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1. GOALS OF THE SIMULATION PROJECT

The first step in working out a computer simulation of the self-balancing
washer was to formulate a model of the system. It was recognized that this
model would involve those aspects of the machine pertinent to the high-speed
spin condition when the balance control is in operation. From this an analyt-
ical model was to be derived including its equations of motion.

Second, it was desired to develop a computer simulation from this model
which would, for a given set of input conditions, give the time response and
other important data on the system operation.

Third, the computer program was to be used as a design tool. During this
phase of the project the computer model would be run under different condi-
tions and an attempt made to glean from the results possible design recommen-
dations. Purther it was desired to show by example how the program could be
used as a design tool.

2. DEVELOPMENT OF A MODEL

A. DESCRIPTION OF FIRST MODEL

Figure 1 is a diagram representing the combination washer-dryer. As the
figure indicates, the tank is supported from the bottom by the base plate at-
tached to a channel frame. The position of the balance control device is also
shown. The diagram is the mirror image of the actual configuration. This is
so that the cylinder rotates in the counterclockwise direction, thus simpli-
fying the trigonometry.

Figure 2 1s a diagram of the first model. The suspension of the tank has
been represented by the torsional spring on the bottom. The geometric center
of the tank is allowed to move in a plane perpendicular to the tank's axis.
Either rectilinear or cylindrical coordinates could be used. Here the cylin-
drical coordinates r and ¥ locate the tank's moving geometric center relative
to its static center.

The belt which drives the tank is elastic. This effect causes

6 = 645



Figure 1. Pictorial diagram of machine.
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Figure 2. First model.



which says that , the angular velocity of the tank, is equal to 6, the steady
state velocity, plus y, a superimposed oscillatory velocity resulting from the
belt's elasticity. Likewise for the drive take off,

a = ¢+

where (¢ is the velocity of the drive pulley. ¢ is the steady state velocity,
and o is the oscillatory velocity. The two steady state coordinates will be
related by the equation

where rl/r2 is the ratio of the two pulleys' radii. Thus this is a 5 degree
of freedom system. ©, ¥, u, r, and ¥ are independent coordinates. o is re-
lated to © by the above constraint.

B. EQUATICNS OF MOTION

It would be at best difficult to derive the equations of motion for a
system such as this by a Newtonian or force-balance approach. Also a hazard
of such an approach is that unexpectéd cross product terms are easily over-

looked. A better method is to use the Lagrange energy formulation. The
Lagrange equation is:

a [o(1-v) o(r-v)
at \ o, B aqi =Y

In this equation

T 1is an expression for the kinetic energy of the system
V is the potential energy of the system

q. corresponds to a generalized coordinate

Q. corresponds to the associated nonconservative force,

i=1,2,5,...,n.

First, T and V are expressed in terms of the five coordinates, and then the



equation is applied once for each coordinate where the coordinate replaces gj

32 >2 2 32 32 s \2 Y-
= 1 + + + + + e+ + +
T /2lm o) + m o mp, +mpy M I(6+y)" + I (0+0)"]
- _ —>+—>
p; T r r,
o, = b ryhxr) + G+5)(kxr))
> 2 .2 . 32 .2 2 © e
= + + (6 + - 6+ in ¢
(Oi) r (yr) (6 +v) r; 2(6 +y)r r. sin ¢,
+ 20(6 +5
20(8 +y)r r, cos o
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where ¢i is the angle between r and r; and ¢; = & +y+ta; -V,
ro= 7P+ &(ﬁ)(;)
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So an expression for T can be written:
v 2 2 2 2
T = 1/2| X mi(f + (Yr)~ + (86 +7y) r. - 2(0+y)r r, sin ¢i
i=1
Ce 2 .2 - SUAL
+ 2¢(0 +y)r r. cos ¢i) + M(r~ + (Vr)” + I(6+y) + L 6+

2

The potential energy of the system, V, is determined by superposition.
To start the coordinates are all set to zero then the system is changed such
that one coordinate at a time has some positive value. This can be seen vec-
torially by

q; Y F) - dq
Vi T g (& Fy 9

n
The total V then is X Vi' The resulting equation for V is
i=1



k r2 + k r2
v = 1/2k 2t u g sin y +| ——YL— sin® ¥
X T 2
L
+ in(6 +v + - si +
iéi migr(s1n( y ai) sin ai) Vbelt

where Vye1t 1s the energy stored in the belt.

The nonlinear terms in the expressions for kinetic and potential energy:
show up in the equations of motion. It is very desirable to get equations
which are linear since the system is basically linear. If this can be done
the equations come within the scope of easier solution techniques. The re-
placement of r and V¥, the cylindrical coordinates, by x and y rectagonal co-
ordinates reduces some of the nonlinearity but nonlinear terms still prevail
in © and vy.

By lumping the masses into an effective mass and eccentricity, it was
hoped to simplify some of the complexity associated with terms involving the
four separate masses. As shown in Figure 3, this effective mass would be

This equation would indicate that the M and ¢ are the equivalent in a static
situation. But since they are to be used in a dynamic expression, they should
also be equivalent with respect to momentum. Thus

* )"" .
d - d >
3 (Me) =z Zomr,
i=1
s O S "
Me + Me = 2 (b, r, +m, r,)
. 1 1 1 1

When it was attempted to prove the above relationships, it was found that
there was no way to satisfy both constraint equations simultaneously.



Figure 3. Three masses lumped into one effective mass and eccentricity.



C. REVISED MODEL

At this point some time was spent running the machine and determining its
operating characteristics. The drive belt is so stiff that it was decided any
superimposed oscillation would be small. The tank was found to oscillate
about a point 20 in. below the tank center. Due to the stiffness of the gsys-
tem, this oscillation has an amplitude of only .0l6 in. when the clutch bleed
valve is first touched. This is such a small arc that the motion is essen-
tially horizontal and linear. Vertical motion is virtually nil due to the
extreme stiffness in this direction. Thus it was possible to revise the model
as shown in Figure 4. This is now a 2 degree of freedom system with x and ©
as coordinates.

The equation for this system can be found, neglecting the inertia in the
transmission:

L .
2 . .
T o= 1/2| ¥ mi(gi) FMEC o+ T 62
i=1
Bi = (x +r cos(e-Fo&))ﬁ + (r sin(9-+0&))3
or
-> A -
= 1+
Py xi+r,
> A A >
p, = X1 +0k xr,
i i
(g.)g = kg + é2 r? - r.x sin(6 +q, )
i i i i
SO
u 2 2 2 2
T = 1/2|-2 20 rx sin(6+qa,) + L m, 6 r~ +M__ X~ + 16
. i . i TOT
i=1 i=1
where
L
= M+ L
Mot y
i=1
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The potential energy is

= +
') V% Vé
2
= 1 kx
v /2
L e+ai R R
V. = L [ rmg cos q,(k) - dq, (k)
S . i 1
i=1 q,
i
L
Ve = ‘Z rmig(sin(9~+ai) - sin ai)
i=1
5 L
V = 1l/2kx” + L rmig(sin(9+oci) - sin ai)
i=1

For the x coordinate the equation of motion derived from the Lagrange formula
using the above expressions for T and V is

b b }
or| -2 m, sin(6~+a{il + Or TZ m, sin(e-FQﬁj
i=1

i=1
5 L L
+ 0% -2, m, cos(6+q,) + L mx +M X +kx = 0
i=] * i s=1 1+ TOT

The second and fourth terms in this equation represent momentum transfer to
the water being added to the ballast tanks. But since the water enters the
ballast troughs tangentially and with a velocity not greatly different, the
force on the tank due to this mass addition will be small and these terms can
be neglected. Dropping these terms and rearranging

in
m, cos(6+q,) +6r 2 m. sin(6 +q, )
. i i ] i i
i=1 i=1

no
™+

M .o + k_x - é
70T * t

where the first summation represents the four centrifugal forcing functions
and the second summation is the mass angular acceleration forces. This equa-
tion is a second-order differential equation, linear in x, with time varying
forcing functions. The m; are of course the three ballast tank masses and the
off-balance load mass. The tank masses are going to be changing but in se-
quence. At any time, one tank will be changing, and the other two will have
constant mass. Mpop changes with time also, but not very substantially.

12



3. SOLUTION TECHNIQUE

An effort was made to apply the solution techniques available in control
theory to the problem. CSAP (Control Systems Analysis Program) was considered
but found to be too narrow to apply to this problem. The fact that the
ballast tanks change in spurts or pulses necessitates the need for switches
or pulsers in the control diagram to let the signal through the proper feed
back loop at the proper time. Both Z and P transforms were investigated but
lack of information on these techniques hindered a successful development.

A. STATE SPACE

State space was next investigated and this technique appeared to be
applicable. In state space an nth order problem can be broken down into n
first order systems. These are arranged in a matrix form and operated on by
various matrix operations to yield a solution equation. This equation looks
like a matrix form of the Duhamel superposition integral used in vibration
study.

Figure 5 shows the relationship between x, the tank displacement, and
the flow rate into the ballast tanks. This characteristic was found experi-
mentally and it assumes a linear increase in flow as the displacement in-
creases. In actuality the flow is probably increasing most rapidly when the
flow of circular cross section is half uncovered than when it is only slightly
uncovered. But in the interest of being able to find a solution this linear-
ity was assumed.

Figure 6 is a diagram representing the state space system. In this sys-
tem the feed forward transfer function is forced by the four centrifugal
forces. The unbalance load force 1s of constant amplitude. The forces from
the ballast tanks are of increasing amplitude where the amplitude of any one
varies as the integral of x and increases only when its feed-back switeh is
closed. Figure 7 shows how mass accumulates in the tanks as a monotonically
increasing function with time.

The state space problem is set up as follows. Let

15
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STATE SPACE
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Figure 6. Flow diagram for state space solution.
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Figure 7. Manner in which mass accumulates in ballast tank #2.
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where Mp is the total mass of the system. The above equation can be rewritten
in matrix form as

0 1 0
= +
{x) x . (x} 1 u
g 0
where
X
1
(x} =
X
2
and
u o= m nw2 cos(wt-v,) *y, +y. .ty
L L 1 2 3
v, = cos(um-yl)zl
= t -
v, = cos(wt-y)z,
= cos(wt - )z
YS 7
wor AX kKT < t < kT + T/3 k =0,1,2,....
él = when
otherwise
erx\ KT + T/3 <t <kT +2T/3 ~ k= 0,1,2,....
ée = when
0 otherwise
wor Ax KT + 2T/3 < t < (k+1)T kK =0,1,2,000.
é5 = when
otherwise

where A is the linear relationship between displacement and flow rate
X

A = =

m

For the first time period kT < t < kT + T/3, the equations for x and 2z
can be combined.

17



[0 1 0 0 o ] [ 0 )
2
-k . 00s(a¢-7l) cos(wt-yg) cos(at-yB) m, ra cos(wt-yh)
M
T MT MT MT MT
(#) = |ar 0 0 0 0 (r) +< 0 &
0 0 0 0 0 0
0 0 0 0 0 0
- - \ J
where
(v )
Xl
X2
(r) = ﬂ 7 ?
Z
2
z
.3/

The equation for the second time period, when the second ballast tank is being
filled or when kT + T/} <t <kT + 2T/3, will be the same except the Awer will
occupy the 4,1 position. In the equation for the third period when the third

tank is filled, the AwPr term will occupy the 5,1 position. Letting [B] rep-

resent the square matrix and {C} the force vector

(r) = [Bl{r} + (C}

The transition matrix [@(t,to)] required in the solution equation is now found

T

t t 1
[@(t,to)] = [1] + [ [B(T)]dT + [ [B(Tl)J J [B(Tg)ldw2 dr, + ...
to ty to

Because the problem has time varying coefficients this series form for the
transition matrix ¢ is necessary. In a problem with constant coefficients it
is possible to obtain the transition matrix in closed form. Once the transi-
tion matrix is determined the solution equation is

18



t
(r(t)) = [Q(t,to)](r(to)] + [ [e(t,T)]{c(t))aT
to
This equation looks a lot like the Duhamel superposition integral used in
vibration study. It contains a transient term dependent upon the initial
conditions and a steady state portion, the second term.

The clear advantage of using state space is that once the transition
matrix [@] and [[®](C}dT are determined, the response of the system is easily
obtained at any time t given the initial conditions at time t,. In this par-
ticular problem there will be three different solution equations, one of
which will correspond to each tank. And that equation will be valid while
its corresponding tank is adjacent to the flow nozzle. So a time increment
of 1/3 of a revolution or 120° is possible.

In attempting to obtain the solution equation, the first five terms of
the transition matrix were determined. As each successive term is the inte-
gral of the product of the [B] matrix times the preceding term, and these
matrices are 5 by 5, the elements of the fourth and fifth terms' matrix be-
come very involved expressions. It was hoped that five terms would be suffi-
cient to assure convergence, but due to the complexity of the terms it was
very difficult to evaluate by hand. As a result, a computer program was
developed based on this solution method. The results obtained after the pro-
gram was running indicated a basic error in formulation. It turned out that
in the second term of the solution equation the integral was taken over t
rather than t,. This change makes a big difference in the steady state term.
Also there was question as to whether five terms assured convergence of the
transition matrix.

