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NOMENCLATURE

Constants

Magnetic induction
Applied field

Electric field intensity

Channel width in direction
of current flow

Channel width at inlet
Channel width at exit

Log-mean width of generator
channel, defined by Eq. (7)

Total current

End-loss current

Current density

Argument of elliptic integral

Complete elliptic integrals of
the first kind

Length of generator channel

Lengths, defined by Eq. (33)
and Fig. 6

Unit vector normal to surface
of an electrode

Power developed

Power developed in ideal
channel

Equivalent resistance of
end current loops

Internal resistance of channel

VO
Vi

W,Z,Z

)

External load resistance
Surface of electrode
Time

Fluid velocity

Inlet fluid velocity
Mean fluid velocity
Integration variable
Electrode voltage
Induced emf

Load electrode voltage
Complex variables
Thickness of channel
Channel half-angle

Location of downstream
electrode end in w-plane

Magnetic permeability of
free space

Kinematic viscosity

Voltage load-coefficients
Electrical surface resistivity
Electrical conductivity
Potential

Electrode potential

Electrical stream function






ELECTRICAL END LOSSES IN
AN MHD CHANNEL OF LINEARLY VARIABLE
CROSS SECTION

by

Jerzy R. Moszynski

ABSTRACT

The electrical losses due to end-shorting of elec-
trodes in an MHD channel of linearly variable cross section
have been calculated, under the assumptionof large Reynolds
number and small magnetic Reynolds number. It is shown
that a simplified calculation procedure yields exact results
and, further, that an approximate procedure, based on the
results for a constant-area channel, provides satisfactory
accuracy for channels of small included angle and/or rela-
tively large aspect ratio.

I. INTRODUCTION

In an MHD generator channel of finite aspect ratio (finite ratio of
length to width), the actual power density is less than the value calculated
for a channel of infinite aspect ratio. This difference is due to current
loops at the two ends of the channel. The net effect is one of providing
between the electrodes a conduction path, which acts as a shunt resistance
in parallel with the load. Thus, for a given load and generated emf, both
the net load-current and the voltage load-coefficient are reduced.

The magnitude of the end losses in MHD channels of constant cross
section have been calculated for various conditions by Sutton, Hurwitz,
and Poritsky,(1) Shercliff,(2) Fishman,(3) and others. The critical im-
portance of these losses is pointed out in Ref. (1), where it is shown that
for sufficiently small aspect ratios, the operation of an MHD channel
as a generator may become impossible.

The problem of end losses in an MHD channel of variable cross
section does not appear to have received any attention in the published
literature. However, a generator channel of variable cross section has
been proposed recently for an MHD cycle, with either a single-phase or
a two-phase fluid flowing through the channel.(4)
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This report is concerned
with the problem of calculating the
end losses in a channel of linearly
varying cross section, as shown in
Fig. 1. A single-phase, incompres-
sible, conducting fluid flows in the
x-direction through a duct of constant
thickness W in the z-direction. The
power generated is drawn off the
electrodes, shown shaded.
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The mathematical model of
Fig. 1. Schematic Diagram of MHD the generator and the general method
Channel of analysis are outlined first. The
analysis is then applied to two specific
cases. Subsequently, an approximate method is developed and is shown to
yield exact results. Finally, a comparison is made with an earlier
approximation. 4)

II. ANALYSIS

For the purposes of analysis, the following simplifying assumptions
are made:

(1) The flow is one-dimensional, and viscous effects are neglected.
This is apt to be valid for cases in which the Reynolds number UL/V is
large. Physically, this assumption may be applicable to turbulent flow of
a liquid metal or, generally, to moderate-velocity flow of a plasma. The
fluid is homogeneous and incompressible; this restricts the validity of the
analysis to liquid metals or to low Mach-number gas flow.

(2) The applied magnetic field is steady, uniform, parallel to the
z-axis, and applied only in the region of the variable cross-sectional area.
This assumption neglects the usual lateral decay of a magnetic field. It is
also assumed that the magnetic field induced by the load current can be
neglected; this implies a low magnetic Reynolds number (4oO0UL), which may
not be applicable in the case of a liquid metal in a relatively large duct.

