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ABSTRACT

A direct digital control system is developed to control pre-
cisely the outlet temperature of a long pipeline in a solar col-
lector testing system. A pipeline dynamics model is derived
that takes into account the effect of thermal capacitance of
the wall and heat loss to the surroundings. We show that
the pipeline dynamics can be approximated by a second-order
lumped model with a time delay. This result indicates that a
lumped model can be used to approximate the heat exchanger
dynamics. A two-mode dynamics model (heating and cooling
modes) is also derived and identified experimentally for the
constant-level bath. A direct digital control system that in-
cludes a switching device to eliminate overshoot of outlet tem-
perature, a Smith predictor to compensate time delay in the
pipeline and a PI controller to obtain better feedback perfor-
mance is developed to control precisely the outlet temperature.
The switching of bath operation is divided into three regions.
The proportional gain K, and the switching temperature T},
are tuned by a system simulation. It is shown that compen-
sation of pipeline delay by the Smith predictor and switching
from the saturation region into the linear heating region when
To < Tset during heating mode eliminate overshoot and os-
cillation of Tp. The performance of the direct digital control
system is satisfactory.

INTRODUCTION

The control of a local temperature in a pipeline is
required in many processes, for instance, the temper-
ature control at the outlet of a pipeline connected to
a reactor or to oil heaters. Shown in Fig.1 is a system
to test a solar collector that was developed by Huang
and Hsieh (1990). The system supplies water flow-
ing from a constant-level bath to the collector inlet
at a fixed temperature Ty (within 0.5°C). To assure
the system durability and minimize the maintenance
problem, the whole hot water supply system includ-
ing the constant-level bath should be installed indoor.
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Fig.1. Schematic of a solar collector testing system.

A long pipeline between the outdoor collector and the
indoor hot water supply system was thus introduced.
The temperature Ty of collector inlet was regulated
by adjusting the power input of electrical heaters in-
side the tanks when heating of the bath is required or
switching the control valve of the cold water line when
cooling of the bath is required, depending upon the
difference between the outlet temperature T, and the
bath temperature T;. The controller design was thus
complicated due to the dynamics of a long pipeline
and a constant-level bath and to the disturbances in-
duced by temperature variations of the return water
caused by fluctuations of incident solar radiation.
The temperature Ty of the collector inlet (the
desired control setpoint) was not directly controlled
in the original design of Huang and Hsieh (1990). In-
stead, a PI controller was used to adjust the heating
of the bath to regulate the tank temperature 7} in the
_heating mode of operation. The collector inlet tem-
perature Ty was left floating. The controller setpoint
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T: required to meet the desired Ty was determined
according to a correction function that experimen-
tally correlates T; with Ty and the flow rate in the
steady state. The quality of indirect control of Tj
was thus poor in the original design. A direct dig-
ital control system has been developed in order to
solve this problem. The present work first focused on
the modeling and identification of system dynamics
of pipeline and constant-level bath. The dynamics of
constant-level bath is divided into heating and cool-
ing modes, depending upon the operating conditions.
A computer system to control the outlet temperature
which includes a Smith predictor, a PI controller and
a switching device was then developed. The imple-
mentation of this control system has been shown to
be successful.

MODELING AND IDENTIFICATION OF
PIPELINE DYNAMICS

In general, control of the outlet temperature is
difficult for a long pipeline due to heat loss to the
surroundings and mixing or dispersion inside the pipe
during the process of fluid transport. The heat loss
makes the pipeline behave like a single fluid heat ex-
changer and thus belongs to a distributed parameter
system. The heat-exchanger dynamics and control
were reviewed by Williams and Morris (1961). Mod-
eling for dynamics of double pipe heat exchanger of
the types of liquid to condensing vapor and parallel
flow was studied by Cohen and Johnson (1961) and
frequency response tests were performed to identify
the dynamics model. Hsu and Gilbert (1962) sum-
marized transfer functions of various heat exchangers.
Kawata et al.(1989) studied the dynamic response
and PI control of a counterflow heat exchanger. Har-
rell et al.(1987) used a linear lumped dynamic model
to design a model reference adaptive control system
for a fluid heat-exchanging process and implemented
it to control the water temperature of an evacuated
tube solar collector.

All this work neglects the effect of the heat-
exchanging surface in heat exchanger dynamics and
does not apply model reduction to the distributed
model. The outlet temperature response of a heat
exchanger is affected by the heating surface material
due to the effect of thermal capacitance. Thus the

prediction of system dynamics behavior is misleading -

if the capacitance effect of wall surface is neglected
(Huang and Hu, 1992). Furthermore, the controller
design for a heat exchanger becomes complicated if
model reduction is not applied (Watts and Schoen-
hals, 1966).

