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The present invention relates to automatic
regulators and more particularly to a regulator
for automatically controlling a physical condition
such as temperature or pressure, and in particular
an apparatus of this kind in which there is a pre-

" determined relation between the indicated vari-

able and that controlled, e. g. between an indi-
cated temperature and a corresponding heat in-
put rate, such regulators being of the class known

as “corresponding” or, more loosely, “propor- -

tional.” -

In the known types of the corresponding class
of regulators, the controlled means is merely posi-
tioned in the opposite direction from that of the
indicated variable showing a change thereof by
an amount generally proportional to the magni-
tude of such change. . Although such regulators
are in wide use, still I have found that their per-
formance may be radically improved by depart-
ing from the conventiona] negative-proportional
relation between the indicated and the controlled
variable. ‘

. 'To most stably maintain the indicated variable
within a band, bounded by given predetermined
limits, near its set value, it is essential that the
over-all sensitivity s’ of the regulator and its con-
trolled process be constant over such entire con-
trol band. The overall sensitivity s’ of a temper-
ature regulator, e. g., as used herein is numeri-
cally equal to the number of degrees of rise of
actual temperature resulting from a manually-

produced lowering of the indicating portion of

“the regulator of one degree, all other conditions
being constant; more broadly stated, it is simply
the ratio of “effect” to “cause,” stated in the same
units, for the whole regulator. It is the principal
object of my invention to provide such an iso-
sensitive regulator for the first time. From a
study of the fundamentals, I have discovered
that such a regulator must have an inverse rela-
tion between the indicated and the controlled
variable instead of a negative-proportional rela-
tion.

A particular object of my inventlon is to pro-

" vide & temperature regulator in which the utmost .

possible sensitivity is obtained in a simple corre-
sponding regulator with uniform stability
throughout. Still a further object of the present
invention is the provision of an electrically oper~
ated controller in my improved iso-sensitive regu-
lator, which controller is unique as to its sim-
plicity and effectiveness. The above mentioned
long-sought objects of the present invention are
attained by the devices disclosed herein which
are believed to provide a simple regulator which
for the firsi time can control a processing plant
with a truly constant maximum overall sensitiv-
ity over a wide range, increasingly wider ranges
being required by the advance of the modern
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process industries. Since my regulator is espe-
cially adapted for any system in which a con-
trolled quantity-rate affects the value of a physi-
cal variable to be regulated and since as Is math-
ematically shown in the early portion of the spe-
cification all process control problems, i. e. both
batch and continuous processes, fall under this
classification, it follows that the field of applica-
tion of my regulator is universal and is in no way
limited to those specxﬁc cases which will be cited
for convenience only in describing the defailed
construction and operation of the few preferred
modifications of my regulator. These and other
objects of my invention will appear to those
ckilled in the art from the accompanying draw-
ings and specification, in which are illustrated
and described several embodiments of the inven-
tion. It is my intention to claim all that I have
disclosed which is new and useful and of a patent-
able nature.

In the figures, wherein like cha.racters indicate
like parts thereon: Fig. 1 is a conventionally
perspective view of a geometrical solid diagram-
matically showing the relations between the vari-
ables: ‘temperature T, heat H and load L for
both the controlled process and its iso-sensitive
regulator.
the ordinate against the load plotted as the ab-
scissa for the combined regulator and process.
Fig. 3 is a diagrammatic view of an electrical
heater for a process load comprising a stream of

"fluid flowing past a heating resistor in an insul-

ated conduit so that the rise of temperature
across the heater is maintained substantially
constant by my iso-sensitive regulator. Fig. 4
is a diagrammatic view of a gas fuel controller
used to regulate the temperature of oil of a con-
tinuous process, e. g. as in oil cracking. Fig. 4a

1is a graph showing the shape of the port opening

in the controlling valve of Fig. 4. Fig. b is a

diagrammatic view, generally similar to Fig. 3 in

which the governing means is modified so that

both the setting point and-the overall sensitivity -
may be adjusted; this is shown as typical of a

heater for a continuous flow of fluid such as.
might be needed in any continuous process, €. g.

oil cracking.

The application of this invention to the par-
ticular apparatuses illustrated in Figs. 3, 4 and 5
is by way of example for the purposes of illus-
trating-the adaptability of the invention. It is,
however, to be understood that this invention
may be used in connection with any heating or
other processes, either continucus or batch as,
e.g. in connection with any process in which one
variable is regulated by controlling another
which reacts upon the first variable, Typical
examples of such processes are in cracking oil,
controlling temperature of glass being fed to
bottle-making machines, cooking sugar-beets,

ig. 2 is a graph of temperature as . .
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regulating a level by controlling flow, drying or
humidifying in the arts generally, digesfing as in
the chemical industries, regulating voltage by
controlling generator speed, and processes in
many other arts,

Continuous process regulation

Before describing my unique regulator and how
it attains the desired end, it is necessary to first
describe the fundamental relations involved.
These are shown graphically in Fig. 1 in which
the hyperbola on the T—H face of the “solid”
represents the characteristic relation of the in-
dicated temperature rise and its corresponding
heat input for my iso-sensitive regulator.