(3) The electrodes are perfect conductors, while the channel walls
both upstream and downstream of the electrodes are perfect insulators.

We write Ohm's law in the form:

- -

= 6(E+UxB). (1)

j
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The induced emf is given by

h
= f /2 UBydy = UhB,, (2)

-h/2

where h is the width of the channel at the station considered. The assump-
tion of incompressibility requires that UhW is constant; thus Uh is
constant, and V, is independent of x.

On load, the voltage between the electrodes is given by

Vg = NV, (3)
where 7 is the voltage load-coefficient.

As a result of assumption (2),

dB/dt = 0,
we may put

E = -grad ¢

and consider the electrodes to be at potentials ¢y and -¢y, respectively;
thus,

I 1
el = 3V (4)

For present purposes, we are interested m the total current between
the electrodes. To this end, we have to integrate 7 - #dS over the surface
S of an electrode. Since U x B has only the component in the y-direction,
given by Eq. (2), we obtain

xz
I:fj-ndS—OW{Bof x)dx - f a¢dx g—idy) ; (5)
S X1

Here x, and x, denote, respectively, the values of the x-coordinate
at the two ends of the electrode A and C, and the second integral is a line
integral between A and C (see Fig. 2).

<
&y /{a INSULATED D
» - 7777

Pig. 2

Generator Channel in
Complex z-plane
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The first integral in Eq. (5) may be evaluated directly; that is,

X2
owBOf U(x)dx = OWB,U,,L, (6)
X1

where
Umhm = Ujh, = Uzh, = U(x)h(x) = const
and

hy = (hz-hy)/In(h,/hy).

To evaluate the second integral on the right-hand side of Eq. (5), 3t
is necessary to obtain a solution for the potential field ¢ between the
electrodes. To this end, we must consider the geometry of the generator
in somewhat more detail, particularly with respect to the region beyond
the electrodes. With reference to Fig. 2, we need to consider only the
upper half of the generator, because of symmetry.

The governing equation of the potential field is obtained by taking
the divergence of Eq. (1) and is Laplace's equation,

Ve E= 0 (8)

Equation (8) is to be solved within the infinite strip shown shaded in Fig. 24
and subject to the following boundary conditions:

y =0, ¢$ = 0 (by symmetry); (9a)
9 99 :

TSy <K = = 0 (insulated); (9b)

V- b ¥ =% =X, ¢ = ¢y (prescribed); (9¢)
o9 :

Vicah, x> Xy, —a-; = 0 (insulated). (94)

The solution is effected by the method of conformal mapping, where-
by the infinite strip in the z = x + iy plane is eventually mapped into a
rectangle in the z'-plane such that along two edges of the rectangle, the
value of ¢ is prescribed (¢4 and 0, respectively), while along the remaining
two edges, the normal gradient of ¢ vanishes. In such a transformed
region, the solution for ¢ is simply obtained, since if the transformed
region is as in Fig. 3, then

¢ = -0y (x'/a). (10)
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c(-a,b) D (0, b) i
34 /3y =0 Fig. 3
Generator Channel in
¢, $-0 Complex z'-plane
a¢/dy' =0
— x
A (-a, 0) 0 (0,0)

The transformation is carried out in two stages. First, by con-
sidering the infinite strip as a doubly degenerate quadrilateral, we map
it into the upper half of the w = u + iv plane by means of the Schwarz-
Christoffel transformation:

o /m
z = zo+cﬂ%:—$) <_i‘v;v_ (L)

The positions of the vertices of the quadrilateral OACD in the
w-plane are shown in Fig. 4. Since the constants zg and c are arbitrary,
we are at liberty to fix the position of three of the vertices in the w-plane
which, in turn, determines the three arbitrary elements of the two con-
stants (zy, modulus of c, and argument of c). In the present case, we
choose the location of the vertices A, O, and D. The location of the
vertex C in the w-plane must then be determined to facilitate the correct
mapping of C into the z-plane.