B. ANALYTICAL METHOD

At this point it was decided to take smaller time increments, assume
coefficients are constant over that increment and solve the problem analyti-
cally. This scheme is shown in Figure 8. As indicated in Figure 5, there is
a maximum flow rate point past which an increase in X does not increase m.
Also for negative X the flow is zero. Thus in Figure 8 there are two solution
schemes. When X 1s positive, small time increments are taken and the mass
change i1s determined by integrating the flow rate over the time increment.
This change is added to the appropriate ballast tank, the initial conditions
are reset and another time increment is taken. As the displacement may in-
crease past the point at which mmax has been attained, it is necessary to de-
termine the time at which this occurs, marked T; on Figure 8. Likewise Tp
must be determined. When X becomes negative there is no flow rate so no mass
changes, and the time increments can be increased. In Figure 8, 30° time in-
crements are shown. It is necessary to determine the time at which X = 0 so
the appropriate solution technique can be applied.

19
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Originally the system was considered to be undamped. When the program
based on the undamped solution was run, a time response as shown in Figure
9(a) was obtained. The high frequency superimposed signal is due to the
transient portion of the solution and in an undamped system this does not
attenuate. The real system has a certain amount of damping and does not
behave this way. Although the damping in the real system is structural or
hysteretic it was found that the addition of a small amount of viscous damping
into the model attenuated the transient, "filtering" it out of the steady
state signal. This response is shown in Figure 9(b).

The equation of motion with damping added becomes

L
. . .2 -
M, X+cx +kx = 6 X m, cos(6+a,) +8r 2 m, sin(e+a,)
TOT i=1 T i i=1 * i

The analytical solution to this equation is

L m, rw

‘Caht . . I
= 4+ t) + t+—+Q -0
X e (Al cos w, A2 sin @ ) e K sin(w 5ta )

L m.ro
+ 0
i=1

K sin(wt-kai- )

where » = 6 the angular speed and & = © the angular acceleration.

From Figure 4 it can be seen that:

a, the position of ballast tank 1 = -2LO°
Q) the position of ballast tank 2 = 0°
QB’ the position of ballast tank 3 = -120°

Qh, the position of the off balance load is equal to -y in
other notation, and is variable.

Aq and A2 are constants of integration which depend upon the initial condi-
tions.
b m rw m.roy

A = X(0) - X

in
K sin(%-*ai- 0) - 2

K sin(ai- )
i=1 i=1

k
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L 3
1. Myt i
A = — + A - =+q -
5 " [?(O) lgah % - K cos(2 ay )
d i=1
N minn&
- X K cos(a, - ¢)
k 1
i=1

¢ is the phase angle between force and displacement which is present in a
damped system.

o = tan b 2L
l-r2
where r here is the frequency ratio w/wy,, not to be confused with the r in
previous equations representing the tank radius. Figure 10 shows how ¢ varies
with { and the frequency ratio. Also shown in Figure 10 is plot of K, the
magnification factor. This factor enters into the solution equation and is
evaluated as follows

1

\/(l-r2)2 + (ECr)2

where r is the frequency ratio.

To apply the solution equation the constants K and ¢ are first evaluated,
then the constants of integration A, and A, are determined based on the ini-
tial conditions. Then these values are used in the solution equation itself.

L. COMPUTER SIMULATION

Now follows a discussion of the computer program developed to simulate
the machine's operation. Figures 11(a)and (b) show a simplified flow diagram
for the main program, a listing of which begins on page 36. Ngte the diagrams
shown in Figure 11(b) are connected through points @ and @ The pro-
gram begins by making the necessary declarations and reading thHe user's input.
Certain initializations are made and ISTART is set to 1. Additional input can
be read if either INOUT or ITANK of the first input are set equal to anything
but 1. Briefly, INOUT allows the user to control the program's output. It is
possible to blank out certain portions of the output with this control. ITANK
can be used if it is desired to start the run with a certain amount of mass in
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the ballast tanks. Normally, however, INOUT and ITANK will be equal to 1 and
this additional input will be skipped. The first time increment is taken as
two rotations of the tank. This is to get past that portion of the time re-
sponse where the transient is significant and into the smooth steady state
response (see Figure 9(b)). Next the constants required by the solution equa-
tion are calculated. FACT and PHI are K and ¢ described above. CALC is the
subroutine called which takes the initial conditions and the constants just
evaluated and determines the system response at the end of the given time in-
crements and returns this information to the main program. The final time,
TF, is set equal to the initial time, TO, plus the time increment, TA. If the
program has just started and ISTART = 1, it outputs the information through
subroutine OUTPl. ISTART is now set to 2 indicating the initial large time
increment has been taken. At it is determined whether or not to incre-
ment the angular speed of the tank. If the speed, W, is already greater than
the top speed desired, TOPW, the speed change routine is skipped. Also ISET
must be equal to 1 for the speed to increase. ISET will be 1 only if the
displacement of the tank on the previous half cycle was less than the desired
amplitude, AMP. TANK is a subroutine which determines which ballast tank is
adjacent to the flow nozzle and how much longer it will be there. The pro-
gram sets the initial conditions and constants, and takes a time increment
equal to the number of degrees of rotation as specified by input variable
DEGREE. It makes sure, however, that this increment will not overlap two of
the tanks. It does this by making sure TA < TLEFT - TF where TLEFT is the
time at which the end of the current ballast tank will be reached, and is de-
termined in the subroutine TANK. It then returns to and the same
course traveled before. This time, however, ISTART 75 1 so it goes through
the three conditionals. Normally it will pass through all three, update the
mass in the ballast tanks, output the information, reset the initial condi-
tions, and arrive back at @ . This process continues until the tank dis-
placement becomeg negative at which point the third conditional is ngf satis-
fied, and at 6 it finds the time at which X = O and returns to Q or
a final iteration. When X = O it switches out of the main loop and a
updates the masses in the ballast tanks, outputs the informétion, and procCeeds
to 6 where the procedure for negative displacement begins. As indicated
on the diagram, this procedure is similar except the ballast tank masses do
not change. The other condition, where it switches out of the main loop, is
if X > AMP. AMP is the desired displacement amplitude. 6 connects to
Figure 11(b). This portion of the program first accurately establishes the
time at which X = AMP. It updates the masses in the ballast tanks and pro-
ceeds taking a 2° of rotation time increment. The following steps are simi-
lar to those described above. This continues until X < AMP at which point it
locates the X = AMP time, calls on CALC, updates the masses, and outputs the
information prior to returning to @ . This portion of the program is also
set up to find the point at which X is the maximum (XMAX) and output this
information.
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A. SUBROUTINE CALC

The flow diagram for this subroutine is shown in Figure 12(a). The
calling variables for CALC are TA, X, DX, AREA. DX is the velocity X and
AREA is the area under the displacement curve over the time increment TA.

The necessary initial conditions and constants are obtained through the
COMMON/VAR statement. The angular position of the tank is determined at T,.
The transient trig terms are evaluated along with the constants of integration
Al and A2. Then after the steady state trig terms and EXP the exponential
decay term are evaluated the solution equation is applied to find X, DX.

AREA is determined by trapezoidal integration. This information is then re-
turned to the main program.

B. SUBROUTINE TANK

Figure 12(b) shows a flow diagram for TANK whose calling variables are
TF, TSAVE, W, ADJ, MTANK, TLEFT. These variables are defined as follows:

TF - current time in the simulation run

TSAVE - time at which present speed was reached

W - present angular speed

MTANK - a return variable indicating the current ballast tank
TLEFT - time at which flow stream will start filling the next

ballast tank

First the position of the tank in fractions of a revolution.-from the normal
position (see Figure 4) is determined as REM. Then according to whether
REM < 1/3 or 1/3 < REM < 2/3 or REM > 2/3 the ballast tank is determined as
#1, #2, or #3. MTANK is set to this integer value, TLEFT is determined and
the information is returned to the main program.

C. SUBROUTINE FIND
Figure 1% shows the flow diagram for FIND. This subroutine is called to

interpolate a given table of values for X and TF to locate the time at which
X has a certain value. The calling variables are:
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SUB. SUB.
CALC TANK
(TA, X, DX, (TF, TSAVE, W, ADJ
AREA) MTANK, TLEFT)
OBTAIN I.C. DETERM INE
+ CONSTANT THRU ANGULAR POSITION
COMMON/VAR OF TANK, REM.
DETER¢MINE MIANK =1
TLEFT=TIME
ANGULAR POS REMA INING FOR
OF TANK, BETA, FLOW INTG
ATJO‘ TANK 1
EVALUATE
TRANS [ENT
TRIG TERMS TANK 2
TLEFT=T IME
EVALUATE RE’;"L’B\',\',\' 'I',\’\ﬁoF OR
TRANS IENT TANK 2
CONSTANTS
AL A2
EVALUATE
STEADY STATE
TRIG TERMS MTANK=3
+ EXP TLEFT=TIME
] REMA INING FOR
FLOW INTO TANK 3
EVALUATE
X
DX
AREA
(a) (b)

Figure 12. Subroutine flow diagrams.
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S UB.
FIND
(XFIND, Z,
LY

!

R1=1Z(L)-XFIND
RZ=1ZU-ZU-DI |
\_ \

Y

DT=I(F(D)-F(L-D1

Y

F+ R
Y-F(L)+~R—2 DT

Figure 13. Subroutine flow diagram.
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XFIND -~ the value of displacement desired

Z - table of displacement values

F - corresponding table of times

L - subscript of the last element of the above tables. The
desired point is between elements L and L-1.

Y - the returned value of time corresponding to XFIND

The subroutine does a linear interpolation to find Y according to

|Z(L) - XFIND|
|2(L) - z(1-1)|

Y = F(L) + |F(L) - F(L-1)|

Y is then returned to the main program.

D. SUBROUTINE OUTPL

This subroutine has a flow diagram as shown in Figure 1lk(a). It is
called with the variables X, DX, TF, and TOTM where the latter is the total
system weight. Output variables are obtained through the COMMON/VAR state-
ment. Output control variables are obtained through the COMMON/OUT state-
ment. As mentioned before these variables allow the user to blank out cer-
tain portions of the OUTPUT. If Tl = O as preset in the main program, this
output control is by-passed to ‘ If Tl 7£ 0, the next two conditionals
let pass only times which are not~between Tl and T2 or T3 and Th. _Output
between these times is not printed out as the program skips to . When
it is desired to print the output, however, the output variables are TF, X,
DX, BT(1), BT(2), BT(%), the masses in the three ballast tanks, TOTM, the
total system mass, RPM, machine speed, and PHI, the phase angle between force
and displacement.

E. SUBROUTINE OUTP2

This subroutine shown by the flow diagram in Figure 14(b) is identical
to OUTPl except only TF, X, DX, RPM, and PHI, are output variables. This
output subroutine is called during negative displacement when no mass changes
occur, and during positive displacement when displacement is at a maximum and
is above the AMP level. This helps to identify this point in the output
listing.
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SUB.
ouUTP1
(X, DX, TF,
TOTM)

OBTAIN OUTPUT
VARIABLES THRU
COMMON/VAR

OBTAIN OUTPUT
CONTROL THRU
COMMON/OUT

SUB.
out P2
(X, DX, TF)

OBTAIN OUTPUT
VARIABLES THRU
COMMON/VAR

OBTAIN OUTPUT
CONTROL THRU
COMMON/OUT

ouTPUT
TF, X, DX, BT(L),
BT(2), BT(3), TOTM,
RPM, PHI

outpPuUT
TF, X, DX,
RPM, PHI

(s

(a)

Figure 1k.

(%)

(b)

Subroutine flow diagram.



The following is a list of input and output variables with a description
of their meaning.

F. INPUT VARIABLES

RPM - starting speed in rpm

OFFBAL - weight of off-balance load in 1b

Gh - position of OFFBAL load measured counterclockwise in
radians from ballast tank 2

TFIN - final time of run in sec

DEGREE - amount of rotation in one time increment during the posi-
tive X half cycle. Should be less than 15°

ZETA - damping factor of the system

INOUT - output control variable. If INOUT = 1, entire time re-
sponse is output. If INOUT = any other integer, portions
of output can be skipped using NAMELIST/OUTPUT

FLOW - maximum flow rate in 1b/sec

TOTWT =~ total system weight in 1b

SPRING - spring constant in 1b/in.

RPMPS =~ acceleration in rpm/sec

TOPRPM - top speed in rpm

AMP - max amplitude of X in in. when |X| is greater than AMP,
m = FLOW and/or acceleration = 0

ITANK =~ input control variable. If ITANK is set equal to any

integer but 1, starting mass in the ballast tanks can be
input through "TANKIN"

G. OUTPUT CONTROL

If INOUT is set not equal to 1, Tl and T2, and T3 and T4 may be read in
"OUTPUT." Output between Tl and T2 sec, and T3 and T4 sec will not be printed.
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H. OUTPUT COLUMNS

TIME

X

DX

TANK 1

TANK 2

TANK 3

TOT MASS

RPM

PHI

in sec (TF)
displacement of the tank center in in.
velocity of the tank center in in./sec
. 2,.
mass in tank 1, 1lb-sec /in. (BT(1))
. 2,.
mass in tank 2, lb-sec /in. (BT(2))
mass in tank 3, lb-secg/in. (BT(3))
total mass of the system, lb-sec2/in. (TOTM)
speed in rpm

phase angle between force and displacement, in radians

The following is a list of other important variables in the program
listing beginning on page 36, taken in order of first occurrence.

