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ABSTRACT

This work was performed to investigate the re-~
sponse and stability of a Jjacketed kettle with inter-
nal heating/cooling coils and glasteel thermowell.
This system was first analyzed méthematically by de-
riving transfer functions for each component and then
combining all component equations togesther to give
the overall system transfer function. The mathemat-
ical model was then checked by frequency response an-
alysis of the system. Bode plots of the system were
prepared and the effect of the thermowell was ana-

lyzed.

Nyquist plots of the system were used as the
criteria for determining stability, and obtainingz the
open—-loop gain necessary to give optimum closed-loop
responseé. The system was found to be completely stable

over the frequency range investigated.

Condensate throttling in the coil was the method
used to control the kettle temperature during the fre-
quency response tests. The advantages and disadvan-

tages of this method of control are discussed,
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ITHTRODUCTION '

Yor many years the Chemical =ngineer working in
the processing field was only concerned witi: the kin-
etic and equilibrium design of a process. The control
of the process was not considered, and 1t was assumed
that the operator would deltermine how fast a change
must be made in the process vo compensate for unexpec-
ted disturbances in the system. As the design of
plants began moving in the direction of increased
automation for closer control and reduced manpower oOp-
erating costs, the systems-~engineering approach to de-
sign became as important to the process as the kinetic
and equiiibrium considerations.

The objective of the systems-engineer is Lo per-
form a dynamic analysis of thé system components to
determine the best way to measure the controlled vari-
able with minimum time lags, and give the maximum gain

to the system without causing instebility.

There are‘several methods such as mathematical
derivation, freguency response testing, step response
testing, pulse testing, etc., that can be used toc make
a dynamic analysis of a system. The objective of any
dynamic analysis is to determine the transfer function
for the system or a component. The transfer function

of a system or component 1s defined as the ratio of the



’

change of the output to the input which caused the
change. The transfer functions are then plotted on a
Bode diagramn which gives a coumplete picture of the sys-
tem or component. With the Bode diagram complete the
enzgineer can determine the optimum modes of control,

gain, and stebility.

The mathematical derivation of transfer functions
requires the writing of =a differeptial or partial differ-
ential equation which completely expresses all of the
system characteristics. Because, 1in practice, most sys-
tems are too complex to be handled by standard mathemat-
ical techniques, simplifying assumptions are made to re-
duce equations to lower order linear systems. General-
ly, the method used is to break the system down into
components which can be analyzed separately. If one
component does not depend on conditiogs in the other
components, the transfer functions for the components
can be multiplied to give the overall response of the

system.

In freguency response testing a sine wave of con-
stant amplitude and freguency is used as the input sig-
nal to the component under test. If the component is
linear the output signal should also be a sine wave,

but the amplitude and phase will be different in accor-



5
dance with the transfer function. The test is conduc-
ted at various frequencies and the results obtained can
bé plotted directly on a Bode diagram. %Generally, for
complex systems, it is extremely difficult to back outb
the transfer function from a Bode diagram. Knowing the
transfer function, however, is not necessary if the en-
gineer is only interested in selecting control modes

and determining stability.

The step response testing method involves applying
an instantaneous change to the input which is then held
constant. The resulting output shape and its time rela-
tionship‘is noted. The output form can then be approxi-
mated to a transfer function by assuming first and/or
second order time constants. Although this technique
is not as comprehensive as frequency response testing
it has the advantage of only requiring as much time as

the longest time constant of the systemn.

The work of this thesis involved the investigation
of the response and stability of a Jjacketed kettle with
internal heating/cooling coil‘and glass lined thermowell
by mathematically deriving the transfer fuaction for
each component in the system and then performinz a fre-
quency response analysis of the system to deteriine if

the nathematical model initially derived accurately de-



scribed the system.

Although much work has been done with Jjacketed ket-
tles there is a lack of any data on systems using coils
in the vessel. The use of coils in vessels is a common
technique used to obtaln better control of polymeriza-
tion processes. These processes require heat from a
Jjacket to bring the process up to temperature, but as
polymerization begins, the reaction becomes highly exo-
thermic fequiring rapid cooling. Xettle Jackebts have a
large amount of inertia, thus making i1t almost impos-
sible to obtain rapid cooling. The coil inside a vessel
thus provides a second heat transfer surface which can
provide instantaneous co&ling at the time the polymeri-
zation takes place. It is for bthis reason that the jack-

eted kettle wivth an internal coll was evaluated.