Consider a regula’cor which has for its equa-
tion:

Ts—=K/H (1)

For a contmuous process without gppreciable heat
loss by radiation, conduction, convection, ete.
from the fiuid being heated, the rectangular hy-
perbolic relation is shown in Fig. 1 and the equa-
tion is

H=LT 2)

where, and below,
T in °F. is indicated temperatuze rise
H in B.t.u./sec. is heat input=heat output to
fluid
L in
B. t. u.
See. °F,

is load due to flow of fluid being heated
K is a constant
s is a constant exponent
8’ is the overall sensitivity of the combined regu-

lator and plant

In Fig. 1, s=1, K=1/5 and maximum values for
T and H are shown as unity while that of L is
taken as 5, the L scale being made equal in
length to those for T and H so that the “solid”
shown is that of a cube. The intersection of
the regulator surface with that of the precess is
indicated by a heavy dash line, In Fig. 2, the
trace of such intersection is shown on the L—T
plane for H=1 as a heavy dash line while the
interzaction of the preéess itself with this L—T
plane is shown as a solid line. The equation of
the trace is obtained by combining the Equations
1 and 2

Potl =2

differentiating (3), we have
(s4+1)TdT=— ‘%é @
and dmdmg (4) by (3,
(s+1)dT l)dT _%’z )
or - ,

Equation 6 states in familiar terms that, for a
given percentage change in load I, there is a cor-
responding opposite percentage change of T, of
A
s+1
as much,

An explanation of the significance of the over-
all sensitivity s’ of an iso-sensitive regulator, i. e.
one which acts according to Equatlon 1, as {ol-
lows:

2,274,266

‘Suppose that such a regulator in normal op-
eration, maintaining the temperature rise con-
stant at the control point, is forcibly changed by

- holding its indicating element off the control
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point by a positive amount dT, until the tem-
perature at a constant load I. becomes steady.
The change in heat input will be, from Equation
1, for the regulator alone,

dll= —sEdT

(7)
Now, if the indicating element be suddenly re-
leased, it will deflect by a negative amount de-
termined by Equation 2 putting I: for L, or in
other words, due to the effect of the change dH
of heat input to the process, the actual tem-
perature change (dT)a resulting is

dH_ T
—(dT),=—L—‘——]— 144 (8)
and from (7), for the regulator alone,
@T)e=—s AT (%
so that, for this case,
. , aT),
§'= . d77? (9a)

and the overall sensitivity s” must be constant
with this continuous process when the regulator
exponent s is constant. :

That is, the magnitude of the correction im-
posed by the regulator is s’ times the “observed”
change in T. The minus sign results from the
artifice of forcible holding.

Hence we may state that the overall sensitivity
s’ is the temperature correction divided by the
temperature change as observed at the indicator,
or that the regulator corrects the temperature
by s’ times as much as its detected, or measured,
change in temperature, indisputably a perform-
ance characteristic which we may logically de-
scribe as overall sensitivity s’. Since the fore-
going mathematical analysis has demonstrated
that the regulator of Equation 1 has a truly con-~
stant overall sensitivity s’, the equation for such
a regulator combined w1th a continuous process
being

T¥=K/H (la)

Batch prbcess regulation

It is necessary to consider the performance of
my iso-sensitive regulator on a batch process since
this case is still common per se in the process in-- '

_dustries, and also because each continuous proc-

ess breaks down into a batch process as the no-
load condition is approached.

The equivalents of Equations 3 and 6 can be
derived for the genera] case of batch heating
processes as follows:

H=h 1o

is the simplest equation representing the heat bal-
ance of the uncontrolled plant, and states that
the heat input H is equal to the heat loss h. .
This applies after the heating up period and
during the “holding” or “soaking” period when
accuracy of regulation is significant.

Tr=ch 1n

. relating temperature and heat loss in a suffi-

70

cient approximation for our present purpose, n
usually has a value between 1 0 and 2.0. From
(10) and (11)

Tr=cH 12

. which may be regarded as the tempei'ature‘bal-

[{J

ance equation of the uncontrolled plant.
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As before, the regulator acts, with sensitivity s,
to.decrease H as T increases according to Equa-
tion 1

Te= o))

H
Now we will assume that the load h varies only
‘with temperature and that the heat input H,
changing independently, is partially corrected by
the regulator, which in so doing permits neces-
sarily, a departure from the control point. - The
mechanics of such variation of the heat input H
may be taken care of by having the heat input
be due to fuel flow under pressure p through a
control valve of opening area A and the constants
such that

H=Ap (13)

.To fix the design of the opening area of the
valve, take a fixed pressure pc at the control
point and accept the area Ac obtained from (13)
for the heat input then required for the plant.
The relation between the temperature T and the
valve opening A of the regulator is

K

. A_ch' (14
and of its heat input is _

. K )

Ap=sp (13)

which can be combined with the heat input re-

lation (12) for the plant under steady conditions,

i. e., when the heat input equals the loss and

. when the temperature measured by the regulator
equals that of the plant,

K T

P L

or
T ,,_Iﬁt_: ‘ '
Ten="5 (17)

and by differentiating,
dT Kec

(s+ )T" "—~—=——(Ip (18)
and division by (17),
dT_ 1 dp
T 5w (19)

This equation differs from Equation 6 by the
absence of the minus sign and states that for a
given percentage change of heat input due to a
change of fuel supply pressure which is now the
independent variable, there is a corresponding
~ percentage change of T, of

1
stn

as much. As before, this represents an error
or g failure of the regulator to fully correct for
an independent change in heat input.. It is in-
teresting to note that 7, the exponent in Equa-
tion 12, appears in Equation 19 as a self-regula-
tion factor, assisting the regulator. Since » is
small, its effect is un‘mpmtant unless s is small
also.

In temperature control, ﬂ; is generally possible
to use such high sensitivities that the additional
effect of the heat loss exponent 7 is usually neg~
ligible, the use of an average value of 1.5 being
entirely adequate for commercial purposes. In

. other words, the same overall sensitivity is ob-
tained in practice with an exponents of 1.5 less
than that for a continuous process. Since the
effect of n is always on the safe side in respect
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to load error and varies from zero with a purely
continuous process to approximately two for a
purely batch process, it is a simplification and
generally close enough to use an average n of 1
for low loads with a continuous process in pre-
determining the sensitivity of the regulator. In
practice, this iso-sensitive regulator designed. for
a continuous process will work in an entirely sat-
isfactory manner on a batch process.