Fig. 4 A(-1,0)

D - L] [ ] [ ] > D

Generator Channel in
Complex w-plane c(-8,0) o (0, 0)

The procedure outlined above requires the explicit evaluation of
the integral in Eq. (11); this does not appear to be possible except for
selected values of a. Two cases will be considered in detail in Section III,
but for the present, it will be assumed that the procedure has been carried
out and the value of B determined. In general, the integrand in Eq. (11) is
multivalued, and to describe the transformation completely, the branch
must be specified. Further, one must expect B to depend on the half-angle
a and on the linear dimensions of the generator. Thus: B = pla, &, by F*or

rather, p = B(a, L/h;). Here L/h, plays the role of a modified aspect ratio.

The second step is the transformation of the upper half of the
w-plane into the interior of the rectangle shown in Fig. 3, such that the
four vertices in the z'-plane are O(0, 0), A(-a, 0): .Gl=a,b), and DIUEL)
The general form of the required transformation is

10
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2t = zp+ e [Tt Dw+p)] ™ aw. (12)

Letting 1/B = k?, and requiring that the origin of the w-plane be mapped
into the origin of z'-plane, we get

W
-1/2

zil= (/R II [w(w+ 1) (k3w +1)] dw.
Jo

Considering next the mapping of the vertex A from the w-plane to the
z'-plane, we get

_ ia [W -1/2
Zi = [wiw + 1)(kK2w +1)] dw, (13)

where

K (k) =f [(1-%3)(1- k2x?)] 2 ax
0

is the complete elliptic integral of the first kind and is tabulated in the
literature. (5 ) For convenience, a table of values of K is included as

Appendix B.

Finally, consideration of the mapping of the vertex C yields the
condition that

b/a = K'/K, (14)
where
K'(k) = K (+/1-Kk2).

To complete the solution of our problem, we introduce an electrical
stream function ¥ which is defined by

XN _% oy _ %% (15)
Bx By gy ox

With the above substitution, the second integral on the right—hand side of
Eq. (5) becomes

11
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c 5 .
f o -2ay f av = ¥(C) - WA). i

In view of Eqgs. (10) and (15), the expression for ¥ in the z'-plane is
simply

¥ = dgly'/a) (17)
and
¥(C) - ¥(A) = ¢y(b/a) = dp(K'/K). (18)

Substituting Eqs. (6) and (18) into Eq. (5) and rearranging, we obtain, for
the total current to the electrode,

I = oWBoU L [! - (n/2)(hy,/L)(K'/K)]. (19)
The electrical power developed by the generator is given by
Pel = Vgl = onUZ, hyy BEWL[1 - (n/2)(hm /L) (K' /K)]- (20)

By differentiating Eq. (20) with respect to the loading factor 7, we obtain
for maximum power

Nmax P = (L/hm J(K/K!). (21)

Further, we may compare the power developed with that developed by an
idealized generator in which the sole component of the current is in the
y-direction. Such a generator suffers no end losses, and the total power
developed by it is given by

P

i =n'(1 -1')oUZ, BéW Lhpy, . (22)

The loading factors 7 and 7', however, are not equal. It is shown in
Ref. (4) that while the loading factor n' for the idealized generator is
given by

n' = (Ry/Ro + )7}, (23)
the loading factor m for a generator with end losses is given by

n = (1 +Ry/Ry + Rj/Re)™ (24)

where Re is the equivalent shunt resistance of the end loops in parallel
with the load. From Kirchoff's Law, we have

Vo - Vg = (I+Ig)R; = (Vj /Re +I)Ry,

12
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and upon rearrangement,
I = (Vo/Ri)[1-n(1+Ri/Re)]

It is easy to show that under the assumption of an idealized generator l[e.g.,
Ref. (4)], the internal resistance is given by

Ri = hy/(oWL).
Thus, with the aid of Eq. (2),
I = 0Up,BeWL[1-n(1+R;/Re)] (25)

Comparison with Eq. (19) yields
B (26)

To evaluate the power loss due to end loops, it is necessary to compare
(for a given generator and load) the ideal power given by Eq. (22) with the
actual power given by Eq. (20), with the proviso that

1/n = 1/7' + Ri/Re. (27)

In Ref. (1), the power loss is computed on the assumption of equal
electrode voltage with and without end losses. This requires that the ex-
ternal load resistance be different in the two cases.

