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ABSTRACT

In order to economize time and mental effort in mathematical
couputations of distillation towers, it is proposed to use an electronic
calculator for this purpose. In general, most calculating wmachlnes
do nothing more than solve ; series of simultaneous ecuations. This
is essentially tne appficatien<presented in this work. In incustry
it is not inconceivable to enounter a fifty plate column being used
for the separation of ten components. Thé solution here would incor-
porate 1,000 equations with 1,000 unknowns. The basic methematical
processes involved in tne solution of tahese equations are multiplica-
tion, end addition,

With tiie feed composition, feed plate, number of plates, eand
the desired end products known, the composition at the top is assumed.
The calculetor is used to meke plate to plate calculations going from
the top down and from the bottom up until the compositions on the
feed plate are obtained.s It is desired thet these compositions match,
but should they be different, a new top composition must be assumed
and the calculations done over.

It is further proposed to mske this operation automatice.

To perform the aforementioned mathematical processes of multi-
plication and addition, a series of d.c. smplifiers are employed. As
used in the calculator, the d.c. amplifier is essentially a three
stage resistance coupled vacuum tube amplifier with negetive feedback
passing through a feedback resicstor. The output voltage from the
emplifier is ecual to the input vcltage multiplied by the ratio of

feedback resistance to input resistance.






If a second input voltage is applied, the output voltage of the
amplifier is the algebraic sum of the individual input volteges, each
multiplied by the ratio of the feedback resistarce to its individual

input resistence.
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INTRCDUCTION

Distillation is the separation of the constituents of a liquid mixture
by partial vaporisation of tne mixture and separate recovery of vapor and
residue. The more volatile constituents of the original mixture are ob-
tained in increased concentration in tne vapor; the less volatile in greater
concentration in the liquid residue. The compleienesa of separation de-
pends upon certain properties of the components involved and upon the arrange-
ment of the distillation process.

In general distillation is the term applied to vaporization processes
in which the vapor evolved is recovered usually by condensation. Evapor-
ation commonly refers to the removal of water from aqueous solutions of
non-volatile substances by vaporisation. The vapor evolved, i.e., the water,
i1s déscarded.

Rectification, the case used in this work, is a distillation carried
out in such a way that the vapor rising from a still comes in contact with
a condensed portion of vapor previously evolved from the same still. A
transfer of material and an interchange of heat result from this contact,
thereby securing a greater enrichment of the vapor in the more volatile
component than could be secured with a single distillation operation using
the same amount of heat. The condensed vapors, returned to accomplish this
object, are termed reflux. |

Mul ticomponent mixtures are those ccntaining more than two components
in significant amounts. In commercial operations they are encountered more
generally than are binary mixtures. As with binary mixtures, they can be
treated in batch or continuous operations, in bubble-plate or packed towers.

It is the bubble-plate tower that is ccnsidered here.






It is assumed that the reader is thoroughly acquainted with the
principles and methods used to calculate binary mixtures. It is further
assumed that the reader is familiar with the usual simplifying assumptions
made in most all rectification calculations. Since these are also used in
this work, they will be reviewed briefly here:

1. Sensible-heat changes through the tower are negligible in compar-
ison to the latent heat.

é. The molar latent heats of all components are equal.

3. The heat of mixing of the components is negligible.

4. Heat losses from the tower are negligible.

Fundamentally, the estimation of the number of theoretical plates in-
volved for the continuous separation of a multi-component mixture involves
exactly the same principles as those used for binary mixtures. Thus, the
operating-line equations for each component in a multi-component mixture are
identical in form with those for binary mixtures. And the procedure is ex-
actly the samej i.e., starting with the composition of the liquid at any
position in the tower, the vapor in equilibrium with this liquid is calcu-
lated; and then by applying the appropriate operating line for the section
of the tower in question to each component, the liquid composition on the
plate above is determined and the operation repsated from plate to plate up
or down the column. However, actually the estimation of the number of theo-
retical plates required for the separation cf a complex mixture is more
difficult than for a binary mixture. When considering binary mixtures, fix-
ing the total pressure and one component in either the liquid or vapor im-
mediately fixes the temperature and composition of the other phase, i.e.,

at a given total pressure, a unique or definite relation between y and x
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allows the construction cf the y-x curve, In the case of a multi-component
mixture of u components, in addition to the pressure it is necessary to fix
(u-l) concentratioha before the system is completely defined. This means
that for a given component in such a mixture the y-x curve is a function not
only of the physical characteristics of the other components but also of
their relative amounts. Therefore, instead of a single y-x curve for a given
component, there are an infinite numoer of such curves depending on the re-
lative amounts of the other components present. This necessitates a large
amount of equilibrium data for each component in the presence of varying
proportions of the others and except in the special cases in which some
generalized rule (such as Raoult's Law) applies these are not usually avail-
able, and it is very laborious to obtain them. One of the largest uses of
mul ti-component rectification is in the petroleum industryj for a large
number of the hydrocarbon mixtures encountered in these rectifications, gen-
eralized rules have been developed which give mul ti-component vapor-liquid
equilibriums with precision sufficient for design calculations. Such data
are usually present in the form y equals Ky, where K is a function of the
pressure temperature, and component. K-charts are given in the appendix.

The use of equilibrium data in such a form usually requires a trial-and-error
calculation to estimate the vapor in equilibrium with & given liquid at a
known pressure. This results from the fact that the temperature is not known
80 a temperature is assumed and the various equilibrium constants at the
known pressure and assumed temperature are used to estimate the vapor compo -
eition. If the sum of the mol fractions of all the components in the vapor,
so calculated, add up to 1, the assumed temperature was correct. If the sum
is not equal to 1, a new temperature must be assumed and the calculation re-

peated until the sum is unity. Such a procedure is much more laborious than






that invelved in a binary mixture siere tha composition ¢f the liquid and
the pressure togetier with equilibrium Jata imvediately gives the vapor
compositicn witheut trial and errcr.

After calculating a great numbter of multi-cormponent distillation
problems, it socn becomes agparent hcw valuable svne kind of calculator
weculd be. Ferhars the neel for a calculating machine can pe secn hetter
1f the problem for which it will be used is presented in a different manner.
Take as an examzle the three component problem used in this work where the
separation takes place in a five plate ccluane. ™Masically the results scught
hera involve the sclution of thirty equationé ccntaining thirty unknowns
(twc equations wit: twe unknowns Jcr each cciponent and each plate)e In
industry it is not inconceivakle to enccunter a fifty-plato cclumn being
used for the separation of ten ccapcenents. Tiae sclution here weull incore-
porate 1,000 equations with 1,000 unknownse Ths first alternative to come
into one's mind weculd be mechanical means. A mechanical differential
equation calculator had been used aut Massachusetts Institute of Tecnnolezy
at one timwe, and the navy ailmed their runs with mechanical calculators until
the recent war, tHowever, these mechanical calculators required new sets
of gears for each problem ani to compute tha sizes, etc. of these pears meant
practically working the procblem itself. During the recent war the aray switched
to electronic means for calculating ani directing anti-aircraft fire. It
has been learned authoritatively that mcst larpe oil companies in the United
States have heen working toward development of an electronic calculater for
the same purpcses as set forth in this werke The big nemesis to the industrias
has been the large cost of bullidins an electrenic calculator. It is claimed

by them that the plate efficlency in a distillation tower cculd bz greatly



inproved if the maze of calculations invclved could be han:fled in scme
practical manner, It is to this objective that this work has been devoted.
The reader should not get the impressicn that the calculator as is ecan
only be applied to distillation. With a few slisht modificaticns the cal-
culator can be utilized for many other unit cperations in chemiczl engineer-
ing. Some exanples cf other application would be absorntion towers and
heat exchancers. This is further brought out by the fact that the calculator
used herein, and in general most calculating machines of this nature, do

ncthin~ more than solve a series of simultaneous equations,.



