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SUMMARY

Cdnsideration of wear and complexity of.design led to
the proposal that a viscous clutch be substituted for the dry
friction clutch which was used in a previoué analysis of an
agi-hasket drive mechahism for a vertical axis, automatic
clothes washing machine. Values of horsepower loss in the
clutch, haximum transmitted torque, time of Clutch release,
and physical constants of the clutch are analytically deter-

- mined to obtain'the broper amplitude and period of oscillation
of the agi~basket. Gear ratios and spring constants of the
méchanism érg then adjusted to minimize mbtor'power Tequire-
ments.  An experimental investigatiﬁn is conducted to cbmpare

a previously used model of the oscillating'system with

alternative models, and values of damping and inertia charac-

teristic of -the system are determinéd.




CHAPTER I
INTRODUCTION

In an effort to increase the load capacity of the
vertical.axis, automatic clothes washing machine, the idea
of the agi—bdsket has been advanced. The convéntional
washing machine oscillates a central agitator in a étationary
tub t0 provide the cleansing motion and when this configu-
ration is enlarged to gain a larger wash lcad, the washing
action is diminished at the periphery of the tub due to the
distance from the agitator. If the tub is oscillated with
an attached agitator to-impro#e washing at the periphery,
‘the increase iﬁ:oscillating mass requires a heavy motor and
transmission.-:TQ reduce this inertia,_é light»ﬂeight.
perforated plastic tub, the agi—basket, can be agitéted_

within the conventional tub. The agitator is eliminated and

the washing motion provided by paddles on the inside of the

basket.

The_conventional.bellcrank transmission used on
agitator_machihes_was found to be incapable of dealing with
the inertial loads. Anothef attempt was made in which a
large motor was connected through a spring to the baéket and
was run in one direction and then reversed to give the

desired motion.




All 1atér attempts have used a spring to store energy
at zero vclocify and reverse thc motion of the Basket. In
a design currently under evaluation, the basket rebounds off
springs at the last few degrees of either end 6f its
stroke. A cohtinuously runhing motor applies torque
through either of two electric clutches at some point after
Zero veiocity. There is a separate clutch and drive train
for each direction of motion.

Horn [1} describes an analytical Study ih which an
agi-basket is attached directly to a rotationallspring. The
energy dissipated in the washing action is restored by
coupling the basket to a flywheel during one direétion of
qscillation and the flywhéel speed is maintained by amn
electric motdi; A dry friction clutch is engaged to transmit
energy from the flywheel to the basket and released at a
proper time to produce the desired amplitudé énd.pefiod.

Sincé the flywheellspeEd is_gredtef thanffhe basket -
Speed, the clutch slips continuously. This requires that
the clutch be iarge in order tb effect a reasonable_wear

life, Also, the mechanism-requires a device_td apply a

‘large normal force to the clutch surfaces in order to

transmit thé necessary torgue. For'thése reasons it was

décidéd to carry out a similar investigation'f§ that done .
by Horn tl],'but using a viscous clutch in place of the dfy
.friqtion c]utth; This research is devoted_tqfthis analysis

and an experimental evaluation of some assumptions made in




this and earlier wdrk [1].

The proﬁbsed mechanism is as shown in Figure 1. As
before, the agi-basket is attached permanently to the spring.
The clutch is situated Between the basket and a gear reduc-
tion unit which, in turn, is coupled to the flywheel and

motor. The motor runs continuously during the agitation.
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CHAPTER I1
GOVERNING EQUATIONS

The purpose of this analysis is to give evidence that
the proposed mechanism will provide a suitable washing action
with a-practiéal electric motor output and'tb'spécify clutch,
spring, and gear ratio design parameters which will minimize

power requirements.

Clutch
.The proposed viscous clutch consists of two grooved
ldiscs with plane surfaces facing and provisidn fbr'changing
fhe flﬁid filled clearance between the two, Figure 2.
Assuming 1aminar flow and no edge effects, fhe_force trans-

mitted through surfaces (1) is

(r;-5)($-8)
: |

where Ai is fhe area of the surface (1) undergoing shear and

u is the absoiute viscosity of the fluid.
= ¥
Ai = Zn(ri z)x

and the torque transmitted through surfaces (1),




Clutch Detail

Figure 2.




Méking the substitutions,

i b 2npx(r 7‘3 Lﬁﬁﬁl

i

[{ surfaces (2) are thought of as two continuous

parallel]l plates, then
| 2,1
2nru T_ % dr
Zﬁu'rs C :x%-'dr'l

(rlef

'Summiﬁg-thé-tontfibutions.frOm'surfacés of type (1) and (2),

'thé_tgtal tfaﬁémitted torqué becomes

el (UROMERCRIM ]

for positivc values-of x. If.

R O T o U R R R}

1




(2)

- To check the validity of the laminar flow assumption
take the Reynold's number for a fluid between plates moving

onc with respect to another [2]

R = pvi

e u
where & 15 a bharacteristic length, v is a characteristic
velocity, and p is the density of the fluid. Since a high
Reynold's nuﬁber is characteristic of turbulent flow the
highest_possible'values of v and & will be uSed.to show that
thb flow js-ldminar. Taking the dimensions of a typical

clutch to be

5 in. 0.210 in. .
2.5 in. 0.010 in.

26 grooves ~ x = 0.200 in. engaged

then]W'QIO.lD inches (Figure 2). A typicél value of V is

about 110 1bf-in-sec (see'Chapter IV). Substituting these

dimensions and V into equation (1)

110 1
1 J0[160IT+50(611]




]

= 3.71 x 10”% 1bf-sec/in’

ox

0.143 1bm/in-sec
A typical fluid might have a density of about
= 0,035 1bm/in°
A maximum characteristic velocity as seen Betwéén the clutch
surfaces would be the relative velo;ity of the surfaces and

this relative'velocity is gféatest at 1. Therefore,

v o= rn_(i-é)

" The largest (6-8) encountered {(Chapter IV) is

(-8) 3 12 rad/sec

The cross-section of the flow region is a slot 0.10 inches by

0.01 inches. To maximize 1, let

2 = w= 0.10 inches
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_ (60 in/sec)(D.10 in)(0.035 lbm/in )
e 0.143 1bm/in-sec

R, = 1.47

which is far below the transition value of about 2300 for
turbulent flow.

It 1s assumed for the system studied that V(t) is a
step function of time, Figure 3, V being approiimately Zero
when the clutch is disengaged. |

This;'of course, is accomplished by manipulation of
the clutch engagement depth, x. V can be made as small as
desired during disengagement by bringing the plates farther

apart.

Definitions

Each agitation cycle of the agi-basket consists of two
parts: (1) uncoupled motion, and (2) coupled motion (clutch
engaged); To aid in the analysis, zero time ﬁill be at the
zero velopcity point immediately after coasting, Figure 4, and
' will also be the time of clutch engagement, while t; 5 t, is
the time of clutch disengagement. & is the angular displace-
mént of the basket and ¢ is the angular velocity of the
flywheel membér of the clutch. Subscripts.(1) and (2)
indicate uncoupled and coupled motion, respecti#ély. In

other words,




Figufe 3. Clutch Parameter vs. Time
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if t3<t<0

if 0<t<t2

if t3<t<0

if 0<t<t2

Notice that,
8,(0) = 8,(0)

91(t13

nax

b $,(0) = $,(0)

“The clutch is engaged at t = 0 not only to simplify
the analysis but to represent a desirable'design.feature
since the change in direction of basket motion that occurs at

time zero is easily detected. It is also assumed that the

criteria for clutch release is displacement.. That.is, the
'{clufch releases.at B'= e(tz). o |
| See Figure 5 for a schematic of.the system. Notice
that for descriﬁtion the mechanism is divided between the
élutCh mémbers into a driving side and a driven side. A

reduction gear assembly is included for reasons. to be discussed




later. To keep the flywheel inertia requireﬁents.sméll and_'
in turn keep the flyﬁheei diameter small, assume that the
geaf.assembiy is between the clutch and the flywheel. Then.
‘the angular ﬁelocify of the flywheel and motor shaft is N
‘where N is the-redﬁction gear ratio. |

| The basket motion specified by one washing machine
manufacturer [3] is periodic, rotational with a peak to peak
displacement of 270° and a period of 1.50 seconds or an arc
of 196° with a period of 1.07 seconds or an inferpolation
betweeh these limits. Horn [1] chose an arc offZ?O“ and a
period of 1.40 seéonds, a sufficient set of constraints

considering the previous criteria.