J. CSME Vol.15, No.6 (1994)

‘The present problem is described by the
schematic diagram shown in Fig.2 as the two tanks
in the constant-level bath are well mixed due to the
internal circulation of water by a circulating pump
(refer to Fig.1.). A large delay exists for outlet tem-
perature responses and a distributed dynamic model
results first. A lumped model with a delay is then de-
rived and identified by the method of model reduction
and system identification.

Modeling

The effect of thermal capacitance of wall mate-
rial including insulation is taken into account in the
system dynamics of the pipeline. The following as-
sumptions were made:

(1) The variation of fluid and pipe wall temperature
in the radial direction is negligible. The pipe wall,
insulation and construction materials are lumped
together as the solid phase in the radial direction,
i.e. only temperature variations on the axial direc-
tion are considered (Fig.3). Hence the solid phase
temperature varies as T, (z, t);

(2) The flow in the pipe is one-dimensional and in-
compressible;

(3) All physical properties are constant;
(4) The mass flowrate and ambient temperature are

constant;

(5) Radiative heating on the pipe outside the surface
is ignored;

(6) The axial heat conduction along the pipe wall is
neglected since the heat transfer process inside the
pipe is dominated by forced convection.

Therefore, energy balance taken to the fluid
phase (CV1 in Fig.3) and solid phase (CV2) leads
to

My(z,t) . 0Ts(z,t)  ~ = _
ot TR g, . TTs(@:t)-Tu(s,1)=0,
T — ~
Tww + (Kw + I)Tw(l’, t) - Tf(x’ t) =0, (2'1)
where

Tt (z,t) = Tf(2,t)—Ta, Tuw(z,t) = Tu(z, t) Ty, (2.2)

. i/4)C. i
hg hy
_ (Pw/4)(Dg - DE)pr . hoD,
w = hD; , Ky = hyD;’ (2.4)

Equation (2.1) is the governing equation of the
pipeline. Sovling the Laplace transform of Eq.(2.1)
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with zero initial conditions, we obtain a distributed
model as

ff(s, I) _
Ti(s)

TiTws? + (75 + T + 7§ Ky)s
Kf(TwS + K, + 1)

exp |- (2.5)

The system dynamics model of the pipeline G(s) in
terms of the outlet condition (z = L) is

G(s) = 20) _
T(s)
TiTws? + (T5 + Ty + T Ky)s
Ki(tws + Ky + 1)

exp | — -L|,

(2.6)

where To(s) = Ty(s, L); Ti(s) = Ty(s,0).

Equation (2.6) is a distributed model similar
to that of a single-fluid heat exchanger (Watt and
Schonehals, 1966). However, the effect of thermal
capacitance of the pipeline wall is included in' the
present model through the time constant 7,. 7 is
determined by system identification method as theo-
retical calculation of 7, is inaccurate because of the
difficulties to estimate specific heats and densities of
pipe wall, insulation and construction materials etc.

Model Reduction

The dynamics model, Eq.(2.6), can be rewritten
in the form

fﬂ(s] —rd _Tst

= =e " ex , 2.7
Ti(s) P Ki(tws + Ky + 1) (2.7)
where

: (2.8)

r
is the average velocity of fluid.

The dynamics model of Eq.(2.7) is a distributed
type with infinite order. For simplification, a model
reduction is desired. Equation (2.7) is written, by
series expansion, as

fu(s) _ [ TwLs
G(s) = = =e 4% . |1 —
(s) Ti(s) K¢(tws + Ky + 1)
1 T2 L%s?
T K (rys + Ky 12 ] (32)

It is expected that the model can be reduced to sec-
ond order with time delay 74 by taking two terms in
Eq.(2.9),

G(s) = Z(s) = Gp(s)e™ "¢, (2.10)
t
where
(Tw - Td)2 + YdTw 2 2Ty — 7:!3 11
(Kw + 1)2 Ky, +1
Gy = 3 ) 77 , (2.11)

w

1
(Kw+1)2s = Kw+1s+
where 74 = 7, L/ K. For application in the design of
a computer-controlled system, Eq.(2.10) is converted
into the z-transfer function model:

T (=1

Gty = RET) _ g1y (2.12)
Ti(z~1)

where ng = 7¢L/(KT,) = 74/T, and
b biz~! + byz 2

Go(z~1) = T2+ 022 (2.13)

T 14a1z7l + a2’
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Fig.3. Modeling of a pipeline.