Suppose that such a regulator in normal oper-
ation, maintaining the temperature rise constant
at the control point, is forcibly changed by hold-
ing its indicating element off the control point
by a positive amount dTe, until the temperature
has again become constant with all other condi-
tions steady. The change in the heat input will
be, from Equation 1

tlII:—sI,TI,dT (20)
Now if the indicating element be suddenly re-
leased, it will deflect by a negative amount de-
termined from Equation 12 gs follows:
By differentiating (12) and taking (dT)a. as be-
fore, .

dH=" =T (d’l‘,, @0
sd that from (20) and (21)
. 1 __scIl ., .
(dT)= —s55 dT; Tn— = dT (22)
and since from (12),
H 1
Tn e (28)
From (22) and (23) .
(WT) = —7‘—}17 (24)
and the overall
‘ . @, s .
S'= T (28)

Thus, with such a regulator with such a batch
process, the overall sensitivity of regulation is
constant, the minus sign resulting as before from
the artifice of forcible holding. )
Having expounded the fundamental principles
involved in an iso-sensitive regulator, there fol-
lows a description of general embodiments of
the invention in which an overall sensitivity is
attained uniformly. throughout the entire work-
ing range of each of such regulators.

- Fig. 3, Iso-sensitive regulator of unit sensitivily

60

65

The embodiment of the invention shown in Fig.
3 is primarily for the purpose of illustrating a
simple form of the invention in which the over-
all sensitivity is unity. Such a regulator will
have, from Equalion 6, one-half the percentage
change of temperature, following a change of
load, that would exist without any regulator and
with constant heat input. However, such a regu-
lator may be useful where the load is fairly
steady. -After. describing this elementary’ form,
more complex embodiments suited for high and
adjustable sensitivity are illustrated in Figs. 4
and 5 and described. later. In other words, the

- more complex forms of the embodiments will be

70

75

more readily understood after having first il-
lustrated and described the simplest form.

In the embadiment of the invention shown in
Fig. 3, the temperature rise cof fluiid flowing
through a continuous heater 10, i. e. process, is
regulated by regulator if. For instance, the ap-
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paratus as shown in Fig. 3 could be used to raise
the temperature of a stream of air flowing to an
apparatus in which it is desired to keep the tem-
perature at some elevated point. Regulator {i
comprises thermocouples 12 and I3 respectively
sensitive to the inflowing and outflowing fluid in
lines {4 and 15 connected to heating chamber
i§ which is well insulated by insulation 17
against appreciable heat losses, relative to the
heat input H for the load L due to the fluid flow.
Potentiometer 18 has indicator #9 continuously
positioned in correspondence with the tempera-
ture rise between thermocouples 12 and 13 which
are connected to galvanometer 20 by thermocou-
ple circuit 21 which also includes a slidewire (not
shown) along which indicator i9 moves a sliding
contact. Galvanometer 20 positions contact
switch blade 22 relative to contacts 23 and 24
which, with blade 22, are connected by direction
controlling circuit 25 with the secondary shading
coils 26 and 27 of reversible motor 28, the primary
induction coil 29 of which is connected with A. C.
supply 30, all in-'a conventional manner, con-
tacts 23 and 24 being sufficiently separated to
provide a dead-zone in which blade. 22 does not
touch either contact 23 or 24 when galvanometer
20 is balanced. This condition of balance occurs
when indicator 18 is at a temperature corre-
sponding with the rise between thermocouples 12
and 13. Motor 28 turns single thread worm 3i
to slowly turn its worm wheel 32, this worm wheel
being connected by connecting means 33 with in-
dicator 19. Motor 28 also drives spur pinion 34
and its coacting spur gear 35 which is connected
with one end of shaft 36 to turn this shaft
through an angle proportional with the displace-
ment of indicator 19 from a fixed point on its
scale. The other end of shaft 36 includes thread-
ed portion 37 which carries a nut 38. While free
to rotate, shaft 38 is restrained against axial
movement as by collars 39. Nut 38 is attached
by an insulated sleeve 40 with sliding contactor
41, one portion of which 42 is adapted to lightly
abut lineal resistor 43 and has another contacting
portion 44 similarly adapted to slide along con-

ductor rod 485, both resistor 43 and conductor rod’

45 being disposed parallel with the axis of shaft
36 to guide contactor 41 so that it is restrained
against rotation while free to move axially along

shaft 36. Resistor 43 is shown extending substan- j
tially along the entire length of one wall of heat-"

ing chamber 6. ‘

Baffle 46 is disposed within this chamber to-

define the path of the fiuid and this insure posi-
tive response of the temperature of the outflow-
ing fluid to changes in the heat input from re-
sistor 43. A. C. supply 30 is also connected with
- the adjustable primary 471 of manually adjust-
able transformer 48, one line of supply 30 being
shown attached to the left-hand end of primary
47 and the other line of supply 30 being attached
to its selective switch 52, Transformer 48 has the
right-hand end of its secondary 49 attached by
lead 50 with the left-hand end of resistor 43.
Lead line 51 connects conductor bar 45, for slid-
ing contactor 41, with the left-hand end of trans-
former secondary 49, ..Index 53 is adjustable
along its scale 37 to indicate the sefting point to
an attendant. The adjustment of the parts is
_such as to attain the result set forth in Equa-
tions 20-24, i. e., portion 42 of siiding contactor
41 is substantially at the left-hand end (zero re-
sistance end) of resistor 43 when indicator 19
is at its position which corresponds with a dif-
ferential temperature of zero so that there is
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no appreciable resistance of the secondary cir-
cuit including resistor #3, lead lines 50-—51 and
transformer secondary 49, neglecting any effect
of the impedance of secondary 49 which im-
pedance can readily be made so low as to be
negligible or readily adjusted for by one skilled
in the art. .