APPROACH ‘TO PROBLIM

"he control of polymerigzation processes is very
difficult because, as the reaction proceeds, heat
must be supplied by the system, but, after a certain
period of time, the reaction begins %o polymerize and,
at this point, the reaction becomes exothermic and the
system must be capable of removing heat almost instan-
taneously. One common technique used to accomplish
this is to allow the vessel Jacket to supply the heat
and provide internal coils to remove heat. To stimu-
late this process a jacketed vessel with an internal
coil was used. The Jjacket was held at constant temper-
ature while the coil provided a varying heating/cooling

load to the system. Condensate throttling was the meth-

od used to control the coil heating/coolings input.

Another important consideration which must be given
to the contrel ¢of polymerization processes is the re-
sponse of the temperature sensing device used. Because
most polymerization processes are studied under batch
conditions and tend to be corrosive, glass lined vessels
are generally used. This type vessel uses a glass
lined thernmowell as the temperature sensing device.
Thermowells of this design have slow resvonse and con-
tribute to the problem of providing rapid cooling when

polymerization occurs., For this reason, a glass lined
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thermowell with a bare wire thermocouple was placed in
the kettle as the sensihg element and its effect oxn the

total response and stability of the system was studied.

Method of Attacking the Problem

The system was analyzed by deriving mathematical
transfer functions for each component. The component
transfer functions were then multiplied to give the re-
sultant system transfer funtion and this result was

plotted on Bode diagrans.

The Bode diagrams were used to determine the effect
of the thermowell on the system and the maximum open-—
loop gain which could be used before the system would be-

come unstable.

Nyquist diagrams were used to determine the stabil-
ity of the open-loop system and also the necessary open-~

loop gein to give an optimum closed-loop response.

A Nichols chart was used to obtain the direct closed-
loop function from plotting the direct open-loop transfer

function.

A freqguency response analysis of the system was
performed and the results plotted on a Bode diagram. The
results of the frequency response test were used as a

check of the mathematical model to be certain that all



elements of the system were considered.



THEORZTICAL ANALYSIS

General Theory

In order to perform a dynamic analysis of a sys-—

e

tem it is first necessary to debtermine which elements
in the system will have a major influence. Once the
major elements are known they should be arranged in a
block diagram which shows their interaction. Each
block contains an input and oulput, and a mathematical
relationship which 1s the transfer function. In addi-
tion to organization of elements the block diagram is
also useful for determining the overall consistency of
mathematical units. TFigure 1 gives the block diagram

for the system studied.

In order to use the analysis of elements to deter—
mine the overall system transfer function, each element
must not depend upon conditions in the other elements.
The elements are then considered non-interactingy and
the individual transfer functions can be multiplied to
give the overall system transfer function. In this
system the heaved tank element has no interaction with
the thermowell element since The heat transfer to the
thermowell can be neglected when the heat balance equa-
tion for the tank is written.l

1. Process Control by P. Harriott, iew York:llcGraw-Hill,
1So4, p. 47.




FIGURE |
BLOCK DIAGRAM

SINE TRANSMISSION |p, VALVE
GENERATOR LINES POSITIONER

Tv| THERMO-|1,

RECORDER [F KETTLE
ECO WELL

A |
sl VALVE

Ps (S) G Tw(S)




10.

The following gives the mathematical derivation

of the transfer function for each element listed in

Figure 1.

Kettle transfer function. In order to be certbain

the jacketed kettle with internal coils is a linear

systen the following conditions were used.

- The kettle contains enough water so the stean

coil heat capacity is negligible,

—~ The kettle has a mixer which keeps the water

at a uniforn temperature.

-~ The steam throttling valve has linear charac-

téristics.2

The heat flow into
densing in the coil and

ter flowiling through the

the tank is by the stezm con-
the heat is removed by the wa-

jacizet of the kettle. The en-

ergy balance for the system is written:

il

Heat Input

L A

where wr

A

)

u

2. FProcess Dynamics and

Heat OQutput + Accunulation

UA (T~ ’)+MCFd7;<. (1)

stean flow rate

latent heat of vaporization of
stean

kettle overall heat transfer
coefficient

Feedback Control by Lrnest

Doeblin, New fork:mciraw-—nill, 1950, p. 127.
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/q = kettle effective coolling area

Ti = temperature of water in kettle
7} = inlet Jjacket waber temperature
M = nmassof water in the kettle
CP:= heat capacity of water

e = tine

Dividing through by {A, and rearranging gives

3 N M Cp AT,
LA + _—TKJF UA Ao (2)

Differentiating Equation 2 with respect to time

4&‘ C{UJ_4.6{Z 5(7k Mp éf

un Ao Ao T Ao 0{4 ;Z‘*Z (3)

