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A FLUX CIRCUIT ARALYSIS FOR THE MAGNETIC TRANSDUCER
OF A FLUIDIC REED GENERATOR

INTRODUCT (ON

There is considerable interest in the utilization of fluldic generators
in various fuzing appltcattons."3 These devices are mounted in the ogives
of various projectiles and they essentially convert some of the energy of
the relative motion of projectile and air first into acoustical energy and
thence to electrical energy. A typical device is pictured schematically in

Fig. 1.
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- GOIL

-~

OIAPHRAGN

- CONIGAL CAVITY
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Fig, |, Schesmatic View of Fluldic Generator with Reed Type Magnetic Transducer

l. Carl J, Camvagnoulo, "The Fluidic Generator,' HOL Technical Report-1328,
Septesber 1366,

2. Carl J, Compagnoulo, "Fluidic Pover Generators for Ordnance Application,"
NOL Technical Report=1423, December 1968, '

"3, Cari J, Compagnoulo and Richard N, Gottron, "The Fluidic Generator: A

New Electrical Power Source,’’ 2Lth Annual Proceedings Power Sources
Sympos ium, May 19-21, 1970, 3

:
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As the projectile moves forward, air is forced through the annular orifice

to excite the resonont cavity beyond, The oscillations of the cavity in

turn cause the diaphragm to vibrate, This vibration is then transmitted to
a permeable reed of Armco electrical steel, As can be seen from Fig, |,

when the reed is in its equilibrium position it is exactly midway between

the pole pieces of both magnetic gaps and, therefore, carries no magnetic
flux, The vibration of the reed, however, changes the relative lengths of
gaps | and 2 and flux passes through the reed, alternating direction with

the frequency of vibration., Gaps 3 and 4 are taken to remain constant and
equal, The alternating flux through the reed induces an ac voltage in the
coil around it and causes a current to flow in a circuit with a load resis~-
tance Ry . To optimize the design parameters we need an analysis of the mag-
netic c%rcu!t of the transducer, This wil! enable us to calculate the energy
dissipated in Ry as a function of the gaps between pole pieces (/,), the

reed thickness kt). the reed displacement amplitude (a), and the ?requency of
vibration of the reed (f),

THE MAGNETIC CIRCUIT EQUATIONS

The magnetic circuit can be replaced by the analogous electric circuit
as shown in Fig. 2, where the various electrical admitiances have the values

N S
7 T i+
RFJ
PP
. h ‘H"- / J'A'Af
Py
L

Fig. 2, Schematic Representation of the Magnetic Circuit and its Electrical
Analogue




of the relevant magnetic permeances (P) of the reed generator, and the mag-
nitudes of the currents deduced will then be the same as those of the fluxes
(€) carried in the corresponding braaches of the magnetic circuit, The cire
cult analysis is straightforward: .

P S (1)

8P R Tt g
o ol g (2)

1 P' + P3 A

PR S @) ?
2" P :
o= -8 )

Substituting (1}, (2), and (3) in (b) yields k

P e

P
| 2 t
¢.———-———-—-——— (S)
R \P‘+P3 92*93)“:&
PA

PA P| + P3 Pz + P3

(P, + P)(P, ¢ P,)

P, = 7
A Py + P, + 2P, (7
Substitution of (7) in (5) finally gives us:
P N __’z._.) L
%R \m, ety TR R Iy (8)

2
e TF' * P,,!Pz .73;)
P ’ . (P, P )(P, +P)
R g(pﬁr, r""‘rzoBI\(r“p, PR (AT T )

PPy P) = P (P o P

)
% =9 !P' &P,S!Pz‘ AN (N oiz +TF; ' (10)

9

p (P -

¢ =g Yy L‘ :Z)T—-——_y (”)
ROt (9.43;5—('24!'3)«".'. X AN
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THE PERMEANCE CALCULATIONS

At this point it is necessary to obtain expressions for the various
permeances P in terms of the reed displacement amplitude (3) and the config=-
urational parameters which can be conveniently varied, namely the two gap
lenqths igA and iqB’ and the reed thickness ¢, Since ‘gA is always kept

equal to iqB we denote both gap lengths by [ ,
o i

These permeances will be calculated by essentially the same techniques
used in Ref, 4, These consist principally of approximating the actual flux
paths by circular arcs and then applying the permeance formulae for these
paths as listed in the standard text by Roters.> Suitable modifications of
these general formulae must sometimes be made to deal with the peculiarities
of a particular configuration. The actual arrangements for the prototype
oencrator in both the isolated and in-shell conditions are shown in Figs. 3
and 4 respectively. The numerical! values of the pertinent configurational
dimensions are summarized in Table |,

The permeances associated with all of the flux paths which do not pass
through the reed are collectively denoted by P4. There are five such paths
which are schematically illustrated in Fig, 5, and are calcuiated immedi-
ately below along with the other permeances illustrated in Fig, 5., All
calculated permeances are in inches,

The flux path here is in the form of a parallel plate magnetic capacitor
and the permeance is simply given by

A -
- llate Area P 2)(.365)
Ppu * Plate Sepsration = 5 395 Lol : (12)

will be slightly modified by the presence of the r=ed, but Stnce
the reeﬁ is very thin compared to the separation of the keeper plates thls
modificstion is very small and wi!l be neqlected,

(2) P, (Fig, 5-8)

This is a standard permeance path for which the formula is

2w

318y In 1 ‘T (13)

-

where y is the common perimeter length of the keeper edges !inked by the
flux path, iIn the fluidic generator y = 2,2 inches, w is the edge thickness
07" and 7/ is the diameter of the smatler of the two semicircular boundaries
of the flux path (,395"), Insertion of these values into Eq. (13) yields

L, H.A. Leuypold, F, Rothwarf, C.G. Campagnoulo, J. Fine, and N, Lee,
‘‘Magnetic Circuit Design Studtes for an inductive Sensor," ECOM
Technical Report-L4158, October 1973,