HISTCRY

The desire to economisze time and mental effort in aritiumetical
computation, and to eliminate human liability to error, is probably as
old as the science of arithmetic itself. This desire has led to the
design and construction of a variety of aiis to computation beginning with
"groups of small objects such as pebbles used first loosely, later as
'counters' on ruled boards, and later still as beads mounted on wires
fixed in a frame, constituting the abacus®. (1,2,))

Tne abacus was until the Christian era the only instrument man had
develcped for the purpcses of calculatingg it is still used extensively
in China, Japan, india, and Russia. During the time after the invention
of the abacus, gears and pointers were used in the design of clocks.

These machine elements, and more especially a wheel which at the end of
a conplete revolution gave impetus to a second wheel, paved the way for
the development of calculating machinery.

In 1617, John Napier, following his invention of logarithms, pub-
lished an account of his numbering rods, known as "Napier's bones". (3)
Various fcrms of the bones appeared, some approaching the beginning of
mechanical computation. Subsequent to the introduction of logarithns,
the slide rule was developed by Oughtred (1630), Evenard (1755), Kannheim
(1850) and others. The slide rule is probably the ancestar of all those
calculating devices whose operation is based upon an analcgy between numbers
and physical magnitudes, in which tlie computed results are obtained by
physical measurements. Many such analogy devices have since been constructed.
Examples cof these are the planimeter, integraph and finally the differential
analyser. (%) All analogy devices, like the slide rule, are limited to the

accuracy of a physiocal measurement.
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The first real calculating rachine emplcying a mechanical principle
did nct apgear until 1642, when a simple device conslsting cf peared nun-
berin~ wheels was invented bty Dlaise Pascale (6,7) "The design of Pascal's
machiine <depended upor rotating wheels and provided fer carry by mechanically
turning‘tho wneel c¢f the next higher crder one positicn wien the lower
passed from nine to zero". (11)

Mathenaticiars hal realized that multiplicaticn is actually a process
of rareatsi aldition, anl a wnachine to carry ocut this principle was first
projected in 1671 by Gottfried Wilhelm Leibnite, though not successfully
completed until 1694. (8) In Pascal's machine the wheels were set and
turned individually by hand; in Leibnits's machine all wheels were set
and turned simul taneously by a crank to a previously determined position.

In 1820 Charles Xavier Thomas invented tae firat calculating machine
that was sucessfully manufactured on a comrercial scale. It cculd perform
all four elementary arithmetical operaticons and Juring the succeeding
several years was extensively improved by inventors in Zurope and this
country.

During the early years cq tlie nineteenth century several more elabore
ate calculating machines were prercsed. These included the sc-éalled
difference engines cf which several were constructed (engines were to
compute and print tables cf functions). The mcst ambitious of all the
prcpesals, however, was the analytical enpgine designed by Charles Eabbage
(9,10) in 1833 in which several features of his difference engine were to
be embodied. This was a calculator intended for the performance of complete
computationa according to given instructions. The numbers in tne first
part of the machine, called the "store", were to be operated upon by the

second part of the machine, called the "mill", A succession of selected
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cperaticns were tc te executed wecharically at the ccmmand cf a
"sequence mechanisn", (12) The analytical engilne was to have bzen
comrletely preneral as repards algebraic operations.

As in the difference encines, the analytical engine was to print its
omn results, Further, a mechanism was tc have been added for punching
nurerical results on blank cards for future use. In this way, the engine
could ccmpute the tables required and punch its cwn cards "entirely free
fron error”. " (13)

The plan, toc ambitious for ensineerin: and tachnical facllities cf
that time, was unfinished when 3Babhare died. Though his priaciples were
theoretically sound and thoush ha was successful to a limited exteat, it
remained for the twentieth century and the evolution c¢f aivanced mechanical
and electrical engineering teo bring his ideas into teing.

The familiar keyboard type of calculating machine originated in the
Mited States at about the middle of the last eentury and has been developed,
chiefly in this ecountry, for many accounting and eommercial corputing
purposes.

In 1887, Leon Bcllée was successful in producing the first machine
capable of performing multiplication by a direct metaod inatead'cf the
method of repeated addition. The principle was further developed in later
machines.

To expedite United States Census corpilaticn work, Yerman icllerith,
in 1889, developed the punched card as a means cf recording numerical infor-
mation for autoumatic computing. At the same tine he devised electrically-
operated mechanisms which performed addins and counting operations when
actuated by punched cards. This methcd was perfected through a long pro-

gram of "research and development by the International Business Machines
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Corporation te the point where electrc-mechanieal machlnes cculd gerform
a variety cf crerations such as readin-, addins, printineg, sortingz, re-
rroducine, rultislyin~, collatins, and surmary punching". (1k)

By 193l I.B.M. had perfected electric punch card machines to suech an
extent that they were capable cof handling many of the general calculations
of science., An autcmatic computing la®oratory was established in and
operated by the Thomas J. Watson Astroncnlcal Computing Bureau, a ccoper-
ative project of the American Astronomical Society, Columbia 'miversity,
and I.B.M.

The first large-scale peneral-purpose digital calculator was built
ty I.R.M., Known as the I.7B.¥. Autoratic Sequence Controlled Calculator,
it was completed in 194k« It hai the greatcst internal storapge capacity
and most elaborate sequencing facilities cof any machine prior tec tae
I.B.¥. Selective Sequence Flectronic Calculator,

Tp to this time the addinc wheel was utilized as a basic unit in
practically all calculating machines. In 19L6 the first large electronic
calculator was dedicated by the University of Pennsylvania and the first
commercial el&ctronic computor was marketed by I.B.)s The "Eniac" was built
by the University of Pennsylvania for computing trajectories of shells; it
has storage for about 200 digits including those in the multiplication and
division units, and is controlled by means of pluggable connections.

The newly developed I.B.W. Selective Sequence Flectronic Calculator
is the most recent development in the search for a machine mare nearly
capable of meetling the size and scope cf present-day problems. It has a

memory capacity of over 400,000 digits.
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THECRETICAL CCNSIDERATIONS

In the present section it is desired to discuss the theory of
amplifiers. Before considering details, certain general remarks con-
cerning the nature of calculating devices should be made. Each such
device will have a number of inputs and an output. A pure calculating
device can be defined as one which has no source of energy between the
input and output. For such a device the outputs must do all the work.

In general it is also true that the results will be accurate only when
the output does no work. Indeed the order of magnitude of the error is
closely associated with the ratio of ocutput work to input work.

It follows therefore that if the mathematical output of such a
device is to be used as an input to a similar device, an energy source
must be provided.

The ratio of the output energies to input energies of available .
amplifiers is very important in considering the physical principles upon
which a device is to be based. Fortunately this ratio is quite large for
~ electronic amplifiers and the latter are frequently used as part of other
amplifiers for this reason.

In the discussion which appears in this section, it is supposed that
the reader is familiar with the R.C.A. Receiving Tube Manual, published
by the R.C.A. Manufacturing Co. The manual deacribo.'the various types
of tubes and their uses in radio receiving sets. Many of these uses are
immediately applicable to calculating devices, others require a certain
amount of reorientation. The manual contains the technical information

necessary for the design of eircuits and is a remarkable summation of the
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application of vacuum tubes for radio receiving purposes.