" Where a constant voltage E is between leads 50
and 51 from.adjustable-tap transformer 48, the

well-known relation between resistance R of re-
sistor 43, voltage E and current I is
E

I=% (26)

and heat input H in watts is
E2
II=EI =i 27
or, since the voltage E is constant
_K 9
H =% (28)

and since the resistance R is directly propor-
tional to the indicated temperature rise, then

_K
I[—~T- (29)
or ' ]
_K
=" (30)

which is seen to be the same as Equation 1 with
an overall sensitivity s’ and regulator sensitivity s
of unity. This embodiment and .its figure have
deliberately been simplified to the utmost for
clearness of exposition; however, its disclosure
is submitted as adequate, i. e. anyone skilled in
this art could make a successful and highly use-
ful regulator for its intended purpose by following
such disclosure,

The operation of the device shown in Fig. 3 is
as follows: an attendant sets index 53 at the de-
sired temperature rise for any given load, which
load is determined by the flow through heating
chamber [6. For any given load, he turns switch
52 to such a position that the heat input to re-
sistor 43 is just enough to bring the temperature
rise, as indicated by indicator 9, to the value
indicated by index 53. Upon a small change dL
of load L to a new value, the temperature rise
dT will change correspondingly according to
Equation 6. This change is only half of that

* which would occur if the regulator did not alter

60

the position of sliding contactor 42 along its re~
sistor 43. Reference to Equations 1 and 3 shows

~ that this over-all sensitivity is constant for all

changes of load within the limits of travel ol
sliding contdctor 42 along resistor 43. If such
load change is large enough so that the resulting
temperature drift is larger than is desirable, as
shown by the deflection of indicator 19 from its
index 53, the attendant again alters the position

. of selector switch 52 to bring indicator 19 into

£ ]

alignment with its index 53. However, even with
this new load, it will beé seen from the equations
that the overal] sensitivity of the controlled proc-
ess is still constant and unity. As earlier men-
tioned, while such a low sensitivity device would
have only limited usefulness, still it clearly illus-
trates the fact that this regulator is in fact iso-
sensitive. '

Fig. 4, Iso-sensitive regulator of high sensitivity

Fig. 4 illustrates an embodiment of the inven-
tion giving high and constant sensitivity through-
out the entire working range of the regulator so
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that the overall sensitivity s’, and consequently
also the s in Equation 1, is a constant consider-
ably greater than unity. Such an application is
typical of a continuous oil cracking process. Such
an iso-sensitive regulator has the minimum drift

consistent with stability and thus gives stable -

control for installations where the process capac-
ity is so great that no other simple corresponding
controller could be used, due to the fact that the
latter regulator would hunt excessively at some
loads though stable under others. The following
are generally as in Fig. 3: inflow and outflow lines
14 and 15 respectively, thermocouples 12 and 13
therein and their circuit 21, and potentiometer i8.
However, heating chamber {6 and its bafile 46
have been replaced by pipe-worm 66 which is lo-
cated within a combustion chamber &i having a
burner 62 shown near the bottom and stack 63 at
the top thereof.

Valve 84 is actuated through change-gearing
including worm gear 65 and lts single-tooth
worm 66, single-tooth worm 66 being driven by
motor 28 which also positions indicator 19 rela-
tive to its set index 53 on scale 37 as earlier
described under Fig. 3. Valve 64 is generally of
the conventional slotted piston type and in prac-
tice would be provided with limits which are wide.
However, the shape of the slotted port is critical
and as follows to give the relation of Equation 1:

K .
Te= I
Ii v is the trave] of the valve from its closed po-
sition and 2w is the width of the slot at ¥, then,
assuming that the heat input H is proportional to
the area A of the port opening,

KI
Tr= 71—=_y" (31)
and
Y
A= f 2w dy (32)
K’
f 2w dy (33)
—sK'dy
'—y;;l—‘-/=2w dy . (34)
50 that ’
K'’s ~
yrits= 21, (35)

vhxch is the equation of the port edge, also hy-

perbolic. A typical case as calculated according

to Equation 35 for a sensitivity s=10 and v1=7 to

Y2==10 and K'=:10° is shown in PFig. 4a. The

small rectangular portion at the tip of the slot is

required to be equal to-the area A calculated from
== to y=10, as follows:

10 1
[A] =f‘0 2w dy
or from 35 : *

0 (10K’s d; K10 K’
BRI R I e

For a different sensitivity and constant K’ it is
necessary to change the slotted piston to another
in which the port is calculated for the different
'constants

‘Pipe 61 upstream of valve 64 is prov1ded with
pzessure regulating valve 68. Line 69 -connects
pipe 67 with a conventional pressure regulator

(36)

(37

(1)

5

is connected by line 69 to pipe 61. Air-supply line
14 is connected with air-valve 12 which is con-
nected by line 15 with direct acting diaphragm
top 16, the diaphragm thereof being opposed by
spring 11, all in conventional manner. .
The operation of the dives shown in Fig. 4 is

- as follows: the attendant sets index 53 at the
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10 located on top of potentiometer {8 and in which .

the pressure is set by moving knob T! to a new
position tc thus alter the relation between air-
valve 12 and the pressure in diaphragm 13 which

corresponding - type of regulator.

desired control point on scale 31. Valve 64, and
hence the heat input by burner 62, is maintained
in correspondence with the position of indicator
19. The attendant sets the gas fuel pressure in
pipe 671, upstream of valve 64, by altering the
position of knob Ti. Pressure regulator valve 68
then maintains this pressure. In other words,
when valve 64 approaches the limits of its ac-
curate relation between heat input and valve trav-
el, the attendant resets the fuel pressure across
valve 64 so as to alter this pressure to reset the
regulator for the drift which is inevitable in any
As previously
pointed out, this general arrangement is such as
to accurately maintain constant the iso-sensitiv~
ity s’ of the regulator.. Such regulators, as are
shown in Fig. 4 and described above, are ideal
for oil cracking furnaces, e. g., where, as is well~
known, the temperature of cracking must be
stably maintamed within narrow limits for eco-
nomic production.

-Fig.- 5, Iso-sensitive regulator of adjustable
: sensitivity

- In the embodiment of Fig. 5, potentiometer 18

zn

and heater 10 are generally as in Fig. 3; however,
in this embodiment, governing means 9, which
connects potentiometer {8 and the heat-control-
ling shaft 36 for positioning contactor 41 along
resistor 43 within heater 10, is so modified that
the overall sensitivity s’ and the setting constant
K'of Equation 1 may both be predetermined. The
drawing and following description are given pri-
marily for the purpose of illustration and the
numerics used are selected for ease of description
rather than as representative of any practical
application.