Uncoupled Motion

~Unlike the dry—friction clutch, the trahsmitted torque
~for a viscdus clutch is a function of slip speed. Therefore,
_the.equatidné gf motion of the drivé side and of the_driven
side are_ﬁdupled ﬁhen the clutch is engaQEd,'making_ﬁhe
analysis more complex. The agi-basket'modei.used in previous
'analysis.[i]';bnsists of a méss anchored to its support by a
spring and a damﬁer, Figure 5. This model will be used in
ofder thét comparisons can be made. In.Chapter V discrepanciés
befﬁeen this model and the real system will be discussed-and

an alternative model introduced.

'The differential equation for the uncoupled basket

motion 1is
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{3

assuming negligible friction in the disengaged'clutch and
‘supporting bearings (an allowable assumption due to the
1afge damping-component). Where IT islthe mqﬁent of inertia
of the agi-basket and the driveﬁ side of the clutch, c is
the damping cocfficient corresponding to the énergy dissi-
pated in-the-ﬁashing action, and k is_thé angular spring
constant for the particular spring being used, and a dot
indicates diffefentiation with respect to time;_ So]ving for
61, |

_ et o
-el(t) e ‘1 [c?coswlt * Cg

sinmlt]

T

'._.c =_1_' ._2.
G T I 1T I W 1pK-c

and c? and cg are éonstants of integrafion. Also,
6..(t) e‘qlt[-q C,coswW,t - w,C,Sin,t
127 LR AN 1577
—qlcgsinwlt + mlCSCDSwlt]

By definition, at t = 0,




Since él = 0 at sin wyt = 0 or in other words at

. u ._,_'ZTT,".TI',O,?T,?..TT,. ..

and t = ty at the zero velocity (él = 0) point previous to

t = 0 (see Figure 4),

It is désiréd'that the tota1 arc be é% radius, therefore,

i - ; o _ -

From equation (4);.




Inserting C, into equation {5),

‘Notice that

In the previous analysis {1], a 0.5 hp split-base
electric motor was used as the source of mechanical'power.
The motqritorque_versus speed was approximated by a straight

line.(Figure.ﬁ)_with the relationship
r-_rm.oto_r = a(Me) + TQ
where TQ is the T

motor MMtercept and o is the Slqpe of the

straight line approximation. Then the no load running speed

-

1s

Note that below the breakdown speed, BRKDWN, motoxr torque

decreases with'décreasing motor speed and'the'straight line




»

L -
-
o
o
o
ot

. —— ;PN¢-' -
BRKDWN ~ NOLOAD = yotor Speed)

RUNNING
SPEED
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does not provide a satisfactory £it to the real curve. For
the sake of meaningful comparisons, the same motor-torque
~ approximations will be used here and checks will be made to

insure that Né is never smaller than BRKDWN. Here,
TQ = 431 in-lbf, a = -2.2 in-1bf-sec/rad,
BRKDWN = 168 rad/sec

The differéntial equation for the motion of

uncoupled flywheel is

I (N6;) = a(Nbg) + TQ

Solving for él(t) we have

_ o,

Nii_(‘{:) = G

Since ¢ is maximum at t = 0,

c, = 2+ N

a max

Coupled Motion

The torque transmitted through the clutch is
ST o= V(8,-85)

Where V- is as defiﬁed_in equation (1). The differenfial




equation for the coupled agi-basket and flywheellare
fespectively,

T
Ig (N¢ ) motor N _ (%)
where % is the torque at the clutch reflected across the gear
reduction to the flywheel. Making the proper sﬁbstitutions,

equation (9) becomes .

Tp(Ney) = aN,TQ-R(B,-B) - (%)

‘Solving equafibn'(8) for &2 and differentiating with respect

to tine,
o)
(11)

Substituting equations (10) and (11) into equétion (9a) and
simplifying, - |

- . .. -. . V ‘_ T . v ’ - ..
B, rIL(CHV] IT(§? a)az+IFK+E7C-u(C+V)62
iFIT' _ IRl

E°T




v
K(~~-a)
;]_2‘

Al Ty

F°T

This is a third order, linear differential equation in one
variable, To solve, let

L (C+) -1p (ya)

Al =

Irip

IFK+§Yc—a(c+V)-
Iplg

LTT S LTy . . ~ T V
B %A 8, +A 0, +AL0, = TF%fN

for which the characteristic equation is

3 2.0 . =
.A +A1A +A2A+A3 =

To solve this cubic'equation let,

i
t = 3(3A,-A47)

1 3 o
s = 55(2A,7-0AA,+27A,)




=S.% /SZJE
2"\ TTIT
-5 2{s" r

= N"rtz7

Then the solutions for A are:

A g
-A+B **1 A-B
z 3 2 /-3

It is obvious that there are two general cases for the
solﬁtion'of'ez.

Underdamped

Z 2 _ o
If %, +9§? > 0, then A and B are real numbers and there

will be two imaginary and one real root of X. ' The corre-
'5ponding solution for e; where superscript star indicates

underdamped case is,

ax(t) = G*emt+e_q2t(C*cosw t+C%sinw,t)+F -
T2 1 2 2 3 2

where




TQV
F"T3

and c¢*, c%, c% are constants of integration.
3

Overdamped

2

If % + r3

> 0 then A and B are complex conjugates and X
has three real solutions. In this case eé, where prime

indicates overdamped solution, is

b,t b,t
. bt 2 3

= f
eé(t).— cie 1 +cée +Cqe +F

where

Initial Conditions

1, éz D@ t =0 from the definition of t

2. Bmin @ = 0 from thg definition of emin

s+ & . €t =0 from equation (8), condition 1. and

and the definition of § ..

Solving the three linear simultaneous equations.
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‘resulting from the initial conditions, the constants of

integration are,

ck = (F- mln)(qz I +w I J V¢max emin
' pm-a,%-0,%-2q,m)
Cﬁ'z.emin'F-cf
Vs K 2 2,
L Tma T e o0 0
€z = . Zqzwz
( lTlIn F) (b b z_b b223+(b ‘hZJ (_Vémax-I_K{erﬁin-F))
cl =
1 by (b,%-b 2)+b, (b -by 1) +b (b “ob, )
1 min FJ(bgb "-b b3 )+(b -b )( T ¥max T“(em1n-F))
ch = -
2 T2 7 ) 2
| bl(bz by LIS by ? )+b3(b1 -by")
Hcé = emin_c_2_'C3

Underdamped &é

Differentiating equation (12) twice with respect to
time and substituting into equation (10) we have $§ for the
underdamped case,

mt, 92t FK

ég(t) = cje te | (c*cosw2t+cgs1nw )+ (14)




where the constants of integration are

2

_ L.m
K. C+V T

¢f = o ry—y)

GRS - (V) e+ 10, cd- Tow, Peg- 2Tpq,u,c5+ (c+V)w,c)

1 2 2 .
v(ch-(c+V)q2c§+ITq2 cg-ITmz c%-ZITq2m2c§+(c+V)mzc§)

Ovefdamped 521
Differeniiating equation (13)'twice with respect to

time and shbstituting intd equation (10) we have &é for. the

overdamped case,

by(t) = - as)

whére_"

LiTctb, 2o (cHV)erb +Ke )

71c1P; €1by*Key

L1 b, 2e (caV)elb,+Ket)
AN v A 27272

1 2
.\—I(ITcéb3 +(c+V)céb3+Kc§)




CHAPTER II1

NUMERICAL SOLUTIONS

| ‘At this point solutions are available for 81, 62; $1,
and &2 providgd we know the clutch parameter V, the maximum
fiywheél speed Némax’ the reduction ratio N, and the spfing
rate K. To construct a picture of the entiré_motion, the time
of clutch release, t, for 6, and ts for 91 must be known so
that the transition from couplied to uncoupled motion can be
made. X and N are given assumed values at the_begihning of
the numerical analysis. These variables (K énd:N) are design
parameters éhdfwill'be used later in an effort to minimize
. power requirements. The damping coefficieht c and the basket
inertia IT1as used by Horn [1] and specified by a manufaéturer

[3] are

28.8 iﬁ—lbf—sec

4.44 in-1bf-sec?

Values of'V, $ tz.ahd t3 will be-found.using the

max’
iterative methods of bisection and Newton-Raphson, and

appropriate constraints. Three nested loops are employed,
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Loop A
An increase in V, equation (1), whether by using a
more viscous fluid, decfeasing clearances or increa#ing the area
of the working"suffaces, would be expected to produce a higher
acceleration of the coupied basket, Figure 8. The time of
clutch engagement, effectively tsy, would then decrease. The

period is

Recall from Page 14,

= 1.40 seconds

The'bisection mefhod [4]) is used to arfiVe.at.a value.
of V which satisfies the criterion of period. In these
'1terat1ve steps, a varlable subscrlpted with i 1nd1cates the
value that the varlable takes on after the 1'th iteration and_
zero indicates the 1n1t1a1 value.