Taking the Laplace transform of Zquation 3 holding the
independent variable W constant and the other indepen-

dent variable T_ zero at time zero,
L(A<SM w’)fj,{r o = y(’//{(/,u ) (4)

For T constant and&é =0y

i
A0 _ %ZCL_‘L, (5)
K Lw] mpﬂ;?'/

Thermowell transfer funcsion. The thermowell was a 1"

steel well with a 0.06" glass coating. The differential

equations governing the flow of heat throuzh the thermo-



well are:

40 = K Ay, (Te=T)

do (6)

XY = CudT (7)

where & = quantity of heat

K .= thermowell overall heat transfer co-
efficient

/LJ= thermowell effective heating area
Ty = temperature of water in kettle
= a variable temperature at any time
(= thermowell heat capacity
O = time
Substituting farci@ , dividing through by CZ,, and tak-

ing the Laplace transform gives

T(5+ ku.)A ) <w/ﬂw T (&)
K

<o
Dividing by Ky A“ and rearranging we get
CUJ |
0‘([*3 - / (9)
C .
CTi] z‘ﬁ,{‘gu)S -+ /

Valve and operator transfer function. The valve used

in this process was linear in its operation. Since this

valve is fast acting compared to the system, the stem
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friction and inertia can be neglected, and the equation
reduces to zero order.3

Analysis by a force balance:

RA, = kA (10)
Ay A4 (11)
i, T R

where ?2

1]

pressure on the operator dome
ﬁb = area of the operator »iston
Ks = spring constant
A = vélve-stem displacement

In order to find a transfer function involving

@%‘, we must bulild on the conservation equation for the

system.

W dé -w, Lo = Colp (12)

where LobuéL mass flow rate in and out of wvalve

@ = time
C = capacitance
P = absolute pressure

Since there is no accumulation the flow in equals

flow out. The equation for flow of a liquid through a

3. Procesgss Dynamics and Feedback Control by Zrnest
Doeblin, sew York:licGraw-dHill, 1%z, pp. 9C-C1.
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constriction is:

\ P
= Y, a) fﬁf (13)
where Y = 1.0 for liquids

Cm~= discharge coefficient for valve

= ¢cross sectional area for flow

N P
u

density of liquid

pressure drop across valve

o>
T
"

5 = ratio of constriction diameterto pipe
diameter

If the valve is a linear one:
&":JLov'Lg/f‘ (14)

Substituting into Equation 13 for duand AL

= fa+ B(%)j ]/é/_j—"i—}’f? - (15)

The btransfer function between 4 and fg ’5@3’] is
C
QL d-«.u .
aR = (assuming no time lags) for & , @ , # , /20

LLwl _ ¢, A, B 29 €AF K (16)
E4IA K. 1 =57

Transmission line transfer function. Upon investigation

of the transmission line transfer function, it was found

4, Process Dynamics and Feedbvack Convrol by IErnest
Doeblin, Lew YOTk:HCGrWW~u¢ll 1662, p. 129.




to be negligible compared to the other elements of the
system. The development of the equation and numerical

values are presented in the appendix.

Numerical Analysis

Kettle transfer function. The kettle transfer function is:

‘Tk(ﬁﬂ A/QLA
W) (Mcf)s +1

(17)

The only quantity which must be calculated is W ,
the overall heat transfer coefficient, as the other
values can be obtained from the literature or by cali-
bration of the equipment. |

The equation used to calculate the overall heat

transfer coefficient for a jacketed kettle with sneitation
. O

is: \%/ i iy
N> >3 3 /2 175
’(KJDJ -3¢ (L A/f) (/E/_"S) 3_/,4_) (18)
& S < w
For water in the kettle at 100°F. average btemper-
ature,

J& = heat transfer coefficient, jacket side
DJ = diameter of vessel (ft.)=1 ft.

therra% conductivity = .3625 for water
at 1007,

ﬁ»
o

1t

AL
/u,= viscosity = 1.815 #/ft.hr.

specific heat = 1.0 Btu/#

5. Process Heat Transfer by Donald Kern, lew York:lcGraw-
Hill, 1850, p. 713.
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density = 62.4 #/ft.2

zZ
!

revolutions per hour = 4500 RPH

length of agitator paddle (ft.) = 416 ft.

(10 asee)(e2:4) 7% - (s gi8)
’ﬁj = (36 3éz$)[ (&S j [ 3625

£. = 202 Brw
! He Fr° °F

r
i

Next 'ﬁo , the outside heal transfer coefficient,
must be calculated. For this situation the Jjacket will
be treated as an anulus of a double pipe heat exchanger.