5 H. Roters, Electromagnetic Devices,(John Wiley & Sons, Inc,, 1941)
| 4
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Fig. 5. Calculation of the Relevant Permeances




Pyu = 318 (2.2) In \l + Z—%%?-) = (.318)(2.2)(.303) = 212"

This is not a standard permeance but an expression for it can he derived
as follows: Consider for the time being only that portion of the permea.ce
path formed by the annular ring of width W as shown in Fig, 6. As we shall

—— s Gwom— G o—— W—

Fig. 6. Calculation of the Permeance P

see a simple extension of the resuiting formula cen then be used to determine
the remaining permeance consisting of the semicircular region of diameter £,
The permeance of a path such as the snnular ring is of the same standard form

a5 EQ. (‘3). 1.2 A
P=.318y In(le %!'-) (14)

Similarly, the portion of the permeance within the annular ring of width w is

Pe 318y in \l 0%-"-) _ (15)

AT TR RTELASEINNR
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and the permmeance of element dw is

dP = o™ (16)
¢

However, since the flux lines are emanating from the sides of a magnet,
the magnetomotive force driving an element such as dw is only a fraction of
the full MMF of the magnet, Since this MMF is in direct proportion to the

distance of the path terminals from the magnet center, this fraction is
equal to

L

+ w
fe (7
z*v
and the effective permeance of dP is reduced by the factor f, viz.,
\Grw
dP = fdP = ,318y — " - dw
eff i . 2w .
\Z*vI\' T
P . = o218y (18)
eff £.* v
\z+v)
and the tota! permeance of the annular ring W is
4
18 ,}l&x W
Poge = 2 | aw e 2B (19)
W Wes
2 0 2
To obtain the total effective permeance Pyl one necds only to set
4 = 0 in the expression for Pe" and we are left with
Pt ™ +318y ~ (20)

y is just the perimetar of the magnet minus the length of the inner wall,
The latter length is subtracted because it is rendered largely ineffective
by competition from the flux paths of permeance Py, The effective y is
somewhat awkward to estimate because of irregularities such as the screw
slots cut into the magnet walls, hut 2.3 seems a reasonable value for the
iwo magnets together, Accordingly, our value for Pm is

P = (:318)(23) = 731

(b) P, (Fig. 5-D)

This again is 2 standard permeance of the form used in Pyy., There
is one such path for the outtide surface of each pole piece s0 we must
multiply Eq. (13) by two. The flux lines emanating from the inner surfaces

‘0\

ek s e ke




go to the reed and hence contribute to Py, P2, and P3 rather than to Piy.
For y we take the average width, (.475") of the effective portion of the
trapezoidal outer surface of each pole piece, £, (.30"") is twice the length
of the reed projection beyond the gap as is clear from Fig, 5-D, As ,235"
is the height of the trapezoidal pole piece plus the gap from the pole face
to rced, it also follows from Fig, 5-D that w = (,235 - .150) = 085", (n-
serting these values in Eq, (13) yields

2(,085) )

Py = 2(:318) (475) In (1 + S=ndd

PLla = 302 In 1,57 =, 136"

() °, (Fig. 5-E)

The formula for a_path of this kind is

r
n 2 (21)

r

P =

Dt~

and since we have four such paths (2 for each pair of pole pieces)

Pusbgln'r— (22)

2 is just the thickness of our pole pieces which is .070" and R s §."

radians, r, is the distance from the vertex of angle B to the larger base
of the trapzcidal pole piece, Thus, r; is equal to the length of the pole

plece edge plus one-half the gap width divided hy the sine of -;' radians.,
Sc since the pole piecs edge is ,2 long

- ,24+ 5772 g (23)

i
" is cqual to 3a ¢sc = plus the distance along the pole piece edqge from

which the flux lines go to the edge of the reed. The latter distance is
just onc half the reed thickness (t), So finally we have

-l :
T e 577 lg .(Zh)
and
] oz + 0577 4
L
SRR O 1T e )
E‘ + 577 39 ’
A+ 1,16 o
Py = «l30 In 3 (26)

A lg

1
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AR

et

R

Py IR PR i 1

(6) P,

We now have expressions for all of the components of the '‘leakage
permeance' P“, s0 Ph is given by:

+ P

+ P s

=P +P +P

P ™ Pou * Pyn * P

b Lb

Ao+ 1,16 2
.‘p“ = 647 + ,212 + 731 + .136 ~ 134 In t+ 1,162
boe 1016 g

Po= 1,72 + 134 1In —n—rm; (27)

If the gap is varied in the usual manner, i,e, by placing pcrmalloy
shims between the magnets and the permalloy keeper, RN“. PP&' and Py“ will

be slightly affected, but since the shim thicknesses are only of the arder
of 10 or 20 thousandths of an inch the change in these quantities will be

negliglble, :

This is the permeance of the gap between the reed and either pole
piece at the pinned end of the reed, The length of this gap L is given by
i -t
2 (28)

L._

2

Since the widths of the pole piece (.313') and the reed .270" are not the
same, we take an average (.291") in our determination of the qap's crosse

sectional area, The pole face thickness is .070' so

- Arca - 2(,070) (.29!
okos
PG) - 2'-—-—-9 -t _ (30)

If the gap sizes are varied by mechining the pole faces the comstant
in this formula will change due to the alteration in cross=sectional area

of the pole faces,

Pgy is the permeance of the path extending from the edges of the reed
to the pole face edges parallel to the former, The itandard expression for

this type of permeance path is
P = 26y ' , (31)

12




where y is the edge length which here is the thickness of the pole piece
{.070") so

P = (.26)(.070) = ,0182 (32)
Since we have two such edges the total permeance is
Pey = 2P = (2)(.0182) = 0364 (33)

These are the paths from the edges of the pole pieces to the flat por-
tion of the reed, These are standard forms whose permeances are given by

P = 52y = ,52(,291) (34)
Since there are two paths we have

Peg = 2P = 2(.52) (.291) = .303" (35)

(10) P 5 (Fig, 5-1)

These permeances involve the paths between the walls of the pole pieces
and the wide faces of the reed, The general expressions are the same as
those for PLh except for a factor of 2 to take into account that the flux
lines here are quarter circles rather than semicircles as in Py, The gap
length 4 used in the formula must be taken as twice the separation between
the reed and the pole piece, i.e,,

zq -t

‘-2\—2-“)-‘9-!.