Essentially the two uses of a vacuum tube are (1) rectification,
i.e., the process of obtaining a pulsating one directional current from
an alternating voltage, and (2) amplification, the control of power by
less power.

It is assumed that the reader is familiar with the usual discussion
of the action of triodfs and multi-electrode vacuum tubes. An excellent
sunmation of the fundamentals of vacuum tubes is also contained in the
R.C.A. Manual referred to above. It is also dewired herein to point
out certain aspects of amplifying ciruits which are important from the
point of view of this work. Amplifiers can be roughly divided into two
kinds. One type is a voltage multiplier and the other is a power multiplier
proper. The voltage multiplier is the one concerned with here.

For electronic amplifiers in general it is necessary to use high
voltage direct currents. These are obtained by the use of step-up trans-
formers and diode type rectifying tubes as given in the power-pack circuits
in the appendix.

The d.c. amplifier is an electronic device which produces a d.c. out-
put voltage directly proportional to the input voltage, when the input is
a dec. voltage. The amplifiers are used to perform any or all of the
following functions:

l. Produce a d.c. voltage propor.t.ioml to the algebraic sum of two
or more d.c. voltages, either with or without weighting ef one or more of
the input voltages.

2. Reverse the sign of a d.c. voltage, either without changing its

value or including multiplying the wvalue by a constant factor.
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3. Isclate one circuit element from another,
If d.c. voltages from several sources are connected, each through
equal resistance, to a common point from which a resistance is connected

to ground, as shown in figure 1, the voltage across the latter resistance
WG, RE&ASTNUCE.S
-\ N
I vvWH
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AGURE A

is proportional to the algebraic sum of the several voltages. If the
latter resistance is very small compared to the input resistances, the
factor of proportionality will be‘very nearly the same for any number of
inputs. The voltage measured as in figure 1 would be very small. To
obtain a usable voltage, still proporticnal to the algebraic sum of the
input voltages, a vacuum tube amplifier is substituted, in the circuits

of the calculator, for the small resistance as indicated in figure 2.

This amplifier is so designed that its apparent resistance (input imped-
ance) is only about 25 ohms. By making the input resistance of the order
of 1 megohm, the measured voltage is then very nearly proportional to

the algebraic sum of the input voltages. The amplifier amplifies the mea-
sured voltage about hQ,OUO times. ,
If the input resistances are all equal, the voltage across the small

resistance of the amplifier and, therefore, the output voltage of the
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aaplifier will be directly proportional to the algebraic sum of the input
voltages. By suitable arrangement of the circuits, this cutput voltage
may be made (very nearly) equal to the algebraic sum of the input voltages,
or it may be multiplied by any factor. If one of the input resistances
is made somewhat lower than the others, the input voltage connected through
that resistance will be multiplied by a fastor or weighted in the summation.
The d.c. amplifier used has three stages. From the fundamentals of
vacuum tubes the ocutput voltage of such an amplifier is opposite in sign
to the input voltage. The amplifier, therefore, reverses the sign of a
voltage applied to it. From the preceding it is apparent that, in this
case also, the output voltage may be made equal to the input voltage or
to the input voltage multiplied by any factor.
As used in the calculator, the d.c. amplifier is essentially a three
stage rniatnncc—col"l‘plod vacuum tube amplifier with negative feedback.
The following are scme of its characteristicss '



17
Number of Stagea................................u. 3
Tubes Used1
first stage ceccecsveccrcscssccscsconcccse 6307
Becond StagBecesccccccssaccsccssccsccscens 6SJ7
third .ugﬂcoooooocooooooooonoooooooooo.n 6L6

Supply Voltagessese 350, =350, 300, 190, 75 d.c.,
and 603 BeCo

Net ORinNeescscscsvacesssccscssssss 30,000 to 4O,000

Apparent input impedanc@ssscsssessss about 25 ohms

Effective ocutput impedance e¢seeceess about 1 ohm

In a dece amplifier, the ccnnection from the plate of one stage to
the grid of the next must be a metallic one, containing no capacitor or
transformer which would prevent the transmission of a steady voltage.
The plate of the first-stage tube is usually at a considerable voltage
above ground, whereas the grid of the second-stage tube must be a few
volts negative with respect to its cathode. If this condition were ob-
tained by supplying the cathode with a suitable voltage, the plate supply
of the second tube would have to be the sum of the required plate voltage
and the cathode voltage. With more than two stages this arrangement is
impractical as a very high plate voltage would be required for this last
tube.
Figure 3 shows the plan used in the amplifiers of the calculator.

The plate voltage is opposed by a second equal voltage of opposite polarity,
and the grid of the second tube is connected to a voltage divider to obtain
the proper bias potential. This plan involves a loss of part of the amp-
lification as only a part of the voltage change on the plate of the tirt&
tube will be transmitted to the second tube. The ratio of resiatlnce-ég

to AC is about 4 to 5, so that about four-fifths of the voltage change is
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transmitted, reducing the gain of the first stage from sbout 50 to LO.

The amplifier diagram in the appendix shows that a similar arrange-
ment is used for the comnection of the plate of the second stage to the
grid of the third stage. However, if the output voltage of the amplifier
is to be directly proportional to the input voltage, it must be sero when
the input voltage is zerc. To meet this requiresent, the cathode of the
third-stage tube is supplied with a negative potential. By applying a
suitable negative bias to the grid, the ocutput of the tube is made to
balance the plate voltage so that the pct.ontnl at the plate is normally
sero. If now the grid is made more negative with respest to the cathode,
the cutput of the tube will be increased and the potential at the plate
will be positive. If the grid is made less negative with respect to the
cathode, the output of the tudbe will be less and the potential at the plate
will become negative. With no input voltage, therefore, the output voltage
of the amplifier is sero. With a negative input voltage, the output volt-
age is positive, and with a positive input voltage the output voltage is

negative. The amplifier reverses the sign of the input voltage and the
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value of the output voltage is always directly prczcrticnal to thie value
of the input voltage.

In this coupling, about ce-half of the gain of the first twc stages
is lost, but the overall gain of the amplifier is sufficient for thc'
purpose for which it is used.

The amplifier diagram in the appendix shows a resistor connected
between the output of the amplifier and the input. Through this feed-
back resistor a portion of tihe output voltage is returned to the input.
8ince tnhe sign of the output voltage is opposite to that of the input
voltags, this 1s a negative feedback,

The effect of negative feedback is illustrated in figure 4 where
the amplifier is represented as a single tube. A voltage E, at the input
of an amplifier will produce a voltage e at the grid. This will be am-
plified and appear as a voltage -Ke at tiie output (K being the pgain of
the amplifier). A portion cf this voltage will be returned to the grid
through the feedback resistor Ry and, since it is opposite in sign to the
voltage e, will tend to reduce e. This will reduce Ke, allowing e to
increase, until a point of stabilisation is reached. This stabilization
occurs practically instantaneocusly. Any change in amplification dus to
variations in the amplifier itself will change the value of K but, due to
the feedback this will correspondingly change e and thus tend to maintain
Ko at a constant value. The use of negative feedback gives the amplifier
great inherent stability,

If the feedback resistance and the input resistance both have the

same value, R, the current throuzh these resistances will bes
E 4+ Ke

I:LKU'
R
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4
since the output voltage Ep, and the input voltage E are in effect aiding.
The potential e at the grid will be the input voltage less the voltage

drop in the input resistance ors

e =k - IR
Substituting the value of 1 in this equation:
B+ Ke
=k g
B
ors Rl Y]
KE
Ifs K = 40,000
thens Bo= ~0.99995E

Thus, if the feedback resistance is made equal to the input resistance,
the output voltage of the amplifier will be a negative copy of the input
voltage, exact to about S parts in 100,000, It will be noted that the
larger the gain (K), the greater is the accuracy with which the input vol-
tage is reproduced in tha‘output.