Choose Vé and V; , the initial upper and lower limits

R O

on.Vi, respettively, so that

Note that Vé must be reasonably "close"™ to V or 6, will

2
never reach a sufficiently large displacement or velocity to
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comﬁlete the cycle with the specified arcltz%'radius).' In
this case loop C would not converge.

Begin the iteration by setting

Evaluate T = t'zi-tSi (tzi and tsi from loop:C). If

lt,-7]<at
i
where At is error in period, take

V V.
i

and stop. At is taken as 0.005 seconds in this program,

Smaller At will give greater accuracy at the expense of more

computer time. Otherwise, if

then v, is too large., Since it is known that




In either case, we have reduced the interval in which we know

V to exist by one-half.

LooE B

In order to calculate T from equation (16) it is

‘necessary to have ty and t3 which cannot be found without a

max’ (¢max.
of integration for coupled solutions.) In this way all

value for ¢ is necessary to calculate the constants
three nested loops are interdependent. An obvious set of
constraints is that the solutions of él and éz be equal at

both the time the clutch engages and the time the clutch

disengages, Figure 9. In other words, the vélocity of the
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Figuré-9;  Velocity of Driving Clutch Member Versus Time




clutch_drivihg member ¢ should not have discontinuities where
the solution changes from the coupled case éz,“to the uncoupled

case él-or from $1 to &2.

&’]_(tsj = &’z(tzj ' : ' | (17)

$,(0) = $,(0) (18)

By using the same value of & in calculating the constants

max
of integration for él(t) and éz(t) we satisfy the constraint

given by equatipn (18) since émax is the clutch driving
membér-Speed'$'at t = 0. | H

It would seem that a high value qf émax wOuld_cause an
increased drop in @2 from t = 0 to tys Figure'lo; since the
.torque tfansmitted through the clutch would be_iarger. Recall
equation (2). It would also seem that a high value of émax
would produce a smaller gain in él from t, tp.t = ( since motor
torque decreaéés'as motor speed approaches the no-load
running speéd giving a lessér acceleration of the flywheel
(Figure 6). In other words, if a value for éﬁax'is chosen too
high thé calculated él(tsj will be larger than the caléulated
N |

" Using the bisection method again, choose émax
: s

0

.and

!

max; the upper and lower limits of émax such that

o




'omax-

INCREASING

INCREASING

-

on ¢1.and ¢2

1

¢max .

ffect of

4

'f.

Figure 10,



For ¢max we may take the no load running speed reflected to
the driviﬂg ¢lutch member, -%%, as this imposes an upper

limit on $. Begin by settihg

Evaluate &al[t3)i ¢ : i ) _ in equations (?J'and
- i o o

(14) or (15).
If

=}

as a reasonabiy good approximation and stop. 0.5 rad/sec is
used for A% here but smaller values can be employed with
correquﬂdiﬂgly greater accuracy and increased computer time

cost. Otherwise, if

él (ts) "&‘2 (t2)>0




is too large and $max. can become. the next upper
i : _

&’1 (t3) '&-’Z(tz)‘({)

Loop C

In order for the disengaged basket to reéch a méximum

and repeat the uncoupled motion-phase, the

dlsplacement, 8 hax

clutch should be released at a time tZ for Gz-such that

0,(t,) = 6 (ts)

éz(tz) = él(ts)




for a ty which must also be determined for 6y - To show this
is true consider bringing together curves of &, and 6; at t,
and tz, respectively, Figure 11. At this time in the agitation
cycle the clutch releases and there is a transition in the
sélutiqn from Bé(t) to Bl(t). I1f this change in solutions is
to accurately represent events in the real system, two criteria
must be met. The displacement of the basket must coincide for
both solutioﬁs_and the velocity of the basket must coincide
for both solutions. In other words, the velocity and acceler-
ation must be finite at the time of disengagement. (Since it
is assumed that the clutch releases instantaneously the |
- accelerations of Bl and 82 do not mafch at_tﬁis point;) The
problem is then one pf finding té on the curve ﬁz(t] and ty
on the-cufvé 6,(t) such that equations (19) and:{ZO) hoid.

| ﬂThe itetative_procéss used to find t, and'..t3 is Newton's

methdd'for'systems of equations [4]. Letting,

t, = X tg =y

Bz(tz)-sl(ts)

éz(tz)-élcts) =




ik

-
-]
-
.
3
a2

6¢

Figure 11. Clutch Release




After choosing an approximation Xgs Yo tO the roots of equations

(19) and'(ZD) use the recursion formulas,

to generate successive values of Xj» ¥i» Making the
substitutions,

2' .
8, (t3)

ael(ts) Bﬂz(tz)_asl(t3)
8t3 Btz ! ot .

(GZ[tZ)'_BlctS))‘

7 N
28, (t5) 3°0,(t,) 36,(t,) 3%0, (t5)
3t 2 ot., - ke 4
3 at, 2 - Bty

t,=t
t.=t
373,

3°e.,(t,) a0, (t,) 36,(t,) 38.(t,)
2Lty | 2(tp) 30,(t,) 90, (t,
[ e 2 (6,(ty)-6;(t5)- 3T, ( 3T, 5T

3

_ 3 2
3t Z at iy
3 at 2 ot o _
2 | 3 t2“21

0




The rate of éohvergence'of this.process is a great
deal faster than thaf‘bf the previous bisectioh hethod, but
care must be takgn that the Jacobian [%% %% - %% %é) does not
vanish or become so small as to vanish due to round off error.
It should be mentioned also that Xg» ¥, must be_Ve?y"gpod
approkimations to the roots or this method will ﬁot convérge'
at all. This requires changés to the initial approximations
of to, ts every time a.system parameter_i57varied significantly.

‘The test,

|t

- t, |<at
5

3541

terminates loop C if true. The value of At used here is

0.0001 seconds..

Power Determinations

Now that complete solutions are'availabié for 6, and
@2 it is possible to calculate the average power require-
ments at fhe_motdr P and the averége'power diééipated”by the
viscous clutéh,.PC. See Figure 12. The remain;ﬁg power,
P-P_, is dissipated by the damping on the'baskgt;;that is,

P-P. is the power that goes into washing clothes. The work
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done per cyc1e by the motor-flywheel assembly is

W=/ ézT_dt
. _

where torqué T is as defined by -equation (Z)
T =.vcé2-é2) - (2)

‘Note that this W is the work done per cycle by the motor since
anf energf femﬁved_from the flywheel by the dlutch is restored
to the flywheel by the motor before thé cycle is.éompleted.
In_othér words, the flywheel meerly stores energy and lessens
the maximum poﬁer draw from the motor. See Figure 13, |

‘Substituting equation (2) into equatién (21),

: t2
- 2 . .
. 0

The work dissipated by viscous damping in the ciutch_per

'ﬁycle-is

t 5 : .
i ($z-é2)T dt
[0} .




without

\

- flywheel

with

flywheel

.Effect of Flywheel on Power Redﬁirements

igure 13.

B




Exact solutions for W and W, would be very difficult to
obtain but numerical methods of integration ﬁrovide suffi-
ciently accurate results. The trapezoid rule [4] is used here

(Figure 14). Let
E(E) = V(9,7 (£)-8,(t)8,(t))

Then
t,

W=7 f£f(t)dt
0

and summing the area of the trapezoids in Figure 14,

- i _eritl
ntl f(itz) f(—ﬁwtz) ' EE B
2 n

=
"

i=p

tz : n-1
ey [f(o)+f(t2)+2

H

. £(2t,)] |

Wc.is calculated in the same manner with
£ (1) - V(d,(t)-8,(t))°
c 2 2 :

Since the duration of a cycle v is known, P and Pc can be

galculated

7
§,
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Keep in mihd_that P and Pc are average ﬁower values

instantaneous values may be quite different.

Torque Calculation

The torque transmitted through the ciutth is

() = V0,05, @

therefore the maximum torque T __ can be found from equation

{z) if t is found that maximizes ($,(t)-8,(t)). ¢ occurs
at t = 0 and 52[0) = 0 by definition, Since éz is always
p051;1ve, T ax occgrs at time zero, Or
Tmax =_V'¢max 

- This numerical work was accomplished”with a computer
program written in Fortran IV language and run on the Univac .
1108'machine. A flow chart, Figure 15, and a ¢qpy.o£ the
main program, Appendix A, are included as todlsﬁfor further
'investigationi-'A fourth loop, loop D, is shown'in-which the

reduction ratio N is increased by an increment of 1.0 to some

value Nmax‘. This has been included in the flow_Chart_tb




l START
|

READ
,BRKDWN,TQ, 0,

K,C,IT,IF

CHOOSE N Begin Loop D

FIND o
L BRKDWN' ,a',TQ", I’

_ wlql’tl’elmin’elmax

!

