.6550 | 4.7287 | 0.0088 | 1.0126 [-0.0068 | 1.0126 | 359.62
1.35 | 1.0123 |-3.2469 | 0.6732 | 4.6226 | 0.0098 | 1.0142 |-0.0084 | 1.0143 | 359.53
1.40 | 1.0142 |-3.0129 |0.6906 | 4.5146 | 0.0109 | 1.0159 |-0.0103 | 1.0160 | 359.42
1.45 | 1.0163 |-2.8024 |0.7074 | 4.4050 |0.0122 | 1.0177 [-0.0125 | 1.0178 | 359.30
1.50 | 1.0186 [-2.6123 | 0.7234 | 4.2040 | 0.0137 | 1.0194 |-0.0150 | 1.0195 | 359.16
1.55 | 1.0211 |-2.4400 |0.7386 | 4.1818 | 0.0153 | 1.0211 |-0.0179 | 1.0213 | 359.00
1.60 | 1.0238 |-2.2833 |0.7531 | 4.0686 | 0.0171 | 1.0228 |-0.0211 | 1.0230 | 358.82
1.65 | 1.0268 |-2.1405 |0.7669 | 3.9546 | 0.0192 | 1.0243 (-0.0248 | 1.0246 | 358.61
1.70 | 1.0300 |-2.0100 | 0.7799 | 3.8403 | 0.0215 | 1.0256 |-0.0288 | 1.0260 | 358.39
1.75 | 1.0335 [-1.8903 | 0.7921 | 3.7258 | 0.0241 | 1.0267 [-0.0331 | 1.0272 | 358.15
1.80 | 1.0372 |-1.7804 | 0.8035 | 3.6114 | 0.0270 | 1.0274 |-0.0379 | 1.0281 | 357.89
1.85 | 1.0410 |-1.6793 [ 0.8142 | 3.4975 | 0.0303 | 1.0278 |-0.0429 |1.0287 | 357.61
1.90 | 1.0451 |-1.5861 | 0.8241 | 3.3844 | 0.0339 | 1.0278 [-0.0482 | 1.0289 | 357.32
1.95 | 1.0404 [-1.5000 | 0.8333 | 3.2724 | 0.0379 | 1.0273 [-0.0537 | 1.0287 | 357.01
2.00 |1.0539 |-1.4205 | 0.8418 | 3.1620 | 0.0423 | 1.0263 |-0.0594 | 1.0281 | 356.69
2.05 | 1.0584 | -1.3468 | 0.8495 | 310534 | 0.0472 | 1.0248 |-0.0651 | 1.0269 | 356.36
210 | 1.0631 |-1.2786 | 0.8566 | 2.9471 | 0.0525 | 1.0228 |-0.0709 | 1.0252 | 356.04
2.15 | 1.0679 (-1.2153 | 0.8630 | 2.8432 | 0.0582 | 1.0202 [-0.0765 | 1.0230 | 355.71
2.20 | 1.0726 | -1.1565 | 0.8687 | 2.7421 | 0.0644 | 1.0170 |-0.0820 | 1.0203 | 355.39
2.25 |1.0774 |-1.1020 | 0.8739 | 2.6441 | 0.0711 | 1.0134 |-0.0873 | 1.0172 | 355.08
2.30 | 1.0821 |-1.0512 | 0.8786 | 2.5404 | 0.0781 | 1.0094 (-0.0922 | 1.0136 | 354.78
2:35 | 1.0868 |-1.0040 | 0.8828 | 2.4581 | 0.0856 | 1.0049 [-0.0968 | 1.0096 | 354.50
2.40 | 1.0913 | -0.9600 | 0.8865 | 2.3704 | 0.0934 | 1.0002 |-0.1011 | 1.0053 | 354.23
2.45 | 1.0957 [-0.9191 | 0.8898 | 2.2863 | 0.1016 | 0.9952 [-0.1049 | 1.0007 | 353.98
2.50 | 1.0999 [-0.8809 | 0.8928 | 2.2058 | 0.1102 [ 0.9900 [-0.1082 | 0.9959 | 353.76
2.55 | 1.1040 | -0.8452 | 0.8954 | 2.1200 | 0.1190 | 0.9847 |-0.1112 | 0.9909 | 353.56
2.60 [1.1078 |-0.8118 [0.8978 | 2.0557 |0.1280 | 0.9792 [-0.1137 | 0.9858 | 353.38
2.65 | 1.1115 (-0.7806 | 0.8999 | 1.9860 | 0.1372 | 0.9738 [-0.1158 | 0.9507 | 353.22
2.70 | 1.1149 | -0.7514 | 0.9018 | 1.9196 | 0.1467 | 0.9684 |-0.1175 | 0.9755 | 353.08
2.75 | 1.1182 |-0.7240 | 0.9035 | 1.8566 | 0.1562 | 0.9631 [-0.1189 | 0.9704 | 352.96
2.80 | 1.1212 | -0.6983 | 0.9050 | 1.7967 | 0.1659 | 0.9578 |-0.1199 | 0.9653 | 352.86
2.85 |1.1240 | -0.6741 | 0.9064 | 1.7398 | 0.1756 | 0.9527 |-0.1207 | 0.9603 | 352.78
2.90 | 1.1266 | -0.6514 | 0.9076 | 1.6858 | 0.1853 | 0.9477 |-0.1211 | 0.9554 | 352.72
2.95 |1.1290 (-0.6300 | 0.9087 | 1.6345 | 0.1951 | 0.9429 [-0.1213 | 0.9507 | 352.67
3.00 |1.1312 |-0.6098 | 0.9098 | 1.5858 | 0.2048 | 0.9382 |-0.1213 | 0.9460 | 352.63
3.05 |1.1332 | -0.5908 [ 0.9107 | 1.5395 | 0.2145 | 0.9337 [-0.1211 | 0.9415 | 352.61
3.10 | 1.1351 | -0.5728 | 0.9116 | 1.4956 | 0.2241 | 0.9294 |-0.1208 | 0.9372 | 352.60
3.15 | 1.1367 |-0.5558 | 0.9125 | 1.4538 | 0.2337 | 0.9252 |-0.1203 | 0.9330 [ 352.59
3.20 |1.1382 |-0.5397 | 0.9133 | 1.4141 | 0.2431 | 0.9213 |-0.1186 | 0.9290 | 352.60
3.25 | 1.1396 |-0.5244 | 0.9140 | 1.3763 | 0.2525 | 0.9175 |-0.1189 | 0.9251 | 352.62
3.30 |1.1408 |-0.5009 | 0.9147 | 1.3404 | 0.2618 | 0.9138 |-0.1181 | 0.9214 | 352.64
3.35 |1.1419 |-014962 | 019154 | 1.3061 | 0:2709 | 0.9103 |-0.1172 | 0.9178 | 352.66
3.40 |1:1428 | -0:4831 | 0:9160 | 1.2735 | 0.2798 | 0.9070 |-0.1162 | 0.9144 | 352.70
3.45 |1.1436 | -0.4707 | 09166 | 1.2424 | 0.2887 | 0.9038 -0.1152 | 0.9111 | 352.73
3.50 |1.1443 | -0.4588 | 0.9172 | 1.2128 | 0.2074 | 0.9008 [-0.1142 | 0.9080 [ 352.77
3.55 | 1.1449 [-0.4476 | 0.9178 | 1.1845 | 0.3059 | 0.8978 |-0.1131 | 0.9049 | 352.82
3.60 | 1.1454 | -0.4368 | 0.9184 | 1.1574 | 0.3143 | 0.8951 |-0.1121 | 0.9020 | 352.86
3.65 | 1.1458 | -0.4265 | 0.9189 [ 11316 | 0.3225 | 0.8924 |-0.1110 | 0.8993 [ 352.91
3.70 | 1.1461 |-0.4167 | 019195 [ 1.1089 | 0.3306 | 0.8898 (-0.1099 | 0.8968 | 352.96
3.75 | 1.1463 | -0.4073 | 0.9200 | 1.0832 | 0.3385 | 0.8874 |-0.1088 | 0.8940 | 353.01
3.80 |1.1464 |-0.3984 | 09206 | 1.0608 | 0.3463 | 0.8850 [-0.1077 | 0.8916 | 353.06
3.85 |1.1465 |-0.3898 [ 0.9211 | 1.0388 | 0.3539 | 0.8828 [-0.1066 | 0.8882 | 353.12
3.90 |1.1465 | -0.3815 | 0.9216 [ 1.0180 | 0.3613 | 0.8806 |-0.1055 | 0.8869 | 353.17
3.95 |1.1464 |-0.3736 | 0.9221 | 0.9981 | 0.3686 | 0.8786 |-0.1044 | 0.884% | 353.22

WADC TR 56-614

A-22




k= 0.0 o= 0.50
& /+7 17 Fip
PHASE PHA

REAL IMAG. MODULUS (DEGREES) REAL MAG. MODULUS (DEG. ﬂg'g
1.00 |-0.0049 | 0,0015 [ 0.0051 | 163.27 | 0.0156 | 0.1236 | 0.1246 | 82.81
1.05 |-0.0059 | 0.0020 [ 0.0062 | 161.55 | 0.0189 | 0.1359 | 0.1372 | 82.07
1.10 [-0.0070 | 0.0026 | 0.0075 | 159.75 | 0.0228 | 0.1487 | 0.1504 [ 81.28
1.15 |-0.0082 | 0.0034 | 0.0089 | 157.87 | 0.0272 | 0.1620 | 0.1642 | 80.46
1.20 [-0.0096 | 0.0043 | 0.0105 | 155.89 | 0.0322 | 0.1757 | 0.1786 | 79.60
1.25 |-0.0110 [ 0.0054 | 0.0123 | 153.84 | 0.0379 | 0.1898 | 0.1935 [ 78,71
1.30 |-0.0126 | 0.0068 | 0.0143 | 151.70 [ 0.0443 | 0.2042 | 0.2089 [ 77,77
1.35 [-0.0142 | 0.0084 | 0.0165 | 149.47 | 0.0514 | 0.2189 | 0.2249 | 76.79
1.40 [-0.0159 | 0.0103 | 0.0190 | 147.16 | 0.0593 | 0.2339 | 0.2413 | 75.77
1.45 [-0.0177 | 0,0125 | 0.0217 | 144.77 | 0.0681 | 0.2490 [ 0.2582 | 74.71
1.50 [-0.0194 | 0.0150 | 0.0246 | 142.30 | 0.0777 | 0.2642 [ 0.2754 | 73.61
1.55 [-0.0211 | 0.0179 | 0.0277 | 139.75 | 0.0883 | 0.2795 | 0.2931 [ 72.46
1.60 [-0.0228 | 0.0211 | 0.0311 | 137.13 | 0,0999 | 0.2946 | 0.3111 | 71.28
1.65 [-0.0243 | 0.0248 | 0.0347 | 134.43 | 0.1124 | 0.3096 [ 0.3294 | 70.05
1.70 |-0.0256 | 0.0288 | 0.0385 | 131.66 | 0.1259 | 0.3243 | 0.3479 | 68.79
1.75 [-0.0267 | 0.0331 | 0.0425 | 128.82 | 0.1403 | 0.3386 | 0.3665 | 67.49
1.80 |-0.0274 | 0.0379 | 0,0467 | 125,93 [ 0.1558 | 0.3524 | 0.3853 | 66.15
1.85 [-0.0278 | 0.0429 | 0.0511 [ 122.98 | 0,1722 | 0.3655 | 0.4040 | 64.78
1.90 [-0.0278 | 0.0482 | 0.0556 | 119.99 | 0.1894 | 0.3779 | 0.4227 | 63.37
1.95 |-0.0273 | 0.0537 | 0.0803 | 116.97 | 0.2075 | 0.3894 | 0.4412 | 61.95
2.00 [-0.0263 | 0.0594 | 0.0650 | 113.92 | 0.2263 | 0.3999 | 0.4595 | 80.49
2,05 |-0.0248 | 0.0851 | 0.0697 | 110.86 | 0.2457 | 0.4094 | 0.4775 | 59.03
2.10 | -0.0228 | 0.0709 | 0,0744 | 107.80 | 0.2656 | 0.4177 | 0.4950 | 57.55
2,15 [-0,0202 | 0.0765 | 0.0791 | 104.75 | 0.2859 | 0.4248 | 0.5120 [ 56,08
2,20 |-0,0170 | 0.0820 | 0.0838 | 101.73 | 0.3063 | 0.4306 | 0.5284 | 54.58
2.25 | -0.0134 | 0,0873 | 0.0883 | 98.74 | 0.3268 | 0.4352 | 0.5443 | 53.10
2.30 | -0,0094 | 0.0922 | 0.0927 | 95.81 | 0.3472 | 0.4386 | 0.5594 | 51.84
2.35 | -0.0049 | 0.0968 | 0.0970 | 92,92 | 0.3674 | 0.4408 | 0.5738 | 50.19
2.40 [-0.0002 | 0.1011 | 0.1011 | 90.11 | 0.3872 | 0.4419 | 0.5875 | 48.77
2.45 | 0.0048 | 0.1049 | 0.1050 | 87.37 | 0.4066 | 0.4419 | 0.6005 | 47.38
2,50 | 0.0100 | 0.1082 | 0.1087 | 84.71 | 0.4255 | 0.4409 | 0.6127 | 46.02
2.55 | 0.0153 | 0.1112 | 0.1122 | 82.14 | 0.4437 | 0.4391 | 0.6242 | 44.70
2,60 [ 0.0208 | 0.1137 | 0.1156 | 79.66 | 0.4612 | 0.4365 | 0.6350 | 43.42
2.65 [ 0.0262 | 0.1158 | 0.1187 | 77.26 | 0.4781 | 0.4332 [ 0.6451 | 42.18
2.70 | 0.0316 | 0.1175 | 0.1217 | 74.96 | 0.4942 | 0.4293 | 0.6546 | 40.98
2.75 | 0.0369 | 0.1189 | 0.1245 | 72.75 | 0.5095 | 0.4249 | 0.6635 | 39.83
2.80 | 0.0422 | 0.1199 | 0.1271 | 70.63 | 0.5241 | 0.4201 | 0.6717 | 38,71
2.85 | 0.0473 | 0.1207 | 0.1296 | 68.60 | 0.5380 | 0.4150 | 0.6795 | 37.64
2.90 [ 0.0523 | 0.1211 | 0.1319 | 66.65 | 0.5512 | 0.4096 | 0.6867 | 36.62
2.95 | 0,0571 | 0.1213 | 0.1341 | 64.79 | 0.5637 | 0.4040 | 0.6935 | 35.63
3.00 | 0.0618 | 0.1213 | 0.1361 | 63.01 | 0.5755 | 0.3983 | 0.6999 | 34.69
3.05 [ 0.0663 | 0.1211 | 0.1381 [ 61.31 | 0.5867 | 0.3924 | 0.7058 | 33.78
3.10 | 0.0706 | 0.1208 [ 0.1399 | 59.69 | 0.5972 | 0.3865 | 0.7114 | 32.91
3.15| 0.0748 | 0.1203 | 0.1416 | 58.13 | 0.6072 | 0.3806 | 0.7167 | 32.08
3.20 | 0.0787 | 0.1196 | 0,1432 [ 56.65 | 0.6167 | 0.3747 [ 0.7216 | 31.28
3.25 | 0.0825 | 0.1189 | 0.1447 | 55.23 | 0.6257 | 0.3688 | 0.7263 | 30.52
3.30 | 0.0862 | 0.1181 | 0.1462 | 53.87 | 0.6341 | 0.3630 | 0.7307 | 29.79
3.35 | 0.0897 | 0.1172 [ 0.1476 | 52.58 | 0.6422 | 0.3573 | 0.7349 | 29.09
3.40 | 0.0930 | 0.1162 | 0.1489 | 51.33 | 0.6498 | 0.3516 | 0.7388 | 28.42
3.45 ( 0.0962 [ 0.1152 [ 0.1501 | 50.15 | 0.6570 | 0.3461 | 0.7426 | 27.78
3.50 | 0.0992 | 0.1142 | 0.1513 | 49.01 | 0.6639 [ 0.3406 | 0.7462 | 27.16
3.55 | 0.1022 | 0.1131 | 0.1524 | 47.82 | 0.6704 | 0.3353 | 0.7496 | 26.57
3.60 | 0.1049 | 0.1121 | 0.1535 | 46.88 | 0.6766 | 0.3301 | 0.7528 | 26.00
3.65 | 0.1076 | 0.1110 [ 0.1546 | 45.88 | 0.6825 | 0.3250 | 0,7559 | 25.46
3.70 | 0.1102 | 0.1099 | 0.1556 | 44.92 | 0.6882 | 0.3200 | 0.7589 | 24.94
3.75 | 0.1126 | 0.1088 | 0.1566 | 44.00 | 0.6935 | 0.3152 | 0.7618 | 24.44
3.80 | 0.1150 | 0.1077 | 0.1575 | 43.12 | 0.6987 | 0.3105 | 0.7646 | 23.96
3.85 | 0.1172 | 0.1066 | 0.1584 | 42.27 | 0.7036 | 0.3059 | 0.7672 | 23.50
3.90 | 0.1194 | 0.1055 | 0.1593 | 41.46 | 0.7083 | 0.3015 | 0.7698 | 23.05
3.95| 0.1214 | 0.1044 | 0.1601 | 40.68 | 0.7129 | 0.2971 | 0.7723 | 22.63

WADC TR 56-614




k= 0.0 o = 0.50
/- of Y
X / o7 -9

a 2 'X 27r§ { X

REAL | mac REAL mac. | moouus| PAX
4.00 | 1.1462 | -0.3660 | 0.9226 | 0.9789 | 0.3757 | 0.8766 |-0.1033 | 0.8826 | 353.28
4.05 | 1.1460 [ -0.3587 | 0.9231 | 0.9604 | 0.3827 | 0.8746 [-0.1022 | 0.8806 | 353.33
4.10 | 1.1458 [ -0.3517 | 0.9236 | 0.9427 | 0.3896 | 0.8728 |-0.1012 | 0.8786 | 353.3%
4.15 | 1.1455 | -0.3450 | 0.9242 | 0.9257 | 0.3963 | 0.8710 [-0.1002 | 0.8767 | 353.44
4.20 | 1.1451 | -0.3385 | 0.9247 | 0.9093 | 0.4028 [ 0.8693 [-0.0992 | 0.8749 | 353.49
4.25 | 1.1447 | -0.3323 | 0.9252 | 0.8934 | 0.4092 | 0.8676 [-0.0982 | 0.8732 | 353.54
4.30 | 1.1443 | -0.3263 | 0.9256 | 0.8782 | 0.4155 | 0.8660 |-0.0972 | 0.8714 | 353.60
4235 | 1.1438 | -0.3204 | 0.9261 | 0.8635 | 0.4217 | 08645 |-0.0962 | 0.8698 | 353.65
4.40 | 1.1433 | -0.3148 | 0.9266 | 0.8493 | 0.4277 | 0.8629 |-0.0953 | 0.8682 | 353.70
4.45 | 1.,428 | -0.3004 | 0.9271 | 0.8356 | 0.4336 | 0.8615 [-0.0944 | 0.8666 | 353.75
4,50 | 1.1422 | -0.3042 | 0.9276 | 0.8223 | 0.4394 | 0.8601 |-0.0035 | 0.8651 | 353.80
4.55 | 1.1416 | -0.2991 | 0.9281 | 0.8095 | 0.4451 | 0.8587 |-0.0926 | 0.8637 | 353.85
4.60 | 1.1410| -0.2942 | 0.9286 | 0.7971 | 0.4506 | 0.8574 |-0.0917 | 0.8622 | 353.89
4.65 | 1.1404 | -0.2895 | 0.9291 | 0.7851 | 0.4561 | 0.8561 |-0.0908 | 0.8609 | 353.94
4.70 | 1.1397 | -0.2849 | 0.9296 | 0.7734 | 0.4614 | 0.8548 |-0.0900 | 0.8595 | 353.99
4.75 | 1.1390 | -0.2805 | 0.9301 | 0.7621 | 0.4667 | 0.8536 |-0.0892 | 0.8582 | 354.04
4.80 | 1.1383 | -0.2761 | 0.9305 | 0.7512 | 0.4718 | 0.8524 |-0.0884 | 0.8560 | 354.08
4.85 | 1.1378 | -0.2719 | 0.9310 | 0.7408 | 0.4768 | 0.8512 |-0.0876 | 0.8557 | 354.13
4.90 | 1.1369 | -0.2679 | 0.9315 | 0.7302 | 0.4818 | 0.8500 |-0.0868 | 0.8545 | 354 17
4.95 | 1.1362 | -0.2639 | 0.9320 | 0.7202 | 0.4866 | 0.8489 |-0.0860 | 0.8533 | 354.21
5.00 | 1.1354 | -0.2601 | 0.9325 | 0.7105 | 0.4914 | 0.8478 |-0.0853 | 0.8521 | 354.26
5.05 | 1.1347 | -0.2564 | 0.9329 | 0.7010 | 0.4961 | 0.8468 |-0.0846 | 0.8510 | 354.30
5.10 | 1.1339 | -0.2527 | 0.9334 | 0.6918 | 0.5007 | 0.8457 |-0.0838 | 0.8499 | 354.34
5.15 | 1.1331 | -0.2492 | 0.9339 | 0.6828 | 0.5052 | 0.8447 |-0.0831 | 0.8488 | 354.38
5.20 | 1.1324 | -0.2458 | 0.9343 | 0.6740 | 0.5096 | 0.8437 |-0.0824 | 0.8478 | 354.42
5.25 | 1.1316 | -0.2424 | 0.9348 | 0.6655 | 0.5140 | 0.8428 |-0.0817 | 0.8467 | 354.46
5.30 | 1.1308 | -0.2392 | 0.9352 | 0.6572 | 0.5183 | 0.8418 (-0.0811 | 0.8457 | 354.50
5.35 | 1.1300 | -0.2360 | 0.9357 | 0.6491 | 0.5225 | 0.8409 |-0.0804 | 0.8447 | 35454
5.40 | 1.1292 | -0.2329 | 0.9381 | 0.6412 | 0.5267 | 0.8400 |-0.0798 | 0.8438 | 35458
5.45 | 1.1284 | -0.2299 | 0.9366 | 0.6335 | 0.5307 | 0.8391 (-0.0791 | 0.8428 | 354.81
5.50 | 1.1276 | -0.2269 | 0.9370 | 0.6260 | 0.5348 [ 0.8382 |-0.0785 | 0.8419 | 354.65
5.55 | 1.1269 | -0.2241 | 0.9375 | 0.6186 | 0.5387 | 0.8374 |-0.0779 | 0.8410 | 354.69
5.60 | 1.1261 | -0.2212 | 0.9379 | 0.6114 | 0.5426 | 0.8365 |-0.0772 | 0.8401 | 354.72
5.65 | 1.1253 | -0.2185 | 0.9383 | 0.6044 | 0.5464 | 0.8357 |-0.0766 | 0.8392 | 354.76
5.70 | 1.1245 | -0.2158 | 0.9387 | 0.5975 | 0.5502 | 0.8349 |-0.0760 | 0.8383 | 354.80
5.75 | 1.1237 | -0.2132 | 0.9392 | 0.5908 | 0.5530 | 0.8341 |-0.0755 | 0.8375 | 354.83
5.80 | 1.1220 | -0.2107 | 0.9396 | 0.5842 | 0.5575 | 0.8333 |-0.0749 | 0.8367 | 354.86
5.85 | 1.1222 | -0.2082 | 0.9400 | 0.5778 | 0.5611 | 0.8325 |-0.0743 | 0.8358 | 354.90
5.90 | 1.1214 | -0.2057 | 0.9404 | 0.5715 | 0.5647 | 0.8318 |-0.0738 | 0.8350 | 354.93
5.95 | 1.1206 | -0.2033 | 0.9408 | 0.5654 | 0.5682 | 0.8310 |-0.0732 | 0.8343 | 354.97
6.00 | 1.1199 [ -0.2010 | 0.9412 | 0.5593 | 0.5716 | 0.8303 |-0.0727 | 0.8335 | 355.00
6.05 | 1.1191 [-0.1987 | 0.9416 | 0.5534 | 0.5750 | 0.8296 |-0.0721 | 0.8327 | 355.03
6.10 | 1.1184 [-0.1964 | 0.9420 | 0.5476 | 0.5783 | 0.8289 |-0.0716 | 0.8320 | 355.06
6.15 | 1.1176 [ -0.1942 | 0.9424 | 0.5420 | 0.5816 | 0.8282 |-0.0711 | 0.8313 | 355.09
6.20 | 1.1169 [ -0.1921 | 0.9428 | 0.5364 | 0.5848 | 0.8275 [-0.0706 | 0.8306 | 355.13
6.25 | 1.1162 [-0.1900 | 0.9431 | 0.5310 | 0.5880 | 0.8269 |-0.0701 | 0.8298 | 355.16
6.30 | 1.1154 [-0.1870 | 0.9435 | 0.5256 | 0.5912 | 0.8262 |-0.0696 | 0.8292 | 35519
6.35 | 1.1147 | -0.1859 | 0.9439 | 0.5204 | 0.5943 | 0.8256 |-0.0691 | 0.8285 | 355.22
6.40 | 1.1140 | -0.1839 | 0.9443 | 0.5152 |0.5974 | 0.8250 |-0.0686 | 0.8278 | 355.25
.45 | 1.1133 | -0.1820 | 0.9446 | 0.5102 | 0.6004 | 0.8243 |-0.0681 | 0.8272 | 355.28
6.50 | 1.1126 | -0.1801 | 0.9450 | 0.5052 | 0.6034 | 0.8237 |-0.0876 | 0.8265 | 355.31
6.55 | 1.1119 [ -0.1782 | 0.9453 | 0.5004 | 0.6063 | 0.8231 |-0.0671 | 0.8259 | 355.34
6.60 | 1.1112 | -0.1764 | 0.9457 | 0.4956 | 0.6092 | 0.8225 |-0.0667 | 0.8252 | 355.36
6.65 | 1.1105 | -0.174> | 0.9460 | 0.4909 | 0.6121 | 0.8220 |-0.0662 | 0.8246 | 355.39
6.70 | 1.1098 | -0.1728 | 0.9464 | 0.4863 | 0.6149 | 0.8214 |-0.0658 | 0.8240 | 355.42
6.75 | 1.1092 | -0.1711 | 0.9467 | 0.4818 | 0.6177 | 0.8208 |-0.0653 | 0.8234 | 355.45
6.80 | 1.1085 | -0.1694 | 0.9471 | 0.4774 | 0.6204 | 0.8203 |-0.0640 | 0.8228 | 355.48
6.85 | 1.1078 [ -0.1678 | 0.9474 | 0.4730 | 0.6231 | 0.8197 |-0.0645 | 0.8223 | 355.50
6.90 | 1.1072 | -0.1661 | 0.9477 | 0.4688 | 0.6258 | 0.8192 |-0.0640 | 0.8217 | 355.53
6.95 | 1.1065 | -0.1645 | 0.9480 | 0.4646 | 0.6284 | 0.8187 |-0.0636 | 0.8211 | 355.56