RIN

TSAVE

ADJ

UNBAL

DWSAVE

TOPW

ISET

ISTART

input variable DEGREE in radians
reset to the current time whenever the speed is changed

the angular position of the tank reset whenever the
speed 1s changed

OFFBAL converted to mass (lb-secz/in;}
tank radius (in.)
. 2
acceleration (rad/sec”)
TOPRPM converted to (rad/sec)
memory interger controlling acceleration. Normally
ISET = 1 and acceleration can take place. ISET = 2 if
AMP was reached on prior half cycle and acceleration

is not permitted. (Physically air clutch has been bled)

if set equal to 1 indicates run is beginning
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DW - angular acceleration (rad/secg)

W - angular speed (rad/sec)

TIN - time increment (sec)

WN - natural frequency of system (rad/sec)

RATIO - frequency ratio

MTANK - number of current ballast tank

TA - time increment to be taken (sec)

TO - initial time at beginning of increment (sec)

DXO - initial velocity (in./sec)

X0 - initial displacement (in.)

WIN - speed increment (rad/sec)

WD - damped natural frequency (rad/sec)

FACT - magnification factor, K

PHI - phase angle between force and displacement, ¢

AREA - integral of the displacement curve over the time in-
crement

BT(MTANK) - mass in the ballast tank indicated by MTANK

XFIND - argument of the value to be found by subroutine FIND

RINZ2 - angular increment taken during negative displacement
(rad)

I. OUTPUT

An example of the output obtained is on page L4, The two types of format
help to distinguish the positive and negative portions of the time response
cycle. Note that there are many more interations taken during the positive
displacement portion than there are during the negative.
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PROGRAM LISTING

$SI6 5(GX3 T=60 pP=51
*%LAST SIGNON wAS: 28:19.12 N4-16-71
USER #50X3% SIGNED ON AT  12:27.14 CN (4-17-T71

$LIST SPIN

1 NAMELIST/UATA/RPM ) OFFBAL 4G4y TFIN,DEGREEy ZETA, INODUT 4FLOW,
2 1 TOTwTySPRING RPMPS,TCPRPM,ANMP,ITANK
3 REALC(5,DATA)

4 CIMENSION Z(53),4F(50),ET{3),BBT(3)
5 COMMCN/VAR/TOs TSAVE 9 Wy PHI 4G4+ X0y CONy BT yUNBAL 4 ZET Ay WNy DX O,y
6 1 WD,ADJyDW

7 COMMON/QUT/T1,72,73,T4

8

9 EQUIVALENCE(BBT(1),BT(1)),(BBT(2),BT(2)),(BBT(3),BT(3))
190 RIN=DEGREE*6428319/360.0

11 WRITE(6,42)

12 2 FORMAT (* TIME" 96 X9 " X'y8Xy ' DX'y3X,y ' TANK 1',3X,' TANK 2',3X,
13 1 * TANK 3'",3Xs* TCT MASS RPM',5X,* PHI')
14 TSAVE=1 D

15 CATA BBT,X,DX,TF/(".’“. 1\’.’.1(")001(\’0/
16 T1=0.10

17 FL=FLCW/(AMP%3£6.)

18 ADJ=0.0

19 UNBAL=OFF3AL/386.

20 TOTM=TOTWT /386,

21 R=12.

22 DWSAVE=RPMPS*6,28319/6C,.(

23 TOPW=TOPRPM%6,2831G/¢€0,0

24 L=1

25 ISET=2

26 ITEST1=1

27 ITEST2=1

28 ISTART=1

29 CW=0C o0

30 IF(INOUT.EQLL) GO TC 5

31 NAMEL IST/0UTPUTY/ T14T72,T73,T4

32 READ(5,6UTPUT)

33 5 CONT INUE

33.1 IFLITANK.EQ.1) GO TO 6

33,2 NAMELIST/TANKIN/BT

33.3 READ(5,yTANKIN)

33.4 6 CONT INUE

34 W = (RPM/6DN,0)*6,28319

35 TIN=RIN/W

36 WN=SCRT{SPRING/TOTM)

37 RATIC=W/WN

38 MTANK=1

39 TA=(2.0%61.0)/RPM

40 TO=TF

41 DXC=DX

42 XG=X

43 GG TC 1405

44 10 IF{TF.GE.TFIN) GO TO 300

45 IF(W.GE.TUPW) GG TG 11

46 IF(ISETLEQ.1) GO TO 12

47 11 DW=0.0

48 GO TC 140

49 12 CW=D¥SAVE

50 WIN=CW*TA

51 WNEW=W+WIN

52 REV={TF-TSAVE) *k/6,28319
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53 IREV=REV+ADJ

54 REM=REV+ADJ-IREV
55 ADJIJNEW=REM

56 TIN=RIN/WNEW

57 L=1

58 TSAVE=TF

59 W=WNEW

60 AD J=ADJNEW

61 100 WN=SQRT(SPRING/TCTM)

62 CALL TANK{TF,TSAVE,W,ACJsMTANK,TLEFT)

63 RATIC=W/WN

54 TO=TF

65 CXG=CX

66 X0=X

67 TA=TIN

68 TILEFT=TLEFT-TF

69 IF(TALGT.TILEFT) TA=TILEFT

7¢ 1005 WD=(SQRT{1.0-ZETA%*%2))*kN

71 FACT =10/ (SQRT((1.N-RATIO%2) *%2+( 2%ZETA*RATID ) %%2))
72 PHI=ATAN{ (2. 0%ZETARATIC) /(1,0 -RATIO%*%2})
73 CON= (R*WkWXFACT)/SPR ING

14 101 CONT INUE

75 CALL CALC({TAsX,DXsAREA)

76 TF=TC+TA

7 IF(ISTART.EQ.1) GO TO 1016 ]
78 IF(DXeLTofe! o ANDoABS(X}oLELD.2001) GO TO 105
79 IF(X «GT.AMP  JAND.DX.GT.0.N0N5) GO TO 106
8¢ IF(X oGT 4000 e ANDaLoECel) GO TO 102

81 GO 10 104

82 1016 CALL UUTPLI(X,DX,TF,TCTM)

83 ISTART =2

84 G0 TO 10

85 102 BT(MTANK)=BT (MTANK ) +FL2AREA

86 TOTM=TOTM+FL%AREA

87 CALL OQUTPL(X,0XyTF,TCTM)

88 L=1

89 X0=X

90 DX0=CX

91 IF{ISET LEQ.1) GO TO 110

92 IF(TFoLT.TLEFT +ANDse ISET.EQ.2) GO TO 103
93 CUo TO 10

94 103 TILEFT=TLEFT-TF

95 IF{TALGTSTILEFT) TA=TILEFT

96 TC = TF

97 GO0 TC 101

98 164 Z(L)=X

99 F(L) = TF

160 TA= TA-0.D1T745 /W

101 IF(XWGE.(1.0) GO TO 1C45

102 L=L+1

103 CALL CALC{TA4X+DXyAREA)

104 TF=TG+TA
195 GO TC 104
106 1045 XFIND=0.N
107 CALL FIND(XFINDyZyFyLyY)
108 TA=Y-TO

1¢9 L=1
110 GO TC 101

111 1¢5 BT(MTANK) =BT {MTANK ) +FL*AREA

112 TOTM=TOTM+FL*AREA

37



113 CALL OUTPL(X4DXyTF,TCTNM)

114 IFUITEST1.EQ.1) ISET=1"

115 ITEST2=1

116 GO TC 200

117 106 MAX=1

118 XMAX=0.0

119 IF(XeLEs (AMP+0.,0002)) GC TO 1085 -
120 107 ZiL)=X

121 FIL)=TF

122 TA=TA-0.01745/4

123 IF(XLE.AMP) GO TO 1C8

124 CALL CALCATAyX 0X,AREA)

125 . TF=TO+TA

126 L=L+1

127 GO TC 107

128 108 XFIND=AMP

129 CALL FIND(XFINDsZyFol,yY)
13¢ TA=Y-TO

131 L=1

132 CALL CALCUTA,XyDX,AREA)

133 1085 BT{MTANK)=BT (MTANK)+FL*AREA
134 TOTM=TOTM+FL*AREA

135 TF=TC+TA

136 109 TA=0,0349/W

137 X0=X

138 CX0=LX

139 TO=TF

140 L=1

141 CALL TANK(TF yTSAVE ¢WsADJyMT ANKs TLEFT)
142 TILEFT=TLEFT-TF

143 IF(TALGTSTILEFT) TA=TILEFT
144 110 CALL CALC(TA,X4DX,AREA)

145 TE=TC+TA

146 AREA=AMP®TA

147 IF(X.GE.AMP) GO TO 111

148 GO TG 115

149 111 BT(MIANK)=BT{MTANK)+FL*AREA
150 TOTM=TOTM+FL *AREA

151 IF{X.GT<XMAX) GO TO 114

152 IF{XeLEs XMAX +AND. MAX.GT.1} GO TO 112
153 CALL OUTP2(XMAX,DXMAX, TFMAX)
154 MAX =2

155 112 L=1

156 X0=X

157 DX0=0X

158 IF{ TF.LT.TLEFT) GO TC 113
159 GO TC 109

160 113 TILEFT=TLEFT-TF

161 IF(TALGTLTILEFT) TA=TILEFT
162 T0 =TF

163 GO TC 110

164 114 XMA X=X

165 CXMAX=DX

166 TEMAX=TF

167 G0 TO 112

168 115 CONT INUE

169 116 (L) =X

170 F(L)=TF

171 TA=TA-0.01745/W

172 IF{X.GE.AMP) GO TO 117
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173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
2C¢9
210
211
212
213
214
215
216
217
218
219
220

228
229
230
231
232

117

2090

210

211

212

220

221

222

223

CALL CALC(TA,X,CXyAREA)
TE=TC+T A

L=L+1

GO TC-116

XFINC=AMP

CALL FIND(XFINDyZyFyLyY)
TA=Y-TO

ISET=2

ITEST1=2

L=1

CALL CALC{TA,X,CXyAREA)
TF=TC+TA

AREA=AMP*TA
BT(MTANK) =BT (MTANK)+FL*AREA
TOTM=TOTM+FL*AREA

CALL OUTPLAX DX, TF,TCTM)
Go TC 19

RIN2=0,5236

TLEFT= TF+(3.,14159/W)
IF(TF.GTLTFIN) GO 70O 3(0
TA=RIN2/W
IF(WeGE.TLPW) GC TG 211
IF(ISET.EQ.1) GO TU 2
CW=0.0

GU TQ 220

DW=DhSAVE

WIN=CWXTA
REV=(TF-TSAVE) *W/6.,28319

IREV=REV+ADJ

REM=REV +ADJ-IREY

ADJ=REM

W=W+WIN

TA=RIN2/W

L=1

TSAVE=TF

WN=S5 CRT {SPRING/TCTM)

RATIC=W/WN

Cx0=CX

XG=X

10=TF

WD=({SQRTU1.0-ZETA%%2)) *uN
FACT=140/(SQRT({1.N~RATIC*%2) %%2+(2%ZETA¥RATID )%%2))
PHI=ATAN({2 0% ZETA*RATIC)/ (1. 0-RATIO*%2))
CON={R*W*WXFACT)/SPRING

CALL CALCA(TAX,CX,ARES)

TF=T0+TA

TFIDXeGT oMU JAND. ABS{X) W LE.D.000N1) GO TO 236
IF(X LT .—AMP +ANDs CXoGTL0G.0:005) GO TO 227
IF(XeLTeofi ANDeL.EQ.1) GO TO 223

GO TC 225

CALL OQUTP2(X DX ,TF)

TO0=TF

X0=X

DXC=DX

IFCCTF+.5236/W)«GT. TLEFT) GO TO 224

IFCISET «EQ.1) GO TO 210

GU TC 222

TA=DN8T727/4%

GO TC 222

Z{L) =X
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233
234
235
236
237
238
23¢
240
241
242

243
244
245
246
247
248
249
250
251

252
253
254
255
256
257
258
259
264
261
262
263
264
265
266
267
268
269
271
271

272

273
274
275
276
277
278
275
238N
281

232
283
234
265
286
287
288
239
29¢

291
292

226

230

231

[N
w
[3V)