CHOOSE _ -
VSNL Begin Loop A

|
Vi=(V*V))/2 |
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Figure 15. Flow Chart for Main Program
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Figure 15 (concluded)




illustrate the steps taken to evaluate the effects of the

paraméters N and X on the system operation; A similar loop

was used.for'spring constant K while helding N constant.




CEBAPTER IV
RESULTS OF ANALYSIS

The numerical methods of the previdus chapter yield
various power requirements, maximum torque at the clutch,
clutch constant, limits of basket motion and flywheel speed,
time_of.clutch”disengagement, and the appropriaté constants
for evaluating the equations of motion. A sample of the
computer output.is included at the end of Apﬁendix A. Through
the analysis, values of | | |

1.00'in-1bf-sec2

4.44 in-1bf-sec?

28.8 in-1bf-sec

have been used for the inertias of the flywheelrand basket

and the damping coefficient. These are the same values used
by Horn [1] so that tomparisons are valid. A larger flywheei
inertia would.result in a smaller drop in leyheel.speed
when the clutch is engaged. The flywheel inertia used gave

a drop in spéed of about 5 perceant of Ni Iﬁuany future

max’
analysis it may be safe to assume a constant flywheel speed,

‘especially if'IF'were increased. Spring c0n$tant K and




reduction ratio N are the independent variables.

Plots
In order to minimize the number of steps for each

iteration (see Figure 7) initial approximations for V, $max’

t,, and ty were arrived at as experience with the program was

gained. Since the clutch constant V appeared to be relatively

linear with respect to reduction ratio N, Figure 16, initial

values for V; and Vg [Chapter I1I, loop A) were replaced by

_11near equatlons dependent on N for constant K.

Figure.l7 is a plot of power at the motor ‘shaft P and
power dissipated in the clutch Pc versus N fer K = 1530 in-1bf/rad.
As might be exbected P-P_, the power dissipated in the basket
due to washing. action, remains nearly constant, while_PC
decreases with increasing N. Since the speed of the flyﬁheel
side of the clutch approaches the speed of the basket side as
N 1ncrea5es whlle transmltted torque remains falrly constant,
this is not surpr151ng. There is, however, an upper-llmlt on

lN. For a large N the dlfference in- veIOC1t1es of clutch
members Wlll be 1nsuff1c1ent to drive the basket to a displace-
ment and velocity large enough-so that the 5pec1fied arc and
period are achieved In this case there is no solutlon for
.the time of clutch dlsengagement t, and t3 |

A plot of P versus X for N constant.at 16.0 rad/rad,

Figure-lse reveals that a small K minimizes P. 'However,t

mak1ng X small lengthens the coasting or uncoupled time for
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the basket aﬁd a larger V is required to complete the cycle
within the spetified period. From Figure 18 itiéan-be seen
that there is some practical lower limit to K so that V is
not_prohibitivély large, A large V would necessitate a large
clutch, extremely small clearances, or exceséivély high fluid
viscosities. .Tﬁis ?ower draw P at the motor is_of.primary
concern since it determines whether or nof the use of the
viscous clutch or the dry'friction clutch'is'jUStified.
-The'pbwer dissipated in the clutch PC résu1ts in an
increase in the temperature of the clutch_fluid'until the
heat transfer rate from the working fluid to the clutch
environment is'equai'to_Pc. The rise in temperatﬁre would.
[deéreaSe V'thch is directly proportional to viécosity. In
Figuré'lg,'the period T is plottedtagainsf Vhfdf three
combinations qf gear ratio and spring rate, -Loop.A-in_the
computation scheme shown in Figure_T'prqvides successive
values.qf v and'the_resulting_: for ﬁhe plots in.Figuré 19.
Within 1dop A, however, the clutch release.di#ﬁlacement,
62(t2] is adjﬁsted by vérying-tz.to give thé prbper arc,

while in the.real system the clutch release is fixed and

the arc will vary. Table 1 shows.that'sz(tz) remains fairly

constant with respect to V so that the plots in Figure 19 are
representa;ive_of the effect of temperature.bn the period of

oscillation during warm-up.
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Tahle 1,

Main Program Results

f(".
in.ibl. /rad.

p

hp:

R
hp.

.

rad./sec.

,¢,)

‘rad./sec,

1500
150,0
150.0
125.0
112.0

0.5551

S,h872

0,4363
0 L4137

0.2556

042036

041508

0.3212 -

¢.1871

13.75
12,05

12,11
12 - lh

10,73

12,6k
11.3%
1020
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WarmmUp
'To maintain a more nearly constant clﬁtch'fluid
femperature, the clutch assembly could be exposed directly to
the water in the agi-basket as in.Figure 1. For example,
consider the case of N = 16.0 and K = 112 in-1bf/rad. From
Table 1 |

0.150 horsepower

382 BTU/hr

For. this heat input the water temperature will increase 1.3°F
during a 20 minute agitation if no heat is transferred out of
the water. Assume that the convective heat transfer coeffi-

cient for the clutch housing and water is about

where Aw is:the;afea of the clutch housing eﬁposed to water

-and_'Uw is the_temperature difference between the clutch
'housing“surface and the water. For the clutch example in

Chapter I, a typical housing might be 7 inches_in'radius with




an exposed perimeter 4 inches in height. Then A is

A, = g’ + 207D (1)

= 2.20 £t2

Substituting these values into equation (22)

382 BTU/hr = 800 BTU/hr-ft®-F°.2.29 ft®.U

' o

.UW Q.ZOQ F

Temperéture variations in the washing water will then have

more effect on.period than U, Also the initial temperature

of the water may vary due to different washing requirements.
If this is the case the clutch may be fined and

exposed to air. Now the area exposed for cooling cah be

Ay = e ) ()

_Také'the heat transfer coefficient to be about

h, = 8 BTU/hr-£t%F°
“and the heat capacity'df ihe clutch, about

h = 8 BTU/F°®




Assuming that the ambient air temperature remains constant,

then

where Ua(t) is the temperature difference between the air
and the clutch. In Figure 20, t (period) is plotted
against time for Dow Corning 200 Fluid {5], a silicon oil

“with a low viscosity-temperature gradient.

Start Up

I1f the mechanism 1s able tQ start without external
assistance thén a'sufficient forque musf be apﬁlied.to the
basket for a sufficient time to bring the basket to the
clutch release displacement (ez(tz)). If'this'dispiacement
is not feached, the basket will stall at some deer basket
&isplacement-since'the clutch will.hever disengage. :SUppose
‘the motor and flyﬁheel were bfought up to the no load running
speed, ;%Q (Figure 6}, and the clutCh engaged. If subscript

3 denotes start up,

ITB3+C2é3+K83 = V(b,-8,)

where the solution is the same as for §, and.éz except that

the initial conditions have changed.
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However these initial conditions affect only the constants of
integration.
Taking the example of N = 16.0,
K = 112 in-1bf/rad (Appendix A}
. 81833
2.02242

43.25145

13.836 radius

where the solution is of the form

blt ' bzt

Bz(t) = Cle

"~ Then,




ez(m) = 13.836 radians
For the example above,
Sz(tz) = 4,2 radians
Therefore,

6,(=) > 8,(ty)

and start-up is easily achieved. Figures 21, 22, 23 and 24

are plots of basket displacement, basket velocity, and
driving member velocity for_two_combinationé of feduction

ratio and spring rate.
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CHAPTER V
EXPERIMENTAL METHODS

The agi-basket model which has been used until the
present is shown schematically in Figure 25(a). The damping
in thi#_casé_is assumed to be between the tub inertia and the
support. Since there is no velocity dependent interaction
between the tub and the support the placement of the damping
in this model lacks physical significance. An expeiiment is
conducted to determine whether this model or éﬁother shown
schematically in Figure 25(b) is capable of fepresenting
basket motion and to determine the appropriate values of
damping and inertia representative of the agi?basket. The

‘model in Figure Z5(b) has two inertias Ig and Iw.connected

by a déshpot:C and_anchored'to a support at I, by a spring with

rate K, Thé inertia,'I signifies the conténts of the

w?
basket (water and clothes). 1In this model all dhmping is
considered to be between the basket and_its contents.

In reality the system is much more compléx thén either
of these models. Water and clothes trapped'between.paddles
are partially carried along with the basket and separate
regions of circulation are present at a distance from the

paddles as seen from the operation of the experimental

~eQuipﬁent. ‘These rigid body models, however; provide a basis




Figure 25. Agi-Basket Models



72

for analysis. :

Eguigment

The app#ratus used in this experiment'is shown in

Figure 26. A conventional vertical axis washing machine tub
was used for the basket and a conventional central agitator
- is fixed to the center to provide paddles. (An outer container
and a perforated Basket were not used in order fo simplify
cohstruction.) The tub diameter is 20.50 inchés, the depth
is 13.25 inches and it is filled with 108.5 1bm of water.
- The empty agi—basket weighs 20.03 pounds. Towels are used to
represent the wash load. A displécement transducer is fixed
to the bottom of the basket thfough a fork and pin and the
basket is supported at the top by a tapered roller bearing
and a bushing; A 6.5 inch diameter dri#e pulley is also
fixed to the basket. A weight applies a torque to the
basket by a wire attached to the drive pulley-ahd a release
mechanism betweén the tub and the bushing support servesias a
;riggéf.fof an oscilloscope. The transducer_ié.incorporated
in a ﬁﬁltage divider providing a signal for the oscilloscope.
A camera attachment records the displacement-time curve
produced on_thé oscilloscope.