WADC TR 56-614 A-24




k= 0.0 o= 0.50

a /+7 1+79 Fip
PHASE PHASE
REAL IMAG. | MODULUS | Jia2l | REAL IMAG. | MODULUS | [P2or,
4,00 { 0.1234 | 0.1033 | 0.1610 39.93 | 0.7172 | 0.2929 | 0.7747 22,22
4.05 | 0.1254 | 0.1022 | 0.1618 39.20 | 0.7214 | 0.2888 | 0.7771 21,82
4.10 | 0.1272 | 0.1012 | 0.1626 38.50 | 0.7254 | 0.2848 | 0.7793 21.44
4.15 | 0.1290 | 0.1002 | 0.1633 37.83 | 0.7293 | 0.2810 | 0.7815 21.07
4.20 ( 0.1307 | 0.0992 | 0.1641 37.18 | 0.7330 | 0.2772 | 0.7837 20,72
4.25 | 0.1324 | 0.0882 | 0.1648 36.56 | 0.7366 | 0.2736 | 0.7858 20,37
4.30 | 0.1340 | 0.0972 | 0.1655 35.96 | 0.7401 | 0.2700 | 0.7879 20.04
4.35 | 0.1355 | 0.0962 | 0.1662 35.37 | 0.7435 | 0.2666 | 0.7899 19.72
4.40 | 0.1371 | 0.0953 | 0.1669 34.81 | 0.7468 | 0.2632 | 0.7918 19.41
4.45 | 0.1385 | 0.0944 | 0.1676 34.27 | 0.7500 | 0.2599 | 0.7937 19,12
4,50 [ 0.1399 | 0.0035 | 0.1683 33.74 | 0.7531 | 0.2567 | 0.7958 18.83
4.55 | 0.1413 | 0.0926 | 0.1689 33.23 | 0.7561 | 0.2537 | 0.7975 18.55
4.60 | 0.1426 | 0,0917 | 0.1696 32.73 | 0.7590 | 0.2506 | 0.7993 18.27
4.65 | 0.1439 | 0.0908 | 0.1702 32.26 | 0.7618 | 0.2477 | 0.8011 18.01
4.70 | 0.1452 | 0.0900 | 0.1708 31.79 | 0.7646 | 0.2448 | 0.8028 17.76
4.75 | 0.1464 | 0.0892 | 0.1715 31.34 | 0.7673 | 0.2420 | 0.8045 17.51
4.80 ] 0.1476 | 0.0884 | 0.1721 30.90 ( 0.7699 | 0.2393 | 0.8062 17.217
4.85 | 0.1488 | 0.0876 | 0.17217 30.48 | 0.7724 | 0.2367 | 0.8079 17.03
4.90 | 0.1500 | 0.0868 | 0.1733 30.07 | 0.7749 | 0.2341 | 0.8095 16.81
4.95 | 0.1511 | 0.0860 | 0.1739 29.66 | 0.7774 | 0.2315 | 0.8111 16.59
. 5.00 | 0.1522 | 0.0853 | 0.1744 29.27 | 0.7798 | 0.2291 | 0.8127 16.37
5.05 | 0.1532 | 0.0846 | 0.1750 28.89 | 0.7821 | 0.2266 | 0.8143 16.16
5.10 | 0.1543 | 0.0838 | 0.1756 28.52 | 0.7844 | 0.2243 | 0.8158 15.96
5.15 | 0.1553 | 0.0831 | 0.1761 28.16 | 0.7866 | 0.2220 | 0.8173 15.76
5.20 | 0.1563 | 0.0824 | 0.1767 27.81 | 0.7888 | 0.2197 | 0.8188 15.57
5.25 | 0.1572 | 0.0817 | 0.1772 27.47 | 0.7909 | 0.2175 | 0.8203 15.38
5.30 | 0.1582 | 0.0811 | 0.17717 27.13 | 0.7930 | 0.21563 | 0.8218 15.19
5.35 | 0.1591 | 0.0804 | 0.1783 26.81 | 0.7951 | 0.2132 | 0.8232 15,01
5.40 | 0.1600 | 0.0798 | 0.1788 26.49 | 0.7971 | 0.2111 | 0.8248 14,84
5.45 | 0.1609 | 0.0791 | 0.1793 26.18 | 0.7991 | 0.2091 | 0.8260 14.67
5.50 | 0.1618 | 0.0785 | 0.1798 25.88 | 0.8010 | 0.2071 | 0.8274 14.50
5.55 | 0.1626 | 0.0779 | 0.1803 25.58 | 0.8029 | 0.2052 | 0.8287 14,33
5.60 | 0.1635 | 0.0772 | 0.1808 25.29 | 0.8048 | 0.2032 | 0.8300 14.17
5.85 | 0.1643 | 0.0766 | 0.1813 25.01 | 0.8066 | 0.2014 | 0.8313 14,02
5.70 | 0.1651 | 0.0760 | 0.1818 24.73 | 0.8084 | 0.1995 | 0.8326 13.86
5.75 | 0.1659 | 0.0755 | 0.1823 24.46 | 0.8102 | 0.1977 | 0.8339 13.71
5.80 | 0.1667 | 0.0749 | 0.1827 24.19 | 0.8119 | 0.1959 | 0.8352 13.57
5.85 | 0.1675 | 0.0743 | 0.1832 23.93 | 0.8136 | 0.1942 | 0.8364 13.42
5.90 | 0.1682 | 0.0738 | 0.1837 23.68 | 0.8152 | 0.1924 | 0.8377 13.28
5.95 | 0.1690 [ 0.0732 | 0.1841 23.43 | 0.8169 | 0.1908 | 0.8389 13.14
6.00| 0.1697 | 0.0727 | 0.1846 23.18 | 0.8185 | 0.1891 | 0.8401 13.01
6.05( 0.1704 | 0.0721 | 0.1850 22.94 | 0.8201 | 0.1875 | 0.8412 12.88
6.10| 0.1711 | 0.0716 | 0.1855 22.71 | 0.8216 | 0.1859 | 0.8424 12.75
6.15| 0.1718 | 0.0711 | 0.1859 22.48 | 0.8232 | 0.1843 | 0.8435 12,62
6.20| 0.1725 | 0.0706 | 0.1863 22.25 | 0.8247 | 0.1827 | 0.8447 12,49
6.25| 0.1731 | 0.0701 | 0.1868 22.03 | 0.8261 | 0.1812 | 0.8458 12,37
6.30| 0.1738 | 0.0696 | 0.1872 21.82 | 0.8276 | 0.1797 | 0.8469 12.25
6.35| 0.1744 [ 0.0691 | 0.1878 21.60 | 0.8290 | 0.1782 | 0.8480 12.13
6.40| 0.1750 | 0.0686 | 0.1880 21.39 | 0.8304 | 0.1768 | 0.8490 12.02
6.45| 0.1757 | 0.0681 | 0.1884 21.19 | 0.8318 | 0.1754 | 0.8501 11.90
6.50 | 0.1763 | 0.0676 | 0.1888 20.99 | 0.8332 | 0.1739 | 0.8511 11.79
6.55| 0.1769 | 0.0671 | 0,1892 20.79 | 0.8345 | 0.1726 | 0.8522 11.68
6.60 0.1775 0.0667 0.1896 20.60 0.8358 0.1712 0.8532 11.58
6.65 0.1780 0.0662 0.1900 20.41 0.8371 0.1699 0.8542 11.47
6.70 0.1786 0.0658 0.1903 20.22 0.8384 0.1685 0.8552 11.37
6.75| 0.1792 | 0.0653 | 0.1907 20.03 | 0.8396 | 0.1672 | 0.8561 11.26
6.80 | 0.1797 | 0.0649 | 0.1911 19.85 | 0.8409 | 0.1659 | 0.8571 11.16
6.85| 0.1803 | 0.0645 | 0.1914 19.68 | 0.8421 | 0.1647 | 0.8580 11.07
6.90 0.,1808 0,0640 0.1918 19.50 0.8433 0.1634 0.8590 10.97
6.95| 0.1813 | 0.0636 | 0.1922 19.33 | 0.8445 | 0.1622 | 0.8599 10.87

WADC TR 56-614 A-25




WADC TR 56-614

k= 0.0 o = 0.50
-t y
X / 2w L =7

a £ Y ZFXX 4 X
REAL | IMAG. REAL mac. | moouus| FAX
7.00 | 1.1059 [-0.16830 | 0.9484 | 0.4604 | 0.6310 | 0.8182 |-0.0632 | 0.8206 | 355.58
7.05 | 1.1053 | -0.1614 | 0.9487 | 0.4584 | 0.6338 | 08176 |-0.0628 | 0.8200 | 355.61
7.10 | 1.1046 | -0.1599 | 0.9490 | 0.4524 | 0.6361 | 0.8171 [-0.0624 | 0.8195 | 355.84
7.15 | 1.1040 [ -0.1584 | 0.0493 | 0.4484 | 0.6386 | 0.8166 |-0.0620 | 0.8190 | 355.66
7.20 | 1.1034 | -0.1569 | 0.9496 | 04446 | 0.6411 | 0.8162 [-0.0616 | 0.8185 | 355.69
7.25 | 1.1028 [-0.1555 | 0.9499 | 0.4408 | 0.6435 | 0.8157 [-0.0812 | 0.8180 | 355.71
7.30 | 1.1022 [-0.1541 | 0.9502 | 0.4371 | 0.6459 | 0.8152 |-0.0608 | 0.8175 | 355.74
7.35 | 1.1016 | -0.1527 | 0.9505 | 0.4334 | 0.6483 | 0.8147 [-0.0804 | 0.8170 | 355.76
7.40 [ 1.1010 [-0.1513 | 0.9508 | 0.4298 | 0.6507 | 0.8143 |-0.0600 | 0.8165 | 355.78
7.45 | 1.1004 |-0.1500 | 0.#511 | 0.4262 | 0.6530 | 0.8138 [-0.05968 | 0.8160 | 355.81
7.50 | 1.0998 | -0.1487 | 0.9514 | 0.4227 | 0.6553 | 0.8134 (-0.0593 | 0.8155 | 355.83
7.55 | 1.0993 | -0.1474 | 0.9517 | 0.4193 | 0.6575 | 0.8129 |-0.0589 | 0.8151 | 355.88
7.60 | 1.0987 | -0.1461 | 0.9519 | 0.4159 | 0.6597 | 0.8125 |-0.0585 | 0.8146 | 355.88
7.65 | 1.0881 | -0.1448 | 0.9522 | 0.4128 | 0.6620 | 0.8121 |-0.0582 | 0.8141 | 355.80
7.70 | 1.0976 | -0.1436 { 0.9525 | 0.4093 | 0.6641 | 0.8118 |-0.0578 | 0.8137 | 355.92
7.75 | 1.0970 | -0.1424 | 0.9528 | 0.4061 | 0.6663 | 0.8112 |-0.0575 | 0.8133 | 355.95
7.80 | 1.0065 | -0.1412 | 0.9530 | 0.4029 | 0.6684 | 0.8108 |-0.0571 | 0.8128 | 355.97
7.85 | 1.0960 [ -0.1400 | 0.9533 | 0.3997 | 0.6705 | 0.8104 [-0.0568 | 0.8124 | 355.99
7.90 | 1.0954 [-0.1389 | 0.9535 | 0.3966 | 0.6726 | 0.8100 |-0.0565 | 0.8120 | 356.01
7.95 | 1.0949 [-0.1377 | 0.9538 | 0.3936 | 0.6746 | 0.8096 |-0.0561 | 0.81i8 | 356.03
8.00 | 1.0944 |-0.1366 | 0.9541 | 0.3906 | 0.6766 | 0.8092 |-0.0558 | 0.8112 | 356.08
8.05 | 1.0938 | -0.1355 | 0.9543 | 0.3877 | 0.6786 | 0.8088 |-0.0555 | 0.8107 | 356.08
8.10 | 1.0933 | -0.1344 | 0.9546 | 0.3848 | 0.6806 | 0.8085 |-0.0552 | 0.8103 | 356 10
8.15 | 1.0928 | -0.1333 | 0.9548 | 0.3819 | 0.6826 | 0.8081 |-0.0548 | 0.8100 | 356.12
8.20 | 1.0923 | -0.1323 | 0.9551 | 0.3791 | 0.6845 | 0.8077 |-0.0545 | 0.8098 | 358.14
8.25 | 1.0918 | -0.1312 | 0.9553 | 0.3763 | 0.6864 | 0.8074 |-0.0542 | 0.8092 | 356.16
8.30 | 1.0913 | -0.1302 | 0.9555 | 0.3736 | 0.6883 | 0.8070 |-0.0539 | 0.8088 | 356.18
8.35 | 1.0908 | -0.1292 | 0.9558 | 0.3708 | 0.6901 | 0.8066 |-0.0536 | 0.8084 | 356 20
8.40 | 1.0904 | -0.1282 | 0.9560 | 0.3682 | 0.6920 | 0.8063 [-0.0533 | 0.8081 | 356.22
8.45 | 1.0899 | -0.1272 | 0.9563 | 0.3656 | 0.6938 | 0.8059 |-0.0530 | 0.8077 | 356.24
8.50 | 1.0894 | -0.1263 | 0.9565 | 0.3630 | 0.6956 | 0.8056 [-0.0527 | 0.8073 | 356.26
8.55 | 1.0889 | -0.1253 | 0.9567 | 0.3604 | 0.6974 | 0.8053 |-0.0524 | 0.8070 | 356.28
8.60 | 1.0885 [ -0.1244 | 0.9569 | 0.3579 | 0.6991 | 0.8049 |-0.0521 | 0.8066 | 356.30
8.65 | 1.0880 | -0.1235 | 0.9572 | 0.3554 | 0.7009 | 0.8046 |-0.0518 | 0.8063 | 356.31
8.70 | 1.0875 | -0.1226 | 0.9574 | 0.3530 | 0.7026 | 0.8043 |-0.0516 | 0.8059 | 356.33
8.75 | 1.0871 | -0.1217 | 0.9576 | 0.3505 | 0.7043 | 0.8040 |-0.0513 | 0.8056 | 356.35
8.80 | 1.0866 | -0.1208 | 0.9578 | 0.3482 | 0.7060 | 0.8036 |-0.0510 | 0.8053 | 356.37
8.85 | 1.0862 | -0.1199 | 0.9580 | 0.3458 | 0.7077 | 0.8033 |-0.0507 | 0.8049 | 356.39
8.90 | 1.0858 | -0.1191 | 0.9583 | 0.3435 | 0.7093 | 0.8030 |-0.0505 | 0.8046 | 356.41
8.95 | 1.0853 | -0.1182 | 0.9585 | 0.3412 | 0.7109 | 0.8027 |-0.0502 | 0.8043 | 356.42
9.00 | 1.0849 | -0.1174 | 0.9587 | 0.3389 | 0.7125 | 0.8024 |-0.0499 | 0.8040 | 356.44
9.05 | 1.0845 | -0.1166 | 0.9589 | 0.3367 | 0.7141 | 0.8021 |-0.0497 | 0.8036 | 356.46
9.10 | 1.0840 | -0.1157 | 0.9591 | 0.3345 | 0.7157 | 0.8018 [-0.0494 | 0.8033 | 356.47
9.15 | 1.0836 | -0.1149 | 0.9593 | 0.3323 | 0.7173 | 0.8015 [-0.0491 | 0.8030 | 356.49
9.20 | 1.0832 | -0.1142 | 0.9595 | 0.3302 | 0.7188 | 0.8012 |-0.0489 | 0.8027 | 356 51
9.25 | 1.0828 | -0.1134 | 0.9597 | 0.3280 | 0.7203 | 0.8009 |-0.0486 | 0.8024 | 356.53
9.30 | 1.0824 | -0.1126 | 0.9599 | 0.3259 | 0.7218 | 0.8007 [-0.0484 | 0.8021 | 356.54
9.35 | 1.0820 | -0.1118 | 0.9601 | 0.3239 | 0.7233 | 0.8004 |-0.0481 | 0.8018 | 356.58
9.40 | 1.0816 | -0.1111 | 0.9603 | 0.3218 | 0.7248 | 0.8001 [-0.0479 | 0.8015 | 356.57
9.45 |1.0812 | -0.1104 | 0.9605 | 0.3198 | 0.7263 | 0.799s [-0.0476 | 0.8013 | 356.59
9.50 | 1.0808 | -0.1096 | 0.9607 | 0.3178 [ 0.7277 | 0.7996 |-0.0474 | 0.8010 | 356.61
9.55 | 1.0804 | -0.1089 | 0.9609 | 0.3159 | 0.7292 | 0.7993 |-0.0472 | 0.8007 | 356 62
9.60 | 1.0800 | -0.1082 | 0.9610 | 0.3139 | 0.7306 | 0.7950 |-0.0469 | 08004 | 356 64
9.65 | 1.0796 [ -0.1075 | 0.9612 | 0.3120 | 0.7320 | 0.7988 |-0.0467 | 0.8001 | 356 65
9.70 | 1.0793 | -0.1068 | 0.9614 | 0.3101 | 0.7334 | 0.7985 |-0.0465 | 0.7999 | 356 .67
9.75 | 1.0789 | -0.1061 | 0.9616 | 0.3082 | 0.7348 | 0.7983 |-0.0462 | 0.7996 | 356.68
9.80 | 1.0785 | -0.1054 | 0.9618 | 0.3064 | 0.7361 | 0.7980 |-0.0460 | 0.7993 | 356 70
9.85 | 1.0781 |-0.1048 | 0.9620 | 0.3045 | 0.7375 | 0.7978 |-0.0458 | 0.7991 | 356.71
9.90 | 1.0778 | -0.1041 | 0.9621 | 0.3027 | 0.7388 | 0.7975 |-0.0458 | 0.7988 | 356.73
9.95 | 1.0774 | -0.1034 | 0.9623 | 0.3009 | 0.7401 | 0.7973 |-0.0454 | 0.7985 | 35674
10.00 | 1.0770 | -0.1028 | 0.9625 | 0.2992 | 0.7414 | 0.7970 |-0.0451 | 0.7983 | 356.76

A-26




k= 0.0 o= 0.50
a o 17 Fio
PHASE PHASE
REAL MAG. | MoDULUS | 28| REAL IMAG. | MoDULUS | A5
7.00 | 0.1818 | 0.0632 | 0.1925 19.16 | 0.8456 | 0.1610 | 0.8608 10.78
7.05 | 0.1824 | 0.0628 | 0.1929 19.00 | 0.8468 | 0.1598 | 0.8617 10.69
7.10 | 0.1829 | 0.0624 | 0.1932 18.83 | 0.8479 | 0.1586 | 0.8626 10.60
7.15 | 0.1834 | 0.0620 | 0.1935 18.67 | 0.8490 | 0.1575 | 0.8635 10.51
7.20 | 0.1838 | 0.0616 | 0.1939 18.51 | 0.8501 | 0.1563 | 0.8643 10.42
7.25 | 0.1843 | 0.0612 | 0.1942 18.36 | 0.8512 | 0.1552 | 0.8652 10.33
7.30 | 0.1848 | 0.0608 | 0.1945 18.21 | 0.8522 | 0.i541 | 0.8660 10.25
7.35 | 0.1853 | 0.0604 | 0.1949 18.06 | 0.8533 | 0.1530 | 0.8669 10.17
7.40 | 0.1857 | 0.0600 | 0.1952 17.91 | 0.8543 | 0.1519 | 0.8677 10.08
7.45 | 0.1862 | 0.0596 | 0.1955 17.76 | 0.8553 | 0.1508 | 0.8685 10.00
7.50 | 0.1866 | 0.0593 | 0.1958 17.62 | 0.8563 | 0.1498 | 0.8693 9.92
7.55 | 0.1871 | 0.0589 | 0.1961 17.48 | 0.8573 | 0.1488 | 0.8701 9.84
7.60 | 0.1875 | 0.0585 | 0.1964 17.34 | 0.8583 | 0.1477 | 0.8709 9.77
7.65 | 0.1879 | 0.0582 | 0.1967 17.20 | 0.8592 | 0.1467 | 0.8717 9.69
770 | 0.1884 | 0.0578 | 0.1970 17.07 | 0.8602 | 0.1457 | 0.8724 9.62
7.75 | 0.1888 | 0.0575 | 0.1973 16.94 | 0.8611 | 0.1448 | 0.8732 9.54
7.80 | 0.1892 | 0.0571 | 0.1976 16.81 | 0.8620 | 0.1438 | 0.8739 9.47
7.85 | 0.1896 | 0.0568 | 0.1979 16.68 | 0.8629 | 0.1428 | 0.8747 9.40
7.90 | 0.1900 | 0.0565 | 0.1982 16.55 | 0.8638 | 0.1419 | 0.8754 9.33
7.95 | 0.1904 | 0.0561 | 0.1985 16.43 | 0.8647 | 0.1410 | 0.8761 9.26
8.00 | 0.1908 | 0.0558 | 0.1988 16.30 | 0.8656 | 0.1400 | 0.8768 9.19
8.05 | 0.1912 | 0.0555 | 0.1990 16.18 | 0.8664 | 0.1391 | 0.8775 9,12
§.10 | 0.1915 | 0.0552 | 0.1993 16.06 | 0.8673 | 0.1382 | 0.8782 9.06
8§.15 | 0.1919 | 0.0548 | 0.1996 15.95 | 0.8681 | 0.1373 | 0.8789 8.99
8.20 | 0.1923 | 0.0545 | 0.1998 15.83 | 0.8690 | 0.1365 | 0.8796 8.93
8.25 | 0.1926 | 0.0542 | 0.2001 15.72 | 0.8698 | 0.1356 | 0.8803 8.86
8.30 | 0.1930 | 0.0539 | 0.2004 15.60 | 0.8706 | 0.1348 | 0.8810 8.80
8.35 | 0.1934 | 0.0536 | 0.2006 15.49 | 0.8714 | 0.1339 | 0.8816 8.74
8.40 | 0.1937 | 0.0533 | 0.2009 15.38 | 0.8722 | G.1331 | 0.8823 8.68
8.45 | 0.1941 | 0.0530 | 0.2012 15.27 | 0.8729 | 0.1323 | 0.8829 8.62
§.50 | 0.1944 | 0.0527 | 0.2014 15.17 | 0.8737 | 0.1314 | 0.8835 8.56 -
8.55 | 0.1947 | 0.0524 | 0.2017 15.06 | 0.8745 | 0.1306 | 0.8842 8.50
g.60 | 0.1951 | 0.0521 | 0.2019 14.96 | 0.8752 | 0.1299 | 0.8848 8.44
8.65 | 0.1954 | 0.0518 | 0.2022 14.86 | 0.8760 | 0.1291 | 0.8854 8.38
8.70 | 0.1957 | 0.0516 | 0.2024 14.76 | 0.8767 | 0.1283 | 0.8860 8.33
8.75 | 0.1960 | 0.0513 | ©.2026 14.66 | 0.8774 | 0.1275 | 0.8866 8.27
8.80 | 0.1964 | 0.0510 | 0.2029 14.56 | 0.8781 | 0.1268 | 0.8872 8.22
8.85 | 0.1967 | 0.0507 | 0.2031 14.46 | 0.8788 | 0.1260 | 0.8878 8.16
§.90 | 0.1970 | 0.0505 | 0.2033 14.37 | 0.8795 | 0.1253 | 0.8884 8.11
8.95 | 0.1973 | 0.0502 | 0.2036 14.27 | 0.8§02 | 0.1246 | 0.8890 8.06
9.00 | 0.1976 | 0.0499 | 0.2038 14.18 | 0.8809 | 0.1238 | 0.8896 8.00
9.05 | 0.1979 | 0.0497 | 0.2040 14.09 | 0.8816 | 0.1231 | 0.8901 7.95
9.10 | 0.1982 | 0.0494 | 0.2042 14.00 | 0.8822 | 0.1224 | 0.8907 7.90
9.15 | 0.1985 | 0.0491 | 0.2045 13.91 | 0.8829 | 0.1217 | 0.8913 7.85
9.20.| 0.1988 | 0.0489 | 0.2047 13.82 | 0.8835 | 0.1210 | 0.8918 7.80
9.25 | 0.1991 | 0.0486 | 0.2049 13.73 | 0.8842 | 0.1204 | 0.8923 7.75
9.30 | 0.1993 | 0.0484 | 0.2051 13.64 | 0.8848 | 0.1197 | 0.8929 7.70
9.35 | 0.1996 | 0.0481 | 0.2053 13.56 | 0.8855 | 0.1190 | 0.8934 7.66
9.40 | 0.1999 | 0.0479 | 0.2055 13.47 | 0.8861 | 0.1184 | 0.8940 7.61
9.45 | 0.2002 | 0.0476 | 0.2058 13.39 | 0.8867 | 0.1177 | 0.8945 7.56
9.50 | 0.2004 | 0.0474 | 0.2060 13.31 | 0.8873 | 0.1171 | 0.8950 7.52
9.55 | 0.2007 | 0.0472 | 0.2062 13.23 | 0.8879 | 0.1164 | 0.8955 7.47
9.60 | 0.2010 | 0.0469 | 0.2064 13.15 | 0.8885 | 0.1158 | 0.8960 7.43
9.65| 0.2012 | 0.0467 | 0.2066 13.07 | 0.8891 | 0.1152 | 0.8965 7.38
9.70( 0.2015 | 0.0465 | 0.2068 12.99 | 0.8897 | 0.1146 | 0.8970 7.34
9.75 | 0.2017 | 0.0462 | 0.2070 12.91 | 0.8903 | 0.1140 | 0.8975 7.29
9.80 | 0.2020 | 0.0460 | 0.2072 12.83 | 0.8908 | 0.1134 | 0.8980 7.25
9.85| 0.2022 | 0.0458 | 0,2074 12.76 | 0.8914 | 0.1128 | 0.8985 7.21
9.90| 0.2025 | 0.0456 | 0.2076 12.68 | 0.8919 | 0.1122 | 0.8990 7.17
9.95| 0.2027 | 0.0454 | 0.2078 12.61 | 0.8925 | 0.1116 | 0.8994 7.13
10.00 | 0.2030 | 0.0451 | 0.2079 12.54 | 0.8930 | 0.1110 | 0.8999 7.09
WADC TR 56-614

A-27




k= 0.1 o = 0.00
/- o Y
X 2mr L =7

@ |2 ¥ |7k |0X -

REAL IMAG. REAL IMAG. MODULUS | 1reenees)
1.00 | 1.2278 |-9.9944 | 0.4208 | 5.5585 | 0.0039 | 1.0053 | 0.0241 | 1.0056 1.37
1.05 | 1.2280 |-9.0641 | 0.4391 | 5.4893 [ 0.0041 | 1.0064 | 0.0263 | 1.0068 1.50
1.10 | 1.2283 [-8.2577 | 0.4570 | 5.4177 | 0.0044 | 1.0077 | 0.0286 | 1.0081 1.63
1.15 | 1.2286 |-7.5541 [ 0.4745 | 5.3438 | 0.0048 | 1.0091 | 0.03t0 [ 1.0096 1.76
1.20 | 1.2290 |-6.9365 | 0.4917 | 5.2678 | 0.0052 | 1.0107 .| 0.0333 |[1.0113 1.89
1.25 | 1.2294 |-6.3915 | 0.5084 | 5.1898 | 0.0056 | 1.0125 | 0.0357 | 1.0131 2.02
1.30 | 1.2298 [-5.9080 | 0.5247 | 5.1099 | 0.0060 | 1.0145 | 0.0380 | 1.0152 2.15
1.35 | 1.2303 |-5.4772 | 0.5406 | 5.0284 | 0.0065 | 1.0166 | 0.0403 | 1.0174 2.27
1.40 | 1.2309 |-5.0917 | 0.5560 | 4.9452 [ 0.0071 | 1.0190 | 0.0425 | 1.0199 2.39
1.45 |[1.2315 |-4.7452 | 0.5710 | 4.8607 | 0.0077 | 1.0215 | 0.0446 | 1.0225 2.50
1.50 | 1.2322 | -4.4328 | 0.5856 | 4.7749 | 0.0084 | 1.0243 | 0.0466 | 1.0253 2.61
1.55 | 1.2329 | -4.1501 | 0.5996 | 4.6880 | 0.0092 | 1.0272 | 0.0485 | 1.0283 2.71
1.60 | 1.2337 |-3.8935 | 0.6133 | 4.8002 | 0.0100 | 1.0303 | 0.0503 | 1.0315 2.79
1.65 | 1.2345 | -3.6598 | 0.6264 | 4.5116 [ 0.0110 | 1.0335 | 0.0518 | 1.0348 2.87
1.70 | 1.2354 | -3.4464 | 0.6391 | 4.4223 | 0.0120 | 1.0369 | 0.0531 | 1.0383 2.93
1.75 | 1.2364 | -3.2510 | 0.6513 | 4.3326 | 0.0131 | 1.0405 | 0.0543 | 1.0419 2.99
1.80 | 1.2375 | -3.0717 | 0.6631 | 4.2426 | 0.0144 | 1.0441 | 0.0551 | 1.04586 3.02
1.85 | 1.2386 | -2.9067 | 0.6743 | 4.1525 | 0.0157 | 1.0478 | 0.0558 | 1.0493 3.05
1.90 | 1.2398 | -2.7546 | 0.6851 | 4.0624 | 0.0172 | 1.0516 [ 0.0561 | 1.0531 3.05
1.95 | 1.2410 | -2.6141 | 0.6955 | 3.9724 | 0.0188 | 1.0555 | 0.0562 | 1.0570 3.05
2.00 | 1.2423 | -2.4841 | 0.7054 | 3.8828 | 0.0206 | 1.0593 | 0.0560 | 1.0608 3.03
2.05 | 1.2437 | -2.3635 | 0.7148 | 3.7938 | 0.0225 | 1.0631 | 0.0555 | 1.0645 2.99
2.10 | 1.2451 | -2.2515 | 0.7238 | 3.7053 | 0.0246 | 1.0668 | 0.0547 | 1.0682 2.94
2.15 | 1.2465 | -2.1473 | 0.7323 | 3.6177 | 0.0268 | 1.0704 | 0.0536 | 1.0718 2.87
2.20 | 1.2480 | -2.0503 | 0.7404 | 3.5311 [ 0.0293 | 1.0740 | 0.0523 | 1.0752 2.79
2.25 | 1.2495 | -1.9597 | 0.7481 | 3.4455 | 0.0319 | 1.0773 | 0.0507 | 1.0785 2.70
2.30 | 1.2510 ] -1.8751 | 0.7554 | 3.3612 | 0.0347 | 1.0805 | 0.0489 | 1.0816 2.59
2.35 | 1.2526 | -1.7960 | 0.7622 | 3.2783 [ 0.0377 | 1.0835 | 0.0469 | 1.0846 2.48
2.40 | 1.2542 | -1.7219 | 0.7687 | 3.1968 | 0.0409 | 1.0863 | 0.0447 | 1.0873 2.36
2.45 | 1.2557 | -1.6525 | 0.7748 | 3.1169 | 0.0443 | 1.0889 | 0.0423 | 1.0897 2.23
2.50 | 1.2573 | -1.5873 | 0.7806 | 3.0387 | 0.0479 | 1.0912 | 0.0398 | 1.0920 2.09
2.55 | 1,2588 | -1.5261 | 0.7860 | 2.9622 | 0.0517 | 1.0933 | 0.0372 | 1.0940 1.95
2.60 | 1.2603 | -1.4686 | 0.7911 | 2.8876 | 0.0557 | 1.0952 | 0.0345 | 1.0957 1.80
2.65 [ 1.2618 | -1.4145 | 0.7959 | 2.8149 | 0.0599 | 1.0968 | 0.0318 | 1.0972 1.66
2,70 | 1.2632 | -1.3635 | 0.8004 | 2.7442 | 0.0643 | 1.0982 | 0.0290 | 1.0985 1.51
2.75 | 1.2645 | -1.3154 | 0.8046 | 2.6755 | 0.0689 | 1.0993 | 0.0262 | 1.0998 1.37
2.80 | 1.2658 | -1.2701 | 0.8086 | 2.6088 | 0.0736 | 1.1002 | 0.0234 | 1.1004 1.22
2.85 | 1.2671 [ -1.2273 | 0.8123 | 2.5441 | 0.0785 | 1.1009 | 0.0207 | 1.1011 1.08
2.90 | 1.2682 | -1.1869 | 0.8158 | 2.4815 | 0.0836 | 1.1014 | 0.0180 | 1.1015 0.94
2.95 | 1.2693 | -1.1486 | 0.8191 | 2,4209 | 0.0888 | 1.1017 | 0.0154 | 1.1018 0.80
3.00 | 1.2703 | -1.1125 | 0.8222 | 2.3624 | 0.0942 | 1.1018 | 0.0129 | 1.1019 0.67
3.05 | 1.2712 | -1.0782 | 0.8251 | 2.3059 | 0.0997 | 1.1018 [ 0.0105 | 1.1019 0.54
3.10 | 1.2720 | -1.0458 | 0.8278 | 2.2513 | 0.1053 | 1.1017 | 0.0081 | 1.1017 0.42
3.15 | 1.2727 | -1.0150 | 0.8304 | 2.1987 | 0.1109 | 1.1014 | 0.0059 | 1.1014 0.30
3.20 | 1.2733 | -0.9858 | 0.8328 | 2.1480 | 0.1167 | 1.1010 | 0.0037 | 1.1010 0.19
3.25 | 1.2738 [ -0.9581 | 0.8351 | 2.0992 | 0.1226 | 1.1005 | 0.0017 | 1.1005 0.09
3.30 | 1.2742 | -0.9317 | 0.8373 | 2.0521 | 0.1285 | 1.1000 | -0.0003 | 1.1000 | 359.99
3.35 | 1.2745 | -0.9066 | 0.8394 | 2.0069 | 0.1344 | 1.0994 |-0.0021 | 1.0994 | 359.89
3.40 | 1.2747 | -0.8828 | 0.8414 | 1.9633 | 0.1404 | 1.0987 |-0.0038 | 1.0987 | 359.80
3.45 | 1.2748 | -0.8601 | 0.8433 | 1.9213 | 0.1464 | 1.0979 | -0.0055 | 1.0979 | 359.71
3.50 | 1.2748 | -0.8384 | 0.8451 | 1.8810 | 0.1524 | 1.0971 | -0.0070 | 1.0972 | 359.63
3.55 | 1.2747 | -0.8177 | 0.8468 | 1.8421 | 0.1585 | 1.0963 |-0.0085 | 1.0964 | 359.56
3.60 | 1.2746 | -0.7980 | 0.8484 | 1.8047 | 0.1645 | 1.0955 | -0.0098 | 1.0955 | 359.49
3.65 | 1.2743 | -0.7792 | 0.8500 | 1.7688 .| 0.1705 | 1.0946 | -0.0111 | 1.0947 | 359.42
3.70 | 1.2739 [ -0.7612 | 0.8516 | 1.7341 | 0.1766 | 1.0938 |-0.0123 | 1.0938 | 359.36
3.75 | 1.2735 | -0.7440 | 0.8530 | 1.7008 | 0.1825 | 1.0929 |-0.0134 | 1.0929 | 359.30
3.80 | 1.2730 | -0.7275 | 0.8545 | 1.6687 | 0.1885 | 1.0920 | -0.0145 | 1.0921 | 359.24
3.85 | 1.2724 | -0.7117 | 0.8559 | 1.6378 | 0.1944 | 1.0911 | -0.0154 | 1.0912 | 359.19
3.90 | 1.2717 | -0.6966 | 0.8572 | 1.6080 | 0.2003 | 1.0902 | -0.0164 | 1.0903 | 359.14
3.95 | 1.2710 ] -0.6821 | 0.8585 | 1.5793 | 0.2061 | 1.0893 [ -0.0172 | 1.0894 | 359.09