233

235

FIL)=TF

TA=TA=-1.01T745/ W
IF(XeLEoe) GG TO 226
L=L+1

CALL CALCA{TA,XyCX,AREA)
TF=T0+TA

GO TO 225

XFINC=C .0

CALL FIND(XFINDsZsFyl,yY)
TA=Y-TU

L=1

GO TO 222

MIN=1

XMIN=0.0

IF(XoGE.=(AMP+N,1302)) GC TO 230

Z(L)=X

F(L) =TF

TA=TA~1:,01745/%

IF(X GF.-AMP) GO TO 225
CALL CALC(TA,X4DXs8RER)
TF=TO+TA

L=L+1
GO TC 228
XFIND=-AMP

CALL FINC{(XFINDyZyFylLyY)
TA=Y-TU

L=1

CALL CALC(TA,X,LCXyAREA)
TF=T(+TA

TA=0.1349/4

X0=X

DXG=DX

10=TF

CALL CALC(TA4XsDXyAREA)
TF=TC+TA

IF(X.GT.~AMP) GC TC 234
CONT INUE

IF{XLTJXMIN) GC TC 222
IF{XeGEXMIN JANDe MINGTS1)
CALL UUTP2(XMIN,DXAIN, TEMIN)
MIN=2

GO TC 230

X4 IN=X

OXMIN=DX

TEMIN=TF

GO TC 236

Z{L) =X

FIL)=TF

TA=T A= 1745/ 4
IF{XLEWa=AMP) GU TC 235
CALL CALC(TAWX4UXyAREA)
L=L+1

GU TO 234

XFINC=-AMP

CALL FINDIXFINDGyZyFelyY)
TA=Y=-T10}

ISET =2

ITESTZ=2

L=1

CALL CALC(TAWX,CXyAREA)

bo

GO TO 230



293 CALL QUTPZ{XDX4TF)

294 GU TO 210
295 236 CALL QUTP2(X DX ,TF)
296 IF(ITEST2.EQ.1) ISET=1
297 ITESTI=1
298 L=1
299 GO TC 19
300 360 CONT INUE
301 END
END OF FILE
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$LIST SuB

1 SUBRCUTINE CALC(TA,X ,DX,AREA)
2 LIMENSION BT(3)
3 COCMMON/VAR/TOy TSAVE, W ,PFI,G4y XO9CON9BTyUNBAL yZETA yWNyDXO,
4 1 WD,ADJDW
5 RAC=(TO-TSAVE ) *W
6 REV=RAD/6.28319
7 IREV=REV+ADJ
8 REM=REV+ADJ-IREV
3 BETA=REM*6,28319
10 THETAl=BETA-2.618-PHI
11 THETA2=BETA+]1.57(8-PHI
12 THETA3=BETA-0.5236-Pt+1
13 THETA4=BETA+1.5708~G4-FHI
14 S1=SIN{THETAl)
15 S2=SIN{THETA2)
16 S3=SIN(THETA3)
17 S4=S IN{THETA4)
18 CUN2={CON%DW) / (w%%2)
19 C1=COS(THETALl)
20 C2=CCS(THETA2)
21 C3=CCS(THETA3)
22 C4=COS{THETA4)
23 Al=XC-CON*(BT{1)*S1+RT (2 )%S2+BT(3) *S3+UNBAL*S4)+CON2*
24 1 (BTUL)*C1+B8T(2)%C2+8T({3)*C3+UNBAL*C4)
25 A2=(A1*ZETA®WN+DXU-CON*W*(BT( 1)%C1+BT(2)*%C2+RT(3) %*C3+UNBAL*C4))
26 1 /WD~ (CON2*WX (BT (1)*S1+BT(2)%S2+BT{3)%S3+UNBAL%*S4)}) /WD
27 WT=W*TA
28 SWI=SIN{WT+THETAl)
29 SW2=SIN{WT+THETAZ2)
30 SKH3=SIN(WT+THETA3)
31 SWa=SIN{(WT+THETA4)
32 CWl=COS{WT+THETAL)
33 CW2=COSIWT+THLTA2)
34 CW3=COS(WT+THETA3)
35 CWa=COS{WT+THETAS)
36 SWC=SIN(WDXTA)
37 CuWD=COS (WD%*TA)
38 EXP=2471828%%( ZETAXWNRTA)
39 STERM=BT (1 )*SW1+BT(2)*SW2+BT( 3)*SW3+UNBAL*SW4
40 CTERM=EBTLL)*CWL+BT(2)%CW2+BT (3 )*CW3+UNBAL%C W4
41 X= (A1*XCWD+A2%SWD ) /EXP+CONSSTERM=CON2%XCTERM
42 OX=(-ZETA*WN* (AL *CWD+AZ*SWD )+ WU (~AL%SWO+A2%CW0 ) ) JEXP+CON* W
43 1 CTERM+CONZ*=WkSTERM
44 AREA=(,5%({ XO+X ) ¥TA
45 RETUEN
46 END
47 SUBROUT INE TANK(TFyTSAVE Wy ADJyMTANK,TLEFT)
48
49 REV = [(TF-TSAVE)*W)/6.28319
50 IREV=REV+ADJ
51 PEM=REV+ADJ~IREV
52 IF{REM,GE« (16 399) REM=D,0
53 IF{REM.GE.D4333) GG TO 11
54 MTANK = ]
55 TLEFT=TF+{143333-REM)*6,28319 /i
56 GO TC 14N
57 11 IF(RENM,GEL.4666) GU TO 12
58 MTANK = 2
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59 TLEFT=TF+( s666T-REM) %6.28319/¥%

60 GO TC 184

61 12 MTANK = 3

62 TLEFT=TF+(l.0 -REM)*%6,28319/W

63 100 CONTINUE

64 RETURN

55 END

656 SUBRUUTINE OQUTPLIXyDXyTF2TCTM)

67 DIMENSTON BT (3)

68 CCMMON/VAR/TCyTSAVEy Wy PEI G4y XO 4 CONy BT yUNBAL » ZET Ay WNy DX0y
69 1 WD ,ADJ,DW

1C CCMMON/QUT/TL1,T2473,74

11 IF(TleEQeDeD) GO TO 300

12 IF{TF.GTT1 LAND. TF.LT,T2) GO TO 45D
73 IF{TF.6T.T3 LANL. TF.LT.T4) GO TO 450
74 300 CONT INUE

75 RPM=W¥61) 410/ 6.28319

76 WRITE{6 470 ) TFyXyDXyBT(1)48T(2)yBT(3),TOTM,RPM,PHI
17 400 FORMAT{FlUea442F1Nu54y4F 10 7yFB8434F8e4)
78 45 CONT INUE

79 RETURN

89 END

81 SUBROUT INE OQUTP2(XyDX,TF)

82 CIMENSTON BT (3)

83 CUOMMON/VAR/TO sTSAVE sW e PHI G4y XUy CONy BT yUNBAL 4ZETA4WN,DX0y
84 1 WD,ADJ, DW

85 COMMON/QUT/T1,72,73,74

86 IF(T1lecQefla () GU TO 303G

87 IF{TF.GT Tl JANDe TFLLT,T2) GO TO 450
88 IF(TFeGTaT3 ANDe TFLTT4) GO TQ 450
89 3C0 CONT INUE

90 RPM=W*6(0/6.,28319

91 WRITE(64410) TF4X4DX yREN,4PHI

92 410 FORMATIF1Ns492F1045440X,F8s34F 844)

93 4510 CONT INUE

S4 RE TURN

95 END

96 SUBRCUT INE FIND(XFINLC,yZyFyl,yY )

97 DIMENSION Z{5() ,F(57)

98 R1=AES{Z(L)-XFIND)

99 LL=L~-]

100 R2=ABS{Z{L)-2(LL))

101 CT=ABS{F{(L)-F(LL))
102 Y=F(L)+{R1/R2)*%DT

133 RE TURN
104 END
END OF FILE



$RUN SPTINDBJ+SUBDBJ
EXECUTION BEGINS

TIME
0.8020
0.8133
0.8267
0.8400
0.8533
0.8667
0. 8800
0.8933
0.9067
0.9200
0.9333
0.9457
0.9600
0.9733
0.9867
0.9979
1,0311
1.0642
1.0971
1.1298
1.1625
1.1950
1.1957
1.1971
1.2101
1.2230
1.2360
1.2489
1.2619
1.2747
1.2876
1.3005
1.3133
1.3261
1.3389
1.3517
1.3645
1.3772
1.3887
1.4204
1.4519
1.4833
1.5146
1.5458
1.5769
1.5781
1.5905
1.6029
1.6152
1.6276
1.6399
1.6522
1.6645
1.6767
1.6890
1.7012

X
0.00033
0.00236
0.0042°
0.00602
0.00748
0.00862
0.00937
0.00971
0.00963
0.00914
0.00825
0.00701
0.00546
0.00367
0.00171

-0.00000

-0.00475

-0.00857

-2.00995

-0.00878

-0.00516

-0.00011

-0. 00000
0.00023
0.00235
0.00438
0.00622
0.00781
0.00995
0.00990
0.01032
0.01030
0.00982
0.00893
1.00763
0.00601
0.00410
0.00199
0. 00000

-0.00534

-0.00932

-0.01085

-0.00948

-0.00552

-0.00001
0.00022
0.00253
0.00475
0.00678
0.00851
0.00987
0.01079
0.01125
0.01123
0.01072
0.00975

QUTPUT LISTING

5=%SJURCE* 6=%SINK*

DX
0.15379
0.14945
0.13833
0.12086
0. 09807
0.07121
0.04153
0.01019

-0.02155
=3.05229
-0. 08057
-0.10524
-0.12584
-0.14148
-0.15070
-0.15284%
-0.13396
-0, 08237
0.00008
0.07639
0. 14192
0.16360
0.16368
0.16379
0.16082
0. 15057
0.13329
0.10984
0. 08150
0.04961
0.01548
-0.01953
-0.,05398
-0.08627
-0.11500
-0, 15861
-0.1708¢4
-0.17494
-0.15342
-0.09045
-0.00079
0.09060
0.15999
0.18734
J.18746
0. 18435
0.17314
0.,15352
0.12632
0.39336
0. 05666
0.01783
-0.02189
-0.06113

TANK 1
0.0
0.0000031
0.00001 06
0.0000224
0.0000378
0.0000561
0.0000766
0.00009383
0.0001204
0.0001418
0.0001616
0.0001616
0. 0001616
0.0001616
0.0001616
0. 0001616

0.0001616
0.0001644
0.00C1719
0.0001836
0. 0001991
0.0002177
0.0002386
0. 0002609
0.0002835
0.0003056
0.0003261
0.0003261
0.0003261
0.0003261
0.0003261
0.0003261

0.0003261
0.0003290
0. 0003367
0.0003489
0.0003650
0.0003843
0. 0004060
0.0004292
0.0004527
0. 0004757
0.00049T71

TANK 2
0.0
0.0

e ® g & o o 9
OO0V DODOD

ODDOODOOD

H

0.0000174
0.0000316
0. 0000420
0.0000481
3.0000498

0.0000498
0.0000498
0. 0000498
0.0000498
0.0000498
0. 0000498
0.0000498
0.0000498
0. 0000498
0.0000498
0. 0000498
0.0000679
0.0000828
0. 0000938
0.0001004
0.0001024

0.0001024
0.0001024
0.0001024
0.000102%
0. 0001024
0.0001024
0.0001024%
0.0001024
0.0001024
0. 001024
0.0001024

Ly

TANK 3
0.0
3.0
0.0
0.0
D.0

e & & & o b+

COD0OODOODVO

0. 0000000
0. 0000000
N. 0000000
0. 0000000
0.0000000
0. 0000000
0. 0000000
0.0000000
0, 0000000
0. 0000000
0.00030900
0. 0000000
0.0000000
0. 0000000
0. 0000000
0.0000000

0, 0000000
0.0000000
0. 0000000
0.0300000
0. 0000000
0. 0000000
N.0000000
0., 0000000
2.0000000
0. 0000000
0. 0000000

TOT MASS
0.5181347
0.5181378
0.5181453
0.5181571
0.5181724
0.5181907
0.5182112
0.5182329
0. 5182549
0.5182762
0.5182960
0.5183133
0.5183275
0.5183379
0.5183440
0.5183456

0.5183456
0.5183484
0.5183558
0.5183675
0.5183830
0.5184016
0. 5184225
0.5134447
0.5184674
0.5184894
0.5185099
0.5185280
0.5185428
0.5185538
0.5185604
0.5185623

0.5185623
0.5185652
0.5185729
0.5185850
0.5186011
0.5186204
0.5186421
0. 5186653
0.5186888
0.5137117
0.5187331

RPM
150.000
150. 000
150.000
150,000
150.000
150.000
150.000
150.000
150.000
150. 000
150.000
150,000
150.000

150.000

150. 000
150.000
150,637
151.271
151.902
152.530
153.1556
153,780
153,780
153.792
153,819
154.067
154,315
154,562
154.809
155. 056
155.302
155.548
155.794
156.039
156,283
156.528
156,772
157.015
157,258
157.8{;?)
158.470
159.073
159, 673
160.271
160,857
161,460
161.484
161.720
161.956
162.192
162.427
162.662
162.897
163,132
163.366
163.599



J. HOW TO USE THE PROGRAM

The following are the commands required to do a typical run. It is
assumed the program has been compiled and is in object file OBJ. For com-
pleteness the run will start with masses in the ballast tanks, and it will be
desired to blank out some of the object.