~ The sﬁring in both agi-basket models in Figure 25 has
been replaced by a constant torque due to the weight (if the
inertia of the ﬁeight is added to the tub inertia IT) for |

this experimént} It was found that the constant torque




simplifies the énalysis of data since the tofque applied by
a spring is dependent upon displacement. Since the spring
is external to the basket and its rate determined oaly by

the designer, this substitution is justified.

Procedure
Six towels weighing 0.75 pounds each were found to
prOV1de an agltatlon representative of the clean1ng action in
a vertlcal axis washing machine when a weight Of 20.0 lbf was
used to accelerate the tub. The transducer was calibrated by
turning the basket through 360° by ten degree increments.

Linearity was observed throughout this range.

For the real agi-basket the motion is reversed every

U.?'Secondé,.therefore the data was recorded for 0.7 seconds
after release and reéd every'0.1 seconds. It is, after all,
the tranéient_response of the tub that yields the system
.yariables C, -IT, and I and at a longer time from release

the steady- state response becomes dom1nant._




CHAPTER VI
ANALYSIS OF DATA

The data from this experiment is a plot of basket
angular displacement versus time for aﬁ agi-basket accelerated
by a constant torque T. Schematics for the one mass and two
mass models'ﬁith damping are shown for this Situation in Figure
27 a and b. | :

A third system is included (Figure 27c) to_facilitate
comparison of the other two models, For each modsl a solution.

is found for the displacement of the inertia IT, that is

BI_C (t»IT’C)

BICI(t,IT,C,Iw)

. Values of inertia and damping (I , Cy, I ,..., etc.)
_ Ty 17-7T,°"°

are_fﬁund that give the best correlation between the particular
‘solution and the experimental curve at the points where the
dﬁta'is read.. The models are then judged by-fhe degree of
.correlation..  -

.The ériterion for judging the degreeiofgcorrélation

between the functlon eIC’ BICI’ or BI.and theldata points
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1 MASS WITH DAMPING o - 2 MASS WITHOUT DAMPING
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T

Figure 27. Models of Agi-Basket Used in Experiment




Ho’ H],...R7 is the variance, defined by

EIC(IT,C) = i 0[ Ic(tl’ T’C) -H. ]

_ 2
Erer g Gy = o [Oycr(tysTq.Coly)-Hyd

: _ 112
Br(lp) = B [07(t;,1p) ;)

where t; = D.I(i] seconds.

One Mass with Damping

The differential equation for the one mass system

with dahping'is

with initial conditions

for which the solution is

B;c(t,C, IT)




To minimize the variance Eyp» set

A1 ' . 98 . (t.,I.,C)
1 _ _ . IC i’ T?

LT

BBIC(ti,IT,C]}

and solve thesc two simultaneous equations for I.F and C.
Newton's method for simultaneous equations is used where
initial values are chosen for C and Ir. Dcnoting these

initial values Cj and I, and each iterative value C, and
o
[T , each successive value is generated by

i : :

—BEIC

aC

HBEIC
91

T




2.
3 LIC
tlogtle

2
3 EIC

BITBC

7
¢ Eyc

aC aC

82E

IC

The iteration terminates

[€5417C4 heaC

For this analysis

AC 0.001 in-1bf-sec/rad

AIT = 0.001 in-lbf—seczfrad

The minimized EIC is obtained from the final I and Ci by

T.
_ ) i
equation (23).

Two Mass System with Damping

The differential equations for the two mass system




shown in Figure 27 are

Le®rert wlsrcr

Tutyer = €(Ogcy-

with initial conditions

Differentiating equation (27) with respect to time

and rearranging

C
Combining with equation (26)

- - TC

1 1 LT _
¢IC1+C(T;+T§)¢ICI R s o

This equation can easily be solved for ¢ICI'

4t
Mol Ty

101 *®




where A' 1s a constant of integration and

into equation (20)

Substitute this solution for ICI

-
Opey = A e’ #

ot
T+ Ty

T

Tntegrating twice with respect to time and applying

the initial conditions

Orer(ts TpGoly)

. _ IWT
where _ A\ =
o Tp e+ Ty)

Using Newton's method, as in the previous model) I.,C, and I

_ YT
are found which minimize EICI(t,IT,C,Iw). Again the

iteration is terminated by the test,

Iy,

- 1 |<A1
i+¥1 Ti T

C - Ci|<aC

‘1+1

| I

- f |<ﬁI
W,y WMy




whorc'ATT and AC are as given for the first model and

AIw = Q.GUI in—lbfwseczfrad'

“The minimized L is then evaluated from equation (24).

I1C1

One Mass System Without Damping

The differential equation for the single mass without

damping is

with initial conditions

The solution of the differential equation is

T2
s

5. (t,1
I T

To minimize E]3set

287 (ts, 1)
-Zg{[eI(ti,IT)-Hi] —~§T4-"——J.= 0
i T




2
IH. t.
j 1 |
is then calculated from eguation (25).

The minimized EI

A summary of these results can be found :in Table 2.

Values of C and_[T for this single mass with damping are in

good_cofre]atfon with C and IT used in the analysis of the

prdposed drive mechanism (4.44 in—lbf—seczjréd'and 28.8
in}lbfﬁsec/fad; respectively). As judged by §he variance E,
~the two mass model with damping provides a more accurate
displaCemé;t-time curve than either of the otﬁér models.
More complex nodels might be expected to be in cven

claoser argument to experiment. While the analysis will

not be.carriéd'odt again with the two mass.ﬁbdel here due

to the complékity of the solutions in the coupled portion

of hasket motion (Chapter IT1I) this is recommended for

future research.




Table 2. Experimental Résults,

MODEL rafl.z. | :in.lbflggédlnibfg%krﬂbfg%d |

1 MASS with DAMPING 0,00179{ 4,509(31,949

2 MASS with DAMPING|0.00029] 2.197)55.23{30.318

1 MASS w/o- DAMPING|0,08221111,31
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APPENDIX A

MAIN PROGRAM

VISCOUS ALUTMH APPLICATION

LewLTCET REAL (p=~2)
COPLEX ACAC

WITIzP T ) #a2=vHIT) %P (T)
LATIS{P(TI=TH{T ) %2

RLald ine 100} K, $y JT: JFe BRKAWN, TO» A FAr TAU
FORMAT (BF&,G)

K;lzncu

K= +20.0

IF ¥ .57 180.4) STOP
FiZ15.V

[ =NT N . |

IF N 5T, 18,0} 50-T¢ n5y

NN P
TuzT%,¢
ALFATALFAmNRi]
BREDNIATKLDWNN

RWIZGART (G 0xJTey=CaC) /{2, unJT)

NIz /(2,9 JT}

Tiz(=3,1415%) /W,
Crzi=1,51%3, 14859/, 0+7XP( (=QL)%T1)}
Coz(Plsc?)i/ /Wl

Tt MINzCY -
TIHIMAX=CT4+1,5%3 14159

REGIN LONP 4

FIND VALYE oF V TO gIVE PROPEW TAU
VSz3teduxtt~9a,0
VizilTaux™=47,0
MA=0.0
VS vS+LY /2.0
WITE (erlany W
Fun T ¢ ZelXe 'V Yo B, 4)
ALst IF g4y 1+ T L EVIALFA) 3/ IJFESTY
Aest IF ete 4 VaCmpl cAeo=ALF A%y 1/ (IS JT)
Bz ¥ (U=ALFAYS( Fx Ty

Pz, 0en?=01%A1, 72,0
Go 2D ML * %33 = UnA2R[ 1427 M%) /27,0

TEST ro FUR™ OF SO, ULi04 or [HETAZ
f=1.1"
ir lfS*%”!!H.ﬂ+,R*g3}12’.u LT, 0,0} 60 ?U ulig

SVALYAT. COinThmTs ~08 M rhg P rage
LA E RS R PR R R SL LS W e PR IR b V- ST B
Czy M=) 2SS TN ) AU (I TT )




4

O

YOOD

aXalg Ryl

an2
1us

B TPt
TEZANHS) AZ AL,y
HoztOGATE3.N1 /2 D) xla=p)
Fo TNV /UM =yT ASy

GJ TN on?