WADC TR 56-614 A-28




, k= 0.1 o= 0.00

a /+7 149 Fio

rReaL | mac. | moouus| FRASE | reaL mag. | moouLus | FPAASE
1,00 [-0.0053 [-0.0241 | 0.0247 |257.58 | 0.0121 | 0.0986 | 0.0993 [ 83.00
1.05 [-0.0064 |-0.0263 | 0.0271 |256.32 | 0.0147 | 0.1083 |0.1093 | 82.28
1.10 (-0.0077 |-0.0286 | 0.0297 |255.00 | 0.0176 [ 0.1185 |0.1198 | 81.54
1.15 [-0.0091 |-0.0310 | 0.0323 |253.63 | 0.0210 | 0.1290 | 0.1307 [ 80.76
1,20 [-0.0107 |-0.0333 | 0.0350 | 252,20 | 0.0248 [ 0.1398 | 0.1420 | 79.95
1.25 [-0.0125 |-0.0357 |0.0378 | 250.71 | 0.0290 [ 0.1509 |0.1536 | 79.11
1.30 |-0.0145 [-0.0380 | 0.0407 |249.18 | 0.0338 [ 0.1622 |0.1657 | 78.24
1.35 [-0.0166 |-0.0403 |0.0436 | 247.59' | 0.0390 [ 0,1738 | 0.1781 | 77.34
1.40 |-0.0190 |-0.0425 | 0.0465 |245.95 | 0.0449 [ 0.1856 |0.1909 | 76.41
1.45 [-0.0215 |-0.0446 | 0.0495 |244.26 | 0.0512 | 0.1974 | 0.2040 | 75.45
1.50 [-0.0243 |-0.0466 | 0.0526 |242.53 | 0.0582 [ 0.2094 |0.2173 | 74.47
1.55 |-0.0272 |-0.0485 | 0.0556 | 240,76 | 0.0658 | 0.2214 |0.2310 | 73.45
1.60 |-0.0303 |-0.0503 [0.0587 |238.94 | 0.0740 | 0.233¢ | 0.2448 | 72742
1.65 |-0.0335 (-0.0518 | 0.0617 [237.09 | 0.0828 | 0.2453 |0.2589 | 71.36
1.70 (-0.0369 |-0.0531 |[0.0647 |235.20 |0.0922 | 0.2571 |0.2731 | 70.28
1.75 (-0.0405 [(-0.0543 | 0.0677 |233.29 | 0.1022 [ 0.2687 |0.2875 | 69.18
1.80 (-0.0441 |-0.0551 |0.0706 |231.34 |0.1128 [ 0.2801 | 0.3020 | 68.06
1.85 [-0.0478 |-0.0558 |0.0735 |229.37 | 0.1241 | 0.2912 |0:3165 | 66.92
1.90 |-0.0516 [-0.0561 | 0.0763 |227.38 | 0.1359 | 0.3019 [0.3310 | 65.77
1.95 |-0.0555 |-0.0562 |0.0790 |225.38 | 0.1482 | 0.3122 |0.3456 | 64.60
2.00 |-0.0593 (-0.0560 | 0.0815 |223.36 |0.1610 | 0.3220 |0.3600 | 63.43
2.05 |-0.0631 (-0.0555 | 0.0840 |221.34 |0.1744 | 0.3314 [0.3744 | 62.25
2.10 (-0.0668 |-0.0547 | 0.0863 |219.31 |0.1881 | 0.3401 |0.3887 | 61.06
2.15 |-0.0704 (-0.0536 | 0.0885 |217.29 |0.2022 | 0.3483 [0.4028 | 59.87
2.20 [-0.0740 |-0.0523 |[0.0906 |215.27 |0.2166 |0.3559 |0.4166 | 58.67
2.25 (-0.0773 |-0.0507 |0.0925 |213.26 |0.2313 |0.3628 |0.4303 | 57.48
2.30 (-0.0805 (-0.0489 |0.0942 |211.27 |0.2462 |0.3690 |0.4436 | 56.29
2.35 |-0.0835 |-0,0469 |0.0958 |209.31 |0.2613 |0.3746 |0.4567 | 55.11
2.40 (-0.0863 [-0.0447 (0.0972 |207.36 |0.2764 |0.3795 |0.4694 | 53.93
2.45 (-0.0889 |-0.0423 |0.0985 |205.45 |0.2915 |0.3836 |0.4818 | 52.77
2.50 (-0.0912 |-0,0398 | 0,0996 | 203.57 | 0.3066 | 0.3871 [ 0.4938 | 51.62
2.55 [-0.0933 |-0.0372 | 0.1005 | 201.73 | 0.3216 | 0.3900 | 0.5055 | 50.48
2.60 [-0.0952 |-0.0345 | 0.1012 | 19992 |0.3365 | 0.3921 [0.5167 | 49.37
2.65 |-0.0968 (-0.0318 | 0.1019 | 198.16 | 0.3512 | 0.3937 | 0.5276 | 48.27
2.70 |-0.0982 |-0.0290 | 0.1023 | 196.45 | 0.3656 | 0.3947 | 0.5380 | 47.19
2.75 [-0.0993 |-0.0262 | 0.1027 | 194.78 | 0.3798 | 0.3951 |0.5481 | 46.13
2.80 [-0.1002 (-0,0234 | 0.1029 |193.17 | 0.3937 | 0.3950 |0.5577 | 45.10
2.85 [-0.1009 |-0.0207 | 0.1030 | 191.60 | 0.4072 | 0.3944 |0.5669 | 44.09
2.90 |-0.1014 (-0.0180 | 0.1030 | 190.09 | 0.4204 | 0.3934 |[0.5757 | 43.10
2.95 (-0.1017 |-0.0154 | 0.1029 | 188.63 | 0.4331 | 0.3920 |0.5842 | 42.14
3.00 -0.1018 |-0.0129 |0.1026 |187.22 |0.4455 | 0.3902 |0.5922 | 41.21
3.05 |-0.1018 (-0.0105 | 0.1024 |185.86 |0.4575 | 0.3881 |0.5999 | 40.31
3.10 {-0.1017 |-0.0081 | 0.1020 | 184.56 |0.4691 | 0.3857 |0.6073 | 39.43
3.15 |-0.1014 |-0.0059 | 0.1016 |183.31 |0.4803 | 0.3830 |0.6143 | 38.57
3.20 |-0.1010 |-0.0037 |0.1011 |182.11 |0.4910 | 0.3802 |0.6210 [ 37.75
3.25 |-0.1005 (-0.0017 | 0.1006 |180.95 |0.5014 | 0.3771 |0.6274 | 36.95
3.30 (-0.1000 | 0,0003 |0.1000 |179.85 |0.5114 | 0.3739 |0.6335 | 36.17
3.35 (-0.0994 | 0.0021 |0.0994 |178.79 |0.5210 | 0.3706 |0.6394 | 35.43
3.40 |-0.0987 | 0,0038 |0.0987 |177.77 |0.5302 | 0.3672 |0.6449 | 34.70
3.45 |-0.0979 | 0.0055 | 0.0981 |176.80 |0.5391 | 0.3637 |0.6503 | 34.01
3.50 |-0.0971 |0.0070 |0.0974 [175.87 |0.5476 | 0.3601 |0.6554 | 33,33
3.55 |-0.0963 | 0.0085 |0.0967 |174.98 |0.5558 | 0.3565 |0.6603 | 32.68
3.60 |-0,0955 | 0.0098 |0.0960 |174.13 |0.5636 | 0.3529 [0.6650 | 32.05
3.65 [-0.0946 | 0.0111 |0.0953 |173.31 |0.5712 [0.3493 |0.6695 | 31.44
3.70 |-0.0938 | 0.0123 |0.0946 |172.53 |0.5784 |0.3456 |0.6738 | 30.86
3.75 (-0.0929 |0,0134 |0.0938 |171.78 |0.5854 |0.3420 |0.6780 | 30,29
3.80 |-0.0920 |0.0145 |0.0931 |171.06 |0.5922 |0.3384 |0.6820 | 29.75
3.85 (-0.0911 | 0.0154 |0.0924 |170.37 |0.5986 |0.3348 |0.6859 | 29.22
3.90 [-0.0902 | 0.0164 |0.0917 |169.71 |0.6049 |[0.3313 |0.6896 | 28.71
3.95 [-0.0893 | 0.0172 |0.0909 |169.08 | 0.6109 |0.3278 |0.6933 | 28.22

WADC TR 56-614




k= 0.1 o = 0.00
£
= 4
__/ g X / )/ -277':_'_ -7

REAL | IMAG. REAL maG. | moouus| DA
4.00 [ 1.2702 [-0.6681 | 0.8598 | 1.5517 | 0.2119 | 1.0884 |-0.0180 | 1.0886 | 359.05
4.05 | 1.2693 | -0.6547 | 0.8610 | 1.5250 | 0.2176 | 1.0875 |-0.0188 | 1.0877 | 359.01
4.10 | 1.2684 [ -0.6419 | 0.8623 | 1.4992 | 0.2233 | 1.0867 |-0.0195 | 1.0869 | 358.97
4.15 | 1.2674 | -0.6205 | 0.8635 | 1.4744 | 0.2289 | 1.0858 [-0.0202 | 1.0860 | 358.94
4.20 | 1.2664 | -0.6176 | 0.8646 | 1.4504 | 0.2345 | 1.0850 |-0.0208 | 1.0852 | 358.90
4.25 | 1.2653 | -0.6061 | 0.8658 | 1.4272 | 0.2400 | 1.0841 |-0.0214 | 1.0843 | 358.87
4.30 | 1.2642 [ -0.5950 | 0.8669 | 1.4048 | 0.2454 | 1.0833 |-0.0219 | 1.0835 | 358.84
4.35 | 1.2630 [ -0.5843 | 0.8680 | 1.3831 | 0.2508 | 1.0825 |-0.0224 | 1.0827 | 358.81
4.40 | 1.2618 [ -0.5740 | 0.8691 | 1.3621 | 0.2561 | 1.0817 [-0.0229 | 1.0819 | 358.79
4.45 | 1.2605 | -0.5641 | 0.8701 | 1.3418 | 0.2614 | 1.0809 |-0.0234 | 1.0812 | 358.76
4.50 | 1.2592 | -0.5545 | 0.8712 | 1.3221 | 0.2666 | 1.0801 |-0.0238 | 1.0804 | 358.74
4,55 | 1.2579 | -0.5452 | 0.8722 | 1.3030 | 0.2717 | 1.0794 |-0.0242 | 1.0797 | 358.72
4.60 | 1.2566 | -0.5362. | 0.8732 | 1.2845 [ 0.2768 | 1.0786 |-0.0246 | 1.0789 | 358.69
4.65 | 1.2552 | -0.5275 | 0.8743 | 1.2666 | 0.2818 | 1.0779 |-0.0249 | 1.0782 | 358.67
4.70 | 1.2538 | -0.5191 | 0.8752 | 1.2492 | 0.2867 | 1.0772 [-0.0253 | 1.0775 | 358.66
4.75 | 1.2524 | -0.5109 | 0.8762 | 1.2323 | 0.2916 | 1.0765 |-0.0256 | 1.0768 | 358.64
4.80 | 1.2509 | -0.5030 | 0.8772 | 1.2159 | 0.2965 | 1.0758 |-0.0259 | 1.0761 | 358.62
4.85 | 1.2495 |-0.4953 | 0.8782 | 1.1999 [ 0.3012 | 1.0751 |-0.0261 | 1.0754 | 358.61
4.90 | 1.2480 | -0.4878 | 0.8791 | 1.1844 | 0.3059 | 1.0744 |-0.0264 | 1.0747 | 358.59
4.95 | 1.2465 | -0.4806 | 0.8800 | 1.1693 | 0.3106 | 1.0737 |-0.0267 | 1.0740 | 358.58
5.00 | 1.2450 | -0.4735 | 0.8810 | 1.1546 | 0.3152 | 1.0731 |-0.0269 | 1.0734 | 358.56
5.05 | 1.2435 | -0.4667 | 0.8819 | 1.1402 | 0.3197 | 1.0724 [-0.0271 | 1.0728 | 358.55
5.10 | 1.2420 |-0.4600 | 0.8828 | 1.1263 | 0.3242 | 1.0718 |-0.0273 | 1.0721 | 358.54
5.15 | 1.2405 | -0.4536 | 0.8837 | 1.1126 | 0.3287 | 1.0711 |-0.0275 | 1.0715 | 358.53
5.20 | 1.2390 |-0.4473 | 0.8845 | 1.0994 | 0.3331 | 1.0705 |-0.0277 | 1.0709 | 358.52
5.25 | 1.2375 | -0.4411 | 0.8854 | 1.0864 | 0.3374 | 1.0699 |-0.0278 | 1.0703 | 358.51
5.30 | 1.2360 | -0.4352 | 0.8863 | 1.0738 | 0.3417 | 1.0693 |-0.0280 | 1.0697 | 358.50
5.35 | 1.2344 | -0.4293 | 0.8871 | 1.0614 | 0.3460 | 1.0687 |-0.0281 | 1.0691 | 358.49
5.40 | 1.2329 | -0.4237 | 0.8879 | 1.0494 | 0.3502 | 1.0682 [-0.0283 | 1.0685 | 358.48
5.45 | 1.2314 |-0.4181 | 0.8888 | 1.0376 | 0.3543 | 1.0676 |-0.0284 | 1.0680 | 358 .48
5.50 | 1.2299 |-0.4127 | 0.8896 | 1.0261 | 0.3584 | 1.0670 |-0.0285 | 1.0674 | 358.47
5.55 | 1.2284 [-0.4074 | 0.8904 | 1.0148 | 0.3625 | 1.0665 |-0.0286 | 1.0668 | 358.46
5.60 | 1.2269 |-0.4023 | 0.8912 | 10038 | 0.3665 | 1.0659 |-0.0287 | 1.0663 | 358 46
5.65 | 1.2254 [ -0.3973 | 0.8920 | 0.9930 | 0.3705 | 1.0654 |-0.0288 | 1.0658 | 358.45
5.70 | 1.2240 | -0.3924 | 0.8928 | 0.9824 | 0.3744 | 1.0648 |-0.0289 | 1.0652 | 358 .45
5.75 | 1.2225 [ -0.3876 | 0.8935 | 0.9721 [ 0.3783 | 1.0643 |-0.0290 | 1.0647 | 358.44
5.80 | 1.2210 | -0.3829 | 0.8943 | 09620 | 0.3821 | 1.0638 |-0.0291 | 1 0642 | 358 44
5.85 | 1.2196 | -0.3783 | 0.8951 | 0.9521 | 0.3859 | 1.0633 |-0.0291 | 1.0837 | 358.43
5.90 | 1.2181 | -0.3738 | 0.8958 | 0.9424 | 0.3897 | 1.0628 |-0.0292 | 1.0632 | 35843
5.95 | 1.2167 | -0.3694 | 0.8965 | 0.9328 | 0.3934 | 1.0623 |-0.0292 | 1.0627 | 358 .42
6.00 | 1.2153 |-0.3651 | 0.8973 | 0.9235 | 0.3971 | 1.0618 [-0.0293 | 1.0622 | 358.42
6.05 | 1.2139 | -0.3609 | 0.8980 | 0.9143 | 0.4008 | 1.0613 [-0.0293 | 1.0617 | 358 .42
6.10 | 1.2125 | -0.3568 | 0.8987 | 0.9054 | 0.4044 | 1.0608 |-0.0294 | 1.0612 | 358 .41
6.15 [ 1.2111 | -0.3528 | 0.8994 | 0.8966 | 0.4080 | 1.0604 |-0.0294 | 1.0608 | 35841
6.20 | 1.2097 | -0.3489 | 0.9001 | 0.8879 | 0.4115 | 1.0599 |-0.0294 | 1.0603 | 358 41
6.25 | 1.2084 | -0.3450 | 0.9007 [ 0.8794 | 0.4150 | 1.0594 [-0.0294 | 1.0599 | 358.41
6.30 | 1.2070 [-0.3412 [ 0.9014 | 0.8711 | 0.4185 | 1.0590 |-0.0295 | 1.0594 | 358.41
6.35 | 1.2057 |-0.3375 | 0.9021 | 0.8629 | 0.4219 | 1.0586 |-0.0295 | 1.0590 | 358.40
6.40 | 1.2044 [-0.3339 [ 0.9027 | 0.8549 | 0.4253 | 1.0581 |-0.0295 | 1.0585 | 358.40
6.45 | 1.2031 [-0.3304 | 0.9034 | 0.8470 | 0.4287 | 1.0577 [-0.0295 | 1.0581 | 358.40.
6.50 | 1.2018 |-0.3269 | 0.9040 | 0.8383 | 0.4320 | 1.0573 |-0.0295 | 1.0577 | 358.40
6.55 |1.2005 |[-0.3235 [ 0.9047 | 0.8317 | 0.4353 | 1.0568 |-0.0295 | 1.0572 | 358.40
6.60 |1.1992 |-0.3201 | 0.9053 | 0.8242 | 0.4386 | 1.0564 |-0.0295 | 1.0568 | 358.40
6.65 |1.1979 |-0.3168 | 0.9059 | 0.8169 | 0.4418 | 1.0560 [-0.0295 | 1 0564 | 358 40
6.70 | 1.1967 [-0.3136 | 0.9065 | 0.8096 | 0.4450 | 1.0556 |-0.0295 | 1.0560 | 35840
6.75 |1.1955 |-0.3105 |0.9071 | 0.8025 | 0.4482 | 1.0552 |-0.0295 | 1.0556 | 358.40
6.80 |1.1942 [-0.3074 | 0.9077 | 0.7956 | 0.4513 | 1.0548 |-0.0294 | 1.0552 | 358.40
6.85 |1.1930 |-0.3043 [ 0.9083 | 0.7887 | 0.4544 | 1.0544 |-0.0294 | 1.0548 | 358.40
6.90 |1.1918 |[-0.3013 | 0.9089 | 0.7820 | 0.4575 | 1.0540 |-0.0294 | 1.0544 | 358.40
6.95 |1.1907 |-0.2984 | 0.9094 | 0.7753 | 0.4606 | 1.0537 |-0.0294 | 1.0541 | 358.40

WADC TR 56-614

A-30




k= 0.1 o= 0.00
a [+ 1+7 Fip
PHASE PHA

REAL mAG. | moouLus | FHASE | rEAL maG. | MopuLus | FHASE
4.00 |-0.0884 | 0.0180 | 0,0802 | 168.47 | 0.6167 | 0.3244 [0.6968 [ 27.74
4.05 |-0.0875 | 0.0188 | 0.0895 | 167.88 | 0.6223 | 0.3210 | 0.7002 | 27.28
4.10 [-0.0867 | 0.0195 | 0.0888 | 167.32 | 0.6277 | 0.3176 | 0.7034 | 26.84
4.15 |-0.0858 | 0.0202 | 0.0882 | 166.77 | 0.6329 | 0.3143 | 0.7066 | 26.41
4.20 [-0.0850 | 0.0208 | 0.0875 | 166.25 | 0.6379 | 0.3111 | 0.7097 [ 26.00
..25 |-0.0841 | 0.0214 | 0.0868 | 165.74 | 0.6428 | 0.3079 [ 0.7128 | 25.59
4.30 |-0.0833 | 0.0219 | 0.0862 | 165.25 [ 0.6476 | 0.3048 | 0.7157 | 25.21
4.35 |-0.0825 | 0.0224 | 0.0855 | 164.78 | 0.6522 | 0.3017 | 0.7186 | 24.83
4.40 |-0.0817 | 0.0229 | 0.0849 | 164.33 [ 0.6566 | 0.2987 | 0.7214 | 24.46
4.45 [-0.0809 | 0.0234 | 0.0842 | 163.88 | 0.6610 | 0.2958 | 0.7241 [ 24.11
4.50 |-0.0801 | 0.0238 | 0.0836 | 163.46 | 0.6652 | 0.2929 [ 0.7268 | 23.77
4.55 [-0.0794 | 0.0242 | 0.0830 | 163.04 | 0.6693 | 0.2901 | 0.7294 | 23.43
4.60 [-0.0786 | 0.0246 |0.0824 |162.64 | 0.6732 | 0.2873 [ 0.7320 | 23,11
4.65 |-0.0779 | 0.0249 | 0.0818 | 162,25 | 0.6771 | 0.2846 [ 0,7345 | 22.79
4.70 |-0.0772 | 0.0253 | 0.0812 | 161.87 | 0.6809 | 0.2819 [ 0,7369 | 22.49
4.75 [-0.0765 | 0.0256 | 0,0806 | 161.50 | 0.6846 | 0.2793 | 0,7393 [ 22.19
4.80 |-0.0758 | 0.0256 | 0.0801 | 161.14 | 0.6882 | 0.2767 [ 0,7417 | 21.90
4.85 |-0.0751 | 0.0261 | 0.0795 | 160.79 | 0.6917 | 0.2742 | 0.7440 | 21.62
4.90 [-0.0744 | 0,0264 | 0.0789 | 160.45 [ 0.6951 | 0.2717 | 0,7463 [ 21.35
4.95 |-0.0737 | 0.0267 | 0.0784 | 160.12 | 0.6984 | 0.2693 | 0.7485 | 21.08
5.00 1-0.0731 | 0,0269 | 0.0778 | 159.80 [ 0.7017 | 0.2669 | 0.7507 | 20.82
5.05 |-0.0724 | 0,0271 | 0.0773 | 159.48 | 0.7049 | 0.2645 | 0.7529 | 20.57
5.10 [-0.0718 | 0.0273 | 0.0768 | 159.18 | 0.7080 | 0.2622 | 0.7550 | 20.32
5.15 [-0.0711 | 0.0275 | 0.0763 | 158.88 | 0.7111 | 0,2600 | 0.7571 | 20.08
5.20 [-0.0705 | 0.0277 | 0.0758 | 158.58 [ 0.7141 [ 0.2578 | 0.7592 | 19.85
5.25 [-0.0699 | 0.0278 | 0.0753 | 158.29 | 0.7170 | 0.2556 | 0.7612 | 19.62
5.30 (-0.0693 | 0.0280 | 0.0748 | 158.01 | 0.7199 | 0.2534 | 0.7632 | 19.40
5.35 |-0.0687 | 0.0281 | 0.0743 | 157.74 | 0.7227 | 0.2513 [ 0.7651 [ 19.18
5.40 |-0.0682 | 0.0283 | 0.0738 | 157.47 | 0.7254 | 0.2493 [ 0.7671 [ 18.96
5.45 (-0.0676 | 0.0284 | 0.0733 | 157.21 | 0.7281 | 0.2472 | 0.7690 | 18.75
5.50 [-0.0670 | 0.0285 | 0.0728 | 156.95 | 0.7308 | 0.2452 | 0.7708 | 18.55
5.55 -0.0665 | 0.0286 | 0.0724 | 156.70 | 0.7334 | 0.2432 | 0.7727 | 18.35
5.60 [-0.0659 | 0.0287 | 0.0719 | 156.45 | 0.7359 | 0.2413 | 0.7745 | 18,15
5.65 |-0.0654 | 0.0288 | 0.0714 | 156.21 | 0.7384 | 0.2394 | 0,7763 | 17.96
5.70 [-0.0648 | 0.0289 | 0.0710 | 155.97 | 0.7409 | 0.2375 | 0.7780 | 17.77
5.75 |-0.0643 | 0.0290 | 0.0705 | 155.74 | 0.7433 | 0.2356 | 0.7798 | 17.59
5.80 |-0.0638 | 0.0291 | 0.0701 | 155.51 | 0.7457 | 0.2338 | 0.7815 | 17.41
5.85 [-0.0633 | 0.0291 | 0.0697 | 155.29 | 0.7480 | 0.2320 | 0.7831 [ 17.23
5.90 |-0.0628 | 0.0292 | 0.0692 | 155.07 | 0.7503 | 0.2302 | 0,7848 | 17.06
5.95 [-0.0623 | 0.0292 | 0.0688 | 154.86 | 0.7525 | 0.2285 [ 0.7864 | 16.89
6.00 |-0,0618 | 0.0293 | 0.0684 | 154.65 | 0.7547 | 0.2268 | 0.7880 | 16,72
6.05 |-0.0613 | 0,0293 | 0,0680 | 154.44 | 0.7569 | 0.2251 | 0.7896 [ 16.56
6.10 [-0.0608 | 0.0294 | 0.0676 | 154.24 | 0.7590 | 0.2234 | 0,7912 | 16.40
6.15 |-0.0604 | 0.0294 | 0.0671 | 154.04 | 0.7611 | 0.2217 | 0.7927 | 16.24
6.20 [-0.0599 | 0.0294 | 0.0667 | 153.84 | 0.7632 | 0.2201 | 0.7943 [ 16.09
6.25 [-0.0594 | 0,0294 | 0.0663 | 153.65 | 0.7652 | 0.2185 | 0.7958 | 15,94
6.30 |-0.0590 | 0,0295 | 0.0659 | 153.46 | 0.7672 | 0.2169 | 0.7972 | 15.79
6.35 |-0.0586 | 0.0295 | 0.0656 | 153.28 [ 0.7691 | 0.2153 | 0.7987 | 15.64
6.40 [-0.0581 | 0.0295 | 0.0652 | 153.10 | 0.7710 [ 0.2138 | 0.8001 [ 15,50
6.45 [-0.0577 | 0.0295 | 0.0648 | 152.92 | 0.7729 | 0.2123 | 0.8015 | 15.36
6.50 [-0.0573 | 0,0295 | 0.0644 | 152.74 | 0.7748 | 0.2107 | 0.8029 | 15.22
6.55 [-0.0568 | 0.0295 | 0.0640 | 152.57 | 0.7766 | 0.2093 | 0.8043 | 15.08
6.60 [-0.0564 | 0.0295 | 0.0637 | 152.40 | 0.7784 | 0.2078 | 0.8057 | 14.95
6.65 |-0.0560 | 0.0295 | 0.0633 | 152.24 | 0.7802 | 0.2063 | 0.8070 | 14.81
6.70 |-0,0556 | 0.0295 | 0.0629 | 152.08 | 0.7819 | 0.2049 | 0.8083 | 14.69
6.75 |-0.0552 | 0,0295 | 0.0626 | 151.92 | 0.7836 | 0.2035 | 0.8096 | 14,56
6.80 [-0.0548 | 0.0294 | 0.0622 | 151.76 | 0.7853 | 0.2021 | 0.8109 | 14.43
6.85 -0.0544 | 0.0294 | 0.0619 | 151.61 | 0.7870 | 0.2007 | 0.8122 | 14.31
6.90 [-0.0540 | 0.0294 | 0.0615 | 151.45 | 0.7886 | 0.1994 | 0.8134 | 14.19
6.95 -0.0537 | 0.0294 | 0.0612 [ 151.31 | 0.7902 | 0.1980 | 0.8147 | 14.07