The preceding analysis can only be carried out explicitly for specific

angles a. For purposes of illustration, numerical results will be obtained
in the next section. Subsequently, we shall demonstrate that an alternate
method of calculation may be employed to yield exact results.

III. CALCULATION OF END LOSSES FOR SPECIFIC CASES

With reference to Eq. (11), the integrand may be transformed by the
substitution:

@)% = (w+1)/(w+B).

After some rearrangement, this yields

R G dondil 1 -l
c—— —_— . 28
f(w +[3> w ./aLﬁ(u)ﬂ/a iy a5 y - (u)ﬂ/aJdu (28)

13
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For values of @ such that 7 is an integral multiple of a, the above integral
may be evaluated explicitly, although for TT/a > 8, the calculation may be
quite laborious.

To appreciate better the magnitude of the end losses, consider the
case of @ = 45° which, while unlikely to be of a direct practical interest,
permits a detailed calculation with a minimum of algebraic complications.
In this case, we have, from Eq. (11),

='zg+c (W+l)l/4 o O 4<_9u_+_.dL_
& w+ B w Lot ﬁu"-l)

N
|

-zo+c[lni+u+2tan'lu
1 BY%u - 1 3
In —Y2itang Bl k. (29)
1/4
Bl B e el

We are now free to locate the origin of the complex z-plane (see
Fig. 2), and we choose it to coincide with the point A. Thus the required
conditions are

v = ] w. =0

w = ~B, z = L{1Hi);

w = 4o, z = 4o - i(hl/Z);
W = -m, =z = +o+iL.

When w = 0, the value of z depends on the direction from which the origin
of the w-plane is approached. Thus, approaching along the real axis from
the negative side (w = 0_), z = -; while approaching along the real axis
from the positive side (w = 04), z = - - i(h,/2).

Applying the first of the above conditions, we note that when
w = -1, u = 0, and the first, second, and last terms in square brackets in
Eq. (29) vanish. For small values of u, the phase of the logarithm in the
third term is 7, so that

zo = -cim/Bl/4.

Considering next the condition at w = 0_, we find that ¢ must be
real and positive, and from the condition at w = 04,
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oh= h,ﬁlM/Z‘TT;
therefore,

zo = -ihy/2.

Finally, applying the condition at w = -, we find
BER(ET /higt 1 (30)

The remaining calculations indicated in Section II can now be carried out.
The results for I and Pg] may be reduced to a single plot shown in Fig. 5.

| 1o
g=5*

1 lllllll
1

"ASPECT RATIO" (L /hi)

o©°
P

Fig. 5. Dimensionless Current and Power Developed

As a second illustration, consider the case of &= Suf: We

substitute

(w+1l)(w+p) = ub,

and, after some algebraic operations, obtain
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1+u 1 1 +u+u? 2 2
= z0+c{.n +Eln——z+ \/3_<’ca.n'l—u+1 +t::m'1—2"1 1)

l1-u 1= +u \/3— ﬁ

+— [111 (B)a -1, 1) ()% - (B)"*u+1
([3)1/6 (B)Ybu + 1 (B8 + BY6u + 1

Z

- ﬁ(tan-l ———-—Z(ﬁ)l/éu o + tan”! 2(5)1/611 = >]
/3 /T

Using the same methods as in the preceding examples, we obtain

2g'= -ihy/2; . c = hy(p)¢/2m; B = (2L//3h, + 1)t (31)
The calculated results are also shown in Fig. 5.

In view of the difficulty of evaluating the integral in Eq. (28) for
small values of @, which are of principal practical interest, we will next
develop a simplified calculation procedure.