W ITF (B LER)
FuiiAT (Fas tOVE, DaPENT)Y
Zz5,n .

EVALUATE CTunsTaniTs -0 OVER™AMPET CASE

B8EG

K==S /2.0

Y2EIPT (=t 1S*S) /e (RExT) /2T .0) 3
ACCOBRIICLPLY Y ) )
BCSCMRTICHPLX (ve luY2 ) )

BL=REALIAC+CI=1/3.0

Be=REAL(ACRC) /=2 01 4SORT 3. D) w (AIMAGIACSHCY /2,01 -A1/ 3.0
BAzRFAL(AC+RE) /=2 M) =SrR T (3.0 2 {AIMAG{AC-HBCI/2.0)=Ak/3.0
F=tTo=yy FLJF*JT AD)

IN LOOP 5

FIND val''c 0F PHMAX

&01

201

CUNTTHUE
PrMAYSZEOKCYNw]L 05
Prmi¥lz=Yu/ALFA

No=0.0 ) '
PHMAYS (PHAAXL+P-MAXS) 72,0

IF 1?7 ,GT. 2.0} 60 To gp2
DEtitSdTad=n2lal 25 4020w 2+ 2582, , BxQ2AM)

86

CLzUIF~THIMING = (Q2x02x W2k THWZ 2242 RIT Y = 2 sV PHMA XA W2 2K2TH1IMIN) /

1 WEN?
Ce=THIAMN-F=-C1

COm(R/UTI = THIM H= | VAIT I RPHMAX +n LEMan 24 (24 [O25x2=W2KK2) 1/ (24 0¥QL2%

1 we) - . :
G TN 603 .

602 Cril=Rlal (B2%¢21= (33421 14024 L (n3+42)~(B1s22) 1 4B3%{ (Blxk2)=B2%%2)

Cr= A THIYIN-F ) % B2«B3xfB 1=y 33241234+ (RI=B2 % ( { v UT ) #PHMAX
1 =(K/aT)«THIMIM, )1 7 ENL

Co=U{THIMTIN=F) 2 BB 123 1g 1 ¥R3#n 334+ {B1=A3 3% { { v/ IT ) xPHMAX
1 =K/ = TrIMINy 1 /ENL

CITTHIAM=FwlPer)

W ITE theDBY) 2yr §32¢ B2 Cly Cos €3

089 FunMAT (SX/OE15_6B)

BEGIN LOMP ¢
FIND 12 ANg T3 8Y i &, METHOU

603 ConTTHUZ

TezGabd
Taz(1-1,%21¢3.14159) /w1
M.=0.0 '

202 IF (7 .G6T. 2.0) 6O TO ont




TH2T2ZCL vEXPUMes2 1 4EXP ( 1-u2 b eT2) e { C2#COG(, 24 T2 1 +C3xSININ2AT2) ) 4F

TU2FT2oCIsMEXD [ Mo T2 =G EXP I { =2 2 T2 1 (0% LOS (M2 T2 +C IS NI W2%T
1 2T RP I =UP Y xT o 2 g (el ) P *STH (W2 T2V 4034 022 C0S (W2RT 2} )

Teo2S T2 i (M y 2 AP (M T2 4 {O02% 0 2V kT XP{ (=, 2) ¥ T2) % {C2¢COS{m s T2I+C
1 *SIMIAReTE ) =2 04324EXP{[=R2)eT2) ki (=C2Fan2*SINIw2* T2 +CI6W2*CUSH
2 w2eT21)—EXPI(=n2) «T2) 2 4 C2x{ W22 42) ¢ COSIWRL T2 4030 (W22 %5 [NIWZAT
30

GO T 605

604 THRT SCI*EXPIRL,T2) +C2a0 XP (R2xT2 ) +C34EXP L, 32T2)¢F

Th2F T22C 1B *EXH LIS 1 RT2) 4 C2«R2%EvP (PR T2 ) 40 3B 3L XP{BS%T2) '
Tn2572=61*ul*Bl*EﬁP(BI*T?}+C°*9~#B?1EXP(B¢tT2}+C3*U3tﬁ3tEXPlB3*T¢I

605 ThLT‘=Ex"tt-Qll*Tj)t(c7*cu,(H1t731+CR*SxN(ultral)
TanTg-FVPc( 01;*f5'*{twltPB-GI*CT)*CHS(w1:T3)-{W1*C?+QI*CB}*SINI
T wl+T3h)
1H1§73'EYPII-QI)*TSI*I[lOltC7"H1tcR}*Qi (“ltC7+01#CBI!Nl}tCOS(HLt[
1 1A CT+O1I®r8) x01=(WLkCH=AlaCTI W1 +STH{WLIETS)) |

WhiTF (/150 THLTI, THIFT3e Tu2¥2, TH2FT2
150 FURMAT [‘X"THITS"!Elb.?oﬂxt’TanTS“vFLb.?¢QXr'THZTZ"!ELﬁ.?’HXt
1. *THOFT2='EL16.7,

D:NZ‘TH1FT3*TH2rT¢-TH2FTanTHIST1
Kn'(THafTE*(THZTE‘THIT3)‘[H2rT?t{TH?FTZ-TﬂlFT3})/UtN?
Hiz i THIS T o= t TH2 12~ THIT3 ) =THIF T34 { THIF T2-T,.1F T3} | JOEN2
TFYETIHA

AT

WiiTE Coei30) T3 T2
130 FURMAT (1Xe*'TI=veyd, 7:32:'72“',E13 7}

peztreL 0 ' '

IF (MC (AT, 10.n0) GO To 905

I (ANS{HA) 6T, log=4) £0 TO 202
IFLARS(KY) «6T. l.g~4} c0 TO 20>

Luop €

IE (7 .67« 2.0} Gv To 3.1'"&

CasCI={RK/VHICHY 20, Ve T IMa*2) Sy}
CJ—("*L?-{C+V,"2*L?*JT*OA*Q?*C?‘JT*N?*W?ntz‘e 0*dT$02:ﬂ2*63+(C+V}
1 *57 ok 108 FWAT AN

CoSiveECR=(C+Vix 220 5+JT*9&*r?*C‘-JTwNP*h2*C5+£.0#&1*Gd#%2*u2-lc+vl
b ‘u?"C2}/V
Phsi”ugu*hAPlM*723+ExP(t-u?)*T?l*lF%*CﬁQl"d*T2}+Co:SIle2:121J

1 AFev sy

Gu TN 395

3 Cust M TaC 2 1251 ACHVIRCI3LI+KEC1 ) /Y
Loz dTar 2= 2972 (LG VIFCOe, 04K %Ca) /Y.
CusttTwrTa 3303, (L4 VIRC 2, 34 K02 ) 2V
PMET”=thLlp(ﬂl,TZ)+CﬁiPYH(ﬁ?*TﬁJ%fh*Eyn(nb$Td}+F¥h/V

3nG POl TTS(TAALFAS H LX)« YO (RLFAL FaT2)=Tn/ L FA

. o 393 Yol in?) ('-‘"_;E".-s_-' I)I 'TJ: l'fh‘!-’) .

IS P T gt e TP AT e TR T Y PO TICY TR ?oh\-'vnhlq‘ tEia.7)
Ir 1% ap 2l T3=0 2T .LT DS Gh T 0y .




IR
L T. Siie b S0 Ty ogn

Ik (™0l TR oaT. ~HeI2) Pl =Priony
Ir (™7™ LT, 41212 R XSSP oA
Ty 77 291

Lud B . .