WADC TR 56-614
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WADC TR 56-614

k= 0.1 o = 0.00
F
il / y |, 2rX -7

REAL | IMA4G. REAL IMAG. | MODULUS Z?ﬁﬁg,

7.00 | 1.1895 [-0.2955 | 0.9100 | 0.7688 | 0.4636 | 1.0533 [-0.0293 |1.0537 | 358.40
7.05 | 1.1883 |-0.2927 | 0.9106 | 0.7624 | 0.4666 | 1.0529 [-0.0293 |1.0533 | 358.41
7.10 | 1.1872 [-0.2899 | 0.9111 | 0.7561 | 0.4695 | 1.0525 [-0.0293 |1.0530 | 358.41
7.15 | 1.1861 [-0.2872 | 0.9117 | 0.7499 | 0.4724 | 1.0522 |-0.0292 | 1.0526 | 358.41
7.20 | 1.1849 [-0.2845 | 0.9122 | 0.7437 | 0.4753 | 1.0518 |-0.0292 | 1.0522 | 358.41
7.25 | 1.1838 |-0.2819 | 0.9127 | 0.7377 | 0.4782 | 1.0515 [-0.0292 [ 1.0519 | 358.41
7.30 1 1.1827 |-0.2793 | 0.9133 | 0.7318 | 0.4810 | 1.0511 [-0.0291 | 1.0515 | 358.41
7.35 | 1.1816 |-0.2767 | 0.9138 | 0.7260 | 0.4839 | 1.0508 [-0.0291 |[1.0512 | 358.41
7.40 | 1.1806 |-0.2743 | 0.9143 | 0.7202 | 0.4866 | 1.0505 [-0.0290 | 1.0509 | 358.42
7.45 | 1.1795 [-0.2718 | 0.9148 | 0.7146 | 0.4894 | 1.0501 |-0.0290 | 1.0505 | 358.42
7.50 | 1.1784 {-0.2694 | 0.9153 | 0.7090 | 0.4921 | 1.0498 [-0.0290 | 1.0502 | 358.42
7.55 | 1.1774 {-0.2670 | 0.9158 | 0.7035 | 0.4948 | 1.0495 [-0.0289 | 1.0499 | 358.42
7.60 | 1.1764 [-0.2647 | 0.9163 | 0.6981 | 0.4975 | 1.0491 |-0.0289 | 1.0495 | 358.42
7.65 | 1.1754 | -0.2624 | 0.9168 | 0.6928 | 0.5002 | 1.0488 |-0.0288 | 1.0492 | 358.43
7.70 | 1.1743 | -0.2601 | 0.9172 | 0.6876 | 0.5028 | 1.0485 [-0.0288 | 1.0489 | 358.43
7.75 | 1.1733 | -0.2579 | 0.9177 | 0.6824 | 0.5054 | 1.0482 |-0.0287 | 1.0486 | 358.43
7.80 | 1.1724 |-0.2557 | 0.9182 | 0.6773 | 0.5080 | 1.0479 |-0.0286 | 1.0483 | 358.43
7.85 | 1.1714 |-0.2536 | 0.9187 | 0.6723 | 0.5105 | 1.0476 [-0.0286 | 1.0480 | 358.44
7.90 | 1.1704 |-0.2515 | 0.9191 | 0.6673 | 0.5131 | 1.0473 [-0.0285 | 1.0477 | 358.44
7.95 | 1.1695 | -0.2494 | 0.9196 | 0.6625 | 0.5156 | 1.0470 [-0.0285 | 1.0474 | 358.44
8.00 | 1.1685 | -0.2473 | 0.9200 | 0.6577 | 0.5181 | 1.0467 |-0.0284 | 1.0471 | 358.44
8.05 | 1.1676 |-0.2453 | 0.9205 | 0.6529 | 0.5205 | 1.0464 [-0.0284 | 1.0468 | 358.45
8.10 | 1.1666 |-0.2433 [ 0.9209 | 0.6483 | 0.5229 | 1.0461 |-0.0283 | 1.0465 | 358.45
8.15 | 1.1657 |-0.2414 | 0.9213 | 0.6437 | 0.5254 | 1.0459 |-0.0282 | 1.0462 | 358.45
8.20 | 1.1648 |-0.2394 | 0.9218 | 0.6391 [ 0.5277 | 1.0456 [-0.0282 | 1.0460 | 358.46
8.25 | 1.1639 |-0.2376 | 0.9222 | 0.6347 | 0.5301 | 1.0453 |-0.0281 | 1.0457 | 358.46
8.30 |1.1630 |-0.2357 | 0.9226 | 0.6302 | 0.5325 | 1.0450 |-0.0281 | 1.0454 | 358.46
8.35 | 1.1621 |-0.2338 | 0.9230 | 0.6259 | 0.5348 | 1.0448 [-0.0280 | 1.0451 | 358.47
8.40 | 1.1613 |-0.2320 | 0.9234 | 0.6216 | 0.5371 | 1.0445 |-0.0279 | 1.0449 | 358.47
8.45 | 1.1604 |-0.2303 | 0.9238 | 0.6174 | 0.5394 | 1.0442 |-0.0279 | 1.0446 | 358.47
8.50 | 1.1595 |-0.2285 | 0.9242 | 0.6132 | 0.5416 | 1.0440 |-0.0278 | 1.0444 | 358.47
8.55 | 1.1587 |-0.2268 | 0.9246 | 0.6091 | 0.5439 | 1.0437 |-0.0277 | 1.0441 | 358.48
8.60 | 1.1578 |-0.2251 | 0.9250 | 0.6050 | 0.546%1 | 1.0435 |-0.0277 | 1.0438 | 358.48
8.65 | 1.1570 |-0.2234 | 0.9254 | 0.6010 | 0.5483 | 1.0432 (-0.0276 | 1.0436 | 358.48
8,70 |1.1562 [-0.2217 | 0.9258 | 0.5970 | 0.5505 | 1.0430 |-0.0275 | 1.0433 | 358.49
8.75 | 1.1554 |-0.2201 | 0.9262 | 0.5931 | 0.5526 | 1.0427 |-0.0275 | 1.0431 | 358.49
8.80 ] 1.1546 |-0.2185 | 0.9266 | 0.5892 | 0.5548 | 1.0425 |-0.0274 | 1.0429 | 358.49
8.85 | 1.1538 |-0.2169 | 0.9269 | 0.5854 | 0.5569 | 1.0423 [-0.0273 | 1.0426 | 358.50
8.90 | 1.1530 |-0.2153 | 0.9273 | 0.5816 | 0.5590 | 1.0420 |-0.0273 | 1.0424 | 358.50
8.95 | 1.1522 |-0.2138 | 0.9277 | 0.5779 | 0.5611 | 1.0418 |-0.0272 | 1.0421 | 358.50
9.00 [1.1514 [-0.2122 | 0.9280 | 0.5743 | 0.5631 | 1.0416 |-0.0271 | 1.0419 | 358.51
9.05 [ 1.1506 [-0.2107 | 0.9284 | 0.5706 | 0.5652 | 1.0413 |-0.0271 | 1.0417 | 358.51
9.10 | 1.1499 [-0.2093 | 0.9288 | 0.5671 | 0.5672 | 1.0411 |-0.0270 | 1.0414 | 358.51
9.15 | 1.1491 |-0.2078 | 0.9291 | 0.5635 | 0.5692 | 1.0409 |-0.0269 | 1.0412 | 358.52
9.20 | 1.1484 |-0.2064 | 0.9295 | 0.5600 | 0.5712 | 1.0407 |-0.0269 | 1.0410 | 358.52
9.25 |1.1476 [-0.2049 |0.9298 | 0.5566 | 0.5732 | 1.0404 |-0.0268 | 1.0408 | 358.52
9.30 |[1.1469 [-0.2035 |0.9301 | 0.5532 | 0.5751 | 1.0402 |-0.0267 | 1.0406 | 358.53
9,35 |1.1462 [-0.2021 |0.9305 | 0.5498 |0.5771 | 1.0400 |-0.0267 | 1.0403 | 358.53
9.40 |1.1454 [-0.2008 | 0.9308 | 0.5465 |0.5790 | 1.0398 |-0.0266 | 1.0401 | 358.54
9.45 | 1.1447 [-0.1994 | 0.9311 [ 0.5432 |0.5809 | 1.0396 |-0.0265 | 1.0399 | 358.54
9.50 |1.1440 [-0.1981 |0.9315 [ 0.5399 |0.5828 | 1.0394 [-0.0265 | 1.0397 | 358.54
9.55 [1.1433 |-0.1968 | 0.9318 | 0.5367 | 0.5847 | 1.0392 |-0.0264 | 1.0395 | 358.55
9.60 |1.1426 |-0.1955 | 0.9321 | 0.5336 |0.5865 | 1.0390 |-0.0263 | 1.0393 | 358.55
9.65 |1.1419 [-0.1942 | 0.9324 | 0.5304 |0.5884 | 1.0388 |-0.0262 | 1.0391 | 358.55
9.70 |1.1413 ]-0.1929 | 0.9328 | 0.5273 |0.5902 | 1.0386 |-0.0262 | 1.0389 | 358.56
9.75 |[1.1406 [-0.1917 |0.9331 | 0.5243 | o0.5920 | 1.0384 |-0.0261 | 1.0387 | 358.56
9.80 |1.1399 |-0.1904 | 0.9334 | 0.5212 [0.5938 | 1.0382 |-0.0260 | 1.0385 | 358.56
9.85 |1.1392 |-0.1892 [ 0.9337 | 0.5182 | 0.5956 | 1.0380 [-0.0260 | 1.0383 | 358.57
9.90 [1.1386 [-0.1880 [0.9340 | 0.5153 | 0.5973 | 1.0378 |-0.0259 | 1.0381 | 358.57
9.95 |[1.1379 |-0.1868 [0.9343 | 0.5123 | 0.5991 | 1.0376 |-0.0258 | 1.0379 | 358.57
10.00 |1.1373 |-0.1856 | 0.9346 | 0.5095 | 0.6008 | 1.0374 |-0.0258 | 1.0377 | 358.58
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K= 0.1 o= 0,00
a /+7 1+7 Fp
PHASE PHA

REAL mAG. | mooueus | JHASE | rEAL mac. | mopuLus | PHASE
7.00 [-0.0533 | 0.0293 | 0.0608 | 151.16 [ 0.7918 | 0.1967 | 0.8159 | 13.95
7.05 |-0.0529 | 0.0293 | 0.0605 | 151.02 | 0.7934 | 0.1954 | 0.8171 | 13.84
7.10 [-0.0525 [ 00293 | 0.0602 | 150.87 | 0.7949 | 0.1941 | 0.8183 | 13.72
7.15 [-0.0522 [ 00292 | 0.0598 | 150.74 [ 0,7964 | 0.1928 | 0.8195 [ 13.61
7.20 |-0.0518 | 0,0292 | 0.0595 | 150.60 | 0.7979 | 0.1916 | 0.8206 | 13.50
7.25 [-0.0515 | 0.0292 | 0.0592 | 150,46 | 0.7994 | 0.1903 | 0.8217 | 13.39
7.30 [-0.0511 [ 0.0291 | 0.0589 | 150.33 | 0.8008 | 0.1891 | 0,8229 | 13.29
7.35 [-0.0508 | 0.0291 | 0.0585 | 150.20 | 0.8023 | 0.1879 | 0.8240 | 13.18
7.40 [-0.0505 | 00290 | 0.0582 | 150.07 | 0.8037 | 0.1867 | 0.8251 | 13.08
7.45 |-0.0501 [ 0.0290 | 0.0579 | 149.95 | 0.8051 | 0.1855 | 0.8262 | 12,98
7.50 [-0.0498 | 0.0290 | 0.0576 | 149.82 | 0.8064 | 0.1843 | 0.8272 [ 12.88
7.55 [-0.0495 | 0,0289 | 0.0573 | 149.70 | 0.8078 | 0.1832 | 0.8283 | 12,78
7.60 |-0.0491 | 0.0289 | 0.0570 | 149.58 | 0.8091 | 0.1820 | 0.8293 | 12.68
7.65 [-0.0488 | 0.0288 | 0.0567 | 149.46 | 0.8104 | 0.1809 | 0.8304 | 12.58
7.70 |-0.0485 | 0.0288 | 0.0564 | 149.35 | 0.8117 | 0.1798 | 0.8314 | 12.49
7.75 |-0.0482 | 0.0287 | 0.0561 | 149.23 | 0.8130 | 0.1787 | 0.8324 | 12.40
7.80 |-0.0479 | 0.0286 | 0.0558 | 149.12 | 0.8142 | 0,1776 | 0.8334 | 12,30
7.85 [-0.0476 | 0.0286 | 0.0555 | 149.01 | 0.8155 | 0.1765 | 0.8344 | 12,21
7.90 |-0.0473 | 0.0285 | 0.0552 | 148.90 | 0.8167 | 0.1755 | 0,8353 | 12.13
7.95 |-0.0470 | 0.0285 | 0.0550 | 148.79 | 0.8179 | 0.1744 | 0.8363 | 12.04
8.00 |-0.0467 | 0,0284 | 0.0547 | 148.69 | 0.8191 | 0.1734 | 0.8372 | 11.95
8.05 |-0.0464 | 0.0284 | 0.0544 | 148.58 | 0.8203 | 0.1723 | 0.8382 | 11.87
8.10 |-0.0461 | 0.0283 | 0.0541 | 148.48 | 0.8214 | 0.1713 | 0.8391 | 11.78
8.15 |-0.0459 | 0.0282 | 0.0539 | 148.38 | 0.8226 | 0.1703 | 0.8400 | 11.70
8.20 |-0.0456 | 0.0282 | 0.0536 | 148.28 | 0.8237 | 0.1693 | 0.8409 | 11.62
8.25 |-0.0453 | 0,0281 | 0,0533 | 148.18 | 0.8248 | 0.1683 | 0.8418 | 11.54
§.30 |-0.0450 | 0.0281 | 0.,0531 | 148.08 | 0.8259 | 0.1674 | 0.8427 | 11.46
8.35 |-0.0448 | 0.0280 | 0.0528 | 147.99 | 0.8270 | 0.1664 | 0.8436 | 11.38
8.40 |-0.0445 | 0,0279 | 0,0525 | 147.89 | 0.8281 | 0,1655 | 0,8444 | 11,30
8.45 |-0.0442 | 0.0279 | 0.0523 | 147.80 | 0.8291 | 0.1645 | 0.8453 | 11.22
8.50 |-0.0440 | 0.0278 | 0,0520 | 147.71 | 0.8302 | 0.1636 | 0.8461 | 11.15
8.55 |-0.0437 | 0.0277 | 0.0518 | 147.62 | 0.8312 | 0,1627 | 0.8470 | 11.07
8.60 |-0.0435 | 0.0277 | 0.0515 | 147.53 | 0.8322 | 0.1618 | 0.8478 | 11.00
8.65 |-0.0432 | 0.0276 | 0.0513 | 147.44 | 0.8332 | 0.1609 | 0.8486 | 10,93
8.70 |-0.0430 | 0.0275 | 0.0510 | 147.35 | 0.8342 | 0.1600 | 0.8494 | 10.86
8.75 |-0.0427 | 0.0275 | 0,0508 | 147.27 | 0.8352 | 0.1591 | 0.8502 | 10,78
8.80 |-0.0425 | 0.0274 | 0.0506 | 147.18 | 0.8362 | 0.1582 | 0.8510 | 10.71
8.85 |-0.0423 | 0.0273 | 0.0503 | 147.10 | 0.8372 | 0.1574 | 0.8518 | 10.65
8.90 [-0.0420 | 0.0273 | 0.0501 | 147.02 | 0.8381 | 0.1565 | 0.8526 | 10.58
8.95 |-0.0418 | 0.0272 | 0.0499 | 146.93 | 0.8390 | 0.1557 | 0.8534 | 10.51
9.00 |-0.0416 | 0,0271 | 0.0496 | 146.85 | 0.8400 | 0.1548 | 0.8541 | 10.44
9.05 |-0.0413 | 0.0271 | 0.0494 | 146.78 | 0.8409 | 0.1540 | 0.8549 | 10.38
9.10 |-0.0411 | 0.0270 | 0.0492 | 146.70 | 0.8418 | 0.1532 | 0.8556 | 10.31
9.15 |-0.0409 | 0.0269 | 0.0490 | 146.62 | 0.8427 | 0.1524 | 0.8563 | 10.25
9.20 [-0.0407 | 0,0269 | 0.0487 | 146.54 | 0.8436 | 0.1516 | 0.8571 | 10.19
9.25 [-0.0404 | 0.0268 | 0.0485 | 146.47 | 0.8444 | 0,1508 | 0.8578 | 10.12
9.30 [-0.0402 | 0.0267 | 0.0483 | 146.39 | 0.8453 | 0.1500 | 0.8585 | 10,06
9.35 |-0.0400 | 0.0267 | 0.0481 | 146.32 | 0.8462 | 0.1492 | 0.8592 | 10.00
9.40 [-0.0398 | 0.0266 | 0.0479 | 146.25 | 0.8470 | 0.1485 | 0.8599 9.94
9.45 |-0.0396 | 0.0265 | 0.0476 | 146.18 | 0.8478 | 0,1477 | 0.8606 9.88
9.50 |-0.0394 | 0.0265 | 0.0474 | 146.11 | 0.8487 | 0.1469 | 0.8613 9.82
9.55 |-0.0392 | 0,0264 | 0.0472 | 146,04 | 0.8495 | 0,1462 | 0.8620 9.77
9.60 |-0.0390 | 0,0263 | 0.6470 | 145.97 | 0.8503 | 0.1455 | 0,8626 9.71
9.65 |-0.0388 | 0.0262 | 0.0468 | 145.90 | 0.8511 | 0,1447 | 0.8633 9.65
9.70 |-0.0386 | 0.0262 | 0.0466 | 145.83 | 0.8519 | 0.1440 | 0.8640 9.59
9,75 |-0,0384 | 0,0261 | 0,0464 | 145.77 | 0.8527 | 0.1433 | 0.8646 9.54
9.80 |-0.0382 | 0.0260 | 0.0462 | 145.70 | 0.8534 | 0.1426 | 0.8653 9.48
9.85 |-0.0380 | 0.0260 | 0.0460 | 145.64 | 0.8542 | 0.1419 | 0.8659 9.43
9.90 |-0.0378 | 0.0259 | 0.0458 | 145.57 | 0.8550 | 0.1412 | 0.8665 9.38
9.95 |-0.0376 | 0.0258 | 0.0456 | 145.51 | 0.8557 | 0,1405 | 0.8672 9.32
10.00 |-0.0374 | 0.0258 | 0.0454 | 145.44 | 0.8565 | 0.1398 | 0.8678 9.21

WADC TR 56-614
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k= 0.1 o= 0.25
2
/ o X / )/ -2771 _7

a 2 X 27 g . ¢

REAL | IMAG. reac | mac | moouus| FHAX
1.00 | 1.1040 | -7.9860 | 0.4671 | 5.4743 | 0.0042 | 1.0053 | 0.0145 | 1.0054 | 0.83
1.05 | 1.1044 | -7.2408 | 0.4871 | 5.3975 | 0.0045 | 1.0064 | 0.0158 | 1.0065 | 0.90
1.10 | 1.1049 | -6.5947 | 0.5066 | 5.3180 | 0.0049 | 1.0076 | 0.0170 |1.0078 | 0.97
1.15 | 1.1054 | -6.0308 | 0.5257 | 5.2362 | 0.0053 | 1.0090 | 0.0182 |1.0092 | 1.03
1.20 | 1.1061 | -5.5356 | 0.5443 | 5.1519 | 0.0058 | 1.0106 | 0.0193 |1.0108 | 1.10
1.25 | 1.1068 | -5.0985 | 0.5624 | 5.0656 | 0.0063 | 1.0123 | 0.0204 |1.0125 | 1.15
1.30 | 1.1075 | -4.7105 | 0.5799 | 4.9772 | 0.0069 | 1.0142 | 0.0214 | 1.0145 | 1.21
1.35 | 1.1084 | -4.3647 | 0.5970 | 4.8870 | 0.0075 | 1.0163 | 0.0222 | 1.0166 | 1.25
1.40 | 1.1094 | -4.0551 | 016135 | 4.7951 | 0.0083 | 1.0185 | 0.0229 | 1.0188 | 1.29
1745 | 1.1105 | -3.7767 | 0.6295 | 4.7017 | 0.0091 | 1.0209 | 0.0235 | 1.0212 | 1.32
1.50 | 1.1116 | -3.5256 | 0.6449 | 4.6070 | 0.0100 | 1.0235 | 0.0238 | 1.0238 | 1.33
1.55 | 1.1129 | -3.2982 | 0.6598 | 4.5111 | 0.0110 | 1.0262 | 0.0239 | 1.0264 | 1.34
1.60 | 1.1143 | -3.0916 | 0.6742 | 4.4141 | 0.0121 | 1.0280 | 0.0238 | 1.0202 | 1.33
1.65 | 1.1159 | -2.9033 | 0.6879 | 4.3164 | 0.0133 | 1.0318 | 0.0234 | 1.0321 1.30
1.70 | 1.1175 | -217314 | 0.7011 | 4.2180 | 0.0147 | 1.0348 | 0.0228 | 1.0350 | 1.26
1.75 | 1.1193 | -2.5738 | 0.7137 | 4.1192 | 0.0163 | 1.0377 | 0.0218 | 1.0380 | 1.20
1.80 | 1.1212 | -2.4291 | 0.7258 | 4.0200 | 0.0180 | 1.0407 | 0.0205 | 1.0409 | 1.13
1.85 | 1.1233 | -212959 | 0.7373 | 3.9208 | 0.0198 | 1.0437 | 0.0189 | 1.0438 | 1.04
1.90 | 1.1254 | -271730 | 0.7482 | 3.8218 | 0.0219 | 1.0465 | 0.0169 | 1.0467 | 0.93
1.95 | 1.1277 | -2.0595 | 0.7586 | 3.7230 | 0.0242 | 1.0493 | 0.0146 | 1.0494 | 0.80
2.00 | 1.1301 | -1.9544 | 0.7684 | 3.6248 | 0.0267 | 1.0519 | 0.0120 [ 1.0519 | 0.65
2.05 | 1.1326 | -1.8568 | 0.7776 | 3.5272 | 0.0294 | 1.0542 | 0.0091 | 1.0543 | 0.50
210 | 1.1353 | -1.7663 | 0.7863 | 3.4306 | 0.0324 | 1.0564 | 0.0059 | 1.0564 | 0.32
2.15 | 1.1380 | -1.6820 | 0.7945 | 3.3351 | 0.0356 | 1.0583 | 0.0025 | 1.0583 | 0.14
2.20 | 1.1408 | -1.6035 | 0.8021 | 3.2410 | 0.0391 | 1.0598 [-0.0011 | 1.0598 | 359.04
2.25 |1.1437 | -1.5304 | 0.8092 | 3.1483 | 0.0429 | 1.0611 [-0.0050 | 1.0611 | 359.73
2.30 | 1.1466 | -1.4620 | 0.8159 | 3.0574 | 0.0470 | 1.0620 [-0.0089 | 1.0620 | 359.52
2.35 [1.1496 | -1.3982 | 0.8220 | 2.9683 | 0.0514 | 1.0625 [-0.0130 | 1.0626 | 359.30
2.40 | 11526 | -1.3385 | 0.8278 | 2.8812 | 0.0561 | 1.0627 [-0.0171 | 1.0628 | 359.08
2.45 | 1.1556 | -1.2826 | 0.8330 | 2.7963 | 0.0610 | 1.0625 [-0.0212 | 1.0627 | 358.86
2.50 | 1.1586 | -1.2302 | 0.8379 | 2.7136 | 0.0663 | 1.0619 |-0.0252 | 1.0622 | 358.64
2.55 |1.1615 | -1.1811 | 0.8424 | 2.6334 | 0.0718 | 1.0611 [-0.0292 | 1.0615 | 358.43
2.60 | 11644 |-1.1350 | 08466 | 2.5556 | 0.0776 | 1.0599 [-0.0330 | 1.0604 | 358.22
2.65 | 1.1673 | -1.0917 | 0.8504 | 2.4803 | 0.0837 | 1.0584 |-0.0367 | 1.0590 | 358.01
2.70 | 1.1700 | -1.0510 | 0.8539 | 2.4077 | 0.0900 | 1.0567 |-0.0402 | 1.0574 | 357.82
2.75 | 1.1727 | -1.0128 | 0.8571 | 2.3376 | 0.0966 | 1.0547 [-0.0435 | 1.0556 | 357.64
2.80 | 1.1753 | -0.9768 | 08601 | 2.2701 | 0.1033 | 1.0526 |-0.0466 | 1.0536 | 357.46
2.85 | 1.1778 [-0.9429 | 0.8628 | 2.2052 | 0.1102 | 1.0503 [-0.0495 | 1.0515 | 357.30
2.90 | 1.1801 | -0.9109 | 08653 | 2.1429 | 0.1173 | 1.0479 |-0.0522 | 1.0492 | 357.15
2.95 | 1.1823 [ -0.8807 | 0.8677 | 2.0831 | 0.1245 | 1.0453 |-0.0547 | 1.0467 | 357.01
3.00 | 1.1844 |-0.8523 | 0.8698 | 2.0257 |0.1319 | 1.0427 |-0.0569 | 1.0443 | 356.88
3.05 |1.1863 | -0.8254 | 0:8718 | 1.9707 | 0.1394 | 1.0400 |-0.0589 | 1.0417 | 356.76
3.10 | 1.1881 [-0:7999 |0:8736 | 1.9181 | 0.1469 | 1.0373 |-0.0607 | 1.0391 | 356.65
3.15 | 1.1898 | -0.7759 | 0.8754 | 1.8677 | 0.1545 | 1.0346 |-0.0623 | 1.0365 | 356.55
3.20 | 1.1913 | -0.7531 | 0.8770 | 1.8194 | 0.1621 | 1.0319 |-0.0638 | 1.0339 | 356.46
3.25 |1.1927 |-0.7315 | 0.8785 | 1.7733 | 0.1698 | 1.0293 |-0.0650 [ 1.0313 | 356.38
3.30 |1.1939 |-0:7110 [0:8799 | 1.7291 | 001774 | 1.0266 |-0.0661 | 1.0287 | 356.31
3.35 [1.1950 | -0.6915 | 0.8812 | 1.6868 | 0.1851 | 1.0240 |-0.0671 | 1.0262 | 356.25
3.40 |1.1960 |-0.6730 | 0.8824 | 1.6464 | 0.1927 | 1.0214 |-0.0679 | 1.0237 | 356.20
3.45 |1.1968 |-0.6554 | 08836 | 1.6077 | 0.2004 | 1.0189 |-0.0686 | 1.0212 | 356.15
3.50 |1.1976 | -0.6386 | 0.8848 | 1.5706 | 0.2079 | 1.0164 |-0.0692 [ 1.0188 | 356.11
3.55 |1.1982 |-0.6227 | 0.8859 | 1.5352 | 0.2154 | 1.0140 |-0.0697 | 1.0164 | 356.07
3.60 |1.1987 | -0.6075 | 0.8869 | 1.5012 | 0.2229 | 1.0117 |-0.0701 [ 1.0141 | 356.04
3.65 |1.1991 |-0.5929 [ 0:8879 | 1.4688 | 0.2302 | 1.0094 |-0.0704 | 1.0119 | 356.01
3.70 |1.1994 | -0.5791 | 0.8889 | 1.4374 | 0.2375 | 1.0072 |-0.0706 | 1.0087 | 355.99
3.75 |1.1996 | -0.5658 | 0.8898 | 1.4075 | 0.2448 | 1.0051 |-0.0708 | 1.0076 | 355.97
3.80 |1.1997 | -0.5532 | 0.8907 | 1.3788 | 0.2519 | 1.0030 |-0.0709 | 1.0055 | 35596
3.85 |1.1997 | -0.5410 | 0.8916 | 13512 | 0.2589 | 1.0010 |-0.0709 | 1.0035 | 355.95
3.90 |1.1996 |-0.5294 | 0.8925 | 1.3248 | 0.2659 | 0.9990 |-0.0705 | 10016 | 355.94
3.95 |1.1995 |-0.5183 | 0.8933 | 1.2993 | 0.2727 | 0.9971 |-0.0709 | 0.9997 | 355.93