The quantity w; for the inner flux path is just the altitude of the
trapezoidal polc piece which is .15, For the elfective y one chooses an
a-erage of the reed width (,270") and the width of the trapezoid midway
neteen its bases (,L06'), This results in a valuey = 338",

The outer path must be treated slightly differently because the reed
projects nnly .15 beyond the gap edge, Accordingly, %o is just taken as

(2, =t)
LR P (36)

and the average value y is also siightly altered,

As Is seen in Fig, 7 the flux lines from the reed uxtend only up to
line AB which is 15" sbove the top surface of the reed, The average width
of the flux=emanating region of the pole face is then

Y = f-'!—’z-d-'i | (37)

3
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Fige 7. Determination of the Width Yp in the Formula for Permeance PL3

and
Ye * vp

ot T (38)

where Ya " +270 is the reed width,

AB = 313+ 2 (.15 - \“T' 2 tan 30° (39)

AB = 03‘3 * ‘030 - (‘9 . t)) Y2

AB = 0“86 = 577 (‘9 - t) (“0)
.“86 - 0577 (f - t) » u3'3

Ye ® T =399 - .289 (i - 1) (1)
0399 - 0289 “9 - ') * 0270

Yo = — 3 (42)

Vo = 335 - LM (i e ) (43)

Substituting these values i~ the gencral expression yields

. 20,
Py ™ 2(.318)(.338) in W T""ﬂ)

-t
9 4, =t
! q
' . ) 2\.“’\-1—~)}\
* 2(.3'8)..335 - ek (tq - !)J in \' * n .'443 } (““)
W 9




Py = +215 tn (1 + Izlg-? )
\ . 030 - (ig - ?)
+(-213 - 0916 (¢ - 0)) tn (1 + - ) (45)
PL3 = ,215 In U 4—&3-——-lg ? n )
+ o213~ 0916 (2 = 0)) tn (o) (46)
9

(11) P 3 (Fig. 5=J)

v - arrow side face of the reed were coplanar with the narrow face
of (ke e piece as indicated by the dashed line in Fig, 5-J, the expression
for permeance P,y would be the often used standard form

’ 2w
Pw} « 318y In \l + T) (47)
Although it is possible to correct for the fact that the actual flux
lines are shorter than in this ideal case, tha correction would be very small,
and since the total permeance P 3 is itself so small as to barely affect the
calculations with one slgnlﬂconz figure, this correction is completely

t
negligible and will not be made here. So w is taken as 3, L = =~ 300 ¢

y = 070, and we precede the expression with the factor 2 becavse there are
two paths of this type

. (]
P3 = 2(:318)(.070) tn () + '2'%':9:‘2'0‘) e
/ 'l
Py = OWS In (1 + 79—7-3-5-;3 (49)

(12) PGI and sz

These permeances are of the name form as Pg3 with allowance made for the
spacing changes due to the displacement of the reed, When the resd Is ot
equl (ibrium, that is, at 2evo displacement, Pgy = Pgy = Pry, Since we are
interested in the maximum and minimum velues of Pg) and Pg2, we write them
in termi of the displacement amplitude (a) of the reed.

pRaX _ gmax LOl08

(]} G2 zg -t =28 (50)
i | 0ho8
AR A"""'""_g T (s1)
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where Pm is a maximum whe:: PGZ is a minimum and vice versa,
(13) EEL

P, =P = 0364 (52)

gl €3

Py = Ppy = +303" (53)

-

(15) P, and P

Pwl is of the same form as Py,3 when the reed is in equilibrium, When
Pwl is @ maximum, £ = (L, - t) must be replaced by (£ - t - 2a) and by
(Ig - t + 22) when P ) IS a minimm. The same holds for Pw2. Thus we have

WA X MIX lo73t .
Pwl -szﬂ.OMS '"(l *ig-t-20> : (54)

min _ _min : 1 73t N
Pwl - sz = QLS In \l + T;"-"'ET'TJ/ (55)

(16) PU and PLZ

The term in P, arising from the inner flux path is the same as the core

responding tem in 'l3 except that again the quantity (I.g = t) is replaced

by (ig = t = 2a) or (£g = t + 23) to obtain P::x and P::", respectively,

The term arising from the outer flux path is similarly derived from the
correspoading term in PL3 by the same substitution but an additional alters-
tion is necessary, The portion of the reed projecting beyond the limits of
the gap is triangular rather than rectangular as is the projection at the
anchored end of the reed. For this reason the flux lines emanating from the
walls of the pole piece have only one half the reed area in which to termine-
aste, To take this into account it seems reasonabie to substitute in the
expression for yg, one half of the reed width for the full reed width, Thus,
in Eq. (42) the value of ,270 is replaced by .135. After all these adjust-
ments are made the expression for PLl and PLZ becomes

Max max

min _ o min _ 0 N

P = A" = 205 a1 ¢—--3---—-,‘J 20— )

* 70 - 0916 (2 -t %287 In c:-‘{%—;; (56)

There are other permeances associated with flux paths going from corner
to corner, edge to corner and face to corner. In this problem, these are not
of standard form and are very difficult to estimate, They tend however, to
be small compared to most of the calculated permeances, and the labor of any
dttempt to estimate them would not be justified by the precision attainable

by our computational techniques, 16
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CALCULATIONS OF GAP FLUX DENSITIES IN THE ABSENCE OF A REED

We now have expressions for all of the permeances relevant to the de-
sired power calculations, Before a sample calculation for particular values
of Ly, t and a are made, it would be instructive to calculate the field in
the gaps when the reed is not present, Since a measured field value exists
for a gap width of .060, a comparison with the result of our calculation
would give an indication as to the general efficacy of the computational
methods used. To do this we need the permeance Pgy which is given by:

< {2) (Area Pole Faces) _ (2)(.0219) _ "
PG‘O Gap Length . -730 (57)

We now also have the permeances Pg, between the corresponding edges of the
pole faces and Pcl between the corresponding corners on cither side of the
gap. Pgy is given by the usual formula Pgy = 2(.26)y, where y is the perim-
eter of a pole face and the factor of 2 enters because there are two gaps.
Pcly is given by (8)(.077)::9, where the factor 8 occurs because there are
four corner-to=corner permeances for each of the two gaps. Therefore, P¢y
is glven by

P, = (8)(.077)(.060) = .0369" (58)
Pey = (.52)(.766) = ,398, Ppy, Pyy and Py, are the same as when the reed

is present, We, therefore, need only to find the new values of Pyy and Piy.
Pyy i3 given by Eq. (26) with t set equal to zero. Thus

b+ (1,16)(,06
pw = 134 In a__.‘_.-&té)h_l- A3 In 6,75

Py, = (-138)(1.91) = 256" (59)

The contributions of the two outer surfaces to Py are given by the same
formula as when the reed is present, but now £ = Ly = .06 and

- )
y= ""2:-'3-'1 w L06. So these contributions

Pf“ = 2(,318) (406) In () + 3-%1/ - .258 In 7.67

p0, = (.258) (2.04) = 526" (60)

in the sbsence of the reed the inner surfaces also contribute. The

longest semicircular arc of this path, however, must be no longer than the
distance d as shown in Fig, 8, so

n\%tw)'d (1)

PYT- S
TTS

(62)
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Fig. 8. Determination of the Inner Flux Paths Comprising Permeance Puty

w = .‘26 - 0030 bt 00958“

and

(o]
o -2(e320 + (2)(,0058) ten 30 | 41y, o5 m 368"

2
Thus

Ply = 2(.318)(.368) tn 1 » lh!:‘;-"l) = .234 in (4,03) = 325

) 0 I
PL“ - ’L‘O s PL‘) = 325 ¢+ .526 - .00

Our total permeance P, in the absence of a reed is then
P“ - PGH . p'“ + ’Y“ . P““ + QN“ * PLM + Pth * Pch

Py = <730 ¢ 647 + (212 « 731 + ,256 + .BS1+ ,398 ¢ .037

P, = 3.R6

18
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(6k;

(65)

(66)
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in this case P“ is our total permeance Pt and from it we can obtain our
load line slope

-8--!'- = 86-‘0.2 6
WP 2337 ° (67

where L = .395 in and A = .337 in’, And from the intersection of the
Alnico § demagnetization curve with the load line B/H =~4.52 in Fig, 9 we
obtain

o Bt

8 mag = 2670 gauss (68)

Since the magnetic configuration is of irregular shape, B is not perfectly
uniform over the entire magnet, therefore, Bmag represents an effective
average flux density. So the total flux output of the magret is

VT I, T L S ¥ AL I g

¢ = Baag’nag (2670) (2.17) = 5790 Maxwells (69)
The flux in one gap @, is given by %
® = g ¢ = =210 5790 = 547 Maxwells (70)
G EF: t - 2(3.
and ®
G 1Y;
8; = 'A-; -7 3880 gauss (n)

This value is about 29% higher than the measured value of 3000 gauss
which is satisfactory agreement considering the various approximations made
in the course of the calculations. One must aiso keep in mind that such
comparisons should not be taken too seriously. The calculated By represents
an average flux density obtained by dividing the total flux emanating from &
pole face by the area of that pole face, The messured Bg can represent
eithar & much more localized value of Bg or an average that includes fluxes
not even associated with the gap, depending on the type, positioning snd size
of the probe used, The wider the gap compared to the pole face dimensions,
the more difficult it is to obtain a mesningful messured value of Bg. Con-
sidering these limitations, we conclude that the general computational proce-
dure ylelds reasonsble sgresment with the measured resuits, and that its '
judicious application to the determination of expected power ocutputs should
not lead us too far astray, : '

SAMPLE CALCULATION FOR POMER oinm IN THE LOAD RESISVANCE R‘_
We will now perform a sample calculation for the most efficlent confige

uration measured thus far, The relevant paremeters for this arrangement are:
‘g - .07 "' ‘ - .032". = .017'. o ) .

We will first calculate Py, Ve need only the components, Pui and P L.
Using Eq, (26) we obtain | ¢ T Lb

9
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h+ 1,162
» . g - .‘Q + 1'. 6) (001)
Pty = 134 10 =5 6 £ (134 10 557 (1.16) (.07

Py = <134 In 4,26 = ,134(1.45) = 194" (72)

The appropriate Py has already been calculated on page 11 and found to
be .!36. The other components of Py are the same as were used to calculate

the gap fields except thal now there is no PGy, Pgy or Peye Thus

P“- p‘t"Py‘o*PM*PUo*Pwh (73)

P, = 647 + 212+ 731 + (136 + 19b

Py =t () -
PJ. has five components

Pos = 078 = 2o = “oog8 - 107" )

Pgy = 0364 | (76)

Py = 303" ~ ()

Py = «215 In (e 2":3_:"\'

:
“ (.213 - <0916 (¢ - t)) In \(—,‘:‘_’ﬁy) __ (78)

Py = 215 In {1+ :-5-;%) + (.213 - .09'6(.038)) !n (:ﬁ%)

L3

Pu 'V.2|5 In 8.90 + {213 - ,0035) In 7_-” = (,215}(2.19) + (2.09)(2.07) 1
Py = 470"+ 32 | '
PL’ - 0903“ (79)

- ) ‘!o"t - t . 032 »

P“; 00“‘5 In \‘ ¢ ";g‘-‘-'. t ) .0“‘5 In \l + LJ‘%“O ) (ao)