Ie - 50 fT2=T31.Taul L. G005y 66 TO 234 FY
Ir 11T2aT0) #GT, (4t yr=

Ir ttT2=To) LT, 4 wi =y

[P-LFLE N

IF ("1 ."7'10 12} uo T(} qU3

Gu TN 201

END LuoP A
CALCULAT™ POMER AMD PORER LnSS

s XaNaYal

800 WoiatzVa(T2/20. 0, % ({00042, 08W( 1aT2) 42, 0, W (. 26T21 42, U%WL, 3%T2) +

T Co0%bd BT2)42 023(,5xT2)+2, Otwt.emT°)+2 U*W(.?#Td)+2.0tu(‘ﬂ¢7d)
2 2, 0%i00,9eT214.4T2) }

WoHKE SVt 127200 ) & (L10, MY+, 080 (4 34T2Y 42,0404 (24T2) +2. D%l [ L 35T2) ¢
1 o0l { 0xT2%32 0% 1 .55T21 420061 { ,6aT2342, 08 T%T2} 42,011, 3:14)
2 +2.ﬂ*Ll.9*721+r‘T¢ll

PrR=HORK/ LOADD . T4l

ParlL=rOPYL A (6600, 1xTAU)

WKITF{o,79U) P¥ps PWARL

FURMAT (799 'P.RIvIFD By 5)r *PUWRLE?,F9,.5)

VRITE (61051} K

FURMAT (AXefKzt Fu 1)

WHIT™ (Re103) M

Furrat (ﬁXo'N_J,F4 1)
TRGMAXSY»P AN

WHITE {6e791) T:-QupX
FuRMAT (MXs VTR AKS ' 1F1%.5)

WeITF (pe119) V
FUR AT (Paetyzt Flo.%)
WIKITE {gelll) £ May

FuiKdAT {DAe "PHALXZ ¢ FL12,5)
M ITE (#2112) P 1T
CFUMAT (A r TPHIT3S 4 F12,5)
BHITT 16elld) T l-aX

Fur tsT (OXe "TiHl -AX=T4F17.0)
WhITT (62787 Te-ligh:
FORMAT (PAs *THL - TdztsF10.5)
EaITF 1ae1148) Ty

Fud AT (X 'TIZ16F32,5) -

W iTF 16el115) T»

Fur'tAT (X 'T2ovsF 12.5)
CWRITE {6e116) T3

Fu*ATY (N4s*T3=eeF 17,5}
WITE {Ael1lTE Tl 3

Fulli'aAT (Das'THIT3IZ9+F12,5;
WRITE faedod) T..2r 72

FuR¥AT (30 *TH2eT22  F12.5)
WHITE (AeliA} 1y




390
‘391
392

901
104
903
106

904
107

905
148

c

Fure T (Taefil=eer 12,59)
L T Lae lL10) Wy
Fud AaAE (X tWIZveFi2.5)

IF 17 4GTe 2.0} Gu TO i
WIITY (pelgny M

Futab (Nartvzt Fil..5)
BaiT™ (6Geleld  ¥-

Fun AT (NXs'Q2Zver 12.5)
LNITT [Belld2) @

FurtaT (Oartw2s1eF 12,9)
Gu TH 310

YRITT {(Grioh) iy
FurtAT (NXet831=vef12,9)
WITE thedold Ts
FurisaT (DartR2=vef j2.5)
WHITY (hrdu2) s
FURMAT (9Xe YB3 9F 12.5)

WRITF (641231 F

FUrRMAT (9% 'F=* ,F12.5)
WRITS (60124). C4

FORMAT (O *ClzreF32,5)
WHITE (Ge125) Co
FURMAT (MK, 'Co=vef 12.5)
WnITF (6e L6} Co
FURMAT (9% 1C3zeeF12,5)
WKITT (arl2?) €

FornT (2Xe*tCu=s0F 12,5}
WiITE (Lel28) Cr
FORMAT (PN fCH=¢2F12,5)
WITF {6120} Cp

FORMAT (DX 1CH=1F 12,5}

IF (7 6T, 2.0} Gu TO 3nQ

Gu THh 392

WITE (6e391) :
FURYAT . (tAs "THE+AZ2 DVERPAMPED')
IF (PHLIT® LT, #RRgWN) e0 TC 901
Gu. TN 3N

WHITT (Bed04)

FortdsT {1Xs tHOTAR RKOWHY)

Gu TN 39N

WITFE (60106}

FORMYT (X 'HA , ARGEY)

Gu TN 300 :
WURITE (50107}

FuRMAT (1Xe "HB | AigE*)
Gu TN 40 '

Wn]TE LgeiA)

FuRttAT (1Xe "RC y ARGEY)
Gu TH Sg1
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APPENDIX B

P OT - DI SRLACEMENT-AND—y
IMPLICEIT REAL (A=Z}
- INTEGER-I
DIMENSION THETAtizllo THETAF (121}« PHIF(121). IBUFF(1200) s T¢121)
L a——
READ {(5+20L3 Zv¢ Nv Ko yo PHMAX» THIMIN: T2¢ T3
— e 201 —F ORMAT 275+ 0+6F1 0.0}
READ (5¢202} Qi+ Wir u, Qzr w2y F
202 FORMAT-{6Fla,p)
READ {5¢203) Cle C2¢ 3¢ Cl4r Se C6
- 203 FORMAT—L6F10.0)
C

TH=h31.0
'ALFA=-2.2
JFEhe@
o= TH;u.h
Ce={Qi*C71 /W1

IF {Z .LT, 2.0} 60 To 110
-B3=M
B2=62

B3=wa

e

||:-n- [T =P AT S 1]
T L

LA e b 2

To=To*N
ALFAZALF Anbieh

c -
e DO-104— =121
CTUIIS(I~1)%.02

c

" IF (T(5) .6E. T2} GO 1o 101

THETA LI =2 T3k

LB

THETAF(I)=TH2F{(T(I))

=pai el
e

60 TO 100

181 IF (T41) ,GE. (T2=T3)}) &0 TO 102
------- ——JTHETA{ P sTHHT{D) = 2-73))
THETAF (D) =THIEC(T(I)~(T2=T3})
—————PH I 1} PR T H 2T 3
Go To 10D
N o B :
102 IF (T(I} «£BEs (T2=TI+T2)} Go TO 103
m~——~THETA{I)-?HQ(T(I)*(TQ-TS -
THETAR{I)=TH2FIT{I) = sz-T3l)
e ammeme PHIF ([ 2Pp2F CEAL M4 L 2w 30
GO TO 100 i .
€. - e e e o
103 ThETA(I)-THIIrlI)-z 0¢(r2~131)
o THETAF(D)zTHLIFLTLLY =2, 5= (T2-T 3} )
 PHIF(I) SPHLF(TUI) =2+ 0% T2=T3})
JN U
100 T{I)'1(1112o5 ' -
THETA{I}STHETA(I)*0+572958 . L.
THET R (L) THETAF{I)#{an.0/6.2a319)%0, 02
166 PHIFAIIZPUIFII) = (000 /r28319)120.02

-L




C : '
e e AL PLOT S L IBURE L 12053

calb pLOT (1, 0:5.5:-3) :
e CALL AXIS-A0e0¢0eDstTIME s 44100204000 e000 o)
CALL AXIS (0402=3«0¢'THETA (DEG)'r1lrHelulin0,=300.0,100.,0)
e CALL PLOT-C(T{13+THETA{1)+32
. Do 105 I=2¢l21
3 05 LA PLOT AT L THETA L)+ 2]
C
o e CALL. PLOTYS (IBUFFE21200.3)

CALL PLOT(124¢0+040,=3)
e e CALL AXIS- (00 De B e L TEME 2B 10407 D 00000 0.04)

CallL aAXIS {Q.0 D-SOD"VELOCXTY (RPM) "¢ 18¢6.0¢90.00=150,8¢50.0)
Tar_ﬂ'i)l'&l

00 106 IZ2s121
106 CALL
e e G AL PO LT L) RHLE
PO 107 Iz2s121
~107-CALL PLOT {T(1)aPHIE )2}
CALL PLOT (11.0+040°999)
SYOR

.Fw FH1 f'rl

THI=EXP! (-01) t'l')t(C'l'*coS(Hl#T)-rCS‘SINI WisT})}
e RETFURN
c

FUNCTION-FHR2LTY
IF (Z .LT. 2.0! THa-CpExP(mt'rHEXP(l-Qa)tth(cztr.:OSlwth]
A ¢c33c‘lmlm91'r\].l.l:

IF {2 6T, 2.0} TH2-C1¢EXP‘B].*?)*Ca*EXPlEE#T)+C3*EXP(B3*T!+F
- RET‘llnm .

c
e FUNCTION—FHIFCT)
THIF-ExP(l-al)sr)*tlwg:ca-ﬂxtc7lt005(n1*rl (u1*c7+a1ac33*SINtw1‘T;

A—3

RETURN

-

FUNCTION TH2F(T) . T _
e IE A Z oL Ty 2+ 0)-THRE=C  xMAEXP (M2 T =G24EXP (=02 I TI(C2COSIW2eTE
' A +CIFSIN(W2T2) Y EXPL{~Q2) *¥T) 2 ( (=C2I#W26SINIWR ST I +C34w22C0SIN2%T) )
-v-—w—4F—4z_.srv—avol—:uaﬁ—eiwa&*Exp4aa*444cz¢se*axp4aa»t¢+c5*as*£xp—w—m
A [83%T) _
ciim e RETURK- I : —
C : _ )
et e FUNCT ION--PHIFAT i e e e
PHIFZ (TA/ALFA+PHMAX ) »EXP (ALFA/JF*T) ~TQ/ALFA
RETURN

- - FUNCYION PHRFIT)- o e -
_ IF (Z LY., 2.0} PH2F= CUtEXPtM#T)*EXPI{-Ga)$T)*(CS*COS(WR*T}*CG*
oA SININZsT)I+F K/ S
IF {2 46T, 2 ol PH2F-cutEXP(Bl*T’+C5*EXP[B£*T)+C6tEXP(83*T}+FtK/v
RETURN . — . -
END .
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APPENDIX C

TWO MASS WITH DAMPING

DIMENSION THI50)
Ne8

00 i1C6 I=1eN

READ (5100} THLI)
FORMAT (F6.0)

WRITE {5+106)7 I»TH(I)
FORMAT (12X+13,6X»F8,5)

K=0
€=50.,0
AW=30,.0
AT=3,0

Fzbge2

CONTINUE

IF (K .GT. 12) SYOP
E"U *

ECZQ,

EAWZD.