WADC TR 56-614

A-34




k= 0.1 o= 0.25
- /+7 1+7 Fp
PHASE PHAS,

REAL IMAG. | MODULYS | 228 | REAL IMAG. | MODULUS (mmg
1.00 [-0.0053 |-0.0145 | 0.0155 | 249.98 | 0.0133 | 0.1079 | 0.1087 82.99
1.05 [-0.0064 |-0,0158 | 0.0170 | 247.94 | 0.0161 | 0.1186 | 0,1197 82.27
1.10 [-0.0076 |-0.0170 | 0.0186 | 245.80 | 0.0193 [ 0.1298 | 0.1312 81.52
1,15 [-0.0090 [-0.0182 | 0.0203 | 243.57 | 0.0230 | 0.1413 | 0.1432 80.74
1.20 [-0.0106 |-0.0193 | 0.0220 | 241.24 | 0.0272 | 0.1532 | 0.1556 19,92
1.25 |~0,0123 |-0.0204 | 0.0238 | 238.83 | 0.0320 | 0.1654 | 0.1685 79.07
1.30 [-0,0142 |-0.0214 | 0.0257 | 236.32 | 0.0372 | 0.1779 | 0.1818 78,18
1,35 (-0.0163 |-0,0222 | 0,0276 | 233.72 | 0.0431 | 0,1907 | 0.1955 77.217
1.40 |-0.0185 |-0.0229 | 0.0295 | 231.03 | 0.0496 | 0.2036 | 0.2096 76,32
1.45 [-0.0209 |-0.0235 | 0,0314 | 228.26 | 0.0567 | 0.2167 | 0.2240 | 75.34
1.50 |-0.0235 [-0.0238 | 0.0334 | 225.40 | 0.0645 | 0.2300 | 0.2388 [ 74.33
1.55 |-0.0262 |-0.0239 | 0.0355 | 222.47 | 0.0730 | 0.2432 | 0.2540 | 73.29
1.80 |-0.0289 [-0.0238 | 0.0375 | 219.46 | 0.0823 | 0.2565 | 0.2693 72.22
1.65 |-0.0318 [-0.0234 | 0.0395 | 216.37 | 0.0922 | 0.2696 | 0.2850 [ 71.12
1.70 |-0.0348 |-0.0228 | 0.0416 | 213.21 | 0,1029 | 0.2826 | 0.3008 69.99
1.75 1-0.0377 |-0.0218 | 0.0436 | 209.99 | 0.1143 | 0.2954 | 0.3168 68.84
1.80 |-0.0407 |-0.0205 | 0.0456 | 206.70 | 0.1265 | 0.3079 | 0.3329 67.67
1.85 |[-0.0437 [-0.0189 | 0.0476 | 203.36 | 0.1394 | 0.3200 | 0.3491 66,47
1.90 |-0.0465 |-0.0189 | 0.0495 | 199.97 | 0.1529 | 0.3317 | 0.3653 65.25
1.95 |-0.0493 [-0.0146 | 0.0514 | 196.53 | 0.1671 | 0.3429 | 0.3815 64 .02
2.00 |-0.0519 [-0.0120 | 0.0532 | 193.05 | 0.1819 | 0.3535 | 0.3976 62.76
2.05 |-0.0542 |-0.0091 | 0.0550 | 189,54 | 0.1973 | 0.3634 | 0.4135 61.50
2.10 |-0.0564 [-0.0059 | 0.0567 | 186,01 | 0.2132 [ 0.3726 | 0,4293 60.22
2.15 [-0.0583 [-0.0025 | 0.0583 | 182.47 | 0.2296 | 0.3811 | 0.4449 58.94
2.20 |-0.0598 | 0.0011 | 0.0598 | 178,91 | 0.2462 | 0.3887 | 0.4602 57 .65
2,25 | -0.0611 | 0.0050 | 0.0613 | 175.35 | 0.2632 | 0.3956 | 0.4751 56,36
2.30 | -0.0620 | 0.0089 | 0.0626 | 171.81 | 0.2804 | 0.4015 | 0.4897 55,07
2.35 | -0,0625 | 0.0130 | 0,0638 | 168.27 | 0.2977 | 0.4065 | 0.5039 | 53.79
2.40 | -0.0627 | 0.0171 | 0.0649 | 164.77 | 0.3150 | 0.4107 | 0.5176 52,51
2.45 | -0.0625 | 0.0212 | 0.0660 | 161,29 | 0.3323 | 0.4140 | 0.5309 51.25
2.50 | -0.0619 | 0.0252 | 0.0669 | 157.86 | 0.3494 | 0.4165 | 0.5436 50,01
2.55 [-0.0611 | 0,0292 | 0.0677 | 154.47 | 0.3663 | 0.4181 | 0.5559 48,78
2.60 |-0.0599 | 0.0330 | 0.0684 | 151.14 | 0.3829 | 0.4189 | 0.5676 47,57
2.65 | -0.0584 | 0,0367 | 0.0690 | 147.86 | 0.3992 | 0.4190 | 0.5787 46,39
2.70 | -0.0567 | 0.0402 | 0.0695 | 144.65 | 0.4151 | 0.4184 | 0.5894 45,23
2.75 | -0.0547 | 0.0435 | 0.0699 | 141.51 | 0.4305 | 0.4172 | 0.5995 44,10
2.80 | -0.0526 | 0.0466 | 0.0703 | 138.43 | 0.4455 | 0.4154 | 0.6091 43,00
9.85 | -0.0503 | 0.0495 | 0.0706 | 135.43 | 0.4600 | 0.4131 | 0.6183 41,93
2.90 |-0.0479 | 0.0522 | 0.0708 | 132.51 | 0.4739 | 0.4104 | 0.6269 40.89
2.95 [-0.0453 | 0.0547 | 0,0710 | 129.66 | 0.4873 | 0.4072 | 0.6350 | 39.88
3,00 |-0,0427 | 0.0569 | 0.0711 | 126.90 | 0.5002 | 0.4037 | 0.6428 38,91
3.05 | -0.0400 | 0.0589 | 0.0712 | 124.21 | 0.5125 | 0.3999 | 0.6501 37.97
3.10 | -0.0373 | 0.0607 | 0.0713 | 121.59 | 0.5243 | 0.3959 | 0.6570 37.06
3.15 | -0.0346 | 0.0623 | 0.0713 | 119.06 | 0.5355 | 0.3917 | 0.6635 36.18
3.20 |-0.0319 | 0.0638 | 0.0713 | 116.60 | 0.5463 | 0.3873 | 0.6697 35,34
3.25 | -0.0293 | 0.0650 | 0.0713 | 114.22 | 0.5566 | 0.3828 | 0.6755 34,52
3.30 | -0.0266 | 0.0661 | 0.0713 | 111.91 | 0.5664 | 0.3783 | 0.6811 33.74
3.35 | -0.0240 | 0.0671 | 0.0713 | 109.67 | 0.5757 | 0.3736 | 0.6863 32.98
3.40 |-0.0214 | 0.0679 | 0.0712 | 107.50 | 0.5847 | 0.3690 | 0.6913 32.26
3.45 | -0.0189 | 0.0686 | 0.0712 | 105.40 | 0.5932 | 0.3643 | 0.6961 31,56
3.50 |-0.0164 | 0.0692 | 0.0711 | 103.37 | 0.6013 | 0.3596 | 0.7006 30,88
3.55 | -0.0140 | 0,0697 | 0,0711 | 101.40 | 0.6090 | 0.3550 | 0.7049 30.24
3.60 |-0,0117 | 0,0701 | 0,0710 99.49 | 0.6164 | 0.3504 | 0,7090 29.61
3.65 | -0,0094 | 0,0704 | 0,0710 97.64 | 0.6235 | 0.3458 | 0.7130 29,02
3.70 [ -0,0072 | 0.0706 | 0.0710 95.85 | 0.6303 | 0.3413 | 0.7168 28,44
3.75 | -0.0051 | 0.0708 | 0.0709 94.12 | 0.6367 | 0.3369 | 0.7204 27.89
3.80 | -0.0030 | 0.0709 | 0.07C9 92.44 | 0.6429 | 0.3326 | 0.7239 27.35
3.85 | -0.0010 | 0.0709 | 0.,0709 90,81 | 0.6489 | 0,3283 | 0.7272 26,84
3.90 | 0.0010 | 0.0709 | 0,0709 89.23 | 0.6546 | 0.3241 | 0.7304 26,24
3.95 | 0.0029 | 0.0709 | 0.0709 87.70 | 0.6601 | 0.3200 | 0.7335 25,37

WADC TR 56-614

A-385




k= 0.1 o = 0.25
2
A RV B sy =

& 2 x |27x|! —

REAL | IMAG. rREAL | mac. | moouLus| Liaee,

4.00 1.1993 |-0.50176 0.8942 1.2749 0.2795 0.9953 |-0.0708 0.9978 355.93
4,05 1.1990 | -0.4973 0.8950 1.2514 0.2861 0.9935 |-0.0707 0.9960 355.93
4.10 1.1986 |-0.4874 0.8958 1.2288 0.2927 0.9918 |-0.0706 0.9943 355.93
4.15 1.1982 | -0.4780 0.8966 1.2070 0.2991 0.9901 |-0.0704 0.9926 355.93
4.20 1.1977 | -0.4688 0.8973 1.1860 0.3054 0.9885 |-0.0702 0.9910 355.94
4,25 1.1971 | -0.4601 0.8981 1.1658 0.3117 0.9869 |-0.0700 0.9894 355.94
4.30 1.1965 | -0.4516 0.8988 1.1462 0.3178 0.9854 |-0.0698 0.9879 355.95
4.35 1.1959 | -0.4434 0.8996 1.1274 0.3239 0.9839 |-0.0696 0.9864 355.96
4.40 1.1952 | -0.4356 0.9003 1.1092 0.3298 0.9824 [-0.0693 0.9849 355.96
4.45 1.1945 | -0.4280 0.9011 1.0916 0.3357 0.9810 |-0.069t 0.9835 355.917
4,50 1.1937 | -0.4206 0.9018 1.0746 0.3414 0.9797 |-0.0688 0.9821 355.98
4.55 1.1929 | -0.4135 0.9025 1.0581 0.3471 0.9783 |-0.0685 0.9807 355.99
4.60 | 1.1921 |-0.4066 |0.9032 | 1.0422 | 0.3527 | 0.9770 |-0.0682 | 0.9794 | 356.00
4.65 1.1913 | -0.4000 0.9039 1.0267 0.3582 0.9758 |-0.0680 0.9781 356,02
4.70 1.1904 | -0.3936 0.9046 1.0118 0.3636 0.9745 |-0.0677 0.9769 356.03
4.75 1.1895 | -0.3873 0.9053 0.9973 0.3689 0.9733 |-0.0674 0.9757 356 .04
4.80 1.1885 | -0.3813 0.9060 0.9832 0.3741 0.9722 |-0.0671 0.9745 356.05
4,85 1.1876 | -0.3754 0.9066 0.9695 | 0.3793 0.9710 |-0.0668 0.9733 356.017
4.90 1.1886 | -0.3697 0.9073 0.9562 0.3843 0.9699 |-0.0665 0.9722 356.08
4.95 1.1856 | -0.3642 0.9080 0.9433 0.3893 0.9688 |-0.0662 0.9710 356 .09
5.00 1.1846 | -0.3588 0.9086 0.9308 0.3943 0.9677 |-0.0658 0.9700 356.11
5.05 1.1836 | -0.3536 0.9093 0.9186 0.3991 0.9667 |-0.0€55 0.9689 356.12
5.10 1.1826 | -0.3486 0.9099 0.9067 0.4039 0.9656 |-0.0652 0.9678 356.14
9«10 1.1816 | -0.3436 0.9106 0.8951 0.4086 0.9646 |-0.0649 0.9668 356.15
5.20 1.1805 | -0.3388 0.9112 0.8838 0.4132 0.9637 (-0.0646 0.9658 356.16
5.25 1.1795 | -0.3341 0.9119 0.8728 0.4178 0.9627 |-0.0643 0.9648 356.18
5.30 1.1784 | -0.3296 0.9125 0.8621 0.4223 0.9618 |-0.0640 0.9639 356.19
5.35 1.1774 | -0.3251 0.9131 0.8517 0.4287 0.9608 |-0.0637 0.9629 356.21
5.40 1.1763 | -0.3208 0.9137 0.8415 0.4311 0.9599 |-0.0634 0.9620 356.22
5.45 1.1753 | -0.3166 0.9143 0.8315 0.4354 0.9590 |-0.0630 0.9611 356.24
5.50 1.1742 | -0.3125 0.9149 0.8218 0.4397 0.9582 |-0.0627 0.9602 356.25
5.55 1.1732 | -0.3085 0.9155 0.8123 0.4439 0.9573 |-0.0624 0.9593 356.27
5.60 1.1721 | -0.3046 0.9161 0.8030 0.4480 0.9565 |-0.0621 0.9585 356.28
5.65 1.1711 | -0.30017 0.9167 0.7939 0.4521 0.9557 |-0.0618 0.9576 356.30
5.70 1.1700 | -0.2970 0.9173 0.17850 0.4561 0.9548 |-0.0615 0.9568 356.32
5.75 1.1690 | -0.2934 0.91178 0.7763 0.4601 0.9541 |-0.0612 0.9560 356.33
5.80 1.1679 | -0.2898 0.9184 0.7678 0.4640 0.9533 |-0.0609 0.9552 356.35
5.85 1.1669 | -0.2863 0.9189 0.7595 0.4679 0.9525 |-0.0606 0.9544 356.36
5.90 1.1659 | -0.2829 0.9195 0.7514 0.471"7 0.9518 |-0.0603 0.9537 356.38
5.95 1.1649 | -0.2796 0.9200 0.7434 0.4755 0.9510 |-0.0600 0.9529 356.39
6.00 ] 1.1638 |-0.2763 0.9206 0.7356 0.4792 0.9503 |-0.0597 0.9522 356 .41
6.05 1.1628 | -0.2731 0.9211 0.7280 0.4829 0.9496 |-0.0594 0.9514 356.42
6.10 1.1618 | -0.2700 0.9216 0.7205 0.4865 (0.9489 |-0.0591 0.9507 356 .44
6.15 1.1608 | -0.2669 0.9221 0.7131 0.4901 0.9482 |-0.0588 0.9500 356.45
6.20 1.1598 | -0.2639 0.9227 0.7059 0.4937 0.9475 |-0.0585 0.9493 356 .47
8.25 1.1589 | -0.2610 0.9232 0.6988 0.4972 0.9468 | -0.0582 0.9486 356 .48
6.30 1.1579 | -0.2581 0.9237 0.6919 0.5006 0.9462 [ -0.0579 0.9480 356.50
6.35 1.1569 | -0.2553 0.9242 0.6851 0.5040 0.9455 | -0.0576 0.9473 356,52
6.40 1.1560 | -0.2526 0.9247 0.6784 0.5074 0.9449 | -0.0573 0,9466 356.53
6.45 1.1550 | -0.2499 0.9251 0.6719 0.5107 0.9443 | -0.0570 0.9460 356.55
6.50 1.1541 | -0.2472 0.9256 0.6655 0.5140 0.9437 | -0.0567 0.9454 356 .56
6.55 1.1531 | -0.2446 0.9261 0.6592 0.5173 0.9431 | -0.0564 0.9448 356.58
6.60 1.1522 | -0.2421 0.9266 0.6530 0.5205 0.9425 | -0.0561 0.9441 356.59
6.65 1.1513 | -0.2396 0.9270 0.6469 0.5237 0.9419 | -0.0559 0.9435 356.61
6.70 1.1504 | -0.2372 0.9215 0.6409 0.5268 0.9413 | -0.0556 0.9429 356.62
6.75 1.1495 | -0,2348 0.9279 0.6350 0.5299 0.9407 | -0.0553 0.9424 356 .64
6.80 1.1486 | -0.2324 0.9284 0.6293 0.5330 0.9402 | -0.0550 0.9418 356.65
6.85 1.1477 | -0.2301 0.9288 0.6236 0.5360 0.9396 | -0.0547 0.9412 356.67
6.90 1.1469 | -0.2278 0.9293 0.6181 0.5390 0.9391 | -0.0545 0.9407 356.68
6.95 1.1460 | -0.2256 0.9297 0.6126 0.5420 0.9386 | -0.0542 0.9401 356.70

WADC TR 56-614 A-36




k= 0.1 o= 0.25

7 /+7 147 Fp
PHASE PHASE
REAL IMAG. | MODULUS | [ te2es, REAL IMAG. | MODULUS | L1258
4,00 | 0,0047 | 0,0708 | 0.0710 86.21 | 0.6653 | 0.3160 | 0.7365 25.41
4,05 | 0,0065 | 0.0707 | 0,0710 84.77 | 0.6704 | 0.3121 | 0.7395 24,96
4,10 | 0,0082 | 0.0706 | 0,0710 83.37 | 0.6753 | 0.3082 | 0.7423 24,54
4,15 | 0,0099 | 0,0704 | 0,0711 82.02 | 0,6800 | 0.3045 | 0.7450 24,12
4,20 { 0,0115 | 0.0702 | 0,0712 80.70 | 0.6845 | 0,3008 | 0.7477 23.72
4,25 | 0,0131 | 0.0700 [ 0.0712 79.42 | 0,6889 | 0,2972 | 0.7503 23.34
4,30 | 0,0146 | 0.0698 | 0.0713 78.17 | 0.6931 | 0.2937 | 0.7528 22,97
4,35 | 0,0161 | 0,0696 | 0,0714 76.97 | 0.6972 | 0.2903 | 0.7553 22.61
4,40 | 0.0176 | 0.0693 | 0,0715 75.79 | 0.,7012 | 0.2870 | 0,7577 22.26
4,45 | 0,0190 | 0,0691 | 0.0716 74,65 | 0,7050 | 0.2837 | 0.7600 21,92
4,50 [ 0,0203 | 0.0688 | 0.0717 73.54 | 0,7088 | 0.2806 | 0.7623 21.60
4,55 | 0,0217 | 0,0885 | 0,0719 72.45 | 0.7124 | 0,2775 | 0.7645 21.28
4,60 | 0.0230 | 0.0682 | 0.0720 71.40 | 0,7159 | 0.2744 | 0.7667 20.97
4,65 | 0,0242 | 0,0680 | 0,0722 70.37 | 0.7194 | 0.2715 | 0.7689 20.67
4,70 | 0,0255 | 0,0877 | 0,0723 69.38 | 0,7227 | 0.2686 | 0.7710 20.39
4,75 | 0,0267 | 0.0674 | 0,0725 68.40 | 0,7259 | 0.2657 | 0,7731 20,11
4,80 | 0,0278 | 0.0671 | 0,0726 67.45 | 0,7291 | 0,2630 | 0.7751 19.83
4.85 | 0,0290 | 0.0668 | 0.0728 66.53 | 0.7322 | 0.2603 | 0.7771 19.57
4,90 | 0.0301 | 0,0665 | 0.0730 65.62 | 0.7352 | 0.2576 | 0.7790 19.31
4,95 | 0.0312 | 0,0662 | 0,0731 64.74 | 0.7382 | 0.2550 | 0,7810 19.06
5.00 | 0,0323 | 0.0658 | 0.0733 63.86 | 0,7410 | 0.2525 | 0.7829 18.82
5.05 | 0,0333 | 0,0655 | 0.0735 63.04 | 0,7438 | 0,2500 | 0,7847 18.58
5,10 | 0,0344 | 0.0652 | 0,0737 62.22 | 0,7466 | 0,2476 | 0.7866 18.35
5.15 [ 0,0354 | 0.0649 | 0,0739 61.42 | 0,7493 | 0.2452 | 0.7884 18.12
5.20 | 0,0363 | 0,0646 | 0.0741 60.64 | 0,7519 | 0.2429 | 0.7901 17.90
5.25 | 0,0373 | 0.0643 | 0,0743 59.88 | 0.7544 | 0.2406 | 0.7919 17.69
5.30 { 0,0382 | 0.0640 | 0.0745 59,13 | 0.7570 | 0.2383 | 0.7936 17.48
5.35 | 0.0392 | 0.0637 | 0,0747 58.40 | 0.7594 | 0.2361 | 0.7953 17.27
5.40 | 0.0401 | 0,0634 | 0,0750 57.68 | 0,7618 | 0.2340 | 0.7970 17.07
5.45 | 0.0410 | 0,0630 | 0.0752 56.99 | 0.7642 | 0.2319 | 0.7986 16.88
5,50 | 0.0418 | 0.0627 | 0.0754 56,30 | 0.7665 | 0.2298 | 0.8002 16.69
5.55 | 0.0427 | 0.0624 | 0,0756 55.63 | 0.7688 | 0.2277 | 0.8018 16.50
5.60 | 0,0435 | 0,0621 | 0,0758 54.98 | 0,7710 | 0.2257 | 0.8034 16,32
5.65 | 0.0443 | 0.0618 | 0.0761 54,34 | 0.7732 | 0,2238 | 0.8049 16.14
5,70 | 0.0452 | 0.0615 | 0.0763 53.71 | 0.7753 | 0,2218 | 0.8065 15.97
5.75 | 0.0459 | 0.0612 | 0.0765 53.09 | 0.7774 | 0.2199 | 0.8080 15.80
5.80 | 0.0467 | 0.0609 | 0.0767 52.49 | 0.7795 | 0.2181 | 0.8094 15.63
5.85 | 0.0475 | 0.0606 | 0.0770 51.90 | 0.7815 | 0.2162 | 0.8109 15.46
5.90 | 0,0482 | 0.0603 | 0,0772 51.32 | 0.7835 | 0.2144 | 0.8123 15.30
5.95 | 0.0490 | 0.0600 | 0.0774 50.75 | 0.7855 | 0,2126 | 0.8138 15.15
6.00 | 0.0497 | 0.0597 | 0,0777 50,20 | 0.7874 | 0.2109 | 0.8151 14.99
6.05 | 0,0504 | 0.0594 | 0,0779 49.65 | 0.7893 | 0,2091 | 0.8165 14.84
6.10 | 0,0511 | 0.0591 | 0.0781 49.12 | 0,7911 | 0.2074 | 0.8179 14,69
6.15 | 0,0518 | 0,0588 | 0,0783 48.59 | 0.7930 | 0.2058 | 0.8192 14.55
6.20 | 0,0525 | 0.0585 | 0.0786 48.08 | 0.7947 | 0.2041 | 0.8205 14.40
6.25 | 0.0532 | 0,0582 | 0.0788 47.58 | 0.7965 | 0.2025 | 0.8218 14,26
6.30 | 0.0538 | 0.0579 | 0.0790 47.08 | 0.7982 | 0.2009 | 0,8231 14.13
6.35 | 0.0545 | 0.0576 | 0.0793 46 .60 | 0,7999 | 0.1993 | 0.8244 13.99
6.40 | 0.0551 | 0,0573 | 0.0795 46.12 | 0.8016 | 0,1978 | 0.8256 13.86
6.45 | 0.0557 | 0,0570 | 0.0797 45,65 | 0.8032 | 0.1962 | 0.8269 13.73
6.50 | 0.0563 | 0.0567 | 0,0799 45,19 | 0.8049 | 0.1947 | 0.8281 13.60
6.55 | 0.0569 | 0,0564 [ 0.0802 44,74 | 0.8064 | 0,1933 | 0.8293 13.48
6.60 | 0.0575 | 0,0561 | 0,0804 44,30 | 0.8080 | 0,1918 | 0.8305 13.35
6.65 | 0.0581 | 0.0559 | 0.0806 43,86 ( 0.8095 | 0.1904 | 0.8316 13.23
6.70 | 0.0587 | 0,0556 | 0.0808 43.44 | 0.8111 | 0.1889 | 0.8328 13.11
6.75 | 0.0593 | 0.0553 | 0.0810 43,02 | 0.8125 | 0.1875 | 0.8339 13.00
6.80 | 0,0598 | 0,0550 | 0.0813 42.61 | 0.8140 | 0.1862 | 0.8350 12.88
6.85 | 0.0604 | 0.0547 | 0.0815 42,20 | 0.8154 | 0.1848 | 0.8361 12.71
6.90 | 0.0609 | 0,0545 | 0,0817 41.80 | 0.8169 | 0.1835 | 0.8372 12.66
6.95 | 0.0614 | 0.0542 | 0.0819 41.41 | 0.8183 | 0.1821 | 0.8383 12.55

WADC TR 56-614

A-37




WADC TR 66-614

k= 0.1 o = 0.25
/- o* Y -
X / 2r = 7

a 2 A_’ Zﬂ'xx { X
REAL | IMAG. REAL maG. | moouws| FHAX
7.00 | 1.1451 [-0.2234 | 0.9301 | 0.6072 | 0.5449 | 0.9380 |-0.0539 | 0.8398 | 356.71
7.05 | 1.1443 |-0.2213 | 0.9305 | 0.6019 | 0.5478 | 0.9375 |-0.0537 |o0.9391 | 356.72
7.10 | 1.1435 | -0.2192 | 0.9309 | 0.5967 | 0.5506 | 0.9370 |-0.0534 |0.9385 | 356.74
7.15 | 1.1426 |-0.2171 | 0.9314 | 0.5016 | 0.5534 | 0.9365 |-0.0531 |o0.9380 | 356.75
7.20 | 1.1418 |-0.2151 | 0.9318 | 0.5866 | 0.5562 | 0.9360 |-0.0529 | 0.9375 | 358.77
7.25 |1.1410 |-0.2131 | 0.9322 | 0.5816 | 0.5500 | 0.9355 |-0.05268 | 0.9370 | 356.78
7.30 | 1.1402 |-0.2111 | 0.9326 | 0.5768 | 0.5617 | 0.9350 |-0.0523 | 0.9365 | 356.80
7.35 | 1.::24 |-0.2092 |0.9320 | 0.5720 | 0.5644 | 0.9348 |-0.0521 |0.8360 | 356.81
7.40 | 1.1386 |-0.2073 | 0.9333 | 0.5673 | 05671 | 0.9341 [-0.0518 | 0.9355 | 356.82
7.45 |1.1378 |-0.2054 |0.9337 | 0.5627 |0.5697 | 0.9336 |-0.0516 | 0.9351 | 356.84
7.50 | 1.1370 |-0.2036 | 0.9341 | 0.5581 | 0.5723 | 0.9332 |-0.0513 | 0.9346 | 356.85
7.55 | 1.1363 |-0.2018 | 0.9345 | 0.5536 | 0.5749 | 0.6327 [-0.0511 | 0.9341 | 356.87
7.60 | 1.1355 |-0.2000 | 0.0348 | 0.5492 | 0.5774 | 0.9323 |-0.0508 | 0.9337 | 356.88
7.65 | 1.1348 [-0.1983 | 0.9352 | 0.5448 | 0.5799 | 0.9319 |-0.0506 | 0.9332 | 356.89
770 | 1.1340 [-0.1966 | 0.9356 | 0.5406 | 0.5824 | 0.9314 |-0.0503 | 0.9328 | 356.91
7.95 | 1.1338 | -0.1949 | 0.9359 | 0.5363 | 0.5840 | 0.9310 [-0.0501 | 0.0324 | 356.02
7.80 | 1.1328 | -0.1932 | 0.9363 | 0.5322 | 0.5873 | 0.9306 |-0.0498 | 0.9319 | 356.03
7'85 | 1.1318 [-0.1916 | 0.9366 | 0.5281 | 0.5897 [ 0.9302 |-0.0496 | 0.9315 | 356.95
7.90 | 1.1311 | -0.1900 | 0.9370 | 0.5241 | 0.5921 | 0.9298 |-0.0404 | 0.9311 | 356.96
7.95 | 1.1304 | -0.1884 | 0.9373 | 0.5201 [ 0.5945 | 0.9294 |-0.0481 | 0.9307 | 356.97
8.00 |1.1207 |-0.1869 | 0.9377 | 0.5162 | 0.5068 | 0.9290 [-0.0489 | 0.9303 | 356.99
8.05 |1.1290 |-0.1854 |0.9380 | 0.5123 |0.5901 | 0.9286 |-0.0487 | o0.9209 | 357 00
8.10 |1.1283 |-0.1839 | 0.9383 | 0.5085 | 0.6014 | 0.9282 |-0.0484 | 0.9205 | 357.01
8.15 | 1.1277 |-0.1824 | 0.9387 | 0.5048 | 0.6038 | 0.9278 |-0.0482 | 0.9291 | 357.03
8.20 |1.1270 |-0.1809 | 0.9390 | 0.5011 | 0.6058 | 0.9275 |-0.0480 | 0:9287 | 357.04
8.25 |1.1263 |-0.1795 | 0.9393 | 0.4975 | 0.8081 | 0.9271 [-0.0477 | o0.9283 | 357.05
8.30 |1.1257 |-0.1781 | 0.9396 | 0.4939 | 0.6103 | 0.9267 [-0.0475 | 0.9279 | 357.06
8.35 |1.1250 |-0.1767 | 0.9399 | 0.4004 | 0.6124 | 0.0264 [-0.0473 |0 9276 | 357 08
8.40 |1.1244 |-0.1753 | 0.9402 | 0.4869 | 0.6145 | 0.9260 [-0.0471 | 0.9272 | 357 09
8.45 |1.1237 |-0.1739 | 0.9405 | 0.4834 | 0.6167 | 0.8257 |-0.0469 | 0.9268 | 357.10
8.50 |1.1231 |-0.1726 |0.9400 | 0.4800 | o0.6188 | 0.9253 |-0.0467 | 0.9265 | 357.11
8.55 |1.1225 |-0.1713 |0.9412 | 0.4767 | 0.6208 | 0.9250 |-0.0464 | 0 9261 | 357.13
8.60 |1.1218 |-0.1700 | 0.9415 | 0.4734 | 0.6220 | 0.9246 |-0.0462 | 0.9258 | 357 14
8.65 |1.1212 |-0.1687 | 0.9418 | 0.4701 | 0.6249 | 0.9243 |-0.0460 | 0.9254 | 357.15
8.70 |1.1206 |-0.1675 |0.9420 | 0.4669 | 0.6269 | 0.9240 [-0.0458 | 0.9251 | 357.18
8.75 |1.1200 |-0.1662 | 0.9423 | 0.4638 | 0.6280 | 0.9238 [-0.0456 | 0.9248 | 357.17
8.80 |1.1194 |-0.1650 |0.9426 | 0.4606 [ 0.6309 | 0.9233 |-0.0454 | 0.9244 | 357.19
8.85 |1.1188 |-0.1638 |0.9420 | 0.4576 | 0.6328 | 0.9230 [-0.0452 | 0.9241 | 357.20
8.90 |1.1182 |-0.1626 |[0.9432 | 0.4545 | 0.6348 | 0.9227 [-0.0450 | 0.9238 | 357.21
8.95 |1.1176 |-0.1615 | 0.9435 | 0.4515 | 0.6367 | 0.6224 |-0.0448 | 0.9234 | 357.22
9.00 |1.1171 |-0.1603 |0.9437 | 0.4486 | 0.6385 | 0.9221 [-0.0446 | 0.9231 | 357.23
9.05 |1.1165 |-0.1592 |0.0440 | 0.4456 |0.6404 | 0.9217 |-0.0444 | 0.9228 | 357.24
9.10 | 1.1150 |-0.1581 |0.0443 | 0.4427 |0.6423 | 0.9214 |-0.0442 | 0.9225 | 357.25
9.15 | 1.1154 |-0.1560 |0.9446 | 0.4399 |o0.6441 | 0.9211 |-0.0440 | 0.9222 | 357:27
9.20 |1.1148 |-0.1559 | o0.9448 | 0.4371 | o0.6450 | 0.9200 |-0.0438 | 0.9219 | 357.28
9.25 |1.1143 |-0.1548 |[0.9451 | 0.4343 |0.6477 | 0.9208 |-0.0436 | 0.92168 | 357.20
9.30 |1.1137 |-0.1537 | 0.9453 | 0.4315 | 0.6495 | 0.9203 |-0.0434 | 0.9213 | 357.30
9.35 [1.1132 |-0.1527 |0.9456 | 0.4288 |0.6513 | 0.9200 |-0.0432 | 0.9210 | 357:31
9.40 |1.1126 |-0.1516 | 0.0459 | 0.4262 | 0.6530 | 0.9197 |-0.0430 | 09207 | 357.32
9.45 |1.1121 |-0.1506 | 0.9461 | 0.4235 | 0.6547 | 0.9194 |-0.0429 | 0.9204 | 35733
9.50 |1.1116 |-0.1496 | 0.9464 | 0.4209 | 0.6565 | 0.9182 |-0.0427 | 0.9201 | 357.34
9.55 |1.1110 |-0.1486 | 0.9466 | 0.4183 | 0.6582 | 0.9188 |-0.0425 | 0.9199 | 357.35
9.60 |1.1105 |-0.1476 | 0.9469 | 0.4158 | 0.6598 | 0.9186 |-0.0423 | 0.9196 | 357.38
9.65 |1.1100 |-0.1466 | 0.9471 | 0.4132 | 0.6615 | 0.9183 |-0.0421 | 0.9193 | 357.37
9.70 |1.1095 |-0.1457 | 0.9473 | 0.4108 | 0.6631 | 0.9181 |-0.0418 | 0.9190 | 357.38
9.75 |1.1080 |-0.1447 | 0.9476 | 0.4083 | 0.6648 | 0.9178 |-0.0418 | 0.9188 | 357.39
9.80 | 1.1085 [-0.1438 | 0.9478 | 0.4059 | 0.6664 | 0.9178 |-0.0416 | 0.9185 | 35740
9.85 | 1.1080 |-0.1429 | 0.9480 | 0.4035 | 0.6680 | 0.9173 |-0.0414 | 0.9182 | 357 41
9.90 |1.1075 |-0.1420 | 0.9483 | 0.4011 | 0.6696 | 0.9171 |-0.0412 | 0.9180 | 357 42
9.95 |1.1070 |-0.1411 | 0.9485 | 0.3987 | 0.6712 | 0.9168 |-0.0411 | 0.9177 | 357.43
10.00 | 1.1066 |-0.1402 | 0.9487 | 0.3964 | 0.6727 | 0.9166 |-0.0409 | 0.9175 | 357.44