The flow area of the Jjacket is

- 2. 2
a= T (0:=Dd) /4 (19)
i
_ab I3 _
where D’-‘DJ‘ = _,2_7/: = /.08 Fr
Ilb- "
D, = o> = = = IFr
D -
€T

a = (3.i4) [(I-O%)Z-—— O /4 = JoFr*®

The equivalent diameter is

2 j 2.
DQ—"‘ (D:“D‘z)/\)' = K/IOS) _‘@0) j = /[27FF

/

The mass velocity through the jacket is

w #ﬁ/ #
6= Y _ 347 ¥ur
1 - = 397 s HE T *

[ O Frt
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The Reynolds number for flow through the jacket is

Neo = DG _ (1.27)(347)
s /8IS

Therefore, since the Reynolds number is < 2100 the

= 243

equation for streamline flow will be used to calculate ,Z;.

A D Ny < 7"
o e 4 W 3 /"._(_’]
4% =-L?Q[j§%'?a: [: AU (20)
18"
where | = length of straight side of kettle = T57 /1,

4
AT %] ()(356)

[o]
/7
(31w
= /3.6 —,
ho= He FrXOF

The overall heat transfer coefficient for the jack-

eted kettle is ‘
U = Ak _ @o)(3t) g Br —
© Athe  (30x+73.6) He Fr* o

As standard design practice, a fouling factor, A; of
0.005, will be used. Using A; an averall heat transfer

coefficient a% is determined.

RA = 0,005
’Rf & = 200

U - wuy  (128)(200)
> % xu, - 198 % 200 T 7

Substituting values into the transfer function

equation gives
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T o
W T M
S =P 5+
: LA l
where A = 1150.7 Bbtu/# for 5 PSIG stean
A= n,7 £5.2
Man = 3.14
Me X i
—PE - time constant = 12 minutes

WA
T _ 3.14
EE T 12s+1
The 12 minute time constant compares favorably with
a 14.5 minute time constant obtained by actually per-

forming a step response test of the kettle.

Thermowell fTransfer function. The thermowell transfer

function equals \
T — C
= = W S +1 21
TK Kw A + ( >
where

Ku= thermal conductivity of thermowell

Since

r .1

1
Kw kglass ks’ceel

s e

hwater

andk _ 6 Btufin.) 6
‘glass  hr.ft™ F. ~  thickness of glass in inches

=%-6-=1oo

_ 360 Btu(in,) _ 350
steel”™ hr.rit.< OX, ~  thickness of steel wall

= 290 _ ozp
=53 = 2360



19.

Substituting the above values

= ,005 + . 0154

1.1
TOO * 2350 ©

65 Btu/hr.ft.2 OF.

Al

Q
it

- sum of capacities of glass and steel
volumes of the thermowell

C, was found to be equal to .20 Btu/°F.

A2 thermowell effective heating area

142 £5.2

Substituting the above values into Equation 21 gives

T - l
T [3S+/

The. thermowell time constant compares favorably

to an actual step response test which gave a thermowell

time constant of 1 minute,

Valve and operator transfer function. The transfer fun-

ction for the valve and operabtor equals

ié).,: CoMy 13 ]i/ cheAP‘ ' (22)
R )< /=G

where fzé - ;ﬁﬂ

The value of —Eé may be evaluated on the basis that
s

the valve has a full travel of 3/8" when 15 psi air

pressure is applied to the operator and the valve is

linear over this range. Therefore, ﬂé - 3 -0 _ .03/3
KS {2_—-0
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B is defined as the slope of the line which relates
the valve stem travel to the cross sgectional area of
flow. (ﬁhen the valve is full open (x = 3/8") the cross

sectional area for flow is .3%06 in.%} Since the wvalve

is linear, and with the stem closed the cross sectional

- { . 06 - 9 -
area equal to O,) B = 3%'8—:——0 = .81 .

Cv is the valve coefficient determined by the man-—

ufacturer's data and is equal to .Ol.

AP is the pressure drop across the valve and equals

7204/7%.°.

B is the ratio of the construction diameter to the

pipe diameter. B =—2§§% = .83

Substituting the above values into Egquation 22

w_ (.Ol)(.OBlB)(.8151 <2>(f2:?gf§§3ﬁ><720) - .48

Pe

Overall system transfer fuanction. Multiplying the pre-
ceeding equations for the elements of the system gives

an overall transfer function:

Ty _ (3.14)(,58)
¢ = 55 - BT gD (23

The above equation must now be evaluated to deter-
mine amplitude ratio and phase shift. These values are

necessary to consbtruct the Bode diagram.
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For a first oxrder system of the form

R

G T Ps+l
The amplitude ratio|(G)]= »7-5-5»-——— and (2n)
the phase angle £¢& = ~arc tan 7T, ‘ (25)

Using Equations 24 and 25 the amplitude ratio and
phase angle for each element of the system was calculated.
Since theonde diagram is a senmi-log plot The overall
systemn response can be obtained by plotting each element

and adding each point to obtain the resuvliant.