$RUN OBJ 5 = *SOURCE* 6 = *SINK*

&DATA RPM = 150., OFFBAL = 5., G4 = O., TFIN = L4O., DEGREE
ZETA = 0.1., INOUT = 3%, FLOW = 0.695, TOTWT = 200., SPRING
RPMPS = 2., TOPRPM = L450., AMP = 0.7, ITANK = 2 &END
&OUTPUT Tl = 15., T2 = 3%0., &END

&TANKIN BT = 0.002, 0., 0.00L4 &END

$ENDFILE

10.,
500. ,

It

Note the input is name listed and starts in column 2 on the card. If
INOUT = 1, this would mean no &OUTPUT card. If ITANK = 1, no &TANKIN card
would be read.

K. RESULTS AND CONCLUSIONS

The results of two runs have been reduced to amplitude and speed vs.
time. These are shown in Figures 15 and 16. The two runs are identical
except for the flow rate. Figure 15 has a flow rate comparable to the
present washer-dryer and in Figure 16 this has been increased by 50%. As
might be expected, the higher flow rate allows the machine to attain maximum
spin speed faster. In interpreting the results of various simulation runs,
the differences between the actual machine and the computer model must be
kept in mind. The model does not incorporate the air clutch speed control
system. A direct simulation of this system was considered outside the scope
of this project. Therefore, it was replaced by an ON-OFF constant accelera-
tion system whereby the tank is either accelerating at the specified input
rate or is not accelerating at all. The criterion being whether or not the
displacement on the prior half cycle was greater than AMP. As a result it
would not be expected that the simulation would yield the same time-speed
characteristic as the actual machine, but comparison of two simulations as in
Figures 15 and 16 might be expected to parallel changes in machine hardware.

As described above it is possible to vary certain parameters and inves-
tigate the effects of hardware changes on the machine. It is also possible
to investigate other possible spinning schemes. One such scheme which was
tried was to balance the load at low speed and then spin it at a speed above
critical. This involves two separate runs. First the off-balance load was
balanced at 150 rpm for LO sec with 5 gal/min flow rate. The suspension in
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this scheme was softened to 500 lb/in. which gave a critical speed of 300 rpm
assuming the same machine weight. Then with the final masses in the ballast
tanks given as input, a run was made starting at 150 rpm accelerating at 50
rpm/sec to 600 rpm with no flow rate. The value for { was .1l in this run and
at critical an amplitude of .5 in. was reached. The limitation of the program
in simulating a soft suspension such as this is, of course, the fact that the
simulation has 1 degree of freedom. In a soft suspension system the tank will
be allowed vertical as well as horizontal deflection. But it would be possi-
ble to make changes in the program to take into account the effects of coupling
between the coordinates. Instead of calling on the subroutine CALC, a vibra-
tion program such as VIB which handles multi-freedom systems could be called.
It would return the horizontal deflection which would then be fed back into
the balance control as is presently done. Thus it would be possible to incor-
porate into the present ballast tank simulation a multi-freedom model.
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A COMPUTER SIMULATION OF A VENTLESS CLOTHES DRYER
USING A REFRIGERATION CYCLE

Kenneth J. Timmer
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1. OBJECTIVES

The purpose of this project was to develop a digital computer program to
simulate the behavior of a closed-loop or ventless clothes dryer. This system
passes the dryer exhaust air over the evaporator and condenser coils of a re-
frigeration cycle to change the properties of the air in the feedback portion
of the closed-loop system (Figure 1).

The principal reasons for developing this computer simulation were to
determine the feasibility and capability of such a clothes dryer system and
to aid in the actual design of such a system.

2. RESULTS

The computer simulation program consists of a main program which performs
the principle calculations, a psychrometric subroutine which calculates the
thermodynamic properties of the air-vapor mixture, a plotting subroutine, and
a somewhat modified version of the dryer simulation subroutine package developec
by Whirlpool.

The general results of the simulation indicate that such a clothes dryer
system is feasible. The system performs the primary objective of drying
clothes and does so in a reasonable amount of time. The system has the ad-
vantages of not requiring any vent and operating on normal 110-volt household
current. The simulation results show that although the drying time required
is about 36% greater than with the conventional electric dryer which requires
a 220-volt source and uses a 5600-watt heater, the amount of power required
is only 1/5 of that required with the conventional system. Figure 2 compares
the power and drying time required of a 5600-watt heater system with the simu-
lated close-loop refrigeration system. The figure also includes a 1200-watt
heater system which is approximately the wattage required by the refrigeration
system, and a system using a refrigeration system but in an open-loop config-
uration. A schematic diagram of an open-loop system is given in the Appendix.

3. BACKGROUND

The drying of clothes in an electric clothes dryer is accomplished by
passing warm dry air over the clothes. The water in the clothes is evaporated
and carried out of the dryer by the air stream. In a conventional dryer this
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Figure 1. Schematic diagram of ventless dryer system.
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alr is exhausted to the outside and a fresh quantity of dry air is constantly
being drawn into the dryer. 1In order to operate a clothes dryer using a vent-
less system, some method is needed to remove water from the air stream to keep
the air going over the clothes dry enough to pick up moisture from the clothes.
To condense water the air-vapor mixture must be cooled below the dew point of
the mixture. This can be accomplished with a variety of types of heat ex-
changers. However, once the air-vapor mixture has been cooled below its dew
point and water has been condensed out to reduce its specific humidity

(1bm Hgo/lbm air), it must then be reheated to reduce its relative humidity
and enable it to continue to absorb moisture from the clothes. This requires
another heat exchanger or electrical heating element.

If these two heat exchangers are operated separately, the energy obtained
when the air-vapor mixture is cooled is merely dissipated and a significant
amount of additional energy is required to heat the air. This brings us to
the investigation of using a refrigeration cycle in a ventless clothes dryer.
Not only does a refrigeration cycle have the necessary heat exchangers—the
evaporator for cooling and condensing water and the condenser for heating—
but it absorbs the energy obtained in cooling the air at the evaporator and
turns it to energy used in heating the air at the condenser. Therefore, it
is possible to operate such a system with only a fraction of the power required
with separate heat exchangers.

L, BASIC EQUATIONS

It is possible to analytically represent the changes in the air-vapor
mixture as it passes over the evaporator and condenser coils of the refregera-
tion cycle with energy balance equations once the amount of heat transfer at
each coil is known.

The terms which are necessary for these equations are:

Q. - heat transfer at the evaporator (Btu/hr)
Q, - heat transfer at the condenser (Btu/hr)
m - mass flow of air (1lbm/hr)
h - enthalpy of air (Btu/lbm)

w - specific humidity of air (1bm HEO/lbm air)
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hv - enthalpy of vapor (Btu/lbm)

hl - enthalpy of liquid (Btu/lbm)

If we denote regions A, B, and C as in Figure 1, the basic equations of
the simulation are:

At the evaporator

= + - h

hA + w h, +Q /m hB + a% hVA (U% wB) 1 (1)
\—'\/_'-/ N’ - N -/ - ~ J
ENTHA + -QEVAP = ENTHB + AE

ENTHB = ENTHA - QEVAP - AE (2)
At the condenser
hy + @, hy *Q /m = h, * o hy (3)
\___NV,___J \~,_/ k___\v,___J
ENTHB + QCOND = ENTHC

ENTHC = ENTHB + QCOND (%)

In these two equations the energy quantity of the air and vapor in any
particular region can be lumped together to form an ENTH quantity which refers
to the energy of the air-vapor mixture. These energy terms can be found di-
rectly using a psychrometric chart. The AE term is very small relative to
the other terms in equation (2) and is assumed to be a constant fraction of
ENTHB ( see Appendix). The mass flow of the air can be calculated from the
given volumetric air flow in ftj/min and the density of the air vapor mixture
which is also found from the psychrometric chart. This leaves Qp and Qn as
the only terms to be determined.

During much of the initial work on the program these two terms were given
constant values based on what heat transfer quantities could reasonably be
expected with a compressor which operates on 110 volts. The values used during
this work were 11,000 Btu/hr heat transfer at the evaporator (Qp), and 15,000
Btu/hr heat transfer at the condenser (Qg) using Freon-22 as the refrigerant.



5. ANALYSIS OF THE REFRIGERATION CYCLE

The type of refrigeration cycle used in the simulation was a vapor-
compression cycle using a refrigerant such as Freon-22 as the working fluid.
In such a system, heat is transferred to the refrigerant in the evaporator,
work is done on the refrigerant in the compressor, and heat is transferred
from the refrigerant in the condenser. The temperature-entropy diagram for
this system is shown in Figure 3.

The amount of heat transferred from the refrigerant to the air in the
condenser is the sum of the heat transferred to the refrigerant from the air
in the evaporator and the work done on the refrigerant in the compressor. 1In
the closed-loop dryer the same air stream passes over the evaporator and con-
denser. Therefore, since the heat transferred to the air is always greater
than the heat transferred from the air, the temperature of the air stream
will be constantly increasing.

Because of this constant temperature buildup it is erroneous to assume
constant heat transfer quantities. Increasing air temperatures cause increasing
refrigerant temperatures and these in turn cause changes in the heat transfer
quantities and amount of compressor work required. Published compressor
curves prepared by pump manufacturers show the effect of evaporator temperature
and high side, or condenser, pressure on the capacity or heat transfer of the
evaporator and on the power required in the compressor (see Appendix for
example). The high side pressure in turn is directly related to the tempera-
ture of the refrigerant in the condenser. These compressor curves can be re-
duced to equation form to be used in the computer simulation.

To determine the effect of rising air temperatures on the properties of
the refrigerant and thus be able to calculate heat transfer quantities, a
series of constraints were used in the computer program. With the use of
this part of the program the properties of the air and refrigerant are con-
stantly checked and as the air temperatures increase the refrigerant tempera-
tures are incrementally increased and new heat transfer quantities are calcu-
lated and used in the basic system equations.

The constraints used are:

1. The temperature of the refrigerant in the evaporator increases as
the enthalpy of the air passing over the evaporator increases. This
relationship is found from McQuay refrigeration coil data. A designed
air enthalpy value is chosen by the user of the simulation. When the
enthalpy of the air increases above this chosen value, the evaporator
temperature increases at a rate determined from the McQuay data.
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2. 'The temperature of the refrigerant in the condenser increases as the
temperature of the air over the condenser increases. A designed tem-
perature for air going into the condenser is chosen by the user. When
the air temperature increases above this value, the condenser tempera-
ture also increases at a rate determined from the McQuay data.

3. The amount of heat transferred in the condenser is limited by the
temperature of the refrigerant in the condenser. A maximum tempera-
ture of 5° less than the condenser temperature is defined. The maxi-
mum amount of heat transferred is then that amount which raises the
alr temperature to the maximum just defined. Since this has the
effect of increasing the amount of energy remaining in the refrigera-
tion cycle, an incremental temperature difference chosen by the user
is added to the refrigerant temperatures of both the condenser and
evaporator.

4. As indicated above, the condenser temperature and high side pressure
are directly related. The high side pressure is limited by the capa-
bility of the compressor to pump the refrigerant above a certain maxi-
mum value without burning out. This maximum pressure is chosen by
the user based on knowledge of the refrigerant and compressor being
used. When the pressure in the condenser reaches this maximum value
the capacity or heat transfer quantities that the evaporator and
condenser have at that time are assumed to remain constant for the
remainder of the drying time. Possible suggestions to accomplish
this steady state period include bleeding enough air from the dryer
exhaust and replacing it with room air to reduce the energy content
of the air the same amount as it is increased as 1t passes over the
evaporator and condenser (see Appendix for this calculation).

This series of constraints was based on the best information I could find
in the time available. It is quite possible, however, that as a prototype
such a system is tested better relationships between air and refrigerant prop-
erties will be found. These relationships can then be put into the simulation
without destroying the basic logic of the program.