A-38




k= 0.1 o= 0.25

a /+7 1+7 Fio
REAL MaG. | moouLus (ﬁ?ﬁé%i} REAL IMAG. | MODULUS é:g:gg
7.00 | 0,0620 | 0,0539 | 0,0821 41,03 ( 0,8196 | 0.1808 | 0.8393 12.44
7.056 | 0,0825 | 0.0537 | 0,0824 40.65 | 0,8210 | 0,1795 | 0.8404 12.34
7.10 ! 0,0630 | 0.0534 | 0.0826 40,28 | 0.8223 | 0.1783 | 0,8414 12,23
7.15 | 0.,0835 | 0,0531 | 0.0828 39.92 | 0.8236 | 0,1770 | 0,8424 12.13
7,20 | 0,0640 | 0,0529 | 0,0830 39,56 | 0.8249 | 0.1758 | 0,8434 12,03
7.25 | 0,0845 | 0,0526 | 0,0832 39,20 | 0.8262 | 0,1746 | 0,8444 11,93
7,30 | 0,0850 | 0.0523 | 0.0834 38.86 | 0.8275 | 0.1734 | 0,8454 11,83
7.35 | 0,0654 | 0,0521 | 0,0836 38,52 | 0.8287 | 0,1722 | 0.8464 11,74
7.40 | 0,0659 | 0,0518 | 0,0838 38,18 | 0,8299 | 0,1710 | 0.8473 11.64
7.45 | 0.0664 | 0.0516 | 0.0840 37.85 | 0,8311 | 0.1698 | 0.8483 11.55
7.50 ) 0,0688 | 0,0513 | 0.0842 37.53 | 0,8323 | 0,1687 | 0,8492 11.46
7.55 | 0,0673 | 0.0511 | 0,0844 37.21 | 0.8335 | 0,1676 | 0,8501 11,37
7.60 | 0,0677 | 0,0508 | 0.0846 36.89 | 0.8346 | 0,1665 | 0.8510 11.28
7.65 | 0,0681 [ 0,0506 | 0,0848 36,58 | 0.8357 | 0.1854 | 0,8519 11.19
7.70 ; 0,0686 | 0,0503 | 0.0850 36.28 | 0.8369 | 0.1643 | 0.8528 11.11
7.75 | 0.0690 | 0.0501 | 0,0852 35.98 | 0.8380 | 0,1632 | 0,8537 11,02
7.80 | 0.0694 [ 0,0498 | 0,0854 35.68 | 0.8391 | 0,1622 | 0.8546 10.94
7.85 | 0.0698 | 0,0496 | 0,0856 35,39 | 0.8401 | 0.,1611 | 0,8554 10,86
7.90 [ 0,0702 | 0,0494 | 0.0858 35,10 | 0.8412 | 0.1601 | 0.8563 10,78
7.95 | 0.0706 | 0,0491 | 0,0860 34,82 | 0,8422 | 0,1591 | 0,8571 10.70
8.00 { 0,0710 | 0,0489 | 0,0862 34,55 | 0.8433 | 0.1581 | 0.8579 10,62
8.05 ( 0,0714 | 0,0487 | 0,0864 34,27 | 0.8443 | 0,1571 | 0.8588 10.54
8.10 | 0,0718 | 0.0484 | 0,0866 34.00 | 0.8453 | 0,1561 | 0.8596 10.46
8,15 | 0,0722 | 0,0482 | 0,0868 33.74 | 0.8463 | 0,1551 | 0,.8604 10.39
8,20 | 0,0725 | 0,0480 | 0,0870 33.48 | 0.8472 | 0.1542 | 0,8611 10,31
8,25 | 0.0729 | 0,0477 | 0,0872 33.22 | 0.8482 | 0.1532 | 0,8619 10.24
8,30 | 0,0733 | 0,0475 | 0,0873 32.96 | 0.8492 | 0.1523 | 0.8627 10.17
8.35 | 0,0736 | 0,0473 | 0,0875 32.71 | 0.8501 | 0.1514 | 0.8635 10,10
8,40 | 0,0740 | 0,0471 | 0.0877 32.47 | 0.8510 | 0.1505 | 0.8642 10,03
8.45 | 0,0743 | 0.0469 | 0.0879 32.23 | 0.8519 | 0,1496 | 0.8650 9.96
8.50 | 0.0747 | 0,0467 | 0,0881 31.99 | 0.8528 | 0.1487 | 0,8657 9.89
8,55 | 0.0750 | 0,0464 | 0,0882 31,75 | 0.8537 | 0,1478 | 0,8664 9.82
8.60 | 0,0754 | 0,0462 | 0,0884 31,52 | 0.8546 | 0,1469 | 0,8671 9.75
8.65 | 0.0757 | 0.0460 | 0.0886 31,29 | 0.8555 | 0,1461 | 0.8679 9.69
8,70 | 0,0760 { 0,0458 | 0,0888 31.06 | 0.8563 | 0,1452 | 0.8686 9.62
8,75 | 0.0764 | 0.0456 | 0.0889 30,84 | 0.8572 | 0,1444 | 0.8693 9.56
8.80 | 0,0767 [ 0,0454 | 0,0891 30,62 | 0,8580 | 0.1435 | 0.8700 9.50
8.85 | 0.0770 | 0,0452 | 0,0893 30.40 | 0.8589 | 0,1427 | 0.8706 9.43
8,90 | 0,0773 | 0.0450 | 0,0895 30.19 | 0.8597 | 0.1419 | 0.8713 9.37
8,95 ( 0.0776 | 0,0448 | 0,0896 29,98 | 0,8605 | 0.1411 | 0.8720 9.31
9.00 [ 0,0779 | 0.0446 | 0.0898 29.77 | 0.8613 | 0,1403 | 0.8726 9.25
9,05 [ 0,0783 | 0.0444 | 0.0900 29.56 | 0,8621 | 0,1395 | 0.8733 9.19
9,10 [ 0.0786 | 0,0442 | 0,0901 29,36 | 0.8629 | 0.1387 | 0.8740 9.13
9.15 | 0,0789 | 0,0440 | 0,0903 29.16 | 0.8636. | 0,1380 | 0,8746 9.08
9.20 | 0.0791 | 0.0438 | 0.0905 28.96 | 0,8644 | 0.1372 | 0.8752 9.02
9,25 | 0,0794 | 0.0436 | 0,0906 28.77 | 0.8652 | 0.1365 | 0,8759 8.96
9,30 | 0.0797 | 0,0434 | 0.0908 28.57 | 0.8659 | 0,.1357 | 0.8765 8.91
9.35 | 0.0800 | 0.0432 | 0.0909 28.38 | 0.8667 | 0.1350 | 0,8771 8.85
9.40 | 0,0803 | 0,0430 | 0.0911 28.19 | 0.8674 | 0,1343 | 0.8717 8.80
9.45 ( 0,0806 | 0.0429 | 0,0913 28,01 | 0.8681 | 0,1335 | 0.8783 8.74
9,50 | 0.0808 | 0,0427 | 0.0914 27.83 | 0.8688 | 0,1328 | 0,8789 8.69
9,55 | 0,0811 | 0,0425 | 0,0916 27,65 | 0.8695 | 0,1321 | 0.8795 8.64
9.60 | 0.,0814 | 0,0423 | 0,0917 27,47 | 0.8702 | 0.1314 | 0.8801 8.59
9.65 | 0.0817 | 0.0421 | 0,0919 27.29 | 0,8709 | 0.1307 | 0.8807 8.54
9,70 | 0,0819 | 0,0419 | 0.0920 27,12 | 0.,8716 | 0,1300 | 0.8813 8.49
9.75 | 0,0822 | 0.0418 | 0,0922 26.95 | 0,8723 | 0.1294 | 0.8818 8.44
9.80 | 0,0824 | 0.0416 | 0,0923 26.78 | 0,8730 | 0.1287 | 0.8824 8.39
9.85 | 0,0827 | 0,0414 | 0.0925 26,61 | 0.8736 | 0.1280 | 0,8829 8.34
9.90 | 0.0829 | 0,0412 | 0.0926 26.44 | 0,8743 | 0,1274 | 0.8835 8,29
9,95 | 0,0832 | 0,0411 | 0,0928 26.28 | 0,8749 | 0.1267 | 0.8840 8.24
10.00 | 0.0834 | 0.0409 | 0,0929 26.12 | 0.8756 | 0.1261 | 0.8846 8.19

WADC TR 56-614 A-39




k=0.1 o = 0.50
2
/ A / Y orY -7

a £ X 2r e |t 7k 3

REAL | /M4G. REAL maG. | moouLus | PTAE
1.00 | 1.0035 [-5.9742 [ 0.5322 | 5.3158 | 0.0049 | 1.0049 [-0.0014 | 1.0049 | 358.92
1.05 | 1.0042 |-5.4139 | 0.5543 | 5.2249 | 0.0054 | 1.0059 |-0.0019 |1.0059 | 359.89
1.10 | 1.0051 |-4.9277 |0.5757 | 5.1310 | 0.0059 | 1.0071 |-0.0025 |1.0071 | 359.86
1.15 | 1.0081 |-4.5031 |0.5965 | 5.0343 | 0.0065 | 1.0083 [-0.0033 |1.0083 | 359.81
1.20 | 1.0072 |-4.1300 | 0.61687 | 4.9350 | 0.0072 | 1.0097 |-0.0042 |1.0097 | 359.76
1.25 | 1.0085 |-3.8004 | 0.6363 | 4.8334 |0.0080 | 1.0111 |-0.0053 |1.0112 | 359.70
1.30 | 1.0099 |-3.5077 | 0.6551 | 4.7204 | 0.0088 | 1.0127 |-0.0066 | 1.0128 | 359.63
1.35 | 1.0115 |-3.2465 | 0.6733 | 4.6235 | 0.0098 | 1.0144 |-0.0082 |1.0144 | 359.54
1.40 | 1.0133 |-3.0124 | 0.6908 | 4.5156 | 0.0109 | 1.0162 |-0.0101 | 1.0162 | 359.43
1.45 | 1.0153 |-2.8018 | 0.7075 | 4.4062 | 0.0122 | 1.0180 |-0.0122 | 1.0181 | 359.31
1.50 | 1.0175 |-2.6116 | 0.7236 | 4.2953 | 0.0136 | 1.0198 |-0.0147 |1.0199 | 359.17
1.55 | 1.0199 |-2.4391 | 0.7389 | 4.1831 | 0.0153 | 1.0216 [-0.0176 |1.0218 | 359.01
1.60 | 1.0225 |-2.2823 | 0.7534 | 4.0700 | 0.0171 | 1.0234 [-0.0208 | 1.0236 | 358.83
1.65 | 1.0254 |-2.1393 | 0.7672 | 3.9561 | 0.0191 | 1.0250 [-0.0245 | 1.0253 | 358.83
1.70 | 1.0285 |-2.0085 | 0.7803 | 3.8417 | 0.0215 | 1.0265 |-0.0285 | 1.0269 | 358.41
1.75 | 1.0318 |-1.8886 | 0.7926 | 3.7270 | 0.0241 | 1.0277 |-0.0329 | 1.0283 | 358.17
1.80 | 1.0354 |-1.7785 | 0.8041 | 3.6124 | 0.0270 | 1.0287 |-0.0376 | 1.0294 | 357.90
1.85 | 1.0393 |-1.6771 | 0.8148 | 3.4982 | 0.0303 | 1.0293 [-0.0428 | 1.0302 | 357.62
1.90 | 1.0433 |-1.5835 | 0.8248 | 3.3846 | 0.0339 | 1.0295 [-0.0482 | 1.0306 | 357.32
1.95 | 1.0476 |-1.4071 | 0.8341 | 3.2721 | 0.0379 | 1.0292 |-0.0539 | 1.0307 | 357.00
2.00 |1.0521 |[-1.4172 | o0.8426 | 3.1600 | o0.0424 | 1.0285 |-0.0598 | 1.0302 | 356.67
2.05 |1.0567 [-1.3432 | o0.8504 | 3.0515 |0.0473 | 1.0271 |-0.0658 | 1.0292 | 356.34
2.10 | 1.0615 [-1.2746 | 0.8575 | 2.9441 | 0.0527 | 1.0252 [-0.0718 | 1.0277 | 355.99
2.15 [ 1.0664 |-1.2109 | 0.8639 | 2.8391 | 0.0585 | 1.0228 |-0.0778 | 1.0257 | 355.65
2.20 |1.0713 [-1.1518 | 0.8697 | 2.7368 | 0.0648 | 1.0197 |-0.0837 |1.0232 | 355.31
2.25 |1.0763 [-1.0069 | 0.8749 | 2.6375 [ 0.0715 | 1.0162 [-0.0893 |1.0201 | 354.98
2.30 |1.0813 [-1.0458 | 0.8795 | 2.5414 | 0.0788 | 1.0121 |-0.0947 | 1.0165 | 354.65
2.35 | 1.0862 |-0.9983 | 0.8836 | 2.4487 | 0.0864 | 1.0076 [-0.0997 | 1.0125 | 354.35
2.40 |1.0911 |-0.9540 |0.8873 | 2.3597 |0.0945 | 1.0027 [-0.1043 | 1.0082 | 354.06
2.45 |1.0958 |-0.9128 |0.8905 | 2.2742 |0.1029 | 0.9976 |-0.1085 | 1.0035 | 353.79
2.50 |1.1004 [-0.8744 | 0.8934 | 2.1925 [o0.1116 | 0.9922 |-0.1123 | 0.9985 | 353.54
2.55 | 1.1048 [-0.8386 | 0.8959 | 2.1145 | 0.1207 | 0.9866 |-0.1155 | 0.9933 | 353.32
2.60 |1.1090 [-0.8051 | 0.8981 | 2.0402 | 0.1300 | 0.9809 [-0.1184 | 0.9880 | 353.12
2.65 |1.1130 [-0.7737 | o0.9001 | 1.9694 |0.1395 | 0.9752 |-0.1207 | 0.9826 | 352.94
2.70 | 1.1168 [-0.7444 |o0.9019 | 1.9022 |o0.1492 | 0.9695 |-0.1227 | 0.9772 | 35279
2.75 [1.1204 [-0.7170 [ 0.9034 | 1.8384 |0.1591 | 0.9638 |-0.1242 | 0.9718 | 352.66
2.80 |[1.1237 [-0.6912 [ 0.9048 | 1.7778 | 0.1690 | 0.9583 |-0.1254 | 0.9665 | 352.54
2.85 |1.1268 |-0.6671 | 0.9060 | 1.7203 | 0.1790 | 0.9528 |-0.1263 | 0.9612 | 352.45
2.90 |1.1298 |-0.6443 | o0.9072 | 1.6658 | 0.1890 | 0.9476 |-0.1268 | 0.9560 | 352.38
2.95 |1.1325 [-0.6230 | 0.9082 | 1.6141 |0.1991 | 0.9424 [-0.1271 | 0.9509 | 352.32
3.00 |1.1349 |-0.6028 |0.9091 | 1.5651 |0.2091 | 0.9375 [-0.1271 | 0.9460 | 352.28
3.05 |1.1372 |-0.5838 [ 0.9099 | 1.5186 | 0.2190 | 0.9327 |-0.1270 | 0.9413 | 352.25
3.10 |1.1393 |-0.5659 | 0.9107 | 1.4744 |0.2289 | 0.9281 |-0.1266 | 0.9367 | 352.23
3.15 |1.1412 |-0.5489 |0.9114 | 1.4325 |0.2387 | 0.9237 |-0.1261 | 0.9322 | 352.23
3.20 | 1.1430 [-0.5329 | 0.9121 | 1.3927 |0.2484 | 0.9194 |-0.1254 | 0.9280 | 352.23
3.25 |1.1445 |-0.5177 |0.9127 | 1.3549 | 0.2580 | 0.9154 [-0.1247 | 0.9239 | 352.24
3.30 |1.1460 [-0.5033 |[0.9133 | 1.3189 | 0.2674 | 0.9115 |-0.1238 | 0.9189 | 35226
3.35 |1.1472 |-0.4896 |0.9139 | 1.2847 |0.2767 | 0.9078 [-0.1229 | 0.9161 | 352.29
3.40 |1.1483 [-0.4766 | 0.9145 | 1.2522 | 0.2859 | 0.9043 [-0.1219 | 0.9125 | 352.32
3.45 |1.1493 [-0.4643 | 0.9150 | 1.2211 | 0.2949 | 0.9009 |-0.1209 | 0.0090 | 352.38
3.50 |1.1502 |-0.4525 | 0.9155 | 1.1915 |0.3038 | 0.8977 [-0.1198 | 0.9057 | 352.40
3.55 |1.1509 [-0.4413 | 0.9160 | 1.1633 | 0.3124 | 0.8946 |-0.1186 | 0.9025 | 352.45
3.60 |1.1516 |-0.4306 |0.9165 | 1.1364 | 0.3210 | 0.8917 |-0.1175 | 0.8994 | 35249
3.65 |[1.1521 [-0.4205 | 0.9170 | 1.1107 | 0.3293 | 0.8889 |-0.1163 | 0.8964 | 352.54
3.70 |1.1525 [-0.4107 |0.9175 | 1.0861 | 0.3375 | 0.8862 |-0.1152 | 0.8936 | 35259
3.75 |1.1529 [-0.4014 [ 0.9179 | 1.0626 | 0.3456 | 0.8836 [-0.1140 | 0.8909 | 352.65
3.80 |1.1531 [-0.3925 |[0.9184 [ 1.0401 | o0.3534 | 0.8811 [-0.1128 | 0.8883 | 352.70
3.85 [1.1533 [-0.3840 | 0.9189 | 1.0186 | 0.3611 | 0.8787 |-0.1117 | 0.8858 | 352.76
3.90 |1.1534 [-0.3758 | 0.9193 [ 09979 |[0.3687 | 0.8765 |-0.1105 | 0.8834 | 352.81
3.95 |1.1534 [-0.3680 [ 0.9198 [ 0.9781 | 0.3760 | 0.8743 (-0.1094 | 0'8811 | 35287

WADC TR 56-614




k=o0.1 0=0,50

a %7 147 Fip
PHASE PHASE
REAL IMAG. | MopULUS | JRASE | REAL maG. | moouLus | FHASE
1.00 [-0.0049 | 0.0014 | 0.0051 | 163.75 | 0.0156 | 0.1235 | 0.1245 82.82
1.05 |-0.0059 | 0.0019 | 0,0062 | 162.08 | 0,0189 | 0.1358 | 0,1372 82.08
1.10 |-0.0071 | 0.0025 | 0.0075 | 160.33 | 0,0228 | 0,1486 | 0.1504 81.30
1.15 |-0.0083 | 0.0033 | 0.0089 | 158.49 | 0.0271 [ 0.1619 | 0,1842 80.48
1.20 |-0.0097 | 0.0042 | 0.0105 | 156.58 | 0,0321 | 0.1756 | 0,1785 | 79.63
1.25 [-0.0111 | 0.0053 | 0.0123 | 154.58 | 0.0378 | 0.1897 | 0.1934 | 78.73
1.30 [-0.0127 | 0.0066 | 0.0144 | 152.50 [ 0.0441 | 0.2041 | 0.2088 [ 77.80
1.35 |-0.0144 | 0.0082 | 0.0166 | 150.33 | 0.0512 | 0.2188 | 0,2247 [ 76.83
1.40 [-0.0162 | 0.0101 | 0.0191 | 148,09 [ 0.0591 | 0.2337 | 0.2411 | 75.82
1.45 [-0.0180 | 0.0122 | 0.0218 | 145.76 [ 0.0678 | 0.2489 | 0.2579 | 74.77
1.50 | -0.0198 | 0.0147 | 0.0247 | 143.35 | 0.0773 | 0.2641 | 0.2752 | 73.68
1.55 | -0.0216 | 0.0176 | 0.0279 | 140.87 [ 0.0878 | 0.2793 | 0.2928 | 72.55
1.60 | -0.0234 | 0.0208 | 0.0313 | 138.30 | 0.0992 | 0.2945 | 0.3108 | 71.38
1.65 | -0.0250 | 0.0245 | 0.0350 | 135.66 | 0.1116 | 0.3095 | 0.3291 | 70.17
1.70 | -0.0265 | 0.0285 | 0.0389 | 132.95 | 0.1250 | 0.3243 | 0.3476 | 68.92
1.75 | -0.0277 | 0.0320 | 0.0430 | 130,17 | 0.1393 | 0.3387 | 0.3662 67.64
1.80 [-0.0287 | 0.0376 | 0.0473 | 127,33 | 0.1547 | 0.3526 [ 0,3850 | 66.32
1.85 | -0.0203 | 0.0428 | 0.0519 | 124.43 [ 0,1709 | 0.3659 | 0.4038 | 64.96
1.00 | -0.0205 | 0.0482 | 0.0565 | 121,48 | 0.1881 | 0.3785 | 0.4226 | 63.57
1.95 [-0.0292 | 0.0539 | 0.0813 | 118.48 | 0.2061 | 0.3902 [ 0.4413 | 62.16
2.00 | -0.0285 | 0.0598 | 0.0662 | 115.46 | 0.2248 | 0.4010 | 0.4597 60,72
2.05 [-0.0271 | 0.0658 | 0.0712 | 112.41 | 0.2442 | 0,4107 | 0.4778 59,26
2710 | -0.0252 | 0.0718 | 0.0761 | 109.36 | 0.2641 | 0.4193 | 0.4955 57.19
2°15 | -0.0228 | 0.0778 | 0.0811 | 106.30 | 0.2844 [ 0.4267 | 0.5128 56.31
2.20|-0.0197 | 0.0837 | 0.0860 | 103.26 | 0.3050 | 0.4328 | 0.5295 54.83
2.95 | -0.0162 | 0.0893 | 0.0908 | 100.25 | 0.3257 | 0.4377 | 0.5456 53.35
2.30 | -0.0121 | 0.0947 | 0.0955 | 97.28 | 0.3463 | 0.4413 | 0.5610 [ 51,88
2.35 [ -0.0076 | 0.0997 | 0.1000 | 94.36 | 0.3667 | 0.4437 | 0.5757 50,43
2.40 | -0.0027 | 0.1043 | 0.1044 91.50 | 0.3868 | 0.4450 | 0.5896 49,00
2.45 | 0.0024 | 0.1085 | 0.1086 88.72 | 0.4065 | 0.4451 | 0.6028 47,60
2,50 0.0078 | 0.1123 | 0,1125 86.00 | 0.4256 | 0.4443 | 0.6152 | 46.23
2.55 | 0.0134 | 0.1155 | 0.1163 83.38 | 0.4441 | 0.4425 | 0.6269 44.89
2.60 | 0.0191 | 0.1184 | 0,1199 80.84 | 0.4620 | 0.4399 | 0.6379 | 43.60
2.65 | 0.0248 | 0.1207 | 0.1232 | 78.39 | 0.4791 | 0.4366 | 0.6482 42.34
270 | 0.0305 | 0.1227 | 0.1264 | 76.03 | 0.4955 | 0.4326 | 0.6578 | 41.13
2.75 | 0.0362 | 0.1242 | 0.1204 | 73.77 | 0.5111 | 0.4282 | 0.6667 39.95
2°80 | 0.0417 | 0.1254 | 0.1322 | 71.60 | 0.5259 [ 0.4233 [ 0.6751 38.83
2.85 | 0.0472 | 0.1263 | 0.1348 69.52 | 0.5400 | 0.4180 | 0.6829 37,74
2.90| 0.0524 | 0.1268 | 0.1372 | 67.53 | 0.5534 | 0.4125 | 0.6902 36.70
2.95 | 0.0576 | 0.1271 | 0.1395 | 65.62 | 0.5660 | 0,4068 | 0.6970 35.70
3.00| 0.0625 | 0.1271 [ 0.1417 63.80 | 0.5780 | 0.4009 | 0.7034 34,75
3.05 | 0.0673 | 0.1270 | 0.1437 62.06 | 0.5893 | 0.3949 | 0.7093 33.83
3.10 | 0.0719 | 0.1266 | 0.1456 60.40 | 0.5999 | 0.3889 | 0.7149 32,95
3.15| 0.0763 | 0.1261 | 0.1474 | 58.81 | 0.6100 | 0.3828 | 0.7202 32,11
3.20| 0.0806 | 0.1254 | 0.1491 57.30 | 0.6196 | 0.3768 | 0.7251 31.30
3.25 | 0.0846 | 0.1247 [ 0.1507 55.85 | 0.6286 [ 0.3707 | 0.7298 | 30.53
3.30 | 0.0885 | 0.1238 [ 0.1522 54.46 | 0.6371 | 0.3648 | 0.,7342 29.79
3.35| 0.0922 | 0.1229 | 0.1536 53.14 | 0.6452 | 0.3589 | 0.7383 29,09
3.40| 0.0957 | 0.1219 | 0.1550 | 51.87 | 0.6528 | 0.3532 | 0.7422 28.41
3.45| 0.0991 | 0.1209 | 0.1563 | 50.66 | 0.6601 | 0.3475 | 0.7460 [ 27.76
3.50 | 0.1023 | 0.1198 | 0.1575 49.50 | 0.6670 | 0.3419 | 0.7495 27.14
3.55| 0.1054 | 0.1186 | 0.1587 48.39 | 0.6735 | 0.3365 | 0.7529 | 26.55
3.60| 0.1083 | 0.1175 | 0.1598 | 47.33 | 0.6797 | 0.3312 | 0.7561 25.98
3.65| o0.1111 | 0.1163 | 0.1609 | 46.31 | 0.6856 | 0.3260 | 0.7592 25,43
3.701 0.1138 | 0.1152 | 0.1619 | 45.34 | 0.6912 | 0.3210 | 0.7621 24,91
3.75| 0.1164 | 0.1140 | 0.1629 | 44.40 | 0.6966 | 0.3160 | 0,7650 | 24.40
3.80| 0.1189 | 0.1128 | 0.1639 | 43.51 | 0.7018 | 0.3113 | 0.7677 23.92
3.85| 0.1213 | o0.1117 | 0.1648 | 42.65 | 0.7067 | 0.3066 | 0.7703 23.45
3.90| 0.1235 | 0.1105 | 0.1658 | 41.82 | 0.7114 | 0.3021 | 0.7729 | 23,01
3.95 | 0.1257 | 0.1094 | 0.1666 | 41,02 | 0.7159 | 0.2977 | 0.7753 | 22.58