The amplitude ratio used in plotting a Bode diagram
of a sinuscidal transfer function is generally given in

decibels.
Decibels = db = 20 loglo(G) . (26)

Table 1 gives the summary of the calculated_values

of amplitude ratio and phase angle.
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Table 1

Amplitude Ratio and Phase Angle for Mathematical

Analysis of Zlements

w(cycles/ﬁin.) Kettle  Thermowell Valve & Resultant
- Operator
lclan & |lelav b | lejav @ | leiaw @
.001 9.94 = 1.0| 0 0 —6.38 O 3.56 -~ 1.0
. 01465 2.8 ~-12.0| O - 0 -6.38 O .42 - 12,0
. 0294 2.2 ~-23.01 O - 1.0 -6.38 O 2.82 - 24,0
. 0586 7.6 ~40,4| O - 3,0 -5,38 O 1.22 - 43,4
1175 4,03 <59,7 |- .09 - 6.8 -6,38 O ~2.44 - 66.5
254 - 92 <73%.,6|- .3 =13.0 -6.,38 O - J76 ~ 86,6
469 - 7.96 ~8l.6 - .82 =25.0 -6.,%8 O -15.16 -106.6
.938 -1%,35 =86,0|-2.73 -43,2 | -6.38 0 -22.46 -129.2
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Figures 2, % and 4 give the Bode diagrams obtained

from the data in Table 1.

Figure 5 is a Nygquist plot for the overall system.
The Nyquist plot is the method used on this system o
determine stability. The test for stability using the
Nyquist method requires that the amplitude ratio be less
than 1 when the system goes through -180° of phaée shift,
Upon examination of Figure 5 the system has an amplitude
ratio of 1 at -52°, thus giving the system 126° of phase
margin., This amount of phase margin makes the systen

completely stable over the frequency range investigated.

v
Open-loop gain sebtting., The Nyquist plot is also a good

method of determining the open-loop gain which should
be applied to the system to give a closed-loop system
which would have fast response and good stability.v”
Figure 6 shows the Nyquist plot with a line constructed
at 130° (M=1.%). The value of 130° is picked to give
the closed-loop response a 500 plase margin which is
generally used as a good coumpromise between stability
and response. A circle is then constructed to be tan-
gent to the open-loop response and the M=1l.3 line. The
open-loop gain is then determined by measuring the dis-
tance from the origin to the poiné of tangency. The
open-loop gain multiplied by the measured distance must

equal 1.0,
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The value of open-loop gain from Figure 1 which
would gilve a responsive-siable closed-loop system was

found to be 20,

Gain setting by logarithmic methods. In the previous

section the Nyquist plot was used to obtain the open-
loop gain. The Nichols chart method is a similar
method using logarithmic coordinates to set opeh-looP

gain,

The Nichols charts require plotting the direct
open-loop transfer function and the chart will give
the direct closed-loop transfer function. The peak
amplitude ratio and the resonant frequency can be ob-
tained from the Nicholé chart.

The recommended closed-loop gain of 1.% 1is the
value used for design and the open-loop transfer fun-
ction gain is adjusted to provide this value. Figure
7 shows the Nichols plot for the system studied. The
open-loop transfer function can be moved up or down
on the chart to position the peak amplitude ratio on
the closed-loop gain of 1.%. If the open-loop trans-
fer function plotted on Figure 7 is moved up until the
W<l.0 value rests onrw1=l.§ the amount of gain change
necessary can be read directly as the vertical dis-
placement in decibels required to reach ~»» =1l.3. In

this system it is seen that open-loop gain of 20 db
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would shift the closed-loop transfer function to the
M = 1.3 value. The resonant frequency in the frequency
at which.nﬂ = 1,3 occurs. In this system the resonant

frequency is 1.0 cycles/minute.

The Nichols method for bpen—loop galn setting can-
not be applied directly to systems with frequency-depen-
dent elements in the feedback path. The mathematical
derivation for the Nichols nmethod uses the concept
that if Ehe open-loop transfer function is described
as /G/, then the corresponding closed-loop transfer
function obtained by the Nichols method is of the forn

(&)
e

Thermowell analysis. Attention to the thermowell is

important because this type of well contributed the
second largest time constant in the system. The ther-
mowell in this system had a time constant of 1 minute.
This time constant was not critical in this process,
but, if it were used in a faster acting system it
could become the predominant factor, especially with
regard to selecting control instruments which depend
entirely upon the speed of response of the temperature

input to the controller.