6. DISCUSSION OF MAIN PROGRAM

The simulation of this ventless clothes dryer is a combination of the
basic equations discussed and the four constraints necessary in determining
the capacities of the evaporator and condenser of the refrigeration cycle.
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The input data which must be read into the program are:

(1) TDB = Ambient dry bulb temperature [°F]
(2) TWB = Ambient wet bulb temperature [°F]
(3) CLOAD = Dry weight of the clothes load [1b]
(4) CMOIST = Initial moisture content of the clothes as a percen-
tage of the dry weight [%]
(5) CTEMP = Initial clothes load temperature [°F]
(6) CFM = Volumetric flow of the air-vapor mixture in the
closed-loop [ft)/min]
7) HSP = Initial high side pressure of the refrigerant [psig]
g
(8) EVTP = Initial temperature of the refrigerant in the evapo-
rator [°F]
(9) HSPMAX = Maximum high side pressure of the refrigerant [psig]

(10) HMAX = Value of the enthalpy of the air-vapor mixture going
into the evaporator used in the refrigeration cycle
constraints [Btu/lbm]

(11) TBMAX = Value of the temperature of the air-vapor mixture
going into the condenser used in the refrigeration
cycle constraints [°F]

(12) CONADD = Temperature added to the temperature of the refrigerant
in the condenser as part of the constraints [°F]

(13) EVADD = Temperature added to the temperature of the refrigerant
in the evaporator as part of the constraints [°F]

(14) IPLOT = Control integer governing the number of plots printed
out:

O = no plots
1 = one plot
2 = two plots
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The meaning of symbols of other properties used in the program are:

(1)

(10)

(11)

(12)

MMOIST

WATTS

TDBA, TDBB, TDEC

TWBA,

TWBB, TWBC

HUSA,

HUSB, HUSC

DENSA, DENSB, DENSC

ENTHA, ENTHB, ENTHC

MDAA, MDAB, MDAC

DENSEV, DENSCO

MDAEVA, MDACON

CONTP

QOUT

Moisture content of the clothes
[1bm water ]

Wattage of the heating element [watts]
Dry bulb temperature

mixture in region A,
tively [°F]

of the air-vapor
B, and C, respec-

Wet bulb temperature
mixture in region A,
tively [°F]

of the air-vapor
B, and C, respec-

Specific humidity of the air-vapor
mixture in region A, B, and C, respec-
tively [lbm Hy0/lbm dry air]

Density of the air-vapor mixture in
region A, B, and C, respectively,
[1bm dry air/ftJ]

Enthalpy of the air-vapor mixture in
region A, B, and C, respectively
[Btu/lbm dry air]

Mass flow of the air-vapor mixture in
region A, B, and C, respectively
[1bm dry air/hr]

Average density of the air-vapor mixture
in the evaporator and condenser, respec-
tively [lbm dry air/ft’]

Average mass flow of the air-vapor
mixture in the evaporator and condenser,
respectively [lbm dry air/hr]

Temperature of the refrigerant in the
condenser [°F]

Heat transferred in the evaporator
[Btu/hr]
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(13) POWW = Power required in the compressor [watts]

(14) PowB = Energy required in the compressor [Btu/hr]
(15) QADD = Heat transferred in the condenser [Btu/hr]
(16) QEVAP = Energy transferred in the evaporator

[Btu/lbm dry air]

(17) QCOND = FEnergy transferred in the condenser
[Btu/lbm dry air]

(18) TMAX = Maximum temperature of the air out of the
condenser [°F]

(19) HDIFF = Enthalpy difference [Btu/lbm dry air]

(20) TADDE = Temperature to be added to the refrigerant
in the evaporator [°F]

(21) TADDC = Temperature to be added to the refrigerant
in the condenser [°F]

Minimum temperature of the refrigerant in
the condenser [°F]

(22) CONMIN

i

(23) EVIPIN, CONIN Initial temperature of the refrigerant in

the evaporator and condenser, respectively

[°F]
(24) TIME = Actual time the dryer has been operating [hr]
(25) DRATE = Rate at which water is being removed from

the clothes [lbm Hgo/hr]

(26) HOR = Variable on the horizontal axis of the printed
plots

Variables on the vertical axis of the first
and second plots, respectively

i

(27) FUNC1l, FUNC2

PROGRAM DISCUSSION
Numbers correspond to numbers on the flow diagram which follows.

(1) To begin the program the input data are read in. These values can
be put on cards or kept in the memory file.
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(2) The initial moisture content of the clothes is calculated from the
input data.

(3) The DRYER subroutine requires a value for WATTS, but since this
simulation does not include a heating element the variable is set equal to
zero. The air going into the evaporator is set equal to the ambient dry and
wat bulb temperatures.

(4) The PSYCKT subroutine is called to calculate the other properties of
the air in region A and the mass flow of air is calculated.

(5) Enough information has been calculated to call the DRYER subroutine
to initialize the time and give initial values to the properties of the clothes.
The DRYER subroutine does not perform any calculations to simulate drying of
the clothes at this time.

(6) 1Initial values of zero are given to all the control integers and
initial values of the temperature of the refrigerant in the evaporator and
condenser are calculated. The relationship of condenser temperature to high
side pressure would differ with a different compressor or refrigerant.

(7) The amount of heat transferred from the air-vapor mixture to the
refrigerant in the evaporator is calculated:

QOUT = 30(300 - HSP) + .281(800)(EVTP - 35) + 9200

This equation is one of a series of equations derived by the Air Conditioner
Division of Whirlpool in Evansville, Indiana from actual compressor curves.
This particular equation is for a Tecumseh Bl613 compressor using Freon-22.

(8) Based on the evaporator temperature and high side pressure, the power
required at the compressor is calculated, using a relationship derived from
this particular compressor curve.

POWW = [L.35 + .06(HSP - 260) J(EVTP - L3.5) + 1.75(HSP - 260)

+ 1030
This equation is accurate when:

EVTP > U3.5 °F, and

HSP > 260 psig
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(9) The power at the compressor is limited to a maximum of 1200 watts
and is changed from [watts] to [Btu/hr] with the conversion constant of 3..413.

(10) The amount of heat transferred from the refrigerant to the air-
vapor mixture in the condenser is calculated as the sum of the heat transferred
at the evaporator and the power added at the compressor. This assumes no
heat losses in the refrigeration cycle.

(11) This block of equations calculates the properties of the air-vapor
mixture as it passes the evaporator, corresponding to equations (1) and (2)
of the Basic Equations section. The amount of heat transfer in [Btu/lbm] is
calculated using QOUT and the density of the air in region A. A value for
the enthalpy of the mixture coming out of the evaporator is then found by sub-
tracting this amount of heat transfer from the enthalpy of the mixture going
into the evaporator.

ENTHB = ENTHA - QEVAP [Btu/lbm]

The mixture coming out of the evaporator is assumed to be at saturation. The
PSYCKT subroutine is called to get the density of the mixture in region B and
an average density and mass air flow in the evaporator is calculated:

DENSEV (DENSA + DENSB)/2

MDAEVA

11

CFM x DENSEV x 60 [lbm/hr]

Using this average mass air flow, the heat transfer and resulting enthalpy is
recalculated. To compensate for the amount of energy lost due to the condensed
liquid which is drained away, a constant fraction of the enthalpy is subtracted.

ENTHB = ENTHB - .0085 ENTHB

The enthalpy of the condensed liquid is assumed to be the enthalpy of the
saturated liquid at the same temperature. Since this value is very small rela-
tive to ENTHB this is an adequate approximation. The PSYCKT subroutine is
called to calculate the remaining properties of the ailr-vapor mixture in region
B.

(12) This block of equations calculates the properties of the air-vapor

mixture as it passes the condenser, corresponding to equations (3) and (4) of
the Basic Equations section. The logic is identical to that of the evaporator
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vZcck except that here heat is added to the mixture and there is no condensed
water to deal with. Also, the specific humidity of the mixture is assumed to
remain constant over the condenser. With this value of specific humidity and
the calculated value of enthalpy the PSYCKT subroutine is called to get the
remaining properties of the air-vapor mixture in region C.

The next section of the program constitutes the application of the four
constraints discussed in the previous section of this report. As these con-
straints necessitate the change of the refrigerant temperatures or pressure,
new values for the heat transfer quantities are calculated and used in blocks
(11) and (12) above.

(13) The control integer ISS remains zero until the high side pressure
reaches the maximum value permitted, it is then set equal to 1. When this
occurs, the only constraint checked for the remainder of the drying time is
that the temperature of the air-vapor mixture going into the dryer is no
higher than 5° less than the condenser temperature.

(14) If either the enthalpy of region A or the temperature of region B
is higher than the stipulated design values, the properties of the refrigerant
are changed. When the enthalpy in region A becomes higher than the designed
value the evaporator temperature is increased by an amount proportional to
the enthalpy difference.

HDIFF ENTHA - HMAX

TADDE

1.7 x HDIFF

The constant of proportionality of 1.7 is determined from the McQuay data
curves, samples of which are in the Appendix. When the temperature in region
B becomes higher than the designed value, a check is made on the condenser
temperature to ensure that it has correspondingly increased. When either or
both of these changes in refrigerant temperatures is made, the heat transfer
values are recalculated., The constraints and subsequent alterations of this
section are checked three times before the program proceeds.

(15) The temperature of the air-vapor mixture as it leaves the condenser
can never be greater than 5° less than the temperature of the refrigerant in

the condenser. If an intermediate value violates this constraint the heat
transfer in the condenser is reduced to the point where the constraint is met.

QADD = QADD - QDIF
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Since this reduction in heat transfer will increase the temperature of
the refrigerant in the cycle, an incremental temperature difference chosen
by the user is added to the temperature of the condenser and evaporator.

1l

CONDTP CONDTP + CONADD

EVTP

EVTP + EVADD

Using these new temperatures the heat transfer in the evaporator is also re-
calculated.

(16) The final constraint is to limit the high side pressure of the
refrigeration cycle to a maximum value chosen by the user in conjunction with
the capabilities of the compressor and refrigerant being used. When the
pressure reaches this maximum, the control integer ISS is set equal to 1 and
the heat transfer values and refrigerant properties that exist at that time
remain constant for the remainder of the drying time.

(17) Now that all the air-vapor mixture properties and refrigeration
cycle properties have been made compatible with each other, these values are
printed out in a temporary file which can be listed out when the execution of
the program has terminated. These values are printed out every .3 min of real
time until the maximum high side pressure has been reached.

(18) The DRYER subroutine is called to perform calculations representing
the drying of the clothes based on the inlet conditions and returns to the
main program the enthalpy and specific humidity of the air-vapor mixture coming
out of the dryer in addition to the new properties of the clothes load.

(19) The PSYCKT subroutine is called to calculate the remaining properties
of the air-vapor mixture. The mass flow of the dryer exhaust and drying rate
of the clothes are also determined.

(20) Every ten times the DRYER subroutine is called (or every 3 min),
the properties of the clothes, the air-vapor mixture in the three regions, and
the refrigeration cycle are printed out.

(21) A maximum of two arrays are filled with the values of two properties
of the system to be plotted against time. The properties to be plotted are
set equal to FUNCl and FUNC2. 1In the flow diagram these properties are arbi-
trarily chosen to be TDBA and CTEMP. A value is put into each array every
time the values of the system are printed out, or every 3 min.



(22) The moisture content of the clothes is checked and the simulated
drying system keeps operating until the water content of the clothes is less
than or equal to 3% of the dry weight.

(23) When the clothes are determined to be "dry" the final values of
the system are printed out and the GRAPH subroutine is called to plot the
graphs that the user has chosen.

7. DISCUSSION OF PSYCKT SUBROUTINE

The subroutine performs psychrometric calculations to determine the
properties of the alr-vapor mixture. The properties used in the subroutine
are:

TDB = Dry bulb temperature [°F]
TWB = Wet bulb temperature [°F]
HUS = Specific humidity [lbm HEO/ 1bm dry air]
DENS = Density of the mixture [lbm dry air/ ftj]
ENTH = Enthalpy of the mi#ture [Btu/lbm dry air]

Other properties used in the calculations but not input or output are:

PW = Water vapor pressure at wet bulb temperature [in Hg]
BARO = Total pressure of air-vapor mixture [in Hg]
PVA = Partial pressure of water vapor in air [in Hg]

The equations used in this subroutine were obtained from Richard Fanson
of the Laundry Group of Whirlpool. These equations were used in the form in
which they were obtained except for modification of the value used for the
enthalpy of evaporation due to temperature variations.

The subroutine includes four cases in which one or two of the properties

are known and the others are calculated. These cases correspond to the value
of the control integer NJT.
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Case 1. The dry bulb and wet bulb temperatures are known. Since this
case is used in the program with only ambient conditions, 1050 Btu/lbm is
used for the enthalpy of evaporation which corresponds to 76°F.

Case 2. The enthalpy and specific humidity of the air-vapor mixture are
known. This case is used with the mixture as it enters the dryer. Therefore,
the value used for enthalpy of evaporation is 1035 Btu/lbm which corresponds
to 103°F.

Case 3. The dry bulb temperature and specific humidity of the mixture
are known. Since this case is used with the dryer exhaust the enthalpy of
evaporation used is again 1035 Btu/lbm.

Case L. The enthalpy of the mixture and the fact that the mixture is
at saturation are known.

8. DISCUSSION OF GRAPH SUBROUTINE

This subroutine prepares the information necessary for calling on a sub-
routine stored in the MTS Library which prints out plotted graphs. Y1MAX and
YIMIN are the maximum and minimum values of the variable to be plotted on the
y-axis of the first graph. Likewise, Y2MAX and Y2MIN are the maximum and
minimum values for the second graph.

If this program is run on a system other than that of The University of
Michigan, IPLOT must be set equal to zero and no plots will be produced.

9. DISCUSSION OF DRYER SUBROUTINE

The DRYER subroutine package which includes four subroutines was used to
simulate the actual clothes dryer portion of the system. This package was
previously developed by Whirlpool. The meanings of the symbols used as argu-
ments of the subroutine are given in the main program discussion. The control
parameter must be set equal to zero to initialize a new run and is thereafter
set equal to 1. The DRYER package controls and increments the time parameter.

One alteration of the subroutine was necessary to use it in a ventless
dryer system. An additional call to the package's own psychrometric subroutine
was needed to calculate new properties of the alr-vapor mixture entering the
dryer every time the DRYER subroutine is called. 1In a conventional dryer the
inlet air properties remain constant but in a closed-loop system these proper-
ties constantly change.
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10. EXPERIMENTAL RESULTS

To evaluate the possible capabilities of a clothes dryer system of this
type and to obtain some initial design parameters the effect of several param-
eters on the operation of the system was investigated.