By the same process, it can be shown that if the feedback resistance

is not equal to the input resistance, thens

R
E; = -E B (very nearly)

T
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This makes it possible, by using a suitable ratio of feedback to input
resistance to obtain an output voltage from the amplifier which is always
equal to the input voltace multiplied by a constant facter,

In figure 5
By = Iy Ryj Ep=IoRp; E3=1I3R3

ands .
I3 = Iy ~ I2
thereforet R R
B3 = (I1xI2) R Eje 3

3 = (I1+I2) R3j 3-‘%-E14\-R2 K2

The output voltage of the amplifier will, therefcre, be the algebraic sum

)

F\GURE &

of the individual input vcltages, each multiplied by the ratic of the
feedback resistance to its individuval input resistance. This makes it
possible, by using suitable values cf input resistances, to give each
voltage a particular weight in the summation or to emphasize the effect

of any one or more voltages. Cf course, if the input resistances all have
the same value, the input voltages will all have the same weight and the
ocutput voltage of the amplifier will be the algebraic sum of the input
voltages. ‘

In an ordinary vacuum-tube amplifier, the input impedance is practically
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infinite. Negative fecdback, however, alters thie ccnditicn. In figure
L4 the voltape drop in resistor RIN is E-e. The same result would be
obtained if the amplifier were rerlaced by a resistance. But e is very
small compared to E. The resistance which would replace the amplifier
will then be very small compared to Rrye Actually the squivalent or
apparent resistance of the amplifier with feedback is in the order of 25
ohms, The amplifier with feedback, therefore, satisfies the requirement
of low apparent input impedance which was brcught out previously to be
necessary when the amplifier is used for the addition of several input
voltages.

A generator or source of electric power normally has some internal
resistance. If an external load is connected to such a generaton the two
resistances, Riyp and Ry ., will form a voltage divider and the output

voltape will bas

Bint.+Rpcad

The output vcltage E, will then depend upon the relative values of Ryyp,
and Rp,aqe Changing the load resistance will change the output voltage.
If the internal resistance is high compared to the load resistance, the
output voltage will vary widely as the lcad is changed. If the internal
resistance is very small, the change in output voltage will be insigni-
ficant.

In the d.c. amplifier, an increase in the load resistance would tend
to lower the output voltage, but since this change is transmitted through
the feedback resistor, it will also tend to increase the voltage e, there-

by increasing the cutput voltage -Ke. Due to this compensating action,
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the cutput vclta-a remains practically constant from no loadi to the full
load which the amplifier can handle. This is the coniition that exists
with a zenerator of very low internal resistance cr, as it is usually des-
eribed in connection with vacuum-tube circults, very low output impedance.
The affective output impedance of the amplifiers used in the calculator
is in the order of 1 ohm,.

Since the effective output impedance cf the amplifier is so lcw, the
output voltage is practically uneffected by the load (within the capacity
of the amplifier). The amplifier can therefore, be used to isolate two
circuit elements when the load c¢f one element would react unfavorably on
the other.

Althoush negative feeiback tends to level out variations in the gain
of thse amplifier, small changes in cain of the first stage will have an
important effect on the output voltaze, because such chanses in the first
stage are greatly amplified by the succeediny stages. For example, if
the second stags has a gain of 60 and the third stage a gain of 15, changes
in the first stage will be amplified by 60 x 15 or 900 times. Changes in
the second stage are not so important as they will be amplified only 15 times,
whereas changes in the third staye will not be amplified at all.

The first tube of the amplifier is, therefore, arranged to miniuize
changes 1in gain which may be caused by variations in cathode emlssion.

A twin-triode tube with comron cathode is used, one section teing used as
the amplifier and the other section for the stabilisation. The cathode is
connected to ground tarough three resistors, one of which is variable.

To te a true negative ecpy of the input voltage, the cutput voltage
cof the amplifier must be sero when the input voltage is zero. Due tc manu-

facturing variations in the vacuum tubes, it is impracticable to make the



azplifiers so that tiey will alweays give zore cutput voltage with sero
ingut vcltase.e Tucy are made, tharofore, so that thevy always give a asmall
14 I ’ ) A &
positive czitput vellage with zere inpat veltares To compensate for this,
each an lifier is srovided wita a saal)l ~ogitive inpat veltage whizh na
l" l" » p <

te adjusteds The operaticn of adjusting this voltaye will be called sero-

& a7

settinz. The vcltage 1is derived from theA'+;§-volt su;-ply, and the arrange-
ment is siicwn schemat.cally in the diagram irn tha appendixe

By adjusting, the zero-set voltaze of eaca amplifler, the cutput volte
agzes of all of tneam are broug:t to zero befeore the calculater is cperatede
Tails is essential te accurate cozjutation. ¥aien zero-setting the arxplifiers,
there must, of ccurse, be no input vcltages ctier than the zerc-set vcltage,
There must also be no resistunce paths tc grecund at the inputs, which
would ncdify tne applled zerc-set veltages Thuerefore, when zerc-setting
&1l a=plifier inputs must be grcunded,

T.e ccnplete circult ¢f the deoce amplifier is shown in the azpendixe
T:.e gecend stage tube is & pentodes The screen crid cf this tube is
suz;lied with 475 volts. The taird sta-e tihe is a beam-power tube. Since
the cathede ls supplied with <193 vclts, the screen grid is made positive
wit respect te the cathode by cennecting it to round.

A1l tie tubes have indirectly-heated catholes, L.e heaters using
63 volts alternating currents In crder to prevent a large jpctential dif-
ference Letween the heater and the cathcde of the tihirdi tuke, twe heater
supyly transfermere are useds Cne, at ;rcund potentish, suprlies the
heaters of the £irst and seccnd tubes, an1 the cther ccnnected tc the =190
volt supply, supplies the heater cf the third tube. These two transfcrmers

supply all the amplifiers in the calculater,.
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An arplifler with sich hich ~ain is verv readily set inteo oscillation
by small dist-rrtarces, To prevent cscillatien, the centrel erid of each
tube 15 conrected te pround thron~h a filter ccmresed of a resister and a
capacitor, Trese filters Irntroiuce atternvation sc that the prain cf the
a~plifier (42,000) Is redueed bo unﬁty_§} ahcut 1,000 cycles per second

ani tc a lcss et hirher fregiencies.
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¥ET:ICD CF PRCTEDURE

¥hile the power unit was being btuilt, it was obvicus that an actual
distillation problem would have tc be set up and calculated by trial and
errore It was necessary to have a distillation exanple set up and come
pletely calculated so as to check and develcp the calculator when finished.
Also, it was needed in order to determine tihe ratio of feedback resistance
to input resistance in the amplifier, which is discussed later. For the
purposes here the set up of the distillation problem and subsequent cale
culations were varied scmewhat from the procedure with which the reader
is probably most familiar. Two problems, one three-component and one
six-component, were set up and calculated as followss