P“3 - ‘0‘“05 In (20“6) = (00“5)(0900) Ll .0‘&00" (8')

P’ ® 1,07 + ,036L ¢« .30} « ,902 + ,0LOD

Py w 2.3%" - - (82)
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P} and P, when the reed is at its equilibrium position, are obtained by
substituting a = 0 in the expression for the components of P} and Py and
then adding these components. This procedure yields Py = Py = 2,27', We

need to find P%, that is, the total permesance at equilibrium to locate the
point on the Alnlco 5 demagnetization curve at which the recoil line begins.
(Point E in Fig. 9)

S-Pk+-l+:--h.23 (83)
B = EPE = (N2 = - b (85)
By =2950 gauss (from Fig.-g) (85)

- Ee.g_;;), - 596 Qe (86)

The slope of recoil lines for Alnico § is 4,3 so the equation of the
recoil line is

B=A4.3H+8 (87)

0

2950 = (4.3)(- 5%) + B,
2950 + (4.3)(5%) = B,
2950 + 2560~ 8,

5510 = 8 (88)

0
So we have for our recol! line 7
8 = 4,30 + 5510 qauss (89)

We now need only P and P2 to complete our analysis. Using Eas, (50)
and (51) we have

max _ gmax _ __,0UOB _.0408 _ 20608

v = fg2 ® -t 070 - .03 - 2017 oh (90)
MK o MEX "

PGl PGZ - 0.2 (91)
poin in 0408 20408 "

Pe2 ™ o1 "'"'""""9 e Ts " 070 =032 ¢ .03 " So72 - +%66 (s2)

From (33) and (35) respectively, we have

P = 030N . (93)

Per * Pez

22




B e G I R, TR ARPIETIRRS St LA S e A S T I A T A I e T
e gt pu A ST S A FITRRTES ’ : ’
2
3

Pey = Py = -303° (9%)
From (54)
paax
«l 1,73t : 1.73) (,032
= .0us5 In (1 + p—eem ) = 0us tn (1 + ~070 = .032 F 2(.017) )
Pnln 9
w2
max 0.0564
PP = Loubs Tn (1 + ~i ) = (.0LUS) 1n 14.85 |
P™X w (,0L45) (2.70)= .120° (95) !

PN o ouls in (v Oﬁif—‘—‘) - 0ULS In V.77

w2 072
pgg“ . (LOBUS)(57') = ,C254 (96)
From (56)

P':':" - ,215 1n K] * :%) + [.170 « {.0916)(.004)]) In \%)

P™MX 4 215 1n 76 + 170 1n 75 = (,215)(k.33) + (.170)(4.32)

L

PLY = <931 & .T3U = 1,66 (97)
Similarly

v:;“ =205 In 1+ f%%; ) + 74170 = (,0916)(.072)] In kf%%; )

ﬁ:;“ = ,215 In 5,17 + 163 In 4,17 = ,215(1.64) * (.163)(1.43)

PRa" = 353 + .233 = 586" | (s8)

Finally, we have for P‘.'“ and P;'"
p‘;‘"‘ ® 10,2 ¢ .036 ¢ ,303 ¢ 170 + 1,663

_ p"“" - 12,32° (99)

3




P'" = .566 + .036 + 303 + .025 + 586
P’;_“" = 1.52¢ (100)
max min .
max \Py ¢ Ps)\Pz * Py :
Pt = Ph + max min (1o1) ;
max _ (12,32 + 2,35) (1,52 + 2,35)
Py 192+ 3T 2.35 + 1,62+ 2.38

P12% = 1,92 « LLEDGET) L 4 qp (102)
\max . * ':
) TR P e (117) (8.98) = - 5.83 (103) :
From (89)
8™ = 4.3H + 5510
max 551 _ 5510 _ '

B = = = 3170 SS 104

l N [‘.3 !.73 3 7 gau ( )

5.83
d‘:a" N Y Anagnet (3170)(2.18) = 6880 Maxwells (105)

Substituting all of our calculated permeance values and d:a" = 6380
in Eq. (11) yields for the amount of flux carried by the reed

x 2 12,32 - },52
@ = 6880 T'&_TP%\ 7V (3.87) + (1,92

anax (6860 ;2 19.8) . 1890 Maxwells (106)

The induced voltage amplitude is then given by
} 3
max _ N. d:.

. T N 107
‘ 10° ton

where is the angular frequency of vibration of the reed, which in this
case is 27(1500) and N = (1500) is the number of turns in the coil.

vt . EM’).&MQ_@ = 267 volts (108)

e
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Attached to the coil is a 600~L load rasistor and the resistance of
the coil is 600 (i as well, The inductance of the coil with a 017" reed
is about 23 mhenrys, To find the power dissipated in the load, we need the
total impedance Z of the circuit.

22 ekl + 2 = (12002 + X2 (109)
The inductive reactance XL is just
. (6,28) (1500) (23) _
XL 2ufl = 1000 217 & (110)
22 « (12002 + (217)% = 1,49 x 10° (1)
Z = 1220 U (112)
The root mean square current | is given by | = :L‘.’.‘. = i"—"—’-‘- and the
/2 22

power dissipated in the load pL is then
2

v R - '
Y max L _ (267) (267) (600) _
Pt TR T T @) (1220) (1220 Wb watts (13)

The actua! power measured, however, was only 5 watts, The foregoing
calculations were made on the assumption that the reed had infinite permeance,
The electrical steel of which the reed is composed saturates at 19,900 gauss
and its cross-section area is

A (.27 x 032 x 2.5b x 2.54) cal (114)

SO Ty PO

Therefore, the maximum amount of flux it can carry is
¢, = (19,900) (,27) (.032) (2.54) (2.56) = 1110 Maxwells (115) |

and (f, as was shown, 1800 Maxwells in the reed would yield V4. b watts then
the maximum aliowable flux of 1110 Haxwells would glve us