By manipulation of the thermowell time constant

an attenpt was made to make the system become unstable.
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Upon investigation of the system it was found that the
thermowell could not force the system to go unstable
even 1f the thermowell time constant was made the pre-

dominant factor.

Figure 8 shows a plot of the system with the kettle
and thermowell time constants equal. It is seen that,
at even this level, the system still possesses 80° of

phase nmargin.,

In order for the thermowell to possess a 14 minute
time constant the well would have to contain a 1" glass

coating which is not used in commercial equipment.

Maximum open-loop sain., When designing a control system

it is important to apply the maximum gain the system can
tolerate without causing instability. A basic analysis
of a system will show that the influence of any distur-~
bances is inversely proportional to the magnitude of the
gain., This is to say that disturbances will have very
little effect on a control system which possesses a

large amount of gain.

Figure 9 is a Zode plot of the system assuming that
the thermowell time constant is infinitely greater than
the kettle time constant and the kettle has the maximum
gain applied to cause the system to become marginally

stable. This analysis shows that the system could be
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given 78 db of gain before becoming unstable and that

%)
S

any disturbances with this much gain would have little

effect on the process.

Frequency resvonse analvsis. In order to determine how

accurately the mathematical model described the system,
a frequency response analysils was performed. The equip-
ment and experimental procedure used will be described

later.

Table 2 gives the amplitude ratio and phase angle

data obtained experimentally.

Figures 10 and 11 give the Bode diagram for the

frequency response data,

Figure 12 presents a Bode diagram comparing the

mathematical system with the frequency response analysis.

Table 2

AMPLITUDZE RATIC AND PHASZ ANGLE FOR FREQUENCY

RESPONSE TESTING OF SYSTEM

W (cycles/min. ) - Amolitude Ratio (db) Phase Angle

01465 - A5 -19.0
. 0294 - 3.0 -22.5
.0586 : -11.55 -52.%
1175 ~14.9 -57.8
« 234 -24.62 -71.0

J469 -37.0 -76.5
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Figure 13 is a Iyquistv plot of the data obbtained

by the frequency response test.
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DISCUSSION CF RESULTS

Comparison of Mathematical and Ixperimental Systems

When analyzing any sysbtem the mathematical model
of the system is desirable because the equations can
be manipulated on paper for various conditions much
faster than experimental data can be obtained. It is
possible to determine the mathematical equations from
the freguency response tesﬁ data, but this 1is sometimes
difficult and inaccurate., The best approach 1s to de-
rive the equations first and then use the fregquency re-

sponse test to confirm these eguations.

In order to develop these equations it is eséential
to have a complete understanding of the elements which
will have a significant effect oa the system. In this
work the elements were easily identified and were simple,
so that the order of the eguations was known before the

derivation was started.

The mathematical equations as derived for this sys-
tem were second order and had a slope of 40 db/decade.
The frequency response test also is important because
it may show disturbances in the systeﬁ at higher fre-

quencies which the mathematical equations could not pre-

dict. In this system the frequency response test did
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’

not show any disturbances in the process at higher fre-
quencies and, therefore, the equations developed are

correct as derived.

There was a discrepancy in terms of gain between
the mathematical and experimental Bode diagrams. This
error is probably caused by inaccuracy in the valve-
operator transfer function. The only gain values in
the system were contributed by the kettle and the valve-
operator and these should cancel each other 1f there is
to be no gain as indicated by the frequency response
tests. The valve-operator is suspect because it is
based upon the rather complicated equation for flow con-
striction and this equation 1s only as accurate as such
things as discharge coefficients, area ratios, etc. can

be calculated.

The system as studied was completely stable over
the range investigated. As shown previously, the therm-
owell has no effect upon the stability of the system
although thermowells of this nature with extremely large
time constants will make the control of a process rather
sloppy, especially if the reaction or process exhibits

a critical point which must be determined quickly and

accurately.

The only possible way to make the system unstable
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would be to design too nmuch gain into the controller
which may be selected for the system. This system can
take a large gain which is good, since disturbances will

have little effect on the system.

Source of Disturbvances

The experimental equipment as set up had only one
disturbance which could not be eliminated from the test.
The water flow rate to the Jjacket waé metered through a
rotaneter but the buillding walter pressure and temper-
ature would vary slightly, depending upon consumption.
This had 1little direct‘effect of the data since ampli-
tude ratios and phase angles would remain constant, but
the flow rate and tTemperature fluctuations cause the
total curves to shift up or down and it was then more
difficult to determine when steady state conditions

were reached.