A fractionating column with a known amount of plates was specified.
In this case a’fivo and six plate column plus reboiler. Also specified
was the fecd composition, feed plate, reflux ratio, pressure, and certain
requirements of the end producte To proceed from here, the composition
coning from the top or bottom was assumed, and with the top or bottom
composition as assumed, and with the feed composition set, the other
(top or bottom) composition is automatically set froz material balances
on the entire column. Using the top and bottom compositions as assumed,
a plate to plate calculation was made--working from the top down and from
the bottom upe If the compositions so calcul ated were identical for the
feed plate tnen the compositions assumed were correct. If the feed plate
compositions do not match, & new composition at the top and bottcm must
be assumed and the calculations repeated until the feed plate compositions
match. It was found to be extremely difficult to match these compositions

100 per cents An alternative is to calculate down from the top and determine
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qe vapor cenpesiticn from tue feed plaw, aud calculate up {rom tue
bottom ant determine tae 1iquid composition fromw tne feed platee Using
these values ¢f 7y aind x calculaie X Joar tie feed jplatse it tuese values
of X, the ccrresponling values cf temperature are obiained from tie Ke
charts, and these terperaturos must be identicale
In each ¢f the two problems followiag, several trials were found
neccssary by the authore Cnly the final calculatliocn is givens
Problem It Three-ccm;cnent syster
A nixtura cf 30 mol per cert propane, LT wel per cent butane, and
32 mcl per cent pentane is to be fracticnated in a five plate columne. The
feed to the coluan will enter in such a ccnditilon that no net vaparization
or cendensation will cccur cn the feed plate (Vo= Vg), and the column
cperates at 100 pcunds per square inch absolute. Zleflux ratio of G/De3.

D=7O 7”330

Assume: X4
03 00‘428



Using as a basis 100 mols of feed: 29

Since 0/D =3, in the top
part of the tower

19
Xy ,‘n"BD =210
4' efo.Q’LS -
C =30 e w0 3¢ 8nd Vp =0p +D =280, and
3 ¢, >0.03) -
C‘slo S Om=0n+F 310.
® 30
¢s L glving V_= 280
Yo
CQye0.0008 003
——> & 00 ofso
eg=0. Y3 7137

For the part of the column above the feed plate, the

operating lines are
for propane:

Vn =(0/V) Xy 3 +(D/V)xq = (210/280)x, 4 +(70/280)x

.';
=O.75xn+1 ~ 0,106
for butane:

u

Yn = 0075](;‘*-1 + 0.13}
for pentane;

For the part c¢f the column below the feed plate, the

operating lines ere
for provnane:

Y =0/ V)X = (9/V)gxy =(310/280)xp < (30/280)x,

7
=l. lO’xm_ﬂ_ - Oo 00)
for butane:

Yo = 1.10%; 4~ 0.011
for pentane:

00
Yo =1.10%p .= 04096
Beginning with the compogition of the vapor at the top
and the liquid in the still, a temperature 1s assuried and the

values of K found from the charts, Usling these values of K
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and composition, the ccnposition of vapor or liquid in equilibrium is
caloculated. If tno sum of these mol fractions add up to one, the assumed

tenperature was correct.
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Compo-| T, °F ) e
veor | b | 6w, e e |
Cy @ [ |04 0.1 0.6 [0z
Ca 0% [0.§3¢ 0.t70 0-680 |o0.644
Cg 0.26|0.03] 0.142 0.14& [o001]
E%c=0933 | &% =0.99%
da Qe Y& s
C3 | \SC |31 |o23¢ 0.017 ©.07 |0 Ik
Co -1 |0, 644 0.§8¢ 0.51] |o.5%1
te 0.37| 0.11] 0.3\6 0.323 | 0.25)
£dh =04k | EXye= 0. 'Lﬁ
b -2 Y
G | e |37 |odut 0.04S 0.04<
Gy 3 |0.S81 0.447 <o.l(§°
0.50| 051 0.5or 0.50
- Sale = 0494¢  gxg= L“oég
- BoTrom 0P -
Conpo- | |y °F
vewe | | SN | XK
C, | 124 | 52 [poves 0.002%
Ca 1.\ |0083 0.4
Cs 0.9%0413 0-34o
iu(\(—= ‘10|7
X X\
G | v | 438 koo 0.0\
Cy (4 0,163 0310
g 0.9 [0, 343 0.11¢
Z¥K = 049p
Yo X,
Cy | Qe | 43 ol 0.0413
Co \7 {o. %o 0-413
Ce 0.l |0.707 0.466 |
2x\C= \.oov
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Prom the feed plate composition as saloculated

Compo- Temp~
nent !2?7 32“7 K eratyre
0y 0,166 040kl 3.7 176%
Ob 0.581 045k 1,28 176
cs 0.251 00513 °ob91 176

The maximum operating conditions obtainadble with the
specified budbble-plate colum and under the conditions
designated are then

Feed | Distillate Residue
Mol Mol
Gomponent Mols |[Mols |fraction| Mols [fraction

Propan®cescesesnce 30 30,0~ 0.428 OQOOOﬂ 0.0005
Butan®@.ceccccecee L0 37.41 04535 2,49 0,083
Pentan®@ eccccccece 30 2‘59 00037 27 b . 00913

100 70,00 | 1,000 (29,89 0.9965




Froblem II: Sixecomponent systen 32
A natural gasoline of oomposition given below 1is to

be separated in a six plate column, The colunn is to oper-

ate at 100 pounds per square inch absolute pressure with a

reflux ratio, ¢/D, of 3, and the feed is to enter in such a

condition that no net vaporization of condensation occurs

on the feed plate (V = V). Feed composition:
assune: Xp propane 15 mol %
iso=-butane 15
~butane . <25
propane 0,271 n
iso-butane 0.265 1so-p2ngane ig
n-butane 0.422 ﬁ;ggﬁei e 50
iso-pentane 0,031
n~-pentane 0,013
heavier 0.0011 D =5L,9 W=L5.,1

J,oei!

Usinz as a besis 100 mols of feed:

| Since 0/D 1s 3, in the
X“ top part of tower

c c".?zl‘; 0p = 3D =164.4
Ca=ts & hc“ .0'40?:\’ and Vn= Op+D=219.2,
ko€ > IS soeC =0
MC:= 3 ,\C;'O.::}“ and Om =0n*F 326‘5.1;.
st | g vy 28,2
M(“$
Cr=o ‘
e \ i___\l) 100 C‘ z O.\34&
, Cy=0.000! mecs 0.8
Gy »0.008 ¢ -..> 0. 443
"Gy 0.040 .