The input data which were kept constant throughout these runs were:

Ambient dry bulb temperature TDB = T72°F
Ambient wet bulb temperature T™WB = 60°F
Initial clothes load temperature CTEMP = T72°F
Initial high side pressure of

refrigeration cycle HSP = 290 psig
Initial evaporator temperature EVIP = L5°F
Maximum high side pressure HSPMAX = 400 psig
Designed air temperature over the

condenser TBMAX = 60°F
Temperature added to condensor in

constraints CONADD = 3.0°F
Temperature added to evaporator

in constraints EVADD = 0.38°F

(1) In Figure 5 the effect of moisture content and load size on drying
time 1s shown. The remaining input data were:

Volumetric air flow CFM = 220 CFM
Designed air enthalpy over the
evaporator HMAX = L4O Btu/lbm
while varying the wmoisture content:
Dry weight of clothes load CLOAD = 9 1b

7
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Figure 5. Clothes load and moisture content vs. drying time.
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while varying the clothes load:

Tnitial moisture content of clothes CMOIST = 85%

(2) The effect of the volumetric air flow in the closed-loop on the
drying time required is shown in Figure 6. The remaining input data were:

Designed air enthalpy over the

evaporator HMAX = L0 Btu/lbm
Dry weight of clothes load CLOAD = 9 1b
Initial moisture content of clothes CMOIST = 85%

(3) The effect of increasing the designed air enthalpy over the evapo-
rator is an increase in the amount of time into the drying period before the
constraint which increases the evaporator temperature begins to operate.
Since an increase in the evaporator temperature causes an increase in the
capacities of the system, the longer the time before this increase begins the
longer the drying time required. This effect is shown in Figure 7 where the
remaining input data were:

Volumetric air flow CFM = 220 CFM
Dry weight of clothes load CLOAD = 9 1b
Initial moisture content of clothes CMOIST = 85%

The following is an example of the computer simulation output. The input
data are given in the printed output. The results given here are those used
to compare the simulated system to the other systems in Figure 2. Following
the program output is a listing of a temporary file containing the values of
properties in the system before the maximum high side pressure was reached.

It is evident that with the refrigerant, compressor, and resulting maxi-
mum pressure used here, the fluctuations in heat transfer at the evaporator
and condenser occur during only the first few minutes of the drying time.

The capacity of the condenser during this time is shown in Figure 8. The capa-
city drops as the condenser temperature increases and then increases as the
evaporator temperature starts increasing until the maximum pressure is reached
and the capacity remains constant thereafter. The capacity of the evaporator
follows a similar pattern.
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Figure 6. Air flow vs. drying time.
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Figure 7. Enthalpy vs. drying time.
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APPENDIX

(1) Figure A-1 is a schmatic diagram of a system where the refrigeration
system is used in an open-loop configuration. Such a system operates more
effectively than a closed-loop system because the air entering the condenser
is ambient air at approximately 50% relative humidity rather than saturated
air. The air into the dryer is also at a "dryer" state and more able to absorb
the moisture of the clothes.

An additional feature of such a system would be the possibility of using
either the cool air from the evaporator or the warm humid air from the dryer
to cool or humidify the room.

(2) Calculation of the energy lost in draining the condensed water.

This calculation is made using the data from sample output of the simu-
lation program.

General equation:

h +woh +Q/m = h_+ + -
a t OBy, *O/m R

Mass flow of air:

200 £t /min
14.8 £t5/1bm

m o= V/vx 60 x 60 = 810 lbm/hr

Heat transfer:

0 12228 Btu/hr
o/m = s Tbm/hr

= 15.1 Btu/lbm
ENTHA = 69 Btu/lbm, HUSA = .04OO lbm HEO/lbm air
Ignoring the drained water we get:

ENTHB = 69 Btu/lbm - 15.1 Btu/lbm = 54 Btu/lbm
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Figure A-1l. Schematic diagram of open-loop system.
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Since this is at saturation:
HUSB = .0295 lbm HQO/lbm air

Assume the enthalpy of the condensed liquid is the enthalpy of the satu-
rated liquid at 88°F. An approximate value for the energy of the liquid is:

(ak - a%)hz = (.0Lk0o0 - .0295) 56 = 1.1480 Btu/lbm

In the computer program, this is assumed to be a constant fraction of ENTHB:
1.1480/54 = .o212

The simplified approximation is then:
ENTHB = ENTHB - .0212 ENTHB

The value in the program listing is lower than this since it was calculated
using lower temperatures. This higher value will be useful in lengthening
the energy build-up time.

(3) Calculation of the amount of air bleed at the dryer exhaust necessary
for the system to remain at a steady state operating condition after the maxi-
mum high pressure has been reached. The values used are taken from the sample
simulation output.

Dryer exhaust conditions:

TDBA = 102.6°F, HUSA = .0OLO 1bm Hgo/lbm air
ENTHA = 69 Btu/lbm, v = 15 f£t3/lbm
relative humidity = 87%
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Ambient air conditions:

B = T72°F TWB = 60°F
ENTH = 26.5 Btu/lbm, v = 13.6 £ft3/1bm
relative humidity = 50%

Amount of energy that must be dissipated:
QADD - QOUT = 15758 - 12228 = 3,530 Btu/hr

Necessary air bleed:

o 3,530 Btu/hr ~
Mpleed ~ (69-26.5)Btu/lbm 83 Lbm/hr

° p)
= 83 lbm/m x 1L f/In o g o

Vbleed 60

Approximate amount of molsture this would add to the room:

(HUSA - HUS) m .032 1bm Hgo/lbm air x 83 lbm air/m

2.65 1bm HQO/m.

(4) Figure A-2 is a copy of the compressor curves used in the simulation.
Another compressor could be used in the simulation as long as curves such as
these were available from which to derive the necessary equations.

(5) Figure A-3 shows the McQuay data curves relating evaporator tempera-
ture to the enthalpy of the air over the evaporator.

(6) Figure A-L shows the McQuay data curves relating condenser tempera-
ture to alr temperature over the condenser.

(7) The following is a compiled listing of the main program and sub-

routines PSYCKT and GRAPH. A sample of a computer output plot and data file
are also included.
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FORTRAN IV G COMPILER MAIN 05-10-71 16:28.00 PAGE 0001

Ch etk ok tkssrkthkhir skt DRYER SIMULAT ION ok gk ok e dook e ot ook deoke e ok

Cxx *k
Cxx% THIS IS A SIMULATION OF A CLOSED-LOGP CLOTHES DRYER WHICH %%
C¥x PASSES THE DRYER EXHAUST AIR OVER THE EVAPORATOR AND *¥
C¥% CONDENSER COILS OF A REFRIGERATION CYCLE IN THE FEEDBACK %
Cx%x  LOOP. *%
Cx% *%
C%x%x THE PURPOSE OF THIS SIMULATION IS TO AID IN THE DESIGN OF *x
C% SUCH A CLOTHES DRYER SYSTEM. *%
Cxx =%
CHk THE FOLLOWING IS A LIST OF THE INPUT AND OQUTPUT PARAMETERS s%*
CHx INPUT : %
Cx* TDB - AMBIENT DRY BULB TEMP. (F) %
Cex TWB - AMBIENT WET BULB TEMP. (F) *%
C¥% CLOAD - DRY WEIGHT OF CLOTHES LOAD (LBS) *%
C* CMOIST - MOISTURE CONTENT AS PERCENT OF DRY %%
CHx% WEIGHT (%) *%
Ckxk CTEMP -~ INITIAL CLOTHES LOAD TEMP, {(F) %
C*% CFM - VOLUMETRIC AIR FLOW (CFM) %%k
Cx% HSP — INITIAL HIGH SIDE PRESSURE (PSI) *%
Ck*% EVTP — INITIAL EVAPORATOR TEMP,. (F) ¥
Cx% HSPMAX - MAXIMUM HIGH SIDE PRESSURE {PSI) *x
Cx% HMAX - DESIGNED AIR ENTHALPY OVER EVAPORATOR *%
Cxx% (BTU/LBM) *&
Cx* TBMAX - DESIGNED AIR TEMP. OVER CONDENSER {(F)*k%
Ckx CUNADD - TEMP. ADDED TO CONDENSER WHEN AIR *%
Ck% TEMP. GETS T0OO HIGH *¥
Cx*x EVADD - TEMP. ADDED TO EVAPORATOR WHEN CONADD**
Ckx* IS ADDED T3 CONDENSER %
C*% IPLOT - CONTROL INTEGER PLOTTING: **
C¥* 0 - NO PLOTS *¥
C¥x 1 - ONE PLOT *%
Cxx 2 - TWO PLOTS *%
CHx 4
C¥x QuTPUT: &
CHxx% TIME - TIME IN HRS . *%
Cxx% MMOIST - MOISTURE CONTENT OF CLOTHES (LBS) *%
C¥% CTEMP —~ CLOTHES TEMP. (F) *%
C*x% TOBA,TDBB,TOBC - DRY BULB TEMP. DOF AIR *¥
Cxx%x LEAVING THE DRYER, LEAVING THE *%
C¥x EVAPORATORy AND ENTERING THE DRYER, %
Ck % RESPECTIVELY {F) *x¥
C¥%x HUSA,HUSB,HUSC - SPECIFIC HUMIDITY OF THE * ¥
Ckx% AIR LEAVING THE DRYER, LEAVING THE *%
C*% EVAPORATOR, AND ENTERING THE DRYER, *%
CH%x RESPECTIVELY {(LBS WATER/LBS AIR) *%
Ck* DRATE - DRYING RATE (LBS/HR) *&
Cx¥ QADD - CONDENSER CAPACITY {BTU/HR) * %k
C*¥% QOUT - EVAPORATOR CAPACITY {(BTU/HR) %
Cx*x CONDTP - REFRIGERANT TEMP., AT CONDENSER %
C¥x EVIP —- REFRIGERANT TEMP. AT EVAPORATOR %
Ckx %
O ook dok kgl ol ook ofok o Rk R ok S Rk olok ik ook Sk dok Rk okl R koR kool
C

c
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FORTRAN IV G COMPILER MAIN 05-10-71 16:28.00 PAGE 0002

0001 REAL MDAB,MDACON,MDAC,MMOIST yMDAA,MDAD,MDEVA

0002 DIMENSION X{3),XDOT(3),HOR(25),Y1{25),Y2(25)

0003 COMMON Xy XDOT9HAH, HHCAP ¢ HCONV s XICRy T10By I T, THTVP , CONHT yEFF ,CPAW, T2
LyWTCLyH2,E2,CPC4G14QIN,T3D8B

0004 NAMELIST/DATA/TDB,TWisCFMyCTEMP,CLOAD,CMOI ST,HSP,EVTP,HSPMAX ,
1IPLOT HMAX,TBMAX,CONADD,EVADD

0005 24 FORMAT('~THE RESULTS FOLLOW')

0006 25 FORMAT('-TIME MMOIST CTEMP TDBC HUSC TOBA HUSA 10
188 HUSB DRATE QADD QQUT CONDTP EVTPY)

0007 30 FORMAT(F5.2)FB8e3+2F3al s1FBatgFBualyFBattyFlel FBuabsFB8.1,4F10.1)

0008 3 FORMAT (°'-', 15X, *DRYER INPUT DATAY')

0009 4 FORMAT('0','AMB. DRY BULB TEMP. = ',F5.1,% F',5X,

L'AMB. WET BULB TEMP. = ",F5.1," F'/IX,'AIR FLOW = ¢,
2F5.1 4" CFM?", 14X, 'INITIAL CLOTHES TEMP. = ' ,FS5.1," F'/1X,
3*INITIAL CLOTHES LOAD = ',F5.1," LBS*'$2X,

4V INITIAL MOISTURE COUNTENT = ',F5.1," 3')

0010 80 READ (5,DATA)

0011 WRITE (6,483

0012 8 FORMAT ('1',20X,"®¥*%¥ DRYER SIMULATION #&&k&kt)
0013 WRITE (6,3)

0014 WRITE (6,4)TDB,TWByCFM,CTEMP,CLOAD,CMOIST

0015 5 FORMAT{'-',15X,*REFRIGERATIGON CYCLE INPUT DATA?)
0016 WRITE (645)

0017 WRITE (6,6}

0018 6 FURMAT ('0', 'CONDENSER?',25X, *EVAPORATOR? )

0019 WRITE (647) HSP,EVIP,HSPMAX, TBMAX y HMAX yCGNADD, EVADD
0020 7 FORMAT('0',* INITIAL PRESSURE = 1,F5.1,' PSI',6X,

LYINITIAL TEMP. = *,F5.1,' F'/1X,'MAXIMUM PRESSURE = 1,
2F5.14" PSI'/1X,"DESIGNED AIR TEMP. = *,F5.1,' F*,6X,
3'DESIGNED AIR ENTHALPY = *,F5.1," BTU/LBM'/1X,