IV. SIMPLIFIED CALCULATION PROCEDURE

The difficulty in the exact calculation of the end losses arises out
of the form of the mapping functions from the z-plane to the w-plane.
However, by replacing the mathematical model of the MHD channel (Fige2)
with the model shown in Fig. 6, the shaded region is mapped onto the upper

half of the w-plane by the function
:<z cos OL>7T/OL (32)

Ly
with

B = [LefTal™ (33)

The transformation to the
z'-plane and the subsequent cal-
culations follow the path outlined
in Section II. For a given channel
of specified "aspect ratio" L/h,
and angle a, the only difference
in the calculated results obtained
by the exact method and by the

Fig. 6. Simplified Model of MHD Channel simplified procedure, outlined
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above, can be due to a possibly different value of B, and hence k, obtained
by the two methods.

While the geometry of Fig. 6 hardly resembles that of the actual
channel (Fig. 2), one would expect the approximation to improve as the
angle o decreases and/or as the "aspect ratio" increases. However, for
o = 45 and 30°, the values of P obtained by the exact analysis [Egs. (30)
and (31), respectively] and given by Eq. (33) are identical.*

Although a rigorous proof that this must be the case for an arbitrary
angle o appears to be difficult, one can argue heuristically as follows:
since both Eq. (11) and Eq. (32) map the straight-line segment AC into a
segment of the real axis in the w-plane, and since in both cases the loca-
tion of A is the same (w = -1), the location of C must also be the same in
both cases, and thus the value of B calculated by the two methods must be
the same.

Further, since all these calculations yield results that are functions
of B only, we can conclude that the simplified calculation procedure will
yield exact results. Furthermore, this method can be employed without
difficulty for all values of a.

V. COMPARISON WITH APPROXIMATE CALCULATION PROCEDURE

In Ref. (4), the end losses in MHD channels of variable cross sec-
tion are computed by assuming an equivalent constant-area channel of
width equal to the logarithmic-mean width (hy,) of the actual channel, and
by applying the results of Ref. (1). To test the accuracy of this procedure,
the results were compared for a = 5, 10, 20, and 30° over a range of aspect
ratios. To this end we must compare, for example, the term

1
3 (bm/L)(K'/K)
in Eq. (19) with the corresponding term of the approximate theory:

hm 21n2

1+L =

Here it is assumed that the approximation suggested by Sutton et a_l.(l) for
aspect ratios L/hy, in excess of 0.7 is valid.

In the present theory, the point beyond which an approximation for
K'/K may be used is not a function of only the aspect ratio but also of the
angle a. Thus, in general, for k < 0.1 we may set

* This result at first appeared so startling that an analog study of the a = 30° configuration was undertaken
using "Teledeltos” conducting paper. This confirmed the analysis. The study is described briefly in
Appendix A.

17
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a

L,
Tir

(34)

The results of these calculations are presented in Table I and in
Fig. 7. The agreement is very good, except for large half-angles a and
In the latter case, the error may be due to the use
of Sutton's approximation.

small aspect ratios.

Table 1

CALCULATED RESULTS

il

At 1)
OWB,Up L

Present

L/h, k K'/K Theory Ref. (4)

o = 45°
0.1 0.694 1.016 5.573 NC2
0.25 0.444 1.364 3.364 NC
0.5 0.250 1.754 2.531 NC
1.0 0.111 2.281 2.076 NC
2.0 0.040 2.929 1.820 NC
3.0 NC 3.360P 1.726 NC
4.0 NC 3.680P 1.674 NC
5.0 NC 3.936P 1.641 NC
10.0 NC 4.759P 1.563 NC

ao=r30°
0.1 0.721 0.983 5.180 5.653
0.25 0.493 1.291 2.938 2.889
0.5 0.255 1.742 2.196 2.118
1.0 0.102 2.334 1.756 1.664
2.0 0.028 3.167 1.528 1.426
3.0 0.011 3.742 1.444 1.341
4.0 NC 4.179b 1.397 1.295
5.0 NC 4.526P 1.366 1.266
10.0 NC 5.714P 1.304 1.201

a = 20°
0.1 0.729 0.972 4.923 5.553
0.25 0.520 1.250 2.869 3.022
0.5 0.247 1.762 2.066 2.033
1.0 0.086 2.443 1.626 1.586
2.0 0.021 3.335 1.415 1.374
3.0 NCa 4.189b 1.317 1,277
4.0 NC 4.685P 1.250 1.235
5.0 NC 5.175P 1.228 1.208
10.0 NC 6.937P 1.195 1.152

18
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ME]

Table I (Contd.)