For the part of the column above tiie feed plate, the

operating lines eare
for propane:

¥y = (0/V) %y q + (D/V) xp = (1644 4/219.2) 2, FT54.9/219.2)x

=0,75%p,1 +0.0.85
for butane (iso):

Ty =0075%p.] *0,0662



for n-butane: 33

y = 0.751 & OQIOLI'
for iso-pentand: M\

%: 0. 75x-*\* 0. 007
for n-pentane;

Vo= 0.75x & 0,004
for hexanes: ™ ~i\

For the paurt of the coiwan below the fecd plats, the

opcrating lines ere
for propane:

v, =(o/V) x . = (W/V)kxw-_(264.4/219.2)1“‘ - (45.1/219,2)x

=1.21x - o.ooo
for 1lso~butane: * M

Yy =1.21x e 0,002
for n-butane: ™ [hend

V.= 1l.21x - 0,008
for iso-pentane;™ Laad

Y. = 1l.21x - 0,037
for n-pentane; ™ Load

%= 1l.21x - 0.063

for hcexanes: \

yﬁg 10 lem‘ - 0. 089
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B . . ¥
m u’m“"ﬂ’ LM G %™ Zj" i{
Cy \3, |26 [02] 0.104 0104 |43
sl W oud 0\ 0- %1 0251
m Co 0.21 |06 0.51S 0-.£15 |0.490
ol ¢ 0.3¢ 10.03%) 0.081< 0.081< |p.068)
mC¢ 6.275]0.0\3 0.0 0.0473 (p.029<
¢ 0.4 fo-001\ ©.00 18+ 0.007%l0. 004
2P=0998 | &% = 0.99%
Y é(T/l(— X< &a
C3 \S8 |31 paag 0.04% 6.0 p.l0%
JooCa, 1.2S |.2<) .13k 0.145 AUl
mCa W 0.8 0.84¢ 0. &S |oAS
wo (g 0.51 0.068 0. 133¢ o.l4o0 0.2
al( 037 o003 0.104 0.9 [Co%s®
Cp- 0.4 [0-00(4 0, 03] 0.03¢4 |0 .0U
e 2 =0.4953 | S =p.914
p! Xg
¢ 176 | 3.7 l6.10% &ﬂ: 0291 0.0300
hoCq |6 [0, U6 6.13§ 0.140
mCe (-3 [0.A% 0.249 0. 36|
a0 C< 0.65(0.\2 0.173 0.1
m ¢ 0-S0 |o. 8L o\ 0.\78
Co- 0.7% P.oUl 010 | 0106 |
£ =091 | £x4 =04%
. — RoTrom v —
v DS [ k|| X |4 ES |x
Cs | 144 | 5.9 p.oool 0.00054 0.00060 %0044
MnCy, 133 |p.008 |- 0013 00135 p.ous
mCq | 140 |0.040 0.01b 0. 098 .0%0
Mo Cg 127 |03 0.13% 023  p.ld
mCg ({3 lo%\? ©.35% 0.366 357
e.-- 0.60 [0-443 0-2b6 0- v b. 30|
£xg=°-‘\’)3 ?%:O.qqq
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- °F KK
e iz | & | % | X o | %
Cy 110 | £.0 bpoot| 00245 0.00759 [0.00$
Lo Cy 14 p.ous 0.051¢ 0.0548 l6.0477
mCy 2.0 p.oAo 0.130 0-{% [0.(6]
Mo .\ |0.2% 0.253 0. ] |o0.15¢
m C§ 0.90 |0.357 0.3 0. %o 0.23§
Ce-- 0.4¢ LO.?pI 0. |2 - 0.4 |0.196
7 X=0.44] | 24, =l.0000
Xa. o ¢ Yo Xs
€3 | ot |45 |ooory 0.00163 0010 [0.0083
hoCy, 1l |0.0472 0.049 . (02 |0.0344
m Cq 4 [o0-|b] 0.3\ 0% |0.180
Mo C4 0.90|0.25¢ 0.2l 0.2% |0. 8
N % o |0.23S 0.24| 0.2 |o. Up
Cy-- 0.38| 0.14p 0,045 p 017 |o. 139
Exx=0%70 | £4,=\ 00
O .S 4 4z Yom
G | 136 |40 pooB 0.0331 0.0%L Uo.ouq.
N 1.3 |o.0%4 0.153 0-\S8 lo- %
M Cy (.§ ko.230 0.4 0. 3L |0.36)
wy C¢ 0.3 o.228 °.16] 0.\ |o.()
N 0.53 |0. U0 0.(S) 0.155 |o0-182
Cb-.. 0.% o.| % 0.04(7 0.043 |0, (1)
| Ixk= o0 9k | £ 4 =0.94¢




From the feed plate composition as calculated

Compo= Tenipe
nent Yy, x), K erature
Cj 0,108 0,0284 3.80 176%¢
13°C5 0,112 0.175 00615 174

nc; 0.0858 0,182 0,47 172

The maximum operating conditions obtainable with the
specified bubdble-plate column and under the conditions

designated are then

Feed | Distillate Residue

Lol kol
Component Mols | Mols |fraction | MOls |fraction
Propan@ececccesse 15 1,49 | 0,271 0.00 | 0,0001

430 Butan@eecoecsse 15 14.55| 0,265 6,36 | 0,008
N ButGnN@eecessesconse 25 23.2 Oc 'LL \.ﬁo 0.0&-0
130 PentanBGescecee 10 1.7 0. 03\ %.3 0,184
N PentanNBesccccsee 15 D-?‘ 0.0\3 ‘4’03 00317
HexaneSeeseeecesne 20 0,06| 0.600| 10,0 Oolil3
100 55.0 | 1.003 LL.8 0,992
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DISCUSSICH

Uéon completion of the power unit and several amplifiers (wiring
diagrans shown in appendix) they were testedyto make sure eacn was
operating properly. The general scheme was tc have one amplifier unit
for each component in the system to be calculated. It should be noted
that two amplifier units are mounted on each tase. As was pointed out
in the section on theory, it is the ratio of the feedback resistance to
input resiastance that determines the multiplication factor. Therefore
the first problem to be overcome was setting up these resistances so
as to get, exactly, the variocus multiplication factors needed. It was
decided to keep the feedback resistance constant and vary the input re-
sistance to give the multiplication factors. Because of practical limi.
tation neither resistor should be less than 200,000 ohms. An IRC wire-
wound precision resistor of 200,000 ohms was selected for the constant
feedback resistance, since the accuracy obtainable depends largely on
the accuracy of the feedback and input resistors. The next step was to
prepare a variable input resistance that would provide the accuracy
neededs Using the sample calculations given previously as a basis, it
is noted that the first step in the calculations is multiplying by K or
1/K. The ratio of feedback resistance to input resistance (multipli-
cation factor) is therefore used to correspond to K or 1/K. Thus, two
sets of resistors are needed for each component; one for the upper part
of the column where multiplication is by 1/K, and one set for the lower
part of the column where the ﬁultiplicntion is by K.

The "K" charts given in the appendix show that K is definitely not

a straight line function of temperature, and also that the range of X
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values is greatly different for each hydrocarbon. This fact complicates
the operation of the calculator. The ideal method of arranging the cal-
culator would be where a series of resistors are ganged on one central
shaft, each resistor corresponding to the K curve of a particular hydro-
carbon. In that way, setting the shaft to a certain temperature on a
calibrated dial automatically sets each resistor to its particular value
of K. Actually a value of resistance is set which when divided arith-
metically into the resistance value of the fixed feedback resistance gives
the particular numerical value of K. In this way the first step of mul-
tiplication in the calculation series is accomplished.

Due to factors of time and economy, special variable resistors
of this kind could not be ordered from a manutacfunr. Thus the main
task of this project was undertaken by the author. The first proposal
was to wind wire on a thin card of insulating material which can be bent
into a circle to save space and better facilitate its use. A brush is
arranged to run around one edge of this card making contact with succes-
sive turns of the wire. By suitably shaping the width of the card, the
resistance of the card at the brush can be made proportional to almost |
any desired function of the angle of brush displacement. For the problea
in this investigation, the card would have to be shaped by computation
and trial until a shape is found which gives the desired resistances at
every point. Obviously, the shape would approximate the shape of the
temperature-K curve for each component.-

An investigation was conducted to determine the possibilities of
making potontionouu as proposed above, and it was found that the best

resistance wire obtainable was one ohm per foot. The highest resistance
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'needed was calculated to be about three million ohms. Because of this,
the proposal was considered neither practical ncr economical and had to
ba abandoned.