In Fig. 5, governing means 9 is connected by
shaft 100 with logarithmic cam 101 against which
roller {02 bears. This rolier is on one end of
lever 103 which is pivotally mounted on shaft
104 which is attached to the frame of governing
means 9. The arrangement is such that an even
angular movement of the cam produces an angu-
lar movement of lever {03 which is proportional to
the logarithm of the temperature change.
Counterweight 105 is provided on a bell-crank.
portion of lever 1083 so as to bias roller 102 towards
logarithmic cam 101. The arrangement is such
that the axis of roller 102 moves through a dis~
tance proportional to the logarithm of the tem- .
perature indicated by the potentiometer, i. e., as
log T. Lever 103 is arcuately formed to prov1de
a variable radius linkage with link 106 and lever
181, the ends of link 106 being pivotally connected
to 107 and to an adjustable arcuate block 108
having clamping screw 108 thereon. The arrange-
ment is such that a substantially parallel-motion
relationship exists between levers 103 and 167
when log cam 101 is in its zero position and with
block 108 set at a sensitivity s of 6. As earlier
mentioned, this regulator sensitivity s equals the
overall sensitivity s’ for the continuous process of
Fig. 5. In the figure, this block is shown clamped .
by screw . 1088 at a sensitivity s of 5. The radial
distance of the pivotal center of the end of link
186 from the center of shaft 104 is seen to corre-
spond with the sensitivity s and the arrangement
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is' such that the upper end of Iever 107 is dis-
placed an extent proportional to log Ts,

Lever 107 is pivotally mounted on shaft 110 and
has a depending segmental gear portion fil. Co-
acting with this gear is its rack 112 which is ar-
ranged to slide in operative relation therewith,
Rack 112 is seen to be graduated on its front face
with a scale for the K of Equation 1. Sleeve 113
is slidingly affixed to rack §12 and clamped there-

to in any desired position by means of clamping !

screw 14, The arrangement is such that the
relative positions of sleeve 13 and rack {i2 may
be adjusted to alter the value of K, and hence
-‘the temperature setting for any given sensitivity
s, a graph or table for s, T and K being con-
veniently used by the attendant in setting to a
new value of either s or T.

The upper side of the right hand end of sleeve
113 forms a rack 115 for a segmental gear 16
which is pivotally attached to the frame of gov-
erning means 9 by shaft 7. Lever [i8 is af-
fixed to gear I16 and provided with roller con-
tact 119 for log cam i20 which is mounted on
shaft 121. The arrangement is such that log
cam 120 removes the logarithm inserted by log
cam {01 with the result that the angular posi-
tion of shaft 121 varies inversely with the heat
input and varies directly with the desired re-
sistance of the effective portion of resistor 43 be-
tween line wire 50 at one end thereof and sliding
contactor 41 which is connected with line wire
5(. The arrangement of the parts within heater
10 is as heretofore described. Worm wheel 122
on shaft 121 is actuated by its worm 23 which
is driven by reversible motor 124 having field

coil 12§ attached to A. C. supply lines 30, This’

motor is of the shading coil type having two sets
of shading coils 126 and 127 respectively. Fixed
resistor 128 is connected across the terminals of
shading coil 127 which operates motor 124, when
the ends of shading coil 126 are open, in such a
direction as to move cam 120 towards contactor
119, cam 120 and its contactor 19 being con-

nected by lines 130 with the ends of shading coils .

126 so that as soon as the cam 120 touches con-
tact 119, motor 124 reverses. The result is that
cam 120 is continuously maintained in a humming
hunting contact with roller 119 and the shaft (31
of motor 124 is maintained in proper regulating
relation. Pinion gear 132 affixed to the other end
of shaff 131, meshes with spur gear 133 which is
so affixed to shaft 36 as to drive the same.

From the foregoing it is clear that this iso-sensi-
tive regulator positions this controller within op-
erating limits fixed by the length of resistor 43 and

the possible travel of contactor #i along the .

threaded portion 37 of shaft 36. However, with
such an iso-sensitive regulator, i. e. for s between
2 and 10, the operating demands may be such as
to cause the controller to reach its limits. Con-
tacts 134 and 135 are respectively attached to the
ends of shading coils 136 and 137 of reversible
motor 138, the other end of each of said coils 136
and 137 being attached to switch blade 139 on
lever 1i8. Field coil 140 of motor 138 is con-
nected with A. C. supply line 30. Shaft (41 of
motor 138 has affixed thereon worm (42 and its
worm wheel (43 is positioned thereby, this wheel
being attached to selective switch 52 of variable
transformer 48 which is as described urder Fig. 3.
_ The arrangement is such that whenever blade 139
reaches either of its contacts 134 or i35, motor
138 will operate to reset switch 52 of transformer
48 in such a -direction as to alter the voltage po-
-tential across resistor 43 to bring contactor 44
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away from its limits and back into the effective
portion of its range. Actually, contacts 134 and
i35 will be set well within the operating limits
of controlling contactor 41 so that a relatively
slow motion of its reset means, i. e. of selective
switch 52, will take care of any tendency for the
controller to drift outside its limits.