\2
1110
P "\ 1890 /

It, therefore, asppesrs that to utilize the full flux output of the mag-
nets used, the reed thickness must be increased by about 70%. Whether this cm
be done without drastically affecting the vibrational respopse to the oscillsge
tor is » mechanical problem bayond the scope of this study.? (t Is clesr,
however, that incressed mutput with the present configurstion depends largely
upon incressing the flux carrying capability of the reed, (f, on the other

Wb = 4,97 watts which is almost exactly the power observed,

3. Carl J, Campagnoulo and Richard N, Gottron, ''The Fluidic Generator: A
New Electrical Power Source,' 24th Annual Proceedirgs Power Sources
Sympos lum, May 19+21, 1970,
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hand, the present output of 5 watts Is satisfactory, it can be attained with
cons iderably less magnetic material since with the present arrangement 70%
more tlux ts available than can be profitably used, Of course, if the reed
thickness is increased, the gaps must be lengthened by an appropriate amount
to keep the load line of the magnets the same and to maintain reasonable
space in which the reed can osclllate, Also the expected power output would
be altered slightly since the inductance of the coll is a function of reed
thickness., This cffect, however, would not be significant,

Parts of the keeper may aiso be saturated under the given operating
conditions. The cross sections which would saturate first are the ones in-
dicated in Fig, 3. Under the given conditions, the flux that must be
carried by the narrowest sections of the keeper s given by

) 3 MmxX
AL S

t
°s 2 Max (116)
P
t
o - 6880 4,98 - 731 - 212
s 2 .98
80 4,04
@s -5 #9-8-'2790 Naxwells (1172)
and
el 2 « 17,200 gauss (118)
A" T.30)1.07) (2.50) (2.5 09

Since permalloy saturates at 16,000 gauss, the keeper cross section
need be increased by only 7% to take full advantage of the svallable flux
at the given reed displacemsnt. This change alone, of course, would do no
good unless the reed thickness were doubled as well, as we have already
Shmno

EXPERIMENTAL CHECK OF CALCULATIONS

To test the validity of the foregoing calculations, & series of mease~
urements was made to determine the maximum voltage output as » function of
reed displacement under conditions for which there is no aagnetic satura-
tion. The reed displacement was measured by “‘stopping’ tha vibrating reed
at its maximum displacement (a) with a strobe light and then measuring (a)
with a telemicroscope equipped with a calibrated micrometer screw,

The results of this experiment are shown in Fig., 10 where they are
compared with the theoretical curve plotted from results of the computer
calculations listed In Appendix 11, As Is spparent fram Fig, 10, agreement
is excellent considering the many approximations used in the calculations
and that (a) can be mesasured with a precision of no better than ten to
fifteen percent,
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Fiqa., 10. Comparison of Experimental Points (dots)
with Theoretical EMF=Displacement Curve
(solid curve)

LOSSES IN THE REED

It is of interest to know how much electrical energy is dissipated in
the reed through eddy current losses and hysteresis. The expression for the
eddy current power dissipation in watts (see Appendix 1) is

by ™ fZO: It .2rzuivzv
IRV 2 60 10'0 (119)
o} [+}

where n is number of laminations, f is the frequency, B, is the flux density
mplitude in gouss, * is the laminstion thickness, 2 and w are the reed
length and width respectively, V is the lamination volume, and : Is the
resistivity in ohm=cm, The reed dimensions are al) measured in cent imeters
and the pawer is In watts, Since the reed is composed of two laminations
each of the thickness + = ,0L06 cm, we multiply (119) by two and insert
0L06 for - as well as the appropriate velues of the other parameters under
saturation conditions,

VAT L e T P PRI TRIARAST e T R RR AL AT A RIS
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P = .3l watts (120)

The expression for hysteresis power loss in the reed Is given by

B 1,6
2 m w2 m *
= 7§ — fwt = Tf . v (IZI)
\ ‘08 : \ ‘05 /

Pu

where V = ,0706 cc, " is a constant depending on the material and is ,002
for our reed, Making the proper insertions gives us

1.6
p, = (.002) (1500) (1500) , <22 " (.0706)
H \ 10°

o w 1.002) (1500) (1500) (1200) (,0706)

H 10'0
Py = .90 watts which i< nealiaib'e. (122)

The eddy current losses, however, could become quite significant if the
reed were not properly lamipated. For example, an uniaminated reed of the
same thickness as the laminated one would have four times the eddy current
loss, 1t is, therefore, important that if the reed thickness i$ increased
as recommended, it be done by adding laminations, A solid unlaminated reed
of twice the thickness of the one presently used would have a power loss of
about '! watts, whereas a fourfold lamination of such 8 reed would reduce
the loss to about .68 watts.

LOSSES IN THE KEEPER

Eddy current losses in the keeper come about because of fluctuations
in the flux density as the magnet load line changes with the vibration of
the reed, |f the keeper thickness is increased by the required 7%, or
better still, widened at the narrow points which saturate by 7%, the maxi-
mum tlux density would be no more than 16,000 qauss. The operating condi=
tions would then be optimized and [t would be useful to have some estimate
s to the eday current losses, Such an estimate would be very rough since
it is very difficult to determine the flux pattern in the keeper, We
already know that when the reed is at its greatest displacement the flux
carried by the narrowest portions of the keeper would be 16,000 gauss, We
also need the flux density when the reed is in its equilibrium position,
This is obtained by substituting the appropriate equilibrium values of the
parameters in Eqs, (116 = 118), in this fashion we obtain

3

?ft. Pt~ Py = P
2 t
Pt

o . .1?_?20."_2(3_:.111 23 WA =212 o 2490 Maxwel Is (123)

£
% °
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The cross=section dimensions of the ke=per are .9l14 cm and .178 cm,
0

af w28

K X1 : “178) = 15,300 gauss

Therefore, the field at the narrowest portion of the keeper fluctuates from

15,300 gauss to 16,000 gauss with an amplitude of %0, 350 gauss, The
fluctuation in other parts of the keeper would be s&nwhat smallier, but
350 gauss can be used to get an upper limit for the expected losses, To
this end we use Eq, (119) with the appropriate constants for the keeper
whose volume is 2.44 cc and whose thickness would be .178 cm, Further, the

fluctuation frequency of B: is double that of the reed since Bi is a maximum

at both ends of the reed's vibrational cycle, Using these values in Eq.
(119) yields: 6