Condensate Throttling

Condensate throttling was the method used to control
this system. Tais method of control has the advantage
of allowing a relatively simple and small valve to be
used. The main problem with this method of control is
that it does produce non-linearities in the system which
could be significant in some processes. The nathematical
eguations used in this report used a linear approach to

describe the flow of heat to the kettle, but if the equa=-
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tions are developed in detail accounting for the changing
heat transfer area and partially filled sections .of coil,
the result is a second order differential equation with

non constant coefficients.

This method of control should be considered very
carefully before being applied to other systems. If the
process time constant is less than the equipment used,
dead tTimes may be encountersd because of the relatively
slow action of condensate throttling., Dead times can

cause even the most steble of systems to become unstable.
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EXPERTIMENTAL APPARATUS

The experimental eéuipment consisted of a low fre-
guency sinusoidal signal generator which applied a
3-15 psig air signal to a HMason rieilon control valve.
The control valve was placed on the outlet of a steam
coil located in the Jackebted kettle. The control valve
opening and closing throttled the steam condensate out
of the coil thus causing the ketlle temperature to rise

and fall..

The jacketed kettle with internal coil was equipped
with agitator and variable speed drive. A glass—steel
thermowell was positioned in the kettle and a bare wire
thermocouple was placed inside thé well. The thermo-
couple was wsizhted at the bottom to insure a positive
contact with the bottom of the inside steel wall, thus
eliminating air insulation effecﬁs. 4 second bare wire
thermocouple was placed in the kettle in =z position
near the thermowell, This thermocouple was used to
measure the kettle response without the effect of the

thermowell.

Both thermocouples were connected to millivolt-to-
pneupatic transmitters which converted the thermocouple

millivolt signal to a 3%-15 psig pneumatic signal.

Two pneunatic recorders were used to record the re-~

sults., Fach recorder had two pens; one used to record
£ b
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the generator output signal and the other to measure

the kettle output coming from the Transmitter.

By varying the signal frequency from the sinus-
oidal generator it 1s possible to simultaneously con-
duct a freguency response analysis of the kettle-ther-

nowell system as well as the kettle alone.

Figure 14 shows a schematic of the experimental

system.



FIGURE 14
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EXPERIMENTAT, PROCEDURE AlID RESULTS

Experimental Procedure

The experimental procedure was the same for all

tests except the frequency was changed between runs.

Purge air lines of all water,

Adjust air pressure, 20 psig to all instruments,

and 60 psig to the control valve.

Fill Jjacketed kettle with water.

Adjust water flow rate to jacket of the kettle.
Turn on electric power to sinusoidal generator
and adjust freguency to be used for the test.
Turn on electric power to the two recorders, and

also to the millivolt-to-pneumatic transmitters.

Check thermocouples by subjecting them to body

heat to be certain that the transmitter-recorder
system 1s operable.

Check thermowell-thermocouple to be certain the
tip of the thermocouple is touching the bottom
of the thermowell,

Adjust the steam pressure to the coil to 5 psig.

Experimental Results

Figure 15 shows a typical frequency response test

record,

From this recorded frequency response data the

Bode diagrams (Figures 10 and 11) were constructed.

Figure 16 shows the results of a step input to the
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FIGURE 16

EXPERIMENTAL KETTLE TIME CONSTANT
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kettle without the thermowell being recorded. The ex-
perimental time constant of the kettle of 14.5 minutes
was determined from this record by takinzg the time
elapsed for the system to achieve 63%.2% of the step

input value.

Figure 17 shows the results of a step input to the

thermowell without the kettle affecting the system.

This test was performed by heating the kettle to
its maximum temperature without the thermowell being
present. The kettle was then held at a constant tem-
perature and the thermowell was placed into the kettle.
Figure 17 shows thal {the thermowell time constant was
60 minutes. This was the time elapsed for the thermo;

well to achieve 63%.2% of kettle temperature.
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FIGURE 17 -
EXPERTMENIAL TEERMOWETL TTMZ CONSTANT
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CONCLUSIONS

Using the mathematical and freguency response mebth-
ods of analysis on the Jjacketed kettle with internal
heating/cooling coils the following can be concluded.

* Step response testing should be used to verify
all significant mathematical equations and can
also be used as the only analysis for systems
with one large time constant. Only frequency
response testing should be used as a check for
overall systems order since it will show irreg-
ularities at higher freguencies not predicted
by a mathematical systemn.