WADC TR 56-614

A-41




k= 0.1 o = 0.50
/- ot y
X / 27 Z =7

= ¥ |eR|x -

REAL | IMAG. REAL IMAG. | MODULUS | (peenees)

4.00 |1.1534 |-0.3605 |0.9202 | 0.9591 |0.3833 | 0.8722 [-0.1082 |[0.8789 | 352.93
4,05 [1.1533 [-0.3533 | 0.9207 | 0.9408 |0.3903 | 0.8702 |-0.1071 [ 0.8767 | 352.98
4.10 |1.1531 |-0.3464 | 0.9211 | 0.9232 | 0.3972 | 0.8682 |-0.1060 | 0.8747 | 353.04
4.15 | 1.1529 |-0.3397 [ 0.9216 | 0.9064 | 0.4040 | 0.8663 [-0.1049 | 0.8727 | 353.09
4.20 | 1.1528 |-0.3333 [ 0.9220 | 0.8901 | 0.4106 | 0.8645 [-0.1039 | 0.8707 | 353.15
4.25 |1.1523 [-0.3271 [ 0.9225 | 0.8745 | 0.4171 | 0.8628 |-0.1028 | 0.8689 | 353.20
4.30 | 1.1520 |-0.3211 |[0.9230 | 0.8594 | 0.4234 | 0.8611 |-0.1018 | 0.8671 | 353.26
4,35 [1.1516 [-0.3154 | 0.9234 | 0.8448 | 0.4296 | 0.8595 |-0.1008 | 0.8653 | 353.31
4.40 | 1.1511 |-0.3098 [ 0.9239 | 0.8308 | 0.4357 | 0.8579 |-0.0998 | 0.8637 | 353.37
4.45 | 1.1507 |-0.3045 | 0.9243 | 0.8172 | 0.4417 | 0.8563 |-0.0988 | 0.8620 | 353.42
4.50 | 1.1502 [-0.2993 [ 0.9248 | 0.8041 [ 0.4475 | 0.8549 [-0.0978 | 0.8604 | 353.47
4.55 | 1.1496 |-0.2943 | 0.9252 | 0.7914 [ 0.4532 | 0,8534 [-0.0969 | 0.8589 | 353.52
4.60 | 1.1491 [-0.2895 | 0.9257 | 0.7792 | 0.4588 | 0.8520 (-0.0960 | 0.8574 | 353.57
4.65 | 1.1485 [-0.2848 [ 0.9261 [ 0.7673 | 0.4643 | 0.8506 (-0.0951 | 0.8559 | 353.62
4.70 | 1.1479 [-0.2802 | 0.9266 | 0.7558 | 0.4696 | 0.8493 (-0.0942 | 0.8545 | 353.67
4.75 | 1.1473 |-0.2758 | 0.8270 | 0.7447 | 0.4749 | 0.8480 [-0.0933 | 0.8532 | 353,72
4.80 | 1.1467 [-0.2716 | 0.9275 | 0.7339 | 0.4801 | 0.8468 (-0.0925 | 0.8518 | 353.77
4.85 | 1.1460 | -0.2674 [ 0.9279 | 0.7234 | 0.4851 | 0.8456 (-0,0918 | 0.8505 | 353.82
4.90 | 1.1453 |-0.2634 | 0.9284 [ 0.7132 | 0.4901 | 0.8444 |-0.0908 | 0.8492 [ 353.86
4.95 | 1.1447 [-0.2595 | 0.9288 | 0.7033 | 0.4949 | 0.8432 |-0.0900 | 0.8480 | 353.91
5.00 | 1.1440 | -0.2557 | 0.9292 | 0.6937 [ 0.4997 [ 0.8421 |-0.0892 | 0.8468 | 353.95
5.05 | 1.1433 [-0.2520 | 0.9297 | 0.6843 | 0.5044 | 0.8409 |-0.0884 | 0.8456 | 354.00
5.10 | 1.1425 | -0.2484 | 0.9301 [ 0.6752 | 0.5090 | 0.8399 |-0.0877 | 0.8444 | 354.04
5.15 | 1.1418 | -0.2450 | 0.9308 | 0.6664 | 0.5136 | 0.8388 |-0.0869 | 0.8433 | 354.08
5.20 | 1.1411 | -0.2416 | 0.9310 | 0.6578 | 0.5180 | 0.8378 |-0.0862 | 0.8422 | 354.13
5.25 | 1.1404 | -0.2383 | 0.9314 [ 0.6494 | 0.5224 | 0.8368 [-0.0855 | 0.8411 [ 354.17
5.30 | 1.1396 | -0.2350 | 0.9319 | 0.6412 | 0.5267 | 0.8358 |-0.0847 | 0.8400 | 354.21
5.35 | 1.1389 |-0.2319 { 0.9323 | 0.6332 | 0.5309 | 0.8348 |-0.0840 | 0.8390 | 354.25
5.40 | 1.1381 | -0.2288 | 0.9327 | 0.6254 | 0.5350 | 0.8338 |-0.0834 | 0.8380 | 354.29
5.45 | 1.1374 | -0.2259 | 0.9331 [ 0.6178 | 0.5391 | 0.8329 |-0.0827 | 0.8370 | 354.33
5.50 | 1.1366 | -0.2229 | 0.9335 | 0.6104 [ 0.5431 | 0.8320 [-0.0820 | 0.8360 | 354.37
5.55 | 1.1359 | -0.2201 | 0.9339 | 0.6032 [ 0.5471 | 0.8311 (-0.0814 | 0.8351 | 354.41
5.60 | 1.1351 [ -0.2173 | 0.9344 | 0.5961 [ 0.5510 | 0.8302 [-0.0807 | 0.8341 | 354.45
5.65 | 1.1344 | -0.2146 | 0.9348 | 0.5892 [ 0.5548 | 0.8294 [-0.0801 | 0.8332 | 354.48
5.70 | 1.1337 | -0.2120 | 0.9352 | 0.5824 [ 0.5585 | 0.8285 [-0.0795 | 0.8323 | 354.52
5.75 | 1.1329 | -0.2094 | 0.9356 | 0.5758 [ 0.5623 | 0.8277 |-0.0788 | 0.8314 | 354.56
5.80 | 1.1322 [ -0.2069 | 0.9359 | 0.5693 [ 0.5659 | 0.8269 |-0.0782 | 0.8306 | 354.60
5.85 | 1.1314 | -0.2044 | 0.9363 | 0.5630 | 0.5695 | 0.8261 |-0.0776 | 0.8297 | 354.63
5.90 | 1.1307 | -0.2020 | 0.9367 | 0.5568 | 0.5730 | 0.8253 |-0.0770 | 0.8289 | 354.67
5.95 | 1.1300 | -0.1996 | 0.9371 | 0.5508 | 0.5765 | 0.8245 |-0.0765 | 0.8281 | 354.70
6.00 | 1.1293 | -0.1973 | 0.9375 | 0.5448 | 0.5799 | 0.8238 |-0.0759 | 0.8273 | 354.74
6.05 | 1.1285 [ -0.1951 | 0.9379 | 0.5390 | 0.5833 | 0.8230 |-0.0753 | 0.8265 | 354.77
6.10 | 1.1278 | -0.1929 | 0.9382 | 0.5333 | 0.5866 | 0.8223 |-0.0748 | 0.8257 | 354.80
6.15 | 1.1271 | -0.1907 | 0.9386 | 0.5278 | 0.5899 | 0.8216 [-0.0742 | 0.8249 | 354.84
6.20 | 1.1264 | -0.1886 | 0.9390 | 0.5223 | 0.5931 | 0.8209 |-0.0737 | 0.8242 | 354.87
6.25 | 1.1257 | -0.1865 | 0.9393 | 0.5170 | 0.5963 | 0.8202 [-0.0731 | 0.8234 | 354.90
6.30 | 1.1250 | -0.1845 | 0.9397 [ 0.5117 | 0.5995 | 0.8195 |-0.0726 | 0.8227 | 354.94
6.35 | 1.1243 | -0.1825 | 0.9400 | 0.5066 | 0.6026 | 0.8188 [-0.0721 | 0.8220 | 354.97
6.40 | 1.1236 ) -0.1805 | 0.9404 | 0.5015 | 0.6056 | 0.8182 [-0.0716 | 0.8213 | 355.00
6.45 | 1.1229 [ -0.1786 | 0.9407 | 0.4966 | 0.6086 | 0.8175 | -0.0711 | 0.8206 | 355.03
6.50 | 1.1223 | -0.17687 | 0.9411 [ 0.4917 | 0.6116 [ 0.8169 |-0.0706 | 0.8199 | 355.06
6.55 | 1.1216 | -0.1749 | 0.9414 | 0.4869 | 0.6145 | 0.8163 | -0.0701 | 0.8193 | 355.09
6.60 | 1.1209 [ -0.1731 | 0.9417 | 0.4823 | 0.6174 | 0.8157 | -0.0696 | 0.8186 | 355.12
6.65 | 1.1203 [ -0.1713 | 0.9421 | 0.4777 | 0.6202 | 0.8151 | -0.0691 | 0.8180 | 355.15
6.70 | 1.1196 [ -0.1696 | 0.9424 | 0.4732 | 0.6230 | 0.8145 | -0.0686 | 0.8173 | 355.18
6.75 | 1.1190 [ -0.1679 | 0.9427 | 0.4687 | 0.6258 | 0.8139 | -0.0682 | 0.8167 | 355.21
6.80 | 1.1183 [ -0.1662 | 0.9430 | 0.4644 | 0.6285 | 0.8133 | -0.0677 | 0.8161 | 355.24
6.85 | 1.1177 | -0.1646 | 0.9433 | 0.4601 [ 0.6312 | 0.8127 | -0.0673 | 0.8155 | 355.27
6.90 | 1.1171 | -0.1630 | 0.9437 | 0.4559 | 0.6339 | 0.8122 | -0.0668 | 0.8149 | 355.30
6.95 | 1.1164 [ -0.1614 | 0.9440 | 0.4518 | 0.6365 | 0.8116 | -0,0664 | 0.8143 | 355.33

WADC TR 56-614 A-42




k= 0.1 = 0.50

5 /+7 147 Fp
PHASE PHASE
REAL | mac. | moourus| PPASE T geac | mac. | mopurus | PAASE
4.00 | 0.1278 | 0.1082 | 0.1675 | 40.26 | 0.7202 | 0.2934 [ 0.7777 [ 22.17
4705 | 01208 | 0.1071 | 0.1683 | 39.52 | 017244 | 0.2892 | 0.7800 | 21.77
4'10 | 071318 | 0.1060 | 01691 | 38.81 | 017284 | 02852 |0.7822 | 21.38
4715 | 01337 | 01049 | 0.1699 | 38.13 | 0.7322 | 02813 | 0.7844 | 21,01
4720 | 071355 | 0.1039 | 0.1707 | 37.48 | 0.7380 | 0.2775 | 0.7865 | 20.66
4.25 | 0.1372 | 0.1028 | 0.1715 | 36.84 | 0.7396 | 0.2738 | 0.7886 | 20.31
4330 | 01389 | 0.1018 | 01722 | 36.23 | 0.7430 | 0.2702 | 0.7906 | 19.98
4735 | 01405 | 0;1008 | 001729 | 35.64 | 0.7464 | 0.2667 |0.7926 | 19.66
4240 | 0.1421 | 0j0998 |0.1736 | 35.07 [ 07496 | 0.2633 |0.7945 | 19.35
4'45 | 0.1437 | 0j0988 | 001743 | 34.51 | 07528 | 0.2600 | 0.7964 | 19.05
4.50 | 0.1451 | 0.0978 | 0,1750 | 33.98 | 0.7559 | 0.2568 | 0.7983 | 18.76
4'55 | 0.1466 | 0.0969 | 0.1757 | 33.46 | 0.7588 | 0.2536 | 0.8001 | 18.48
4:80 | 0.1480 | 00960 | 0:1764 | 32.96 | 0.7617 | 02506 | 0.8019 | 18.21
4'65 | 0.1494 | 00951 | 071770 | 32.48 | 0.7645 | 0.2476 | 08036 | 17.94
4270 | 0.1507 | 0.0042 | 0.1777 | 32.01 | 0.7673 | 0.2447 | 0.8054 | 17.69
4.75 | 0.1520 | 0.0933 | 0.1783 | 31.55 | 0.7700 | 0.2410 |o0.8071 | 17.44
4.80 | 0.1832 | 00025 | 0.1790 | 31.11 | 0.7726 | 0.2391 | 08087 | 17.20
4.85 | 0.1544 | 0.0916 | 0.1796 | 30.68 | 0.7751 | 0.2364 | 0.8104 | 16.96
4.90 | 0.1556 | 0.0908 | 0i1802 | 30:26 | 0.7776 | 0:2338 | o0I8120 | 16.74
4.95 | 0.1568 | 0.0900 | 0.1808 | 29.85 | 0.7800 | 02313 | 0.8136 | 16.52
5.00 | 0.1579 | 0.0892 | 0.1814 | 29.46 | 0.7824 | 0.2288 | 0.8151 | 16.30
5705 | 0.1591 | 0.0884 | 0.1820 | 29.07 | 0.7847 | 0.2263 | 0.8167 | 16.09
5.10 | 0.1601 | 0.0877 | 0.1826 | 28.70 [ 0.7869 | 02240 | 0:8182 | 15.89
5.15 | 0.1612 | 0.0869 | 0.1831 | 28.33 | 0.7891 | 02216 | 0.8197 | 15.69
5.20 | 0.1622 | 0.0862 | 0.1837 | 27.98 | 0.7913 | 0.2193 | 0l8211 | 15.49
5.25 | 0.1632 | 0.0855 | 0.1843 | 27..3 | 0.7934 | 0.2171 [ 0.8226 | 15.30
5.30 | 0.1642 | 0.0847 | 0.1848 | 27.29 | 0.7955 | 0:2149 | 018240 | 15,12
5.35 | 0.1652 | 0.0840 | 0.1854 | 26.96 | 0.7975 | 0.2128 | 0.8254 | 14.94
5140 | 01662 | 0.0834 | 0.1850 | 26.64 | 0.7995 | 0.2107 | 0.8268 | 14.76
5.45 | 0.1671 | 0.0827 | 0.1864 | 26.33 | 0.8015 | 0.2087 | 08282 | 14.59
5.50 | 0.1680 | 0.0820 | 0.1870 | 26.02 | 0.8034 | 0.2066 | 0.8296 | 14.42
5.55 | 0.1689 | 0.0814 | 0.1875 | 25.72 | 0.8053 | 0.2047 | 0.8309 | 14.26
5.60 | 0.1698 | 0.0807 | 0.1880 | 25.43 | 0.8071 | 0.2027 | 0.8322 | 14.10
5165 | 0.1706 | 0.0801 | 0.1885 | 25.14 | 0.8089 | 0.2008 | 08335 | 13.94
5770 | 0.1715 | 0.0795 | 0.1890 | 24.86 | 0.8107 | 01990 | 0.8348 | 13.79
5.75 | 0.1723 | 0.0788 | 0.1895 | 24.58 | 0.8125 | 0.1972 | 0.8360 | 13.64
5.80 | 0.1731 | 0.0782 | 0.1900 | 24.32 | 0I8142 | 0.1954 | 08373 | 13.49
5.85 | 0.1739 | 0.0776 | 0.1905 | 24.05 | 0.8158 | 0.1936 | 0.8385 | 13.35
5.90 | 0.1747 | 00770 | 0.1909 | 23.80 | 0.8175 | 0.1919 | 08397 | 13.21
5795 | 0.1755 | 0.0765 | 0.1914 | 2354 | 0.8191 | 0.1902 | 0.8409 | 13,07
6.00 | 0.1762 | 0.0759 | 0.1919 | 23.30 | 0.8207 | 0.1885 | 0.8421 | 12.94
6.05 | 0.1770 | 0.0753 | 0.1923 | 23.06 | 0.8223 | 0.1869 | 0.8432 | 12.80
6.10 | 0.1777 | 00748 | 0.1928 | 22.82 | 0.8238 | 0.1853 | 0.8444 | 12.67
6.15 | 0.1784 | 0.0742 | 0.1932 | 22.59 | 0.8253 | 0.1837 | 08455 | 12.55
6.20 | 0.1791 | 0.0737 | 0.1937 | 22.36 | 0.8268 | 0.1821 | 0.8466 | 12.42
6.25 | 0.1798 | 0.0731 | 0.1941 | 22.13 | 0.8283 | 0.1806 | 0.8477 | 12.30
6.30 | 0.1805 | 0.0726 | 0.1946 | 21.92 | 0I8297 | 0.1791 | 08488 | 12.18
6.35 | 0.1812 | 0.0721 | 0.1950 | 2170 | 0.8311 | 01776 | 08499 | 12.06
6.40 | 0.1818 | 0.0716 | 0.1954 | 21149 | 0.8325 | 01761 | 08509 | 11.95
6.45 | 0.1825 | 0.0711 | 0.1958 | 21.28 | 0.8339 [ 0.1747 | 08520 | 11.83
6.50 | 0.1831 | 0.0706 | 0.1962 | 21.08 | 0.8352 | 0.1733 [ 0.8530 | 11.72
6.55 | 0.1837 | 0.0701 | 0.1966  20.88 | 0.8365 [ 0.1719 | 0.8540 | 11.61
6.60 | 0.1843 | 0.0696 | 0.1970 | 20.68 | 0.8378 | 0.1705 | 0.8550 | 11.50
6.65 | 0.1849 | 0.0691 | 0.1974 | 20.49 | 0.8391 | 0.1692 | 0.8560 | 11.40
6.70 | 0.1855 | 00686 | 0.1978 | 20.30 | 0.8304 | 0:1678 | 0.8570 | 11.29
6.75 | 0.1861 | 0.0682 | 0.1982 | 20.12 | 0.8416 | 0.1665 | 0.8579 | 11.19
6.80 | 0.1867 | 0.0677 | 0.1986 | 19.94 | 0.8428 | 0.1652 | 0.8589 | 11.09
6.85| 0.1873 | 0.0673 | 0.1990 | 19.76 | 08440 | 01640 | 0:8598 | 10.99
6.90 | 001878 | 0.0668 | 0.1994 | 19.58 | 0.8452 | 0.1627 | 0.8607 | 10.90
6.95| 0.1884 | 0.0664 | 0.1997 | 19.41 | 0.8464 | 0.1615 | 0.8617 | 10.80

WADC TR 56-614

A-43




k= 0.1 o = 0.50
[-o" y
‘X / orX -7

a 2 X é?zrji; X
REAL | IMA4G rear | mac. | moouus| AX
7.00 | 1.1158 | -0.1598 | 0.9443 | 0.4477 | 0.6391 | 0.8111 |-0.0659 | 0.8138 | 355.35
7.05 | 1.1152 | -0.1583 | 0.9446 | 0.4438 | 0.6416 | 0.8106 |-0.0855 | 0.8132 | 355.38
7.10 | 1.1148 | -0.1568 | 0.9449 | 04398 | 0.6441 | 0.8100 [-0.0651 | 0.8126 | 355.41
7.15 | 1.1140 | -0.1554 | 0.9452 | 0.4360 | 0.6466 | 0.8095 [-0.0646 | 0.8121 | 355.43
7.20 | 1.1134 | -0.1530 | 0.9455 | 0.4322 | 0.6401 | 0.8090 |-0.0642 | 0.8116 | 355.46
7.25 | 1.1128 [ -0.1525 | 0.9457 | 0.4285 | 0.6515 | 0.8085 [-0.0638 | 0.8110 | 355.49
7.30 | 1.1123 | -0.1511 | 0.9460 | 0.4248 | 0.6539 | 0.8080 [-0.0634 | 0.8105 | 355.51
7.35 | 1.1117 [ -0.1497 | 0.9463 | 0.4212 | 0.6562 | 0.8075 [-0.0630 | 0.8100 | 355.54
7.40 | 1.1111 | -0.1484 | 0.9466 | 0.4177 | 0.6586 | 08071 [-0.0626 | 0.8095 | 355.56
7.45 [ 1.1106 | -0.1471 | 0.9469 | 0.4142 | 0.6609 | 0.8066 [-0.0622 | 0.8090 | 355.59
7.50 | 1.1100 | -0.1458 | 0.9471 | 0.4108 | 0.6631 | 0.8061 [-0.0618 | 0.8085 | 355.62
7.55 | 1.1094 | -0.1445 | 0.0474 | 0.4074 | 0.6654 | 0.8057 |-0.0614 | 0.8080 | 355.64
7.60 | 1.1089 | -0.1432 | 0.9477 | 0.4041 | 0.6676 | 0.8052 |-0.0610 | 0.8075 | 355.66
7.65 | 1.1084 | -0.1420 | 0.9479 | 0.4008 | 0.6698 | 0.8048 |-0.0607 | 0.8070 | 355.69
7.70 | 1.1078 | -0.1408 | 0.9482 | 0.3976 | 0.6719 | 0.8043 [-0.0603 | 0.8066 | 355.71
7.75 | 1.1073 | -0.1396 | 0.9484 | 0.3945 | 0.6740 | 0.8039 {-0.0599 | 0.8061 | 355.74
7.80 | 1.1068 | -0.1384 | 0.9487 | 0.3913 | 0.6761 | 08035 |-0.0596 | 0.8057 | 355.76
7.85 | 1.1062 [ -0.1372 | 0l9490 | 03883 | 0.6782 | 0:8030 |-0.0592 | 0.8052 | 355.78
7.90 | 1.1057 | -0.1361 | 0.9492 | 0.3853 | 0.6803 | 0.8026 [-0.0589 | 0.8048 | 355.81
7.95 | 1.1052 | -0.1350 | 0.9405 | 0.3823 | 0.6823 | 0.8022 |-0.0585 | 0.8043 | 355.83
8.00 | 1.1047 | -0.1339 | 0.9497 | 0.3794 | 0.6843 | 0.8018 [-0.0582 | 0.8039 | 355.85
8.05 | 1.1042 | -0.1328 | 0.9499 | 0.3765 | 0.6863 | 0.8014 |-0.0578 | 0.8035 | 355.87
8.10 | 1.1037 | -0:1317 | 0.9502 | 0:3736 | 0.6882 | 0.8010 |-0.0575 | 0.8031 | 355.90
8.15 | 1.1032 | -0.1307 | 0.0504 | 0.3708 | 0.6902 | 0.8008 |-0.0572 | 0.8027 | 355.92
8.20 | 1.1027 | -0.1296 | 0.9506 | 0.3681 | 0.6921 | 0.8002 |-0.0568 | 0.8023 | 355.94
8.25 | 1.1022 | -0.1286 | 0.9509 | 0.3653 | 0.6940 | 0.7999 {-0.0565 | 0.8019 | 355.96
8.30 | 1.1018 | -0.1276 | 0.9511 | 0.3627 | 0.6958 | 0.7995 |-0.0562 | 0.8015 | 355.98
8.35 | 1.1013 | -0.1266 | 0.9513 | 0.3600 | 0.6977 | 0.7991 |-0.0559 | 0.8011 | 356.00
8.40 | 1.1008 | -0.1256 | 0.9518 | 0.3574 | 0.6995 | 0.7988 |-0.0555 | 0.8007 | 356.02
8.45 | 1.1004 | -0.1247 | 0.9518 | 0.3548 | 0.7013 | 0.7984 [-0.0552 | 0.8003 | 356.04
8.50 | 1.0999 | -0.1237 [ 0.9520 | 0.3523 [ 0.7031 | 0.7980 |-0.0549 | 0.7999 | 356.06
8.55 | 1.0994 | -0.1228 | 0.9522 | 0.3498 | 0.7048 | 0.7977 |-0.0546 | 0.7996 | 356.08
8.60 | 1.0990 | -0.1219 | 0.9524 | 0.3473 | 0.7066 | 0.7973 |-0.0543 | 0.7992 | 356.10
8.65 | 1.0985 | -0.1210 | 0.9527 | 0.3449 | 0.7083 | 0.7970 |-0.0540 | 0.7988 | 356.12
8.70 | 1.0981 | -0.1201 | 0.9529 | 0.3425 | 0.7100 | 0.7967 [-0.0537 | 0.7985 | 356.14
8.75 | 1.0977 | -0.1192 | 0.9531 | 0.3402 | 0.7117 | 0.7963 |-0.0534 | 0.7981 | 356.16
8.80 | 1.0972 | -0.1183 | 0.9533 [ 0.3378 | 0.7133 | 0I7960 |-0.0531 | 0.7978 | 356.18
8.85 | 1.0968 | -0.1175 | 0.9535 | 0.3355 | 0.7150 | 0.7957 |-0.0528 | 0.7974 | 356.20
8.90 | 1.0964 | -0.1166 | 0.9537 | 0.3333 | 0.7166 | 0.7954 |-0.0526 | 0.7971 | 356.22
8.95 | 1.0960 | -0.1158 | 0.9539 | 0.3310 | 0.7182 | 0.7950 |-0.0523 | 0.7968 | 356.24
9.00 | 1.0955 | -0.1150 | 0.9541 | 0.3288 | 0.7198 | 0.7947 [-0.0520 | 0.7964 | 356.26
9.05 | 1.0951 [ -0.1142 | 0.9543 [ 0.3266 | 0.7214 | 0.7944 [-0.0517 | 0.7961 | 356.27
9:10 | 1.0947 | -0:1134 | 0:9545 | 0.3245 | 0.7229 | 0.7941 |-0.0515 | 0.7958 | 356.29
9.15 | 1.0043 [ -0:1126 | 0.9547 | 0.3223 | 0.7244 | 0.7938 |-0.0512 | 0.7955 | 356.31
9.20 | 110939 [ -0:1118 | 0.9549 | 0.3202 | 0.7260 | 0.7935 |-0.0509 | 0.7951 | 356.33
9.25 | 1.0935 | -0.1110 | 0.9551 | 0.3182 | 0.7275 | 0.7932 |-0.0507 | 0.7948 | 356.35
9:30 | 1:0931 | -0:1103 | 0:9553 | 0.3161 | 0.7290 | 0.7929 |-0.0504 | 0.7945 | 356.36
9:35 | 1.0927 | -0.1095 | 0:9554 | 0.3141 [ 0.7304 | 0.7926 |-0.0501 | 0.7942 | 356.38
9.40 | 1:0923 | -0.1088 | 0:9556 | 0.3121 | 0.7319 | 0.7923 |-0.0499 | 0.7939 | 356.40
9.45 | 1.0919 | -0:1081 | 0.9558 | 0.3101 | 0.7333 | 0.7921 |-0.0496 | 0.7936 | 356.41
9.50 | 1.0916 | -0.1073 | 0.9560 | 0.3082 | 0.7348 | 0.7918 [-0.0494 | 0.7933 | 356.43
9.55 | 170912 [ -0.1066 | 0.9562 | 03063 | 0.7362 | 0.7915 |-0.0491 | 0.7930 | 356.45
9.60 | 10908 | -0.1059 | 0.9563 | 0.3044 | 0.7376 | 0.7912 | -0.0489 | 0.7927 | 356.46
9.65 | 120904 | -0:1052 | 0.9565 | 0.3025 | 0.7390 | 0.7909 [-0.0486 | 0.7924 | 356.48
9.70 | 1.0901 | -0.1046 | 0.9567 | 0.3007 | 0.7403 | 0.7907 [-0.0484 | 0.7922 | 356.50
9.75 | 1.0897 [ -0.1039 | 0.9569 | 0.2088 | 0.7417 | 0.7904 |-0.0482 | 0.7919 [ 356.51
9.80 | 1:0893 | -0.1032 | 0:9570 [ 0.2970 | 0.7430 | 0.7901 |-0.0479 | 0.7916 | 356.53
9.85 | 1.0890 [ -0.1028 | 0:9572 | 0.2952 | 0.7444 | 0.7899 [-0.0477 | 0.7913 | 356.55
9.90 | 1.0886 [ -0.1019 | 0:9574 [ 02935 | 0.7457 | 0.7896 |-0.0475 | 0.7911 | 356.56
9.95 | 1.0883 [ -0.1013 [ 0.9575 | 02017 | 0.7470 | 0l7894 | -0.0472 | 07908 | 356.58
10.00 | 1.0879 | -0.1006 | 0.9577 | 0.2000 | 0.7483 | 0.7891 | -0.0470 | 0.7905 | 356.59