‘Since the operation of the embodiment shown
in Fig. 5 has been described as the figure was de-
scribed, further detailed description is not re-
quired. However, it may be well to give the fol-
lowing brief description of this operation: the
potentiometer directly positions log cam (01 so
that roller {02 follows log T. 'The overall sensitiv-
ity is predetermined by adjusting block 108 to a
radius corresponding with s. The resulting mo-
tion of the upper end of lever 10T and of gear
segment 1l and its rack 1i2 thus corresponds
with log Ts. Sleeve t13 is adjusted relative to
rack 112 to introduce the desired setting con-
stant K. The short radius of segmental gear
116 relative to the length of lever (18 (radii 1/5)
permits the use of the same shapes for both anti-
log cam 20 and log cam 101. Reversing motor
i24 maintains the effective length of resistor 43
proportional to the inverse of the heat input re-
quired, generally as explained under Fig. 3. Mo-
tor 138 gives an automatic limit reset for the po-
tential across resistor 43 with the result that the
iso-sensitivity of this regulator is insured under
a very wide range of loads. Thus if is seen that
the operative relation between the potentiometer
and the variable resistance of Fig. 5 is in general
as in Fig. 3. The automatic potential-reset of

5 Fig. 5 is similar to the manually adjusted pres-

sure-reset of Fig. 4, both resets functioning to ex-
tend the range of the controller. The “slide rule”

logarithmic mechanism of Fig. 5 is provided, as -

aforementioned, with anti-logarithmic means so
that, if it were practicable to set an overall sensi-
tivity s’ of unity, the relation of the variable re-
sistance to the indicator of the potentiometer
would be identical with that for the regulator of
Fig. 3. Inresumé, the illustrative device of Fig. 3

= has an overall sensitivity of unity and employs

the inverse electrical relation of I=E/R for the
heating current of an electrical furnace; in the
illustrative embodiment of Fig. 4, the potentiom-
eter operates as in Fig. 3 to position a valve
shaped to produce a constant overall sensitivity
of 10 instead of altering the variable resistance
of Fig. 3 to produce an overall sensitivity of unity,
a manually-adjustable pneumatic reset being used
to extend the operating range of the regulator;
and in Fig. 5 the constant overall sensitivity may
be set at any desired value from 2 to 10, an auto-
matic potential-reset replacing the manually-ad-
justable pressure-reset of Fig. 4. .

The outstanding desirable result of using such

an iso-sensitive regulator is that the sensitivity -

can be set, at any convenient condition, at the
highest possible value at which it will not there
cause hunting, and thereafter it will operate
throughout its entire range without hunting; a
major advantage of such maximum sensitivity
being that load errors are thereby reduced to

_ a minimum,

70

75

In the practical design of an iso-sensitive regu-
lator, it is first necessary to specify the load and
the temperature requirements of the process, and
also the characteristics of the heat source.
Having these, the selection of a vaive of the
proper size for a specified fuel supply, or of an
electric heater for a specified voltage, either of
which for a specified load and temperature, is

PO
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accomplished by the use of Equations 1 and 2.
From Equation 2, H is first determined for the
specified load L and temperature T and then
from Equation 1, rewritten as K=HT?, K is' de-
termined for the same T and H, using a value
of s’ consistent with experience and well within
the range of adjustment of s.

The terms and expressions which I have em-
ployed in the specification are used as terms of
description and not of limitation, and I have no
intention, in the use of such terms and expres-

sions in the claims, of excluding except herein’

below noted any equivalents of the features
shown and described and portions thereof, but
recognize that various modifications are possible
within the scope of the invention claimed. For
example, obviousiy, electrical, or even hydraulic,
means may be used by anyone skilled in the art
within the teachings of the present invention,
mechanical embodiments of which have been
shown purely for convenience. Also this type of
regulator may be used equally well for other
physical conditions than temperature as long as
the fundamental relations involved are similar.
In defining the intended meaning of the language
of the claims: an “inverse relation” of two vari-
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ables such as H and T is one in which H varies as -

1

7]‘m N
where m is a substantially constant exponent,
an inverse relation appearing on log-log -graph
paper as a truly straight line which slopes down-
ward with an increase of the value of the abscissa
variable; a “physical variable” is one such as
temperature, pressure, voltage or the like which
is variable with time; and a “quantity-rate” is
one such as cubic feet/sec. of liquid, pounds
(mass) /sec. of any material liquid or granular,
heat input rate in B. t.-u.s/sec. or the like in
which the rate of feeding affects a physical
variable. :

I claim: )

1. The method of regulating a sensed physical
variable T which comprises controlling within
limits a quantity-rate H, which increases T when
H is increased, to maintain the relation

Ts=K/H

where s is the regulator’s Sensitivity and constant

within such limits and K is the setting constant,
whereby the overall sensitivity of regulation is
accurately constant over the stated limits of
controlling. :

2. A regulated system comprising, in combina- ;

tion, a process in which a physical variable of
the potential class, such as temperature or pres-
sure, is to be regulated by controlling the rate
of supplying a physical quantity, which increase
the value of such potential when increased, and
a regulator for said process comprising a measur-
ing element positioned in correspondence with
the value of the potential, and a controller oper-
atively connected with the measuring element
and governed thereby through a predetermined
operating range to therein control the quantity-
rate in an accurate inverse constant-exponential
relation with the measured value of the potential,
whereby the overall sensitivity of regulation is

substantially constant over the major portion of ;

such operating range.

3. A regulated system comprising. in combina-
tion, a continuous process in which a physical
variable T is to be regulated by controlling the
rate H of supplying a physical quantity de-
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manded by a continuous load L such as may be

due to the quantity-rate of flow of material being

processed and substantially according to the

relation ) :
H=LT

and a regulator for the process, which regulator
comprises an element sensitive to the value of T,
a controller for quantity-rate H, and means op-
eratively connected with the sensitive element
and with said controller to govern said controller
by said element through a predetermined oper-
ating range of values of T to control H accu-
rately according to the relation

Ts=K/H

where s is the regulator’s sensitivity and constant
over the stated range and K is the setting con-
stant, whereby the overall sensitivity of regula-
tion is substantially constant over the stated
range. : : :

4. The regulated system set forth in claim 2,
including means adjustable to alter the exponent
of the inverse relation between the value of the
variable measured by the element and that of
the quantity-rate controlled hy the controller
from one inverse constant-exponential relation
to another differing only from that first named
by having a different value of said exponent and
hence to alter the value of the overall sensitivity
to a new constant value.