JNb th 000 000 50 OM .173)(.178)(2.L44) 10
(6) (us) 10"

g = 31 watts (124)

Pe =

which is about 24 of the expected optimum output, This loss of electrical
energy can be avoided by 2 double lamination of the keeper to cut the loss
to U.0B watts or even a quadruple lamination which would result in the

low eddy current loss of (.07 watts, Since these numbers represent

only upper limits, the actual values would prcbably be much smalier, The
use of high-resistivity, high-permeability composite castings for the
keepers would probably eliminate the eddy current losses entirely,

E
e
1
,1
4
;

The hysteresis loss in the keeper cannot be obtained directly frum
€Eq. (121) because the field in the keeper varies only over positive values
of 8, while (121) applies only to complete cycies about the principal
hysteresis loops. We can, however, get some idea as to the order of magni-
tude of the loss by substituting our amplitude 350 gauss into (121). Using
the value 7| = ,000! for peraalloy we have

b6
p, = (.0001) (3000) (3000) | -35& ] (2) (125)

By = bed x 100 watts (126)

which as in the case of the reed is negligible.
SUMMARY AND RECOMMENDAT IONS

(1) Under the present conditions of operation the fluldic generator
is producing only about 35% of its potential power output, Doubling the
cross=section of the reed by adding lamination or incressing its width
would augment its flux carrying capability to where the potential power
output could be fully realized with only negligible eddy current and
hysteresis losses in the reed, Appropriste sdjustments in gap length would
2130 be necessary to prevent saturation and to allow sufficient latitude
for vidbration,
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(2) Keeper hysteresis losses are also negligible but eddy current
losses can be appreciable unless the keeper is laminated or made of a suite
able composite material, Further, the narrowest part of the keeper cross
section must be increased by about 7%, to avoid saturation with the given
reed displacement amplitude of 017,

(3) To facilitate design optimization of future generators a computer
Study was done to obtain a series of design matrices which list voltage
amplitude as a function of gap length (! ), reed thickness (), and reed
displacement amplitude (a). The computer program uses the mathematical
procedure of the sample calculation made in this report and it is written
in Fortran tV for the Burroughs 550C Computer, The program is reproduced
in Appendix |1 together with 2 summary of the equations used in the cal-
culations,

The computed voltage amplitudes are listed in Table |1 in Appendix
ti, All of the listed voltages are calculated for a 1500 turn coil, a reed
width of ,27', a reed vibrational frequency of 1500 hertz,and the standard
magnet and keeper dimensions used in the sample calculation and summarized
in Table 1, The assumption is also made that the keeper does not saturate
for any of the parameter choices listed, This assumption as we have Shown
in the sample, is not valid for the larger values of (a) unless the keeper
thickness i3 increased by an appropriate amount. This thickening of the
keeper would, of course, affect the value of P, 4 and hence the permeance
calculations, The effect on the calculated vo‘tage output, however, i$ not
likely to be significant because in the sample calculation Py4 is only of
the order of 10% of Py, and P, in turn conctitutes only about LO% of P
Furthermore, P yi itself is relatively insensitive to keeper thickness iu) ]
since W appurs only in a smal! correction to the logarithmic factor in
€q. (13), Hence, thickening of the keeper to required values will probably
not affect the calculated voltages by more than the order of a percent or
two even in the worst cases,

The calculations also assume infinite reed permeabllity and the ,
values not actually attainable with the reed material used are marked with :
an asterisk., Thus the design can easily be optimized by choosing the param= 3
eters yielding the largest non-asterisked voltage in the Tables, This, of
course, is always subject to the condition that the reed of requisite thick=
ness can be driven with the stated amplitude and frequency. Perhaps tlhis
can be assured in many cases by making appropriate adjustments of the reed :
stiffness through variation of the reed material and dimensions at the point 3
where it it anchored or by widening the reed rather than thickening it,

The Tables can be used to obtain the power output in any locad re~ 7
sistance R from Eq, (126), viz. :
vznunh {
p, ol 12)
L 222

where 2 Is the total circuit impedance obtained from Eqs, (109) and (110),
The coil inductance is & function of reed thickness and the empirical curve
of the relationship is shown in Fig, 11, As is evident from (111), however,
the reactive portion of the impedance is only about a percent and & half of
the total, snd the variation of reactance with reed thickness will not have
a significant eftect upon power output at the frequency and resistance used,
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Figs 11, Inductance of Sensing Coil as @ Function of Reed Thickness,

(k) The present configuration of the magnetic circuit results in rels=
tively lowesiuped load lines which intersect the Alnico § demagnetization
curve well below its "knee (Fig, 9)., Note that !f CogSm were used in place
of Alnlco S much higher flux densities would result for any civen load line
with » concomitant increase in power output. This, of course, Is always
assuming that neither reed nor keeper are saturated, (It probably would be
most practical to keep the power output at about 10=12 watts with the use of
much less magnetic material through substitution of (igSm, A wore compact
generator opersting at lower load 1ines with the same power output could
probably be designed using the latter material,

(5) A composite material consisting of permalioy particlies densely
packed in 8 nonconducting binder might ba desirsble for the keeper, Pro-
viding a sufficiantly high packing demaity is obtainable, eddy current
losses could be virtually eliminated without teoo great » loss in flux=
carrying capability, Such s composite could also be press molded into the
desired shape thus improving the efficiency of fabrication,
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APPENDIX

OERIVATION OF THE FORMULA FOR ENERGY LOSS THROUGH EDDY CURRENTS

3 : Consider a sheet of metal such as the one pictured in Fig, 12, The
E 3 length £ is much larger than the thickness + and the width w is arbitrary,