- 1 1 3
N \oWBU L ~

Present
L/h, k K'/K Theory Ref. (4)
= y10°
0.1 0.738 0.960 4.885 5.483
0.25 0.469 1.326 2.768 2.839
0.5 0.311 1.611 1.749 1.957
1.0 0.067 2.594 1.414 1.514
2.0 0.010 3.812 1.260 1.291
3.0 NC 5.018P 1.226 1.215
4.0 NC 5.924b 1.187 LieT
5.0 NC 6.707b 1.154 1.152
10.0 NC 9.535b 15118 1.093
=02
0.1 0.723 0.968 4.883 5.446
0.25 0.463 1.335 2.731 2.803
0.5 0.221 1.836 1.915 1.919
1.0 0.055 2.729 1.481 1.478
2.0 NC2 4.320b 1.260 1.257
3.0 NC 5.615P 1.186 1.182
4.0 NC 6.961° 1.148 1.145
5.0 NC 8.084b 1.125 1123
10.0 NC 12.473b 1.078 1.076
aNot calculated.
bCalculated using Eq. (34).
T T T T T ! B |I | T T T T ¢ i i
& a = 30°* (APPROXIMATION OF REF. 4) n
%/ e ]
S TR 1
n (G’WBOUML ) _ Fig. 1

a = 30° (PRESENT THEORY)

L L e 1 1 i S UL
A 1 10

"ASPECT RATIO" (L /h)

Comparison of Present
Theory and Application
of Ref. (4).
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VI. CONCLUSIONS

An exact calculation procedure for the end losses in an MHD channel
of linearly variable cross section has been developed under the assumption
of one-dimensional fluid flow. A simplified calculation procedure has
yielded exact results, while the approximate method of Ref. (4) has been of
acceptable accuracy. Since, however, the present procedure is simple to
use, little is to be gained by the use of the approximate method of Ref. (4).

To use the present method for a given MHD channel, the following
steps are necessary:

(Lo/Ly)"/2.
1L/ /B

(3) If k> 0.1, compute K(k) and K' = K (4/1 -k?) from Appendix B.
If k < 0.1, compute K'/K from Eq. (34).

(1) Compute B from B

(2) Compute k from k

(4) Compute R;/Re from Eq. (26).
(5) Compute 7 from Eq. (24).

(6) Compute I and P, from Eqgs. (19) and (20), respectively.

20
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APPENDIX A

Analog Study of Channel Configuration with o = 30°

nTeledeltos" conducting paper with specific surface resistance
p = 200092 was used in configurations as shown in Fig. A-1.

L e
Fig. A-
(0) l‘ A‘ (b) '. .‘>/w g bens

d q Analog Models Used
-ﬂ to Verify Approximate
Calculation Procedure

The electrodes, shown by thick lines, consisted of copper bars
(1/4-in. square cross section) pressed firmly to the edge of the paper.
The lateral extent of the paper was chosen such that further addition pro-
duced no noticeable difference in results. In both cases, the dimension L
was constant at 5.2 in.

/i

It can easily be shown that the resistance between the electrodes
should be given by (K/K')p. The results of the study are summarized in
Table A-1. It will be noticed that for the same minimum width the re-
sistances measured for cases (a) and (b) are in agreement well within the
experimental accuracy. Similarly, the agreement between calculated and
measured resistances is satisfactory.