4'DELTA TEMP. = "3FS5.19" F'313Xs'DELTA TEMP. = *,F5,.1,

5' F')
0021 MMOI ST=CMCIST*CLOAD/100.
0022 WRITE (6,24)
0023 WRITE (6,25)
0024 9 FORMAT (5X,'QADD QOUT CUNDTP EVTP!)
0025 WATT S=0.
0026 EVTIPIN=EVTP
0027 TOBA=TDB
0028 TWBA=TWR
0029 WRITE (7,2000)
0030 2000 FORMAT (4X,'TDBC CONDTP TOBS ENTHA EVTP QoUT*,
14X, QADD TIME!)
0031 WRITE {8,2000)
C INITIALIZE ORYER SUBROUTINE
0032 CALL PSYCKT(TDBA,TWBA,HUSA,DENSA,ENTHA,L)
0033, MDAA=CFM*DENSA¥60.,
0034 N=0
"003% CALL DRYER(QsTOBAyTWBA,TIME,CTEMP ¢ MMOIST yMDAA, XX, YY,CLOAD, WATTS, EN
1THC, HUSC)
0036 J=0
0037 L=0
0038 18S8=0
0039 NPP1=0
0040 NPP2=0
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FORTRAN IV G COMPILER MAIN 05-10-71 16:28.00 PAGE 0003

0041 IPT=0
0042 CONDTP=.25%HSP+55,
0043 CONIN=CONDTP
0044 500 BTUEV=30.%{300.-HSP)+.281%800.%(EVTP-35.1+9200.
0045 POWW=1{4.35+.06%(HSP-260.) ) #¥{EVIP~43.5)+1030.+1.75%(HSP-260.)
0046 IF (POWW-1200.) 520,520,510
0047 510 POWW=1200.
0048 520 POWB=POWW*3.413
0049 BTUCON=BTUEV+POWSB
0050 QOUT=BTUEV
0051 QADD=BTUCON

C AIR IS NOW ENTERING EVAPORATOR.
0052 600 QEVAP=QOUT/MDAA
0053 ENTHB=ENTHA-QEVAP
0054 CALL PSYCKT{TDBB,TWBB,HUSB,DENSB, ENTHB,4)
0055 DENSEV={DENSA+DENSB)/2.
0056 MDAEVA=CFM*DENSEV#*60.
0057 QEVAP=QOUT/MDAEVA
0058 ENTHB=ENTHA~-QEVAP
0059 ENTHB=ENTHB- .0085%ENTHB
0060 CALL PSYCKT(TDBB,TWBB,HUSB,DENSBy ENTHB &)
Q061 MDAB=CFM*DENSB*60.

C AIR IS NOW ENTERING CONDENSER.
0062 QCOND=QADD/MDAB
0063 ENTHC=ENTHB+QCOND
0064 HUSC=HUSB
0065 CALL PSYCKT{(TDBC yTWBCsHUSC yDENSC, ENTHC,2)
0066 DENSCO={DENSB+DENSC) /2.
0067 MDACON=CFM*DENSCO*60.
0068 QCUND=QADD/MDACON
0069 ENTHC=ENTHB+QCOND
0070 CALL PSYCKT(TDBC,»TWBC,HUSC DENSC,ENTHC,2)
0071 MDAC=CFM*DENSC*60.
0072 IF (1S8S-1) 6024601,601
0073 601 TMAX=CONDTP-5.
0074 IF (TDBC-TMAX) 660,660,900
0075 900 TDBC=TMAX '
0076 CALL PSYCKT (TDBC,TWBC+HUSC,DENSC4ENTHC, 3)
00177 MDAC=CFM*DENSC*60.
0078 GO TO 660
0079 602 IF (L-1) 603,640,658
0080 603 IF {ENTHA.LE.HMAX .AND. TDBB.LE.TBMAX) GO TO 640
0081 J=J+1
0082 IF (J-3) 605,605,604
0083 604 J=0
0084 GO TO 640
0085 -605 IF (ENTHA.LE.HMAX) GO TO 606
0086 HDIFF=ENTHA-HMAX
-0087 TADDE=1.T*HDIFF
0088 EVIP=EVTIPIN+TADDE
0089 IF (TDBB.LE.TBMAX) GO TO 620
0090 606 TADDC=TDBB-TBMAX
0091 CONMIN=CONIN+TADDC
0092 IF (CONDTP-CCNMIN) 610,620,620
0093 610 CONDTP=CONMIN

Ok



FORTRAN

0094
0095
0096
0097
0098
0099
0100
o101
0102
0103
0104
0105
0106
0107
0108
0109
0l10
o111
0112
0113
0l14
0115
0116
0117
0118

0119

0120
0121
0122
0123
0124
0125

0126
0127
1128
4129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0140
0l41
0142

0143
0144

IV G COMPILER MAIN 05~-10-71 16:28.00

HSP={CONDTP-55,)/.25
620 GO TO 500
640 TMAX=CONDTP-5,
WRITE (8+642) TDBC,CONDTP,TDBByENTHA,EVTP,QOUT,QADD, TIME
642 FORMAT {7FB8.1,F8.3)
IF (TOBL-TMAX) 658,658,650
650 TDBC=TMAX
CALL PSYCKT{TDBC,TWBC,HUSC 4DENSC,ENTHCL1,3)
MDAC1=CFM*DENSC*60.
ENDIF=ENTHC-ENTHC1
QDIF=ENDIF*{MDAC1+MDAC)/2.
QADD=QADD-QD IF
CONDTP=CONDT P+CONADD
HSP=(CONDTP-55.})/.25
IF {HSP-HSPMAX}) 654,654,652
652 HSP=HSPMAX

I58S=1
CONDTP=.25%HSP+55.
GO TO 655

654 EVTP=EVTP+EVADD
655 QOUT=30.%(300.—HSP)+.281%800.*{EVTP~-35.)+9200.
L=L+1
GO TGO 600
658 L=0
WRITE(7+642) TDBC,CONDTP,TDBB+ENTHA,EVTP,QOUT,QADD, TIME
AIR IS NOW ENTERING DRYER.

PAGE 0004

660 CALL DRYER{1,TDBC TWBC 4TIME,CTEMPsMMOIST yMDAC,TDBA,HUSA,CLOAD,WATT

1 S+ENTHC yHUSC)

CALL PSYCKT{TDBA,TWBA,HUSA,DENSAsENTHA,3)
MDAA=CFM*DENSA%60.

DRATE=XDOT{1)

N=N+1

IF (N-10) €80,670,670

670 WRITE{6,30)TIME,MMOIST,CTEXP,TDBC+HUSCoTDBA,HUSA,TDBB,HUSB,

1DRATE,QADD.QGUT,CONDTP EVTP
IPT=IPT+1
IF {IPLOT-1) 676,674,672
672 CONTINUE
FUNC 2=CTEMP
Y2{IPT)=FUNC2
NPP2=NPP2+1
674 HOR({IPT)=TIME
FUNC1=TDBA
YLUIPT)=FUNC1
NPP1=NPP1+1
676 CONTINUE

1000 FORMAT(4F10.1)

N=0

680 IF (MMOIST/CLOAD-.03) 700,7004690

690 CALL PSYCKT(TDBA,TWBA,HUSA ,DENSAyENTHA,3)
60 T4 600

700 WRITE(6430)TIME, MMOISTCTEMP,TDBC,HUSC,TDBA,HUSA, TDBB,HUSB 4

1DRATE,QADD,QOUT,CONDTP,EVTP
CALL GRAPH{IPLOT,NPP1,NPP2,HOR,Y1,Y2)
GO TO 80
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FORTRAN IV G COMPILER MAIN 05 10-71 16:28.00 PAGE 0005
0145 END

TOTAL MEMORY REQUIREMENTS 001330 BYTES
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FORTRAN 1V G COMPILER GRAPH 05-10-71 16:28.06 PAGE 0001

0001 SUBROUTINE GRAPH{IPLOT,NPPL,NPP2,HOR,Y1,Y2)

0002 DIMENSION HOR(25),Y1425),Y2(25), IMAGE{1500)

0003 WRITE (6,5)

2004 5 FORMAT ('1')

0005 IF (IPLOT~-1) 30,10,10

0006 10 Y1IMAX=150.

0007 Y1MIN=80.

0008 CALL PLOT14{ 0464696999 IMAGEy1e904¢,yYLIMAX, YIMIN, *** ;HOR)Y1oNPPL 44,0,
10)

0009 WRITE (6,45)

0010 IF (IPLOT-1) 30,30,20

0011 20 Y2MAX=150.

0012 Y2MIN=80.

0013 CALL PLOT14(0069696999 IMAGEy1e90asY2MAX)Y2MIN, **¢ sHORy)Y23NPP244%40,
10}

0014 30 CONTINUE

0015 RETURN

0016 END

TOTAL MEMORY REQUIREMENTS 001A76 BYTES
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FORTRAN [V G COMPILER PSYCKT 05-10-71 16:28.07 PAGE 0001

0001 SUBROUTINE PSYCKT{TOBy TWBy HUSy DENS,ENTH,NJT)

0002 BARO=29.5

0003 IF{NJT-2) 100,200,10

0004 10 IF(NJT-4) 300,400,1000

0005 100 B=.1626943E-2%TwB-1.

0006 X=(B¥B-.12150981E-04*TWB*TWB+.010016283%TWB~.71409557) %%.5

0007 PW=EXP{{-B-X)/(-.1417349))

0008 PVA=PW-{BARO~PW)*{(TDB~TWB) /{ 2800.—-1.3%TWB)

0009 HUS=.622%PVA/ (BARD-PVA)

0010 ENTH=.24%TDB+HUS*(1050.+.44%TDB)

0011 GO TO 600

0012 200 TDB={ENTH=-1035.%HUS) / (.24+.44%HUS )

0013 210 PVA=HUS*BARO/{.622+HUS)

0014 C1=2800.%PVA+TDB*BARD

0015 C2=1.3%PVA+BARO

0016 C3=2800.+708

0017 TWB=0

0018 4 X1=TWB

0019 B=.1626943E-2%TWB-1.

0020 80 X={B*B-.12150981E-4*TWB*TWB+,010016283%TWB~,71409557)%%.5

0021 PW=EXP({B+X)/.1417349)

0022 FX=PW-(C1-C2*TWB)/(C3-2.3%TWB)

0023 FX1=PW/.1417349*({.2646934E—5*TNB-.1215098lE—%*THB+.50081415E-2)/X
14.1626943E-2)+(C3%(C2-2.3%C1)/{(3-2.3%TWB ) %%

0024 TWB=X1-FX/FX1

0025 IF (ABS{TWB-X1)-.05) 600,444

0026 300 ENTH=.24*%TDB+HUS*(1035.+.44%TDB)

0027 GO TO 210

0028 400 TOB=ENTH/(.005847T6*%ENTH+.250812)

0029 HUS=,00140973%EXP(.0340657*TDB}

0030 TWB=TDB

0031 500 PVA=BARO*HUS /{ «622+HUS)

0032 600 DENS={BARO-PVA)/ (. 7541%(460.+TDB))

0033 1000 RETURN

0034 END

TOTAL MEMORY REQUIREMENTS OO00SFE BYTES
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$LIST DRYDATA

Qo o~y O U e N e

W

Tl T = =
AN A SV VL

ot
X

(A

[RNSIRACIEAVEN \WRN AV SRR N
~NOOY U W NG e

[SUREUR RN AW AW
- 00

32
413
41
47
43
L4
45
46
i
44
49
5¢
51
52
b3
ENC JF FILE

LGUATA TDB=T2+y TnB=60s,
CLUAEC=9 4y CLHMOIST=85.,
CTEMP=72ey CFM=2204,
HSP=2.9(3., ﬁVTP=‘+5.1
HEPMAX=4Li(,.,

IPLUT =2,
HMAX=4%ey TOMAX=614,
CONALC=3.y EVADD=.383 &ENC

GUATA CTEME=T 24
HSP =290, ,

EVIP=45.,
CLOAU=10. &eND

EDATA CTEMFE=T724,

HSP =290 4y EVTIP=45,,
CLOAD=6. AEND

GCATA CTEME=T2.4,
HSP:QQ’D.' EVTP=45.,
CLOAL=Z GEND

LUATA CTEMP=72.,
HSP=2GTe y EVTIP=45,4
CLUAD=9 4y CHJIST=7D, GLEND

GUATA CTelME=T2.,
HSP=2S0ey EVIP=45,,
CMOIST=50. &ENC

GDATA CTeME=T2.4,
HEP=2Gley EVIP=45,.,
CMULIST=85,y
CFM=253s GLEND

EDATA CTEMP=72.,
HSP=2504, EVTP=45.,
CFv=307%, LEND

GLATA TuB=T72ey TWB=60e,
CLOAC=9.y CMCIST=35.,
CTEMP=T724y CFM=22024,
HSP=2%ey EVIP=454,
HEPMAX=4GD,,

IPLLT=0,
HNAX=45,y TBMAX=564y
CUNADO=3,. 9 EVAUU=38 GEND

EDATA CTEMP=724,
HSP=2GT ey EVIP=454,
HMAX=35, &END

GULATA CTEMFE=T724,
HSPzJSJ . EVTIP=45 [X]
HivaX=4%, LEND

Sample Data File
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