The mathematical iodel is most useful for deter-
mining effects on the system by disturbances or
isolating areas waich should be investigated

for possible improvement.

* The kettle had the largest time constant in the
system, but the thermowell should receive the
most attention when designing a control system
because it has the direct effect on the controls
and their responsec.

Because the system studied is a lag response
type system, application of a controller with
rate action (a lead response system) would im-
prove the overall systen response.‘

* The system studied was found to be absolutely
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stable. The thermowell time constant had no
effect on the stability of the system due to

the low gain of the overall process.

The only way to meke the system unstable is to
increase the open-loop gain, therefore reset
action (a lag response system) nust be applied
with caution because it could put enough added
gain in the open-loop response at low freguencies
to cause instability. The thermowell should be
given the most attention when the reset mode is
applied.

The open-loop gain necessary to give the optimum

closed-loop response was found to be 20 db.
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RECOMMENDATIONS

Based upon the work done on this process the fol-
lowing is reconmmended:

* Investigate the response of the thermowell for
various methods of thermocouple positioning,'such
as oil filled, air insulation, etc.

Investigate the response of the system using the
jacket water flow as the controlled variable

and compare this to condensate throttling.
Develop all parameters for closed-loop operation

and set up system and evaluate experimental vs.

theory derived via open-loop technigues.
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APPENDTX

PTransmission Iine Transfer Function

The pneumatic vransmission line can be described
using the basic electrical concepts of resistance, in-

ductance, and capacitance.

The transmission line has resistaance (R) in terms
of pressure drop per unit length; capacitance (C) in
terms of valve operators as well as the capacity of the
line itself, and inductance (L) from the inertia of the

gas.

The transfer function for the RLC system relates

the pressure between the inlet and outlet of the line.

aA2Q 6
c?w_ 7,7"@ "’LCZ?Z)
do = (L)
K

where 97 = volume of gas in ccapacity = CPE'
Transforming and substituting for (¢

ﬁzq) ::'E'"Fz_“(-‘qu?

P (Red + Lo at+i) =P (2)

GS |

~—

BT ac(R+ Lart)

Because the inductance is small for low frequencies

R ‘ (3)
B T (RCa +1)

6. Process Control by P. Harriott, Lew York:lcGraw-Hill
195K, oo, 204-207.




57.

The above equation will be evaluated for %" tubing,

10 ft. long, atbt an average pressure of 9 psig.

Resistance. Using the Hagen-roiseuille equation

AP 33 gec 128 bt 2§ FHPH

al "
A D*gc T0¥g. 77’0‘/51(,_ = (%)
where F = volumetric flow
F* = flow at STP P s _— .
S .
R = 12§ _(/"’1/’(/0 Fr sec )<'2- rT‘) “‘t‘7)
T L (22 #1755 F )(23:7)
#rokle Sect
= 63 x4 ¥ psi/er -3 s

5¢/ sSzc

Capacitance. Isothermal capacitance of a unit length of

line is defined as the area divided by the standard pres-

sure ¢ = A [77%1 (.i88)*x 1] .,
p* /L 7 - = 9944 Sei/

Psc (5)
¢ = .022d /0= -224 3
PSL
Total Transfer Function.

R _ |

BT RCat T (229)(¢ 3 % 10 JeA

E [/
B T A x073 e

It can be seen that the above time constant is
neglizgible compared to the kettle and thermowell and,

therefore, was neglected,
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Frequency Response Testins for Kettle COnly

tthile the overall system was being subjected to the
frequency response.test a bare wire thermocouple was
placed in the kettle and recorded independently of the
thermowell. This test was performed to determine whether
or not the mathematical system derived for the kettle el-

ement was correct.

Although the time constant for the mathematical and
frequency response test of the kettle deviates by 15
minutes, the general shape of the curve at least indi-
cates that a first order system assumpbtion for The kettle
is valid. The time constant is not accurate for the
frequency response data because a slight change in how
it is determined from the graph can vary the number sig-

nificantly.

Table 3 gives the actual frequency response test
data and Figures 18 and 19 give the Bode rlobt resulting

from this data.
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AMPLITUDE RATIO AND PHASS ANGLE FOR FRIEJUENCY

RESPONSE TRSTING OF THIL KETTLE ONLY

(cycles/min.) Amplitude Ratio (db) Phase Anzle
. 01465 o | ~12.%
.0294 - 5.0 -32.0
. 0586 -10.5 -36.0
.1175 -16.5 -40.6
2340 ~24.5 | -40,5
L4690 ~30.5 —45.0
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