Another proposal offered was to impregnate a liquid plastio (hardened
upon heating) with finely divided carbon. If the right proportion of
carbon could be found, sheets of this plastic could vLe made and then ecut
into the desired shapes. This proposal was investigated quite extensively
and found to be unobtainable. Since the plastic was fairly compressible,
any change in pressure due to the moving brush caused a large change in
the resistance at the point of eontact.s This effect was due to the mov-
inz of the carbon particles closer together,

Finally, the present set-up had to be adopted. Rogular IRC carbon
volume control potentiometers are used as the variable input resiators.
Two resistors are used with each component, one for calculating the top
part of the column and cne for ocalculating the bottcm part of the column.
For the three-component problem worked out by the author, it can be seen
in the pictures of the calculator that there are two panels with three
calidbrated metal dials on each. One panel for each section of the column,
and one dial for each component.

The methods of obtaining a suitable variable input resistance have
been discussed in sufficient detail to warrant a discussion of calibration
procedure.

Assuming that the feedback resistor is exactly its rated value of
200,000 ohms, it can be seen that an extremely accurate ohm meter is
needed to measure the resistance of the variable input resistor for various

portions of the contact slide. Marking these positicns accurately would
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also be quite difficult. Since an accurate numerical ratio of feedback
to input resistance is needed, this procedure introduces too many sources
of error. To eliminate almost all possible scurces of error and also
oimplify‘the task of calibration, each amplifier should be calibrated for
a particular component, and used only for calculations involving this
particular component. By doing the calibration this way it is unnecessary
to use an expensive wire-wound precision resistor for the input resistance.
Instead, & carbon resistor of approximately the value needed for the con-
stant feedback resistance can be used. The variable input resistor is
adjusted until the ratio of feedback to input resistance is such that the
output voltage is exactly K times the input voltage (or 1/K times input
voltage for top part of the column). This position is then marked and
labeled with the temperature corresponding to this value of K. This is
continued until the posasible range of temperature is marked.

Using the top panel as an example, a temperature is assumed and
each pointer set at that temperature. The output voltage of eac; ampli-
fier, which is X expressed in volts multiplied by 1/K, is fed into one
amplifier that does nothing but add. If the output voltage of that
amplifier is equivalent to one, then the assumed temperature was corfoct.
If the output voltage of the amplifier is not equivalent to one, the
pointers must be reset to another temperature value until an output vole
tage equivalent to one is obtained. Thus the first step in the calculation
has been completed. All that remains is to apply the proper operating
line equation and repeat the sequence for the next plate. An inspection
- of the operating line equations shows that to use them involves only mul-

tiplying the result of the first operation (XD multiplied or divided by
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the proper value of K) by a constant value and then adding a constant value,
This operation can be accomplished in the amplifier by merely applying
a constant voltage in accordance with the theory presented earlier. '

In order to move from plate to plate in the calculations it would
seva that a new set of amplifiers is nceded for each plate.# If this
wore tine case, & tremendous number of amplifiers would have to be built
and tested. The cost of these additional amplifiers would not warrant
their use. Instead, just one set of mpliri;rc is used for the caloulations
on all plates as follows. Using a galvanometer as the measuring instru-
ment, & balance is struck between the output voltage of the amplifier and
the output voltage of a second variable d.c. supply voltage. The two
voltages are a'ppliod on opposite sides of the galvanometer, so when the
galvanometer needle shows no dofléct.ion, the voltages balance. The
present input supply and the galvanometer are then disconnected, and the
voltage that balanced the output voltage is applied as input voltage for

the next step.

*The output voltage of each amplilier is really the anewer to the mathe-
matical operation performed by that particular amplifier. In other words,
if an aemplifier is desifed to multiply by 3 and the input voltage is 5Q,
the output voltage will be 150. If an amplifier is designed to multiply
by 2.5 and then add 4O, for an inpuivoltage of 20 volts, the output volte
age would be 90 volts. Therefore, in a continuous calculation the oute
put voltage of one amplifier becomes the input voltage of the next one.
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In summary, the three component problem given in the section on pro-
cedure will be specifically applied to the calculator. Included in the
power unit is a 100-105 volt supply which is used for the starting input.
The scale to be used is 100 volts equals 1,0 on a mol fraction basis.
Starting at the top of the column of xp are assumed as given. For propane
xp is 0.428, so the input, voltage to the amplifier for propane is 42.8
volts. Similarly, tne input voltage for the other amplifiers is 53.5 volte
for butane, and 3.7 volts for pentane. Using the panel for the top section,
the three pointers are set at the mark on the calibrated dial corresponding
to a temperature of 132 deg. F« The outputs of the three amplifiers are
then channeled into the amplifier that does nothing but add. If the output
of this amplifier is 100 volts, then the assumed temperature is correct.

In this case the pointer settings must be corrected slightly since the out-
put'from the addition amplifier will be 98.3 volts. Adjusting the pointers
to some position between 132 and 136 deg. F. will give an output voltage of
99.8 volts. It should be stressed that no pointer can be moved to a new
position unless all the others are moved to the same reading. This is assu-
med to be close enough, so the calculation proceeds to the second step., In
the second step the output voltages are separated and each connected to a
galvanometer. On the other side of each galvanometer is a variable d.c.
voltage supply. This voltage is adjusted until it balances the output
voltage of the amplifier as shown by the galvanometer. The present input
line and the galvanometer are disconnected and the balancing voltage from
the variable supply is connected as the input to the same amplifier for

the third step. This procedure is followed for each of the three amplifiers.

The third step consists of calculating the vapor composition from the plate
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below by using the proper operating line equation. Applying the operating
line equation involves multiplying the input by a constant and then adding

a constant, For the top part of the column the multiplication constant is
0«75 and is the same for all components. Tne addition constant is 0.106 for
propane, 0.13'{ for butane, and 0.01? for pentane., These constants are the
same for any plate in the upper part of the column. For the bottom part

of the column the multiplication constant is 0.91 and is the same for all
the components. The addition constant is 0.000 for propane, 0.0l1 for
butane, and 0.096 for pexitane. These constants are the same for any plate
in the lower part of the column. The correlatio;x between this and applying

the calculator can be seen more clearly in the following diagram.

R,* 200,000

g FEEORACK
g% oorpor

£ ’]

% o—'viu
é § R, AMPLIEIER .

< . CoNSTANT VOLTAGE

b A&o;z.‘) FE”'_ ¥a* 200,000 A ABcve ®wgED BELOW EEED
E £ 1000 A~ VWV~ ¢, 0.6+ 0.00V.
29 BELow Feen: Rvone c 7 Llo
So 220,000 A Recigroe 4 13 )

gl ¢ 1 1.bo

& R,=RLER,

The feedback resistance, Rg, is a part of the amplifier and is always
200,000 onms. Tne adding resistor, R3j, is always 200,000 ohms also. Ry
and 33 are mounted on panels, and together with the constant voltare shown,
are connected to the amplifier when needed.

The output voltage, 23.8 for propane, is the composition of tne vapor
from the plate below and is recorded as such. The procedure is now repeated

for the next plate, using a starting input veltare cf 23.8 for propane, 6L.L
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for tutane, and 11.7 volts for pentane.

The calculations are continued in this mannsr frem the tcp dowm and
from the bottom up until the cempositions cn tae feed plate are obtained,
It is desired tﬁat these compesitions match, but should they ve different,
a new top composition must be assumed and the calculations done over. This

is continued until the compositions match at tae feed plates



Fig. 6a. Front view of calculator
showing nower unit, control panels,
and amplifiers connected.