- EAT=Q,.

ECC:O.
ECAwz(,
ECAT:O.
EAwAwW=0,
EAWAT=0,
EATAT=O,

KeK+]l

RS (mCIRlLSANHL  ZAT)

cl-ﬁWtF{ﬁT/t‘T‘&U}
o¢ s00 I:loN

T=0.1¢FLOAT(I-11
EXZEXP(QG=xT)

DZC1/70/G0 EX=1 , }mClaT/Q+FaTaT /2,7 LATHAY)

DO (a2, 1901/ {GH43) £ {EX=10)4C1/0/00T 4 EXL,)
0C1z(EX=1.)/G/0=T/0

gL=psC
QAT=C/78T/AY
QAN=C/AW/AN

CIATZAWSF (24 aATHAW]/ ( (ATHAT+ATAN) 2#2)
CIANSE/( (AT+AW) 42}

DC=DReGE

DARZNQ&QAN+DC 1AL 1AW=, SeTHT ,( (ATHAN) 4 ¥2)
OAT=0QsRATHOCLeCIAT- SHTHT/( (AT4AW} 2x2)

JOEL kS AN R sl ) R (EX=1, =2, #Ci T/ (Dav DI (2,9EX+], )+*1*TtT/0f91hX
DIl Tsasar{EXeL, J—E.K(G*tsi*lEX'l i
JUIC150.0




QCAW=1, /AN AN
GCAT=L,7AT/AT
GATAT=(~2.)%C/{AT®x3)
GAWAWZ (=24 1%L/ {AWEx3)}

CjAraT-Ft(6.tIAT¢tu}tAw+12 2 {ATe*3 R UsAW+E, t“TtATt{RUttB)
1 42, 6ATH{AWES) )/ ({ATH(ATHAW) ) €xit)
CLAWAT=A=2. )6 F / L{AT+AW ) %53,

ClAwAW=CIAWAT

LCC=paesRlxel
DCAW=DQo«QAW*QC+DAxQCAW
DCAT=D0QsQRATHQL+DA*QCAT
DAWALZ (DOQ*GAW+DECI*CLAW! AW+ (DLICTI*C1AW+DGCLagAW] «C1AN
1 +DQ+GAWAWHDC1xCILAWAWHF xTaT/{ (AT+AW) %)

. DAHAT_(DQQ*G#T+DGCItCIAT)tQAN+(DL1C1tC1&?+DGC1¢0&T)¢C1AH
1 4DCI2CLAWAT4F«T#T/ L (AT+AW) %x3)
DATATR(DGA*QATHDOCLFCIAT) #gAT+(DCICI*CIATH+DRCIxGAT) o C1AT
1 +0G+GATAT+RCLaCIATAT+F =TT/ ( (ATHAR) *23)

5=TH{ IY=D
EZE+5%%2

ECZEC=2,%35+DC

EAWSEAWD , #SHDANW
EAT=EAT=2,%5#0AT
ECCoECC+2.#(DCaDC=5+DCC)
ECAw=ELAW+2,*(DCxDAW=S*DCAy)
ECAT=ECAT+2,*{DC»xDATSxDCATY
EAWAWZEAWANS2 ,x [DAWSDAW=SxHANAN)
EAWAT=EAWATH+2,x (DANXDAT=SHnAWAT)
EATAT=FATAT+2,5{DATsDAT=5S*nATAT)

CONTINUE
WRITE (6e499) Co AWe ATy E
FORM&T(lOX:'C-'0F12.B!410'hw-'tFlzuavﬂxt'AT-'0F11¢8.8Xf‘E“'rF12 a

EATAWSZEAWAT
EATC-ECAT
EAWCZECAW

Z'ECC#{Eﬂwﬂh*EﬂTAT-E&TAw‘EAWﬁTJ-Bﬂwc*(EC&N*EAT&T—EATthEChT)
1 JEATCH#{ECAWSEAWAT=EAWAWSECAT)

DEch (EAWS (ECAWMEATAT=EATAWSKECAT ) ~ECH {(EAWAWSEATAT=EATANSEAWAT)
1l =EAT&«(ECAWSEAWAT=EAWAWXECAT)I) /2
DELT&N-(EC#(E&wC*EATAT-’ANnTtEﬂTLI-EAW$(ECC*EATkT-EATCtECAT)

1 +EAT® (ECCHEAWAT-EMNELECATYY /2
DELT.T-(EAN:lECCtEhTAH-:LAw*Elrci-EC*(ERWC*EATﬂw-EAgRWtEA?C}

1 =EAT*{ECC+EAYAW-ECAWKEAWC) ) /2

C=C4+ZELTC
ANsAr+DELTANW
ATSAT+DELTAY




IF (DELTC 6T, 0,001} 60 To 4ol
IF (DELTAW .67, 0.001) GO 70 40t
IF (DELTAY .67, 0.081) 60 10 40%

WRITE (6+501) C, AW, AT N '
5031 FORMAT (&Xe"FINAL RESULT¢ CZVsF12.8,9X, VAWZY F12,804Xs AT=,F11,8)
" stop B o
END




APPENDIX D

ONE MASS WITH DAMPING
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=0 e e s o e
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If (€ WGT. 12) STuP '

E=0.

ELSAF,
Eaz=0,.
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CEALRTN - T . ——— e Bty - e i e

[a

Kerort

&

oo 500 I-iyH
T IaFLART( =1}
_ExigYPft—C}/A*T)

DIAKE FC/ORAEX= 1, Y4F 7CAT

_ﬁpnnguNTfHUE

DCAT=F LV FRaF JTORRSTFIER=T V=P T78/00 P X410
DAZFZC/C*(EX=1, ) #FxT/A/C 2L X

“"““f'“buC5FT?I?F7133?ﬁ111fjr1f112"?F‘771C**B!tTE.iEX$YTF?T"T$F?A7C?L#EX'

DCAS (=2, ¥ xF /Al Cex3in(EX=1, 1-2.*F#T/A/C/CtEx-T*TtF/AfA/L$EX
T DAAZCRTAT/{Rex3T*EX - -

S=THTT=N ot e e o
ESE+5n=2

ELSEN=Z.F5+DT

EAZEA=Z . xLxDA
ELOEECC47 s a {DCEDC=EaDECT ™= "
ELATFCA+ . (DCeDA=S*0CA)
EnASFAA+Z, 2 {DAXBA=SDARY 7

UNITE  LGe430) €y As E

G99 FGiMAT M0 e Y0t pF a2 ptXa YAZY yFI2 EsRY, L:’rFIS-Q}

T L TRE D AL E=ECATARNT 72

[‘_ ,\C-"Cﬂ
Iz tCr*hA\'hCﬁtrﬁC

DELTN:(EF*LACjEﬁ*LQFPIg___m___””
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LoaarELTA




TTTTTTTTTIE LT GT S UL UOTT G TOTRON T T T

I'i'__”(IHEL.TH.“_:_G‘II:__[_B.UU].I' Gt 10 400

Wi ITF (620ul) Co A ~
S0l FORMAT "{RXs '"FIMALTRESULT: CS?rFL2,8)4Ye AT F12,8)

S0P

110
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APPENDIX E

ONE MASS WITHOUT DAMPING

DIMEMSION THISD)
CTIII=0 L 1eFLOAT §I=1)
FI66,.2

PN

N=g _ e e e
DEN=R,0
DO 176 I=1,N
READ (%1600 TH(I)
100 FORMAT (F5.01 -~
THE=TH(IY : .
-D£N=nEN+Ti'lE R i
WwITF (6:106) I:THE
106 FURMAT (12XeI3+6X0F8.5)
NUM=NR, G-
et e e DU?OD I:IIN —— e - - P PR — e ——
700 NUMSNUM+T{I}aT{T}
ATF7P SwhuM/DEN—— -~~~ o e e e

E=Q.0 . -
— Do._aﬂo_z_i N - L
G=0.5=xTIT)IxT{Ll}aF/A"
ﬂm:ﬁ’f‘”‘f*-e)*taﬁ_— e s ie s s e — - - ——

WRITF (60701) AsE
PO FORMAT~ A/ A G AT P 2o Te 4N TEZ F12,6)
sTOP

[— ElD e e e . R .
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