5. A regulated system .comprising, in combina-
tion, a batch process in which a physical variable
T such as, temperature, is to be regulated by
controlling the rate H, e. g. such as heat-supply

‘rate, of supplying a physical quantity demanded

by the process as by conduction, convection, or
radiation in an oven for heating material being
processed, and substantially - according to the
relation

H=Tn"

where 7 is substantially constant around- the
regulated value of T, and a regulator for the
process and which comprises an element sensi-
tive to the value of T, and a controller-for quan-
tity-rate H operatively connected with the sensi-
tive element and governed thereby through a pie-
determined operating range of values of T tu
therein control H accurately according to the -
relation .

Ts=K/H

.where s and K are constants of the regulator,

wherehy the effective\» overall sensitivity is sub-
stantially constant and the sum of s plus n upon

‘a change in the supply rate H as due to a change

of a voltage of the power supply where an elec-.
trical resistor is used for heating the oven.
_ 6. A constant overall sensitivity regulator for

o a physical variable T which is affected by another

O]

it

physical variable H where H is a rate compris- -

ing, in combination, means sensitive to the value -

of T, and means governed by the first named

means to control H accurately according to the

relation o S
i Ts=K/H

where s and K are constants. -

7. A constant overall sensitivity regulator for
one physical variable which is affected by a sec-
ond physical variable .comprising, in' combina-
tion, means sensitive to the value of the first
named variable, and means governed by the
sensitive means to control the second named
variable accurately in inverse constant-exponen-
tial relation to the sensed value of the first named
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variable over a predetermined range of values
thereof.

8. A constant overall sensitivity regulator for
a physical variable of the potential class which
is affected by the rate of supplying a physical
quantity, which increases the value of the vari-
able when the quantity-rate.is increased, com-
prising, in combination, means sensitive to the
variable and having an element positioned in

correspondence with the value® thereof, and i

means including a relatively movable portion po-
sitioned in correspondence with the position of
said element within predetermined operating
limits for controlling the quantity-rate, one of
said means being so correlated to the other that
the regulator maintains an accurate inverse
constant-exponential relation between the vari-
able and the quantity-rate over substantially the
" entire operating range, whereby a substantially
constant overall sensitivity of regulation is ob-
 tained over substantially the entire operating
range.

9. In a constant overall sensitivity regulator

for a process temperature which is increased
when there is an increase of the rate of supplying
heat energy obtained from an electrical power
supply under substantially constant potential,
the combination of a lineal heating resistance
for said process having one end connected with
one side of said power supply, an element for
measuring the temperature and positioned in
correspondence with the value of the tempera-
ture, and a contact operatively connected with
said element to be relatively movable along said
resistance to maintain the value of said resist-
ance in direct proportion to the value of the tem-
perature and connected to the other side of said
power subply and displaced from said end by
an effective resistance length which corresponds
directly with the value of the temperature,
whereby the heat supply rate is maintained in
a predetermined inverse constant-exponential
proportion with the value of the temperature.

10. A regulated system comprising, in combi-
nation, an electrical power supply under sub-
stantially constant voltage, a process in which
the temperature is to be regulated by controlling
the rate of supplying heat energy thereto, which
heat energy increases the temperature when the
heat-supply rate is increased, and a constant
overall sensitivity temperature regulator includ-
ing a measuring element displaced from its zero
position in lineal correspondence with the value
of the temperature, and a controller for the heat-
supply to the process comprising a lineal heating
resistance having one end connected with one

. slde of the power supply and a contact connected
to the other side thereof and displaced by said
element from said end by an effective resistance
length which is in direct proportion with the
stated displacement of the element, whereby the
heat-supply rate is inversely proportional in a
constant-exponential relation to the value of the
temperature.

11. A system to be regulated with constant
overall sensitivity comprising, in combination, a
chamber for heating a fluid supplied thereto and
discharged therefrom, a measuring means sensi-
tive to at least the temperature of the fluid dis-
charged and having an element positioned in
correspondence with the measured temperature
rise, & fluid heater associated with said chamber
and including a resistance and a controlling
member movable relatively to the resistance to
control the rate of supplying heat inversely with

2,274,266

_the displacement of the member from its zero

heat supplying position, and a driving means
connecting the positionable element of said
measuring means and the movable controlling
member of the heater, one of said means being
constructed to coact with the other to cause the
stated displacement of the member to be in direct
proportion to the value of the temperature rise.

12. An iso-sensitive temperature regulator for
a fluid-fuel fired heater comprising, in combina-
tion, a thermometric measuring instrument sen-
sitive to the temperature T and having an eie-

" ment positionable in direct proportion with the
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measured value thereof, a valve means under a
differential pressure having a portion movable
to control the quantity-rate of fuel flow, and a
governing means operatively connecting said
positionable element and the movable portion of
said valve means, said valve means hecing con-
structed and correlated with said governing
means to maintain the heat input H accurately
according to the relation

Ts=K/H

where s is the regulator’s sensitivity and constant
and K is the setting constant, whereby the over-
all sensitivity is constant over the controlling
range of the valve.

13. The iso-sensitive temperature 1egulatox set
forth in claim 12, including means for predeter-
mining the differential pressure across said valve
means adjustable to maintain said valve means
effective, as to regulation, within the operating
limits of the movable portion thereof.

14. The iso-sensitive-temperature regulator set
forth in claim 12 in which said governing means
actuates the movable portion of said valve means
through an extent ¥ which is in arithmetic direct
proportion to the measured value of the tem-
perature T and the ports of said valve means are
adapted to have an effective exposed total area A
which varies according to the relation

y=k/A

where s is as stated and k is a constant relafed
to the capacity of the valve.