Fig. 6b. Rear view of rower unit and
-plifier chassis,
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CONCLUSICS AND IVPRCOVEMENTS

As was stated earlier in the dlgcussion, tae power unit and the
anplifiers were tested up@n their completion and they wero found to bLe
operating quite satisfactorily, multiplication and addition proceeding
exactly as expected. However,-wheon the calibration was attempted several
difficulties were encountered which proved to be the most troublesome of
the entire project. As has been pointed out already, the most important
physical measurement connected with the calibration is tae output voltape.
During calibration t:ue cutput voltage was observed to oscillate in such
& manner so as to make an accurate calibration impossible. An analysis
of the situation was attempted and the following ccnclusions arrived at
as to the possible causes of this cscillation.

The &.Ce line voltage supplying the power unit was tested and found
to vary about one or two volts. This may not seem like much of a vari-
ation, but it should be remembered that thiis slight variation is amplified
in the amplifier unit with & resulting variation of much larger magnitude,
A voltapge regulator was put on the line current, but the output oscilla-
tion still persisted. Other reasons advanced concerned the possibilities
of variation in the carbon resistors due to heating, and the possible
effect of heat radiation from the black tubes on the filament temperature
of adjoining tubes. Fxtensive trial and error experiments were tried
following tiis line of thought in an effort to determine the cause of the
output oscillation, but nothning concrete was found. Time tests wero run
on an amplifier in an attempt to learn something of the nature of the

output oscillatione. The results of the time tects sihowed the oscillaticns
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to be greatest at first with a leveling-off period occuring after several
hours. C(ne might infer frem tais that a "saturaticn™ point ls reached
wnerein t:ie carbon resistor undergees no further change due to heating.

Two amplifiers built with carbon resistcrs were selected for further
tire tests as regards this point of "saturaticn". C(ne of the amylifiers
had been used Quite extensively for otaer miscellanecus tests and therefcre,
was in effect, run fcr a considerable lengtn of time., Thuis cne saall be
designated as amplifier Noc. le The clher one had teen used hardly at all.
This one snall be designated as amplifier No. 2. A log cf the chbservations
made is as fcllowa:

10100 AJ¥e ¢ Powar unit and anplifiers started. Cscillatien
for sero setting tested (zerc input voltage).

Noe 1 was zero set at 20 volts and stayed ccne
stant. No. 2 o3cillated from bepginning and was
nct set at any value.

1330 Pole & Noe 1 amplifier was at 2 vclts, cut showed no
signe of oicillating. Noe 2 was still oscillat-
ing &s before.

53L5 P.Me 3 Noo 1l was constant at 2 volts, cut was reset to
20 volts. Nc. 2 was still oscillating as before.

10345 AJe 3 Noo 2 was giving a negative vcltage. No. 1 was
constant at 52 volts.

2345 PoKe 3 Noe 2 was still giving a negative voltages Noe 1
was constant at 52 volts,

4330 P4 3 Noe 1 constant at 52 volts. koe. 2 gave positive

veltage, tut was cscillating, Test terminated.
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The results of this run tend to bear out this "saturation”
theory a little more.

The first improvement that should be attempted would involve the
variable input resistors. Efforts should be directed toward ganging the
resistors on a central shaft. Perhaps the investigator will be pleasantly
surprised at the cost of having resistors made to order by a manufacturer.
In any case, it is felt that this improvement can be made in due time. If
this suggestion can be accomplished, a second improvement of great importance
could be introduceds namely, the use of a servo motor at the point where
the input resistances are adjusted until the output voltages of the amplifiers
total one. A servo system serves merely to transform elqptrical data (a
voltage) into mechanical data (angular position of a shaft).

As an example, consider the addition, using a.d.c. amplifier, of
two voltages having opposite signs. If the positive voltage is the greater,
the output of the amplifier will be a positive voltage. Tne output voltage
of the amplifier will be zero when the values of the two input voltages are
equal,

If one of the input voltages is furnished by a potentiometer whose
brusn is positioned by a reversible motor controlled by the output of the
amplifier, the output voltage of the amplifier can be automatically main-
tained at sero, if the connections to tne motor are properly made. If the
positive input voltage is greater than the negative input voltage, there
will be a negative output from the amplifier which will cause the motor to
turn the brush in a direction which increases the negative input voltage.
When, by this means, the two input voltages are made equal, there will be
gero voltage output from the amplifier and the motor will stop. This is a

typical servo system.
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It is nct entirely incencelivails that the calculator could be made
fully autematiic in its application to the preblems To de¢ this a servo motor
would be used at the polnt where tue input resistances are adjusted until
the output voltages cf the amplifiers tctal one. A storage or meusory cape
acity, consisting of a revolving bank cf potentiometers, would also te used,
and in conjunction with tnis could go a servo system for balancing with the
galvanometer. This balanced voltage would be stored, and a relay might then
switch the amplifier for applying the operating line equation into the sys-
tem and withdraw the balanced voltage frcm the memory unit for use as the |
input to this amplifier. Tnis output is then stored until used as input
for the first step in repeating the calculations over the next plate.
Another servo system would be utilised at the feed plate where the composi-
tions as calculated down from the top are supposed to match those obtained
calculating up from the bottom. In this way the amplifiers would first be
set-up to meet the conditions of tie problem (reflux ratio, simplifying
assumptions, constants in operating line equations, eta). Then the assumed
composition of vapor off tne tcp and liquid composition off the bottom are
introduced. Tne macnine would be started and the calculations would proceed
simul taneously from the top down and from the bottom up. If the composition
at the feed plate does not match, the servo system would throw the unit back
to the beginning, and repeat the process with different assumed end conditions.
Thus the calculations would go up and down the column until the correct end
con?ltiona are assumed, at which time the servo motor at the feed plate wculd
stop the calculator.

Throughcut this work the calculator has bteen applied to problems where-~

in the usual simplifying assumptions could be made without introducing
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appreciable errors. lowever, in many petroleun problems these assumptions
of equal molar latent heats and negligible heat cacacity chanses cannot be
made. It is felt that the calculatcr could be applied equally well to
tiese problems for here the sectional heat halance equations are used in
conjunction with material balance equations on a trial and error tasis.

A liquid compesition on a plats is always a starting pcint in plate calcu-
lations. In tais case, the variakle input resistances wculd be correlated
'ith'heat contents and molecular weights together with K-charts,

As pointed cut previously, there are many applications of the calculator
to chemical engineering rrotlems besides distillation. An example cf another
8pplication cf the calculater to & chemicgl engineering prchlem weuld be
calculating flow of fluids (pressure drog) in & pipe still., Due to vapor-
ization of the oi}, the viscosity changes thrcuczh the equipment, and this
has the effect of changinz the valne of Revnolds numier. To avoid this in
the analytical calculations the pipe Still 1s divided into sections over
winich the change in Reynolds number is not great. In this case the resis-
tors would be correlated with f, friction factor, and flash vaporisation
curves instead of K-charts. The desired pressure drop at the end is known,
80 & large pressure is assumed at the other end. Then the pressure drop is
calculated over the several sections of the pipe still and if the end pressure
is that desired, the assumed large pressure value was correct. If not, the
assumed pressure value is altered and the calculations repeated until the
desired pressure is obtained at the cther end, Again the calculator could
be made automatic so as to repeat the calculations over and over until the

correct pressure is assumed.
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