WADC TR 56-614

A-44




k= 0.1 o= 0.50

2 /+7 147 Fip
PHASE PHASE
REAL IMAG. | MODULUS | [peimers) | REAL maG. | MopuLus | FHASE
7.00 | 0.1889 | 0.0659 | 0.2001 19.24 | 0.8475 | 0.1603 | 0.8626 10.71
7.05 | 0.1894 | 0,0655 | 0,2004 19.07 | 0.8487 | 0.1591 | 0.8634 10.62
710 | 0.1900 | 0.0651 | 0.2008 18.91 | 0.8498 | 0.1579 | 0.8643 10.53
7.15 | 0.1905 | 0.0646 | 0.2012 18.74 | 0.8509 | 0.1567 | 0.8652 10,44
n.20 | 0.1910 | 0.06842 | 0.2015 18.58 | 0.8520 | 0.1556 | 0.8660 10.35
7.25 [ 0.1915 | 0.0638 | 0.2018 18.43 | 0.8530 | 0.1545 | 0.8669 10.26
7.30 | 0.1920 | 0.0634 | 0.2022 18.27 | 0.8541 | 0.1533 | 0.8677 10.18
7.35 | 0.1925 | 0.0630 [ 0,2025 18.12 | 0.8551 | 0.1522 | 0.8685 10.10
7.40 | 0.1929 | 0.0626 | 0.2028 17.97 | 0.8561 | 0.1512 | 0.8694 10,01
7.45 | 0.1934 | 0.0622 | 0.2032 17.83 | 0.8571 | 0.1501 | 0,8702 9.93
7.50 | 0.1939 | 0.0618 [ 0.2035 17.68 | 0.8581 | 0.1490 | 0.8710 9.85
755 | 0.1943 | 0.0614 | 0.2038 17.54 | 0.8591 | 0.1480 | 0.8717 9.77
7.60 | 0.1948 | 0.0610 [ 0.2041 17.40 | 0.8600 | 0.1470 | 0,8725 9.70
7.85 | 0.1952 | 0,0607 [ 0.2045 17.26 | 0.8610 | 0.1460 | 0.8733 9,62
7.70 | 0.1957 | 0.0603 | 0.2048 17.13 | 0.8619 | 0.1450 | 0.8740 9.55
7.75 | 0.1961 | 0.0599 | 0.2051 16.99 | 0.8629 | 0.1440 | 0.8748 9.47
7.80 | 0.1965 | 0.0596 | 0.2054 16.86 | 0.8638 | 0.1430 | 0.8755 9,40
7.85 | 0.1970 | 0.0592 | 0.2057 16.73 | 0.8647 | 0.1421 | 0.8763 9,33
7.90 | 0.1974 | 0.0589 [ 0.2060 16.61 | 0.8655 | 0.1411 | 0.8770 9.26
7.95 | 0.1978 | 0.0585 | 0.2063 16.48 | 0.8664 | 0.1402 | 0.8777 9.19
8.00 | 0.1982 | 0.0582 | 0,2066 16.36 | 0.8673 | 0.1393 | 0.8784 9.12
8.05 | 0.1986 | 0.0578 | 0.2068 16.23 | 0.8681 | 0.1383 | 0.8791 9,05
8.10 | 0.1990 | 0.0575 | 0.2071 16.11 | 0.8690 | 0.1375 | 0.8798 8.99
8.15 | 0.1994 | 0.0572 | 0.2074 16.00 | 0.8698 | 0.1366 | 0.8805 8.92
8.20 | 0.1998 | 0.0568 | 0.2077 15.88 | 0.8706 | 0.1357 | 0,8811 8.86
8.25 | 0.2001 | 0.0565 | 0.2080 15.76 | 0.8714 | 0.1348 | 0.8818 8.80
8.30 | 0.2005 | 0.0562 | 0.2082 15.65 | 0.8722 | 0.1340 | 0,8825 8.73
8.35 | 0.2009 | 0.0559 | 0.2085 15.54 | 0.8730 | 0.1331 | 0.8831 8.67
8.40 | 0.2012 | 0.0555 | 0,2088 15.43 | 0.8738 | 0.1323 | 0,8837 8.61
8.45 | 0.2016 | 0.0552 | 0.2090 15.32 | 0.8746 | 0.1315 | 0.8844 8.55
8.50 | 0.2020 | 0.0549 | 0.2093 15.21 | 0.8753 | 0.1307 | 0.8850 8.49
8.55 | 0.2023 | 0.0546 | 0.2095 15.11 | 0.8761 | 0.1299 | 0.8856 8.43
8.60 | 0.2027 | 0.0543 | 0.2098 15.00 | 0.8768 | 0.1291 | 0.8863 8.37
8.65 | 0.2030 | 0.0540 | 0,2101 14.90 | 0.8775 | 0.1283 | 0.8869 8.32
8.70 | 0.2033 | 0.0537 | 0.2103 14.80 | 0.8783 | 0.1275 | 0.8875 8.26
8.75 | 0.2037 | 0.0534 | 0.2106 14.70 | 0.8790 | 0.1268 | 0.8881 8.21
8.80 | 0.2040 | 0.0531 | 0.2108 14.60 | 0.8797 | 0.1260 | 0.8887 8.15
8.85 | 0.2043 | 0.0528 | 0.2110 14.50 | 0.8804 | 0.1253 | 0.8892 8.10
8.90 | 0.2046 | 0.0526 | 0.2113 14,40 | 0.8811 | 0.1245 | 0.8898 8.04
8.95 | 0.2050 | 0,0523 | 0.2115 14.31 | 0.8817 | 0.1238 | 0.8904 7.99
9.00 | 0.2053 | 0.0520 | 0.2118 14.22 | 0.8824 | 0.1231 | 0.8910 7.94
9.05 | 0.2056 | 0,0517 | 0.2120 14.12 | 0.8831 | 0.1224 | 0.8915 7.89
9.10 | 0.205% | 0.0515 | 0.2122 14,03 | 0.8837 | 0.1217 | 0.8921 7.84
9.15 | 0.2062 | 0.0512 | 0,2125 13.94 | 0.8844 | 0.1210 | 0.8926 7.79
9.20 | 0.2065 | 0.0509 | 0.2127 13.85 | 0.8850 | 0.1203 | 0.8932 7.74
9.25 | 0.2068 | Q.0507 | 0.2129 13.76 | 0.8857 | 0.1196 | 0.8937 7.69
9.30 | 0.2071 | 0.0504 | 0.2131 13.68 | 0.8863 | 0.1189 | 0.8942 7.64
9.35 | 0.2074 | 0,0501 | 0.2134 13.59 | 0.8869 | 0.1182 | 0.8948 7.59
9.40 | 0.2077 | 0.0499 | 0.2136 13.51 | 0.8875 | 0.1176 | 0.8953 7.55
9.45 | 0.2079 | 0.0496 | 0.2138 13.42 | 0.8881 | 0.1169 | 0.8958 7.50
9.50 | 0.2082 | 0.0494 | 0.2140 13.34 | 0.8887 | 0.1163 | 0.8963 7.46
9.55 | 0.2085 | 0,0491 | 0,2142 13.26 | 0.8893 | 0.1157 | 0.8968 7.41
9.60 | 0.2088 | 0.0489 | 0.2144 13.18 | 0.8899 | 0.1150 | 0.8973 7.37
9.65| 0.2091 | 0,0486 | 0.2146 13.10 | 0.8905 | 0.1144 | 0.8978 7.32
9.70 | 0.2093 | 0,0484 | 0.2148 13.02 | 0.8911 | 0.1138 | 0.8983 7.28
9.75 | 0.2096 | 0.0482 | 0,2150 12.94 | 0.8916 | 0.1132 | 0.8988 7.23
9.80 | 0.2099 | 0.0479 | 0.2153 12.86 | 0.8922 | 0.1126 | 0.8993 7.19
9.85 | 0.2101 | 0.0477 | 0.2155 12.79 | 0.8928 | 0.1120 | 0.8998 7.15
9.90 | 0.2104 | 0.0475 | 0.2157 12.71 | 0.8933 | 0.1114 | 0,9002 7.11
9.95| 0.2106 | 0.0472 | 0.2159 12.64 | 0.8939 | 0.1108 | 0.9007 7.07
10,00 | 0.2109 | 0.0470 | 0.2160 12.56 | 0.8944 | 0.1102 | 0.9012 7.03

WADC TR 56-614 A-45




k= 0.2 o = 0.00
2
[-o X / Y -27!1 -7

a' & X 2rg |t X 7ika

REAL | 1MaG. REAL mac. | moouus | PIAX
1.00 | 1.2376 |-9.9958 | 0.4205 | 5.5532 | 0.0039 | 1.0052 | 0.0241 | 1.0055 1.37
1.05 | 1.2378 |-9.0657 | 0.4388 | 5.4836 | 0.0042 | 1.0063 | 0.0264 | 1.0066 1.50
1.10 | 1.2380 |-8.2595 | 0.4567 | 5.4116 | 0.0045 | 1.0075 | 0.0287 | 1.0079 1.63
1.15 | 1.2383 [-7.5560 | 0.4742 | 5.3373 | 0.0048 | 1.0089 | 0.0310 | 1.0094 1.76
1.20 | 1.2386 |-6.9386 | 0.4913 | 5.2609 | 0.0052 | 1.0105 | 0.0334 | 1.0111 1.89
1.25 | 1.2389 [-6.3937 | 0.5079 | 5.1825 | 0.0056 | 1.0123 | 0.0358 | 1.0129 2.02
1.30 | 1.2393 |-5.9104 | 0.5242 | 5.1024 | 0.0061 | 1.0142 | 0.0381 | 1.0149 2.15
1725 | 1.2397 |-5.4798 | 0.5400 | 5.0205 | 0.0066 | 1.0163 | 0.0404 | 1.0171 2.28
1.40 | 1.2402 |-5.0944 | 0.5554 | 4.9371 | 0.0072 | 1.0186 | 0.0427 | 1.0195 2.40
1.45 | 1.2407 |-4.7482 | 0.5703 | 4.8523 | 0.0078 | 1.0212 | 0.0449 | 1.0221 2.52
1.50 | 1.2413 |-4.4360 | 0.5848 | 4.7664 | 0.0085 | 1.0239 | 0.0469 | 1.0249 2.62
1.55 | 1.2419 |-4.1534 | 0.5988 | 4.6794 | 0.0093 | 1.0267 | 0.0489 | 1.0279 2.72
1.60 | 1.2425 [-3.8970 | 0.6124 | 4.5915 | 0.0101 | 1.0298 | 0.0507 | 1.0310 2.82
1.65 | 1.2432 |-3.6634 | 0.6255 | 4.5028 | 0.0111 | 1.0330 | 0.0523 | 1.0343 2.90
1.70 | 1.2440 |-3.4502 | 0.6381 | 4.4137 | 0.0121 | 1.0364 | 0.0537 | 1.0378 2.97
1.75 | 1.2448 |-3.2550 | 0.6503 | 4.3241 | 0.0132 | 1.0399 | 0.0549 | 1.0413 3.02
1.80 | 1.2457 [-3.0758 | 0.8620 | 4.2342 | 0.0145 | 1.0435 | 0.0559 | 1.0450 3.07
1.85 [ 1.2466 [-2.9110 | 0.6732 | 4.1443 | 0.0159 | 1.0472 | 0.0566 | 1.0488 3.09
1.90 | 1.2476 |-2.7591 | 0.6839 | 4.0545 | 0.0173 | 1.0510 | 0.0571 | 1.0525 3.11
1.95 | 1.2487 |-2.6188 | 0.6942 | 3.9650 | 0.0190 | 1.0548 | 0.0573 | 1.0564 3011
2.00 | 1.2498 | -2.4889 | 0.7041 | 3.8758 | 0.0207 | 1.0586 | 0.0572 | 1.0602 3.09
2.05 | 1.2509 | -2.3684 | 0.7134 | 3.7872 | 0.0227 | 1.0625 | 0.0568 | 1.0640 3.06
2.10 | 1.2521 |-2.2565 | 0.7224 | 3.6993 | 0.0247 | 1.0662 | 0.0562 | 1.0677 3.01
2.15 | 1.2533 [-2.1525 | 0.7309 | 3.6123 | 0.0270 | 1.0699 | 0.0552 | 1.0713 2.96
2.20 | 1.2545 | -2.0555 | 0.7390 | 3.5262 | 0.0294 | 1.0735 | 0.0540 | 1.0748 2.88
2.25 |1.2558 | -1.9650 | 0.7466 | 3.4413 | 0.0320 | 1.0769 | 0.0526 | 1.0782 2.80
2.30 | 1.2571 |-1.8805 | 0.7539 | 3.3576 | 0.0348 | 1.0802 | 0.0509 | 1.0814 2.70
2.35 | 1.2584 |-1.8015 | 0.7607 | 3.2753 | 0.0378 | 1.0833 | 0.0490 | 1.0844 2.59
2.40 | 1.2597 |-1.7274 | 0.7672 | 3.1945 | 0.0410 | 1.0862 | 0.0470 | 1.0872 2.48
2.45 | 1.2610 | -1.6580 | 0.7734 | 3.1153 | 0.0444 | 1.0889 | 0.0447 | 1.0898 2.35
2.50 | 1.2623 |-1.5929 | 0.7791 | 3.0377 | 0.0479 | 1.0914 | 0.0423 | 1.0922 2.22
2.55 | 1.2636 |-1.5317 | 0.7848 | 2.9619 | 0.0517 | 1.0936 | 0.0398 | 1.0944 2.08
2.60 |1.2648 |-1.4741 | 0.7897 | 2.8879 | 0.0557 | 1.0956 | 0.0372 | 1.0963 1.94
2.65 | 1.2661 |-1.4200 | 0.7945 | 2.8158 | 0.0599 | 1.0974 | 0.0345 | 1.0979 1.80
2.70 |1.2672 | -1.3689 | 0.7990 | 2.7457 | 0.0642 | 1.0989 | 0.0318 | 1.0994 1.66
2.75 | 1.2684 |-1.3208 | 0.8033 | 2.6775 | 0.0687 | 1.1002 | 0.0290 | 1.1006 1.51
2.80 | 1.2695 |-1.2755 | 0.8073 | 2.6112 | 0.0734 | 1.1013 | 0.0263 | 1.1016 1.37
2.85 | 1.2705 |-1.2326 | 0.8110 | 2.5470 | 0.0783 | 1.1022 | 0.0236 | 1.1024 1.23
2.90 |1.2714 |-1.1921 | 0.8146 | 2.4848 | 0.0833 | 1.1028 | 0.0209 | 1.1030 1.09
2.95 [1.2723 |-1.1538 | 0.8179 | 2.4247 | 0.0885 | 1.1033 | 0.0183 | 1.1035 0.95
3.00 | 1.2731 |-1.1175 | 0.8210 | 2.3665 | 0.0938 | 1.1036 | 0.0157 | 1.1037 0.82
3.05 |1.2739 |-1.0832 | 0.8239 | 2.3102 | 0.0992 | 1.1037 | 0.0132 | 1.1038 0.69
3.10 | 1.2745 |-1.0507 | 0.8267 | 2.2560 | 0.1048 | 1.1037 | 0.0108 | 1.1038 0.56
3.15 | 1.2751 |-1.0198 [ 0.8293 | 2.2036 | 0.1104 | 1.1036 | 0.0085 | 1.1036 0.44
3.20 | 1.2755 |-0.9905 | 0.8318 | 2.1531 | 0.1161 | 1.1033 | 0.0063 | 1.1034 0.33
3.25 |1.2759 |-0.9627 | 0.8342 | 2.1044 | o0.1219 | 1.1030 | 0.0042 | 1.1030 0.22
3.30 | 1.2762 |-0.9362 | 0.8364 | 2.0575 | 0.1278 | 1.1025 | 0.0022 | 1.1025 0.11
3.35 | 1.2764 |-0.9110 | 0.8385 | 2.0124 | 0.1337 | 1.1020 | 0.0003 | 1.1020 0.01
3.40 | 1.2765 |-0.8871 | 0.8405 | 1.9689 |0.1396 | 1.1014 |-0.0015 | 1.1014 | 359.92
3.45 | 1.2765 |-0.8643 | 0.8424 | 1.9270 | 0.1456 | 1.1008 |-0.0033 | 1.1008 | 359.83
3.50 | 1.2764 [-0.8425 | 0.8443 | 1.8867 | 0.1516 | 1.1000 (-0.0049 | 1.1001 | 359.75
3.55 | 1.2762 [-0.8218 | 0.8460 | 1.8479 | 0.1576 | 1.0993 |-0.0064 | 1.0993 | 359.67
3.60 | 1.2760 [-0.8020 [.0.8477 | 1.8106 | 0.1636 | 1.0985 |-0.0079 | 1.0986 | 359.59
3.65 | 1.2757 [-0.7830 | 0.8493 | 1.7746 | 0.1696 | 1.0977 |-0.0092 | 1.0978 | 359 52
3.70 | 1.2752 |-0.7650 | 0.8509 | 1.7400 | 0.1755 | 1.0969 |-0.0105 | 1.0969 | 359.45
3.75 | 1.2747 |-0.7477 | 0.8524 | 1.7066 ) 0.1815 | 1.0961 |-0.0117 | 1.0961 | 359.39
3.80 | 1.2742 |-0.7311 | 0.8539 | 1.6745 | 0.1874 | 1.0952 |-0.0129 [ 1.0953 | 359.33
3.85 |1.2735 |-0.7152 | 0.8553 | 1.6436 | 0.1933 | 1.0943 (-0.0139 | 1.0944 | 35927
3.90 [ 1.2728 |-0.7000 | 0.8566 | 1.6138 | 0.1991 | 1.0935 |-0.0149 | 1.0936 | 359.22
3.95 |1.2720 |:0.6854 | 0.8580 | 1.5851 | 0.2049 | 1.0926 |-0.0159 | 1.0927 | 359 .17

WADC TR 56-614

A-46




k= 0.2 o= 0.00
a 1+7 149 Fp
PHASE PHAS

REAL IMAG. | MODULUS | 7220 | REAL IMAG. | MODULUS mm“g
1.00 |-0.0052 |-0.0241 | 0.0247 | 257.81 | 0.0122 [ 0.0985 | 0.0993 82.94
1.05 |-0.0063 |-0.0264 | 0.0271 | 256.57 [ 0.0148 | 0.1083 | 0.1093 82.23
1.10 [-0.0075 |-0.0287 | 0.0297 [ 255.28 | 0.0177 | 0.1184 | 0.1197 81.48
1.15 |-0.0089 |-0.0310 ] 0.0323 | 253,93 | 0.0211 | 0.1289 [ 0.1306 80.69
1.20 |-0.0105 |-0.0334 | 0.0350 | 252.53 | 0.0249 | 0.1397 | 0.1419 79.88
1.25 |-0.0123 |-0.0358 | 0.0378 | 251.07 | 0.0292 | 0.1507 | 0.1535 79.03
1.30 |-0.0142 |-0.0381 | 0.0407 | 249.57 | 0.0340 | 0.1621 | 0.1656 78.16
1.35 |-0.0163 |-0.0404 | 0.0436 | 248.01 | 0.0393 | 0.1736 [ 0.1780 77.25
1.40 [-0.0186 [-0.0427 | 0.0466 | 246.40 | 0.0451 | 0.1853 | 0.1907 76,32
1.45 |-0.0212 |-0.0449 | 0.0496 | 244.75 | 0.0515 | 0.1971 | 0.2038 75.36
1.50 1-0.0239 |-0.0469 | 0.0526 | 243.05 | 0.0585 | 0.2091 | 0.2171 74.37
1.55 [-0.0267 |-0.0489 | 0.0557 | 241.31 | 0.0661 | 0.2210 | 0.2307 73.35
1.60 |-0.0298 [-0.0507 | 0.0588 | 239.54 | 0.0743 | 0.2329 | 0.2445 72.32
1.65 |-0.0330 |-0.0523 | 0.0618 | 237.72 | 0.0831 | 0.2448 | 0.2585 71.25
1.70 | -0.0364 |-0.0537 | 0.0649 | 235.87 | 0.0925 | 0.2565 | 0.2727 70.17
1.75 |-0.0399 |-0.0549 | 0.0679 | 234.00 | 0.1025 | 0.2680 | 0.2870 69.07
1.80 | -0.0435 |-0.0559 | 0.0708 | 232.09 | 0.1131 | 0.2793 | 0.3013 67.95
1.85 1 -0.0472 1-0.0566 | 0.0737 | 230.16 | 0.1243 | 0.2903 | 0.3158 66,82
1.90 | -0.0510 |-0.0571 | 0.0765 | 228.21 | 0.1361 | 0,3009 [ 0.3302 65.67
1.95 | -0.0548 |-0.0573 | 0.0793 | 226.25 | 0.1483 | 0.3111 | 0.3447 64.51
2.00 | -0.0586 |-0.0572 | 0.0819 | 224.27 | 0.1611 | 0.3209 | 0.3591 63.34
2°05 | -0.0625 |-0.0568 | 0.0844 | 222.29 | 0.1744 | 0.3301 | 0.3734 62.16
2.10 | -0.0662 [-0.0562 | 0.0868 | 220.30 | 0.1880 | 0.3388 | 0.3875 60.98
2.15 | -0.0699 |-0.0552 | 0.0891 | 218.32 | 0.2020 | 0.3470 | 0.4015 59,79
2.20 | -0.0735 |-0.0540 | 0.0912 | 216.34 | 0.2163 | 0.3545 | 0.4153 58.60
2.25 | -0.0769 [-0.0526 | 0.0932 | 214.37 | 0.2309 | 0.3613 [ 0.4288 57.42
2.30 | -0.0802 |-0.0509 | 0.0950 [ 212.42 | 0.2457 | 0.3675 | 0.4421 56,24
2.35 | -0.0833 |-0.0490 | 0.0967 | 210.48 | 0.2606 | 0.3731 | 0.4551 55,06
2.40 | -0.0862 |-0.0470 | 0.0982 | 208.57 | 0.2756 | 0.3779 [ 0.4677 53.90
2.45 | -0.0889 |-0.0447 | 0.0995 | 206.69 | 0.2906 | 0.3821 | 0.4801 52,75
2.50 [ -0.0914 [-0.0423 | 0.1007 | 204.84 | 0.3056 | 0.3856 | 0.4920 51.60
2.55 | -0.0936 |-0.0398 | 0.1017 | 203.02 | 0.3205 | 0.3885 | 0.5036 50.48
2.60 | -0.0956 |-0.0372 | 0.1026 | 201.24 | 0.3352 | 0.3907 | 0.5148 49,317
2.65 | -0.0974 |-0.0345 | 0.1033 | 199.50 | 0.3498 | 0.3923 [ 0.5256 48.28
2.70 | -0.0989 |-0.0318 | 0.1039 | 197.80 | 0.3642 [ 0.3934 | 0.5361 47,21
2.75 | -0.1002 |-0.0290 | 0.1043 | 196.15 | 0.3782 | 0.3939 | 0.5461 46,16
2.80 | -0.1013 |-0,0263 | 0.1047 | 194.55 | 0.3920 | 0.3939 | 0.5557 45,13
2.86 | -0.1022 |-0.0236 | 0.1048 | 192.99 | 0.4055 | 0.3934 | 0.5649 44.13
2.90 | -0.1028 |-0.0209 | 0.1049 | 191.48 | 0.4186 | 0.3924 | 0.5738 43.16
2.95 | -0.1033 |-0.0183 | 0.1049 | 190.03 | 0.4313 | 0.3911 | 0.5822 42.20
3.00 [ -0.1036 |-0.0157 | 0.1048 | 188.62 | 0.4436 | 0.3894 | 0.5903 41,28
3.05 | -0.1037 [-0.0132 | 0.1046 | 187,26 | 0,4556 | 0.3874 | 0.5980 40.38
3.10 [ -0.1037 |-0.0108 | 0.1043 | 185.96 | 0.4672 | 0.3851 | 0.6054 39.50
3.15 | -0.1036 |-0.0085 | 0.1039 | 184.70 | 0.4783 | 0.38268 | 0.6125 38.65
3.20 [-0.1033 |-0.0063 | 0.1035 | 183.49 | 0.4891 | 0.3798 | 0.6192 37.83
3.25 | -0.1030 |-0.0042 | 0.1031 | 182.33 | 0.4994 | 0.3768 | 0.6257 37.03
3.30 | -0.1025 |-0.0022 | 0.1026 | 181.22 | 0.5094 | 0.3737 | 0.6318 36,26
3.35 | -0.1020 | -0.0003 | 0.1020 | 180.15 [ 0.5190 | 0.3705 | 0.6377 35,52
3.40 | -0.1014 | 0.0015 | 0.1014 | 179.13 | 0.5283 | 0.3671 | 0.6433 34,80
3.45 | -0.1008 | 0.0033 | 0.1008 | 178.14 | 0.5372 | 0.3637 | 0.6487 34.10
3,50 | -0.1000 | 0.0049 | 0.1002 | 177.20 | 0.5457 | 0.3602 | 0.6539 33.43
3.55 | -0.0993 | 0.0064 | 0.0995 | 176.30 | 0.5539 | 0.3567 | 0.6588 32.78
3.60 | -0.0985 | 0.0079 | 0.0988 | 175.43 | 0.5618 | 0.3531 | 0.6635 32.15
3.65 [ -0.0977 | 0.0092 | 0.0982 | 174.60 | 0.5694 | 0.3495 | 0.6681 31.54
3.70 | -0.0969 | 0.0105 | 0.0975 | 173.81 | 0.5767 | 0.3459 | 0.6725 30,96
3.75 | -0.0961 | 0.0117 | 0.0968 | 173.04 | 0.5837 | 0.3423 | 0.6767 30.39
3.80 | -0.0952 | 0.0129 | 0.0961 | 172.31 | 0.5904 | 0.3388 | 0.6807 29,85
3.85(-0.0943 | 0.0139 | 0.0954 | 171.61 | 0.5969 | 0.3352 | 0.6846 29,32
3.90 | -0.0935 | 0.0149 | 0.0947 | 170.93 | 0.6032 | 0.3317 | 0.6884 28.61
3.951-0.0926 | 0.0159 | 0.0940 | 170.28 | 0.6093 | 0.3283 | 0.6921 28.32

WADC TR 56-614

A-47




k= 0.2 o = 0.00
/- of y
— .x / 2r L =7

a 2 bd é?z'jﬁ: { X

REAL | IMAG. REAL maG. | moouus| PHAXE
4.00 | 1.2712 [ -0.6714 [0.8593 | 1.5574 | 0.2107 | 1.0918 |-0.0167 | 1.0919 | 359.12
4.05 | 1.2703 | -0.6579 | 0.8605 | 1.5306 | 0.2164 | 1.0909 |-0.0176 | 1.0910 | 359.08
4.10 | 1.2693 | -0.6450 [ 0.8618 | 1.5048 | 0.2221 | 1.0901 (-0.0184 | 1.0902 | 359.04
4.15 | 1.2683 [ -0.6325 | 0.8630 | 1.4799 | 0.2277 | 1.0892 [-0.0191 | 1.0894 [ 359.00
4.20 | 1.2672 | -0.6206 | 0.8642 | 1.4559 | 0.2332 | 1.0884 |-0.0198 | 1.0886 | 358.96
4.25 | 1.2661 | -0.6090 | 0.8653 | 1.4326 | 0.2387 | 1.0875 |-0.0204 | 1.0877 | 358.92
4.30 | 1.2649 [ -0.5979 | 0.8665 | 1.4101 | 0.2441 | 1.0867 |-0.0210 | 1.0869 | 358.89
4.35 | 1.2637 | -0.5872 [ 0.8676 | 1.3884 | 0.2405 | 1.0859 [-0.0216 | 1.0861 | 358.86
4.40 | 1.2625 | -0.5768 | 0.8687 | 1.3674 | 0.2548 | 1.0851 |-0.0222 | 1.0853 | 358.83
4.45 | 1.2612 | -0.5668 | 0.8698 | 1.3470 | 0.2600 | 1.0843 |-0.0227 | 1.0846 | 358.80
4.50 | 1.2599 [-0.5571 | 0.8708 [ 1.3273 | 0.2652 | 1.0836 |-0.0231 | 1.0838 | 358.78
4.55 | 1.2585 | -0.5478 | 0.8719 | 1.3081 | 0.2703 | 1.0828 |-0.0236 | 1.0831 | 358.75
4.60 | 1.2571 [ -0.5387 | 0.8729 | 1.2896 | 0.2754 | 1.0820 |-0.0240 | 1.0823 | 358.73
4.85 | 1.2557 [ -0.5300 | 0.8739 | 1.2716 | 0.2804 | 1.0813 |-0.0244 | 1.0816 | 358.71
4.70 | 1.2543 | -0.5215 | 0.8749 | 1.2541 | 0.2853 | 1.0806 |-0.0248 | 1.0809 | 358.68
4.75 | 1.2529 | -0.5133 | 0.8759 [ 1.2372 | 0.2802 | 1.0798 [-0.0252 | 1.0801 | 358.66
4.80 | 1.2514 | -0.5053 | 0.8769 | 1.2207 | 0.2950 | 1.0791 |-0.0255 | 1.0794 | 358.65
4.85 | 1.2500 | -0.4976 | 0.8778 | 1.2047 | 0.2998 | 1.0784 [-0.0258 | 1.0787 | 358.63
4.90 | 1.2485 | -0.4901 | 0.8788 | 1.1891 | 0.3045 | 1.0778 |-0.0261 | 1.0781 | 358.61
4.95 | 1.2470 [ -0.4828 | 0.8797 | 1.1739 | 0.3092 | 1.0771 |-0.0264 | 1.0774 | 358.60
5.00 | 1.2455 | -0.4757 | 0.8807 | 1.1591 | 0.3138 | 1.0764 |-0.0267 | 1.0767 | 358.58
5.05 | 1.2439 | -0.4688 | 0.8816 | 1.1447 [ 0.3183 | 1.0757 (-0.0269 | 1.0761 | 358.57
5.10 | 1.2424 | -0.4621 | 0.8825 | 1.1307 | 0.3228 | 1.0751 [-0.0272 | 1.0754 | 358.55
5.15 | 1.2409 | -0.4556 | 0.8834 | 1.1171 | 0.3272 | 1.0745 [-0.0274 | 1.0748 | 358.54
5.20 | 1.2394 | -0.4493 | 0.8843 | 1.1037 | 0.3316 | 1.0738 |-0.0276 | 1.0742 | 358.53
5.25 | 1.2378 | -0.4431 | 0.8852 | 1.0907 | 0.3360 | 1.0732 [-0.0278 | 1.0736 | 358.52
5.30 | 1.2363 | -0.4371 | 0.8860 | 1.0780 | 0.3403 | 1.0726 [-0.0280 | 1.0730 | 358.50
5.35 |