15. In an iso-sensitive regulator, a slotted pis-
ton valve having its piston movable between
spaced limits ¥1 and y2 and having a correspond-
ing effective total area A determined by the port
width w corresponding with position y substan-
tially according to the relation

yrl =

where s is the regwlator’s sensitivity and constant
and k is a constant related to the capacity of
the valve. v

16. An iso-sensitive regulator for a physical
variable T which is affected by another physical
variable H comprising, in combination, a means
sensitive to the value of T and having a measur-
ing element positioned in corréspondence with
such value, a means including a movable portion
for controlling H to have the value of H corre-
spond with the position of such portion; and a
governing means operatively connecting said
measuring element with the movable portion of
the controlling’ means to positien such portion
in correspondence with the position of said ele-
ment, one of said means being constructed and
correlated with the others to cause the regula-
tion relation to be

T*=K/H
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where s and K are constants within predeter-
mined limits of T; and the governing means in-
cluding an adjustable portion settable to alter
the relation between the positions of the. meas-
uring element and those of the movable portion
of the controller to change the value of s {o 2
different constant value within such limits.

17. The iso-sensitive regulator set forth in

claim 16 in which the governing means includes

a separately adjustable portion which may be set
to alter the relation between the positions of the
measuring element and those of the movable por-
tion of the controlier to change the value of K,
whereby the values of T corresponding with both
of the stated limits are altered in the same direc-
tion by a change in the setting of the last named
adjustable portion. .

18. The steps in the method of regulating with
constant overall sensitivity a physical variable
which. is affected by a quantity-rate which is
caused by a potential to vary in direct propor-
tion to said potential and which variable is in-
creased when the quantity-rate is increased,
which comprise controlling said quantity-rate to
maintain an accurate inverse constant-exponen-
tial relation between the value of the quantity-
rate and that of said variable for any constant
value of said potential of the variable between
limiting values of said variable, and altering the
stated potential to keep the value of the variable
within such limiting values, whereby the same
value of the stated exponent is maintained both
within said limits and extended beyond the limits
corresponding with a fixed value of said potential.

19. The steps in the method of regulation set
forth in claim 18 in which the stated alteration
of the potential is automatically governed by the
relation of the value of the variable to such lim-
iting values.

20. The steps in the method of iso-sensitive
regulation set forth in claim 18 in which the
stated alteration of the potential is automatically
made when the value of the variable reaches a
limit to return the variable to within the iso-
sensitive regulation zone between such limits.

21. An iso-sensitive regulator for a physical
variable T which is affected by another variable
H comprising, in combination, means sensitive
to the value of T and having a measuring ele-

ment positioned in correspondence with such :

value; means including a movable portion for
controlling H to have the value of H correspond

with the position of said movable portion; and a~

governing means operatively connecting the

measuring element of the sensitive means with :

the movable portion of the controlling means to
position such portion in correspondence with the
position of said element; one of said means being
constructed and correlated with the others to
cause the regulation relation to be

Ts=K/H

where s and K are constants within predeter-
mined limits of T ‘

22. An iso-sensitive regulator for a physical
variable T which is affected by another variable

@
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H, which is a quantity-rate which affects the~

regulated variable and which varies in direct pro-
portion to a potential comprising, in combina-
tion, a means sensitive to the value of T and
having a measuring element positioned in corre-

9

spondence with such-value; a means mcluding
a movable portion for controlling H to vary the
value of H in correspondence with the position
of such portion for 2 single value of the potential,
a governing means operatively connecting the
measuring element of the sensitive means with
the movable portion of the controlling means to
position such portion over an operating range in
correspondence with the position of said element,
one of said means being constructed and corre-
lated with the others to cause the regulation
relation to be
Ts=K/H

where s and K are constants within predeter-
mined limits of T, and & means adjustable to
alter the value of the potential and hence the

value of H for any position of said movable por-

tion within the said operating range to maintain
such portion within said range without changing
the value of s.

23. An iso-sensitive regulator for a physical
variable T which is affected by another physical
varisble H which depends upon the product of
two factor variables comprising, in combination,
a means sensitive to the value of the regulated
variable T and having a measuring element posi-
tioned in correspondence with such. value, a
means including a movable portion for control-
ling H by altering the value of one of said factor
variables in correspondence with the position of
such portion, a governing means operatively con-
necting said measuring element with said mov-
able portion to position such portion in accord-
ance with the position of said element, one of
said means being constructed and correlated with
the others to cause the regulation relation to be

T'=K/H

where s and K are constants within predeter-
mined limits of T, and 2 means adjustable to
alter the value of the other of said factor vari-
ables whereby the value of H to return T more
precisely to a desired value than when only the
stated regulation relation is followed.

24. An iso-sensitive regulator, for regulating a
sensed physical variable T which is affected by
a quantity-rate H by controlling H according to
the relation T*=K/H, where K and s are con-
stants, that comprises, in combination, a meter
sensitive to the value of the variable T, a resist-
ance means having a portion movable to control
the value of the quantity-rate H inversely with
the extent of the movement of said portion from
a fixed point on the low-resistance side of an
operating range of said portion in which the
regulator is effective, and a means for operatively
connecting the meter with the resistance means
to move said portion of the latter, upon a change
in the sensed value of the variable, in a direction
to oppose the change.

25. The iso-sensitive regulator set forth in
claim 24, in which the controller portion oper-
ates over a. predetermined range and the quan-
tity-rate H is affected by a potential and said

5 regulator includes s means for changing the po-

tential in dependence upon the position of said
portion relative to said predetermined limits of
its said operating range and in a direction to
maintain said portion within its said operating
Tange.

CHARLES O. FAIRCHILD.
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CERTIFICATE OF CORRECTION.

patent No. 2,27l,266. February 24, 1942,
CHARLES 0. FAIRCHILD.

~ It 'is hereby certified thsat error appears‘in the printed spebification'
of the above numbered patent requiring correction as follows: Page 2, first
column, lines 43 and l7, for "precess" read --process--; line 52, after
the equation insert --(3)--; line 7k, strike out "as"; page 5, second col-
umn, line 6, for “dives“read-—device—-; page 8, second column, line 35,
claim 1}, strike out the hyphen before "temperature"; and that the sald Let-
ters'Patent should be read with this correction therein that the same may
conform to the record of the case in the Patent office. '
' Signed and sealéd this 5th day of _ay, A. D. 1942,

‘Henry Ven Arsdale,
{Seal) Acting Commissloner of Patents.