3 A sinusoidal field B is acting in the y direction as shown, The varying
field B will induce ENFs which will give rise to circulating or eddy currents.
We wish to find the power expended by these currents, We proceed by consider=
ing a current loop indicated by the arrows in Fig, 12, The EMF around this
loop is then gien by

e T

d¢ AdB 21x dB
V= - = — (‘28)
1054t 1054t 100 It

if we neglect the small voltage drops across the width of the loop at
the ends we can write for the voltage drop per unit length in the z direction

v xdB
veore —p— (129)
27 7 10%t

The current density i is then obtained from the relation

i - (130)
where o is the resistivity of the material, Substituting (129) in (130)
yields

)
a8 . *Cmax
{ = 2w cos wt (131)
100 % ¢ 107

The instantaneous power, dP, dissipated in the unit laminer element dx is
then

2 2'2
2 wX W ..xdx 2
d’-'a‘ dx .-——-'r cos uwt
o 10

’a:
2.2 ?‘
wt B -3
P = --1595 xlax cos® we (132) : 3

10 2 g

and the total power loss, P, of a unit length of sheet is

2 hd
- 2.2 2
w8
Pu ! dpPw "':" 3 cos? we (133)
. 30 10 4
-3 ]
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2.2 3 2.2
wy B T wo B 73
P = '":z cos? wt = m"m— cos? wt
3c 10 4 12p 10

™ W) ?382
max
w = S ——
€ 125 10"

The average power per unit length of sheet is

i Frg 12 rlued 232
Pufy = .6".-‘- - }::g-ﬁ
€ 12: 10 60 10

The average power for the entire length of the sheet is then

22,22 2,2 2.2
- » 2l f h 4 lw'f n f - B V
t 6 10'0 6c 10'®

where V is the volume of the sheet,

kL

T W

(134)

- {135)

(136)

(137)
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APPENDIX 11

SUMMARY OF COMPUTATIONAL PROCEDURE IN CALCULATION OF PEAK VOLTAGE AND

C g ADAPTATION TO COMPUTER PROGRAM
2 All relevant permeances are calculated for the generator with the reed
T8 in the equilibrium position, There are five such permzances of which four
: are associated with the four 2ir gaps and the fifth with the magnetic leakage ;
‘I . paths., The two gaps at the fixed end of the reed are always equal and the ‘
g ? associated permeances are equal and denoted by 93. Py and Py refer to the

. qaps at the vibrating end of the reed, Py is the permeance of the composite
- of all leakage paths. P3 has five components and we can write for the equi-
' ' librium condition: .

ks 13 7 ‘E
| F’3 PG3 + PE} + P'_“3 + PL} + Pw3 , o :
' all of which are illustrated in Fig, 5 and are computed by the following . s

formulae as functions of /., t and a, All other dimensions are fixed and -
" are the same as those of tge sample calculations, ' .

; 3 - 0408 ‘
: 3 s Gy L. et
{ _ _ - 63 q
{ ’ / o Pn-‘ .303
| 1{ ) . . - . . .
t . ‘ ; ' - i o ) i - - b G \"
& 3 . Py =215 tn (1 + 43-—,9 —T )+ 213 - 09160 = )] 1n (—'-L-,g T/
| - -- T 1,73 ¢ °
o By 0kbS im0 e ""2-"{)
- . R ; e
" L8 | S - Py has five components and is glven by
[ | PL‘._"_ PM + PY“ * Pm * PU‘ * Pm.
| " and |
" Péh - :.6“7“
- "ﬁ , ; R e - i
SERE . Py = o136 |
RN Y
Py ® 134 1n oy Tol lg
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] Py and P, have the same form with either always reaching its maximum when
o the other is at its minimum, Each has 5 components and

p_MaX _ o max ,0L08
-t 3
G'min szin zg t 2a

Pey = Pgp = -0364"

Pey = Ppy = 303"

D= TRy 2 )

p MAX , p Max =.215 In {1 +3
Vnin  min \ e K % Za)

r - ‘ - 1 “o ;:
+ 1170 - 091804 -t ¥ 20) 1 g

nax

- max 5 7 j
P w OLLS In \! + T

. . -t ¥ 2a/
min min 7 q
The total permeance of the magnetic circuit P, is then given by the formula:
(p, + PY(P, +P.)
RO TS LAt TS |

t 4 _P‘ - Pz 4»2!’3

.and both the equilibrium and full reed displacement values of Py are
calculated, We use the equilibrium value PE to obtain our lowd" line slope
. BIN vh the Fomula
S oo B
lf L JE .
\%s 2 "‘I Pe

uherc "aqd o‘sfare ‘éespectively the length and cross=sectional area of the
mgnet. ' R

The' lnzcrsectuon of this load ltine with the demagnetization curve of
" Alnico §.is the base point of the recoil line (slope b,3 for Alnico 5) along
chh the sys:em then: opentes. The recoil line is thus of the form:
Bl N a "

where °6‘ is dctqmimd_ from the base point, The maximum value of Py corres-
" ponding to full displacement is then used in the relation

“to obtain, the new load line, The intersection of this losd 1ine with the
recoi! ine already determined yields the maximum value of 8 in the magnet.
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The corresponding total available flux is then given by
ahax  gmax

t
and the flux amplitude in the reed can then be calculated from the relation

Pox o ghax P3Py = P))
R t (P ¢ |’3)(P2 + 7)) o-T!:'(F‘ v 2P, . P,)

;i
e RS R S A >

magnet

The induced voltage amplitude is then obtained from

Y

10

The computer program which follows this procedure is reproduced below
in Fortran IV, In addition to calculating the expected voltage for a given
set of parameters, the program also instructs the computer to calculate

F
- R

10

max
BR

If the result is larger than the saturation flux density of the reed material
(19,900 gauss), the calculated voltage is not attainabie and is marked with
an asterisk in Table |, '

n

e e Tan e e eyt e e SRt N




COMPUTER PROGRAM USED TO OBTAIN TABLE I
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