Table A-1
RESULTS OF ANALOG STUDY

hl/z: Rmeas: ohm Rcales
in. (a) (b) k ohm

12.4 1600 1600 0.520 1600

10.0 1450 1450 0.455 1490
8.0 1350 1400 0.383 1360
6.0 1300 1300 0295 2 1260
4.0 1150 1100 0.186 1020
2.06 900 1000 0.0675 770
1.06 700 700 0.0166 570

This was intended only as a rough check, and no effort was made to
eliminate the possibly large resistance between the paper and the electrodes.
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APPENDIX B

Complete Elliptic Integrals

Note MVdlues of K for sin”! k = 85 to 89° by 0.1°,
and 89 to 90° by minutes

sin”! k K Bine ik K sin”! k K
0° 1.5708 30° 1.6858 60° 2.1565
1 1.5709 31 1.6941 61 2.1842
2 15713 32 1.7028 62 2.2132
3 1.5719 33 1.7119 63 2.2435
4 1.5727 34 1.7214 64 2.2754
5 1.5738 35 1.7312 65 2.3088
6 1.5751 36 1.7415 66 2.3439
7 1.5767 37 1.7522 67 2.3809
8 1.5785 38 1.7633 68 2.4198
9 1.5805 39 1.7748 69 2.4610

10 1.5828 40 1.7868 70 2.5046
il 1.5854 41 1.7992 71 2.5507
iz 1.5882 42 1.8122 72 2.5998
13 1.5913 43 1.8256 73 2.6521
14 1.5946 44 1.8396 74 2.7081
15 1.5981 45 1.8541 75 2.7681
16 1.6020 46 1.8691 76 2.8327
17 1.6061 47 1.8848 77 2.9026
18 1.6105 48 1.9011 78 2.9786
19 1.6151 49 1.9180 79 3.0617
20 1.6200 50 1.9256 80 3.1534
2il 1.6252 51 1.9539 81 3.2553
22 1.6307 52 1.9729 82 3.3699
25 1.6365 53 1.9927 83 3.5004
24 1.6426 54 2.0133 84 3.6519
25 1.6490 55 2.0347 85 3.8317
26 1.6557 56 2.0571 86 4.0528
27 1.6627 57 2.0804 87 4.3387
28 1.6701 58 2.1047 88 4.7427
29 1.6777 59 2.1300 89 5.4349

90

22
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sin"! k K sin”! k K

85.0° 3.832 809 0L oh.435
85.1 3.852 89 2 5.469
85.2 3.872 89 4 5.504
85.3 3.893 89 6 5.540
85.4 3.914 g9 -8 - . 5.518
85.5 3.936 89 10 5.617
85.6 3958 89 .12 5658
85.7 3.981 89 14 5.700
85.8 4.004 89 16 5.745
85.9 4,028 8O 18- B9
86.0 4.053 89 20 5.840
86.1 4.078 go= 22 ~-5:89]
86.2 4.104 89 24 5.946
86.3 4.130 89 26 6.003
86.4 4.157 89 28 6.063
86.5 4.185 89 30 6.128
86.6 4.214 8932206, 197
86.7 4.244 89, =345 b 24 L
86.8 4.274 89236 6.351
86.9 4.306 89 38 6.438
87.0 4.339 B9, 40 - 6.533
87.1 4,372 89 41 6.584
8.2 4.407 89 42° 6.63%
873 4.444 89 43 6.696
87.4 4.481 89 44 6.756
87.5 4,520 89 45 6.821
87.6 4.562 89 46 6.890
87.7 4.603 89 47 6.964
87.8 4.648 89 48 7.044
87.9 4.694 89+ 49 HiT131
88.0 4,743 89 50 7.226
88.1 4.794 89 5l T332
88.2 4.848 89 52  7.449
88.3 4.905 89 53 7.583
88.4 4.965 89 54 7.737
88.5 5.030 89 55 7.919
88.6 5.099 89 56 8.143
88.7 5.173 89 57 8.430
88.8 5.253 89 58 8.836
88.9 5.340 89559 - 9.529
89.0 5.435 90 O ©
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