The pipeline dynamics, Eq.(2.10) or (2.12), needs to
be identified experimentally.

Identification of Pipeline Dynamics

We use the solar collector testing system de-
signed by Huang and Hsieh (1990) for experiment.
The measuring instruments are basically the same.
However, to improve accuracy and eliminate noise,
thermocouples that were originally used to measure
temperatures in the tanks, the inlet and outlet of
collector, and the surroundings were all replaced by
platinum resistance temperature (PRT) probes. The
uncertainty of PRT probes is within +0.07°C from
a precise calibration using a quartz thermometer
(HP2804). The flowrate in the pipeline is measured
by a turbine flowmeter (MK508) with uncertainty of
+3%.

The connecting pipeline is made from stainless
steel pipe of inside diameter 40mm, wall thickness
3mm, and length 10m. A PU insulation layer (3cm)
is installed at the outside surface of the pipeline.

The total capacity of the electric heaters in the
tanks is 8.3kW. The electric heater is regulated by
a SCR triggered by a signal 0 — 10V from a D/A in-
terface card. The tank is cooled by turning on the
control valve of the cold water line while the heater
is switched off. The flowrate of cold water is prop-
erly adjusted to provide a cooling capacity of 8.3kW
in order to keep the whole system balanced in the
steady state. The heating and cooling of the bath is
controlled by a microcomputer.

A PRBS testing signal for heating power of the
electrical heater in the bath is generated by a soft-
ware in a microcomputer with sequence length 25 and
clock period 10s. As shown in Fig.4(a) is one heat-
ing power signal generated in a test run. Figure 4(b)
is the signal of the tank temperature or pipe inlet
temperature. Figure 4(c) is the outlet temperature

response of the pipeline.

The pipeline dynamics model, Eq.(2.12), is thus
identified using the measured input and output “sig-
nals (i.e. T3, Tp) and least-squares estimation. The
identified pipeline model is

G(Z_l) = ?% =

0.1971 — 0.25972"" + 0.0674z~2  _,,
1—1.68772~ + 0.692822 :

Figure 5 shows that the measured response of T,
is near the predicted values according to the identified
model. This result validates the pipeline dynamics
model. The dynamics model of Eq.(2.14) represented
in the frequency domain is shown in Fig.6.

(2.14)

MODELING AND IDENTIFICATION OF
CONSTANT-LEVEL BATH DYNAMICS

Modeling

The modeling of the constant-level bath is illus-
trated according to Fig.2. The operation of the bath
is divided into heating and cooling modes. Heating
of the bath is required when the tank temperature
T; is less than that of pipeline outlet Tj; cooling is
required when T; exceeds Ty, i.e., the water in the
bath is overheated. Cooling of the bath is provided
by flushing the cold water into the tank by opening
the flow control valve (on/off) and switching off the
heater. For simplification, a on/off valve is used for
cold water flow control. The dynamics of the bath is
thus divided into two modes and derived by applying
energy balance to the bath and assuming constant
temperature T}, and flowrate 7h,, of cold water to
obtain
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dTy(t) _
e T

KoQ(t) — [Ty(t) — Ta] + Ke[Te(t) — To(2)] ;

for heating mode

=[Te(t) — Ta] + Ke[Te(t) = Te(t)] + K [T (t — ta) — To(t)) ;

for cooling mode

(3.1)
where
M,Cpy 1
—_  —— K _— ——————
"4, T UAy
e, 1
K, = 2P _
U,A, _ NTU.’
Kp=DmCot o 2 (3.2)

U,A, NTU,

Here, the constants NTU, and NTU,, are, respec-
tively, the number of heat transfer units for the return
flow m and the flowrate m,, of cold water. A delay
tq in response of tank temperature with respect to
cold water inflow is introduced here in cooling mode
as there are two tanks in the bath with flow recircu-
lation between them.

Equation (3.1) is rewritten in terms of perturba-
tion variables,

dT(t) _
T
KqQ(t) — Tu(t) + Ke[Te(t) — To(t)] ;
for heating mode
—To(t) + Ko [To(t) — To(t)] + K [T (t) — To(2)) ;

for cooling mode

(3.3)
where
Ti(t) = Tu(t) - Ta, Q(t) =Q(t), Te(t) =T.(t) - T,
Ton(t) = (T — Ta)u(t), (3.4)

where u(t) is the unit step function.
The dynamics of the constant-level bath is thus
obtained from the Laplace transform of Eq.(3.3):

Hq(s)Q(s) + Ho(s)Tu(s) ;

~ for heating mode

Ti(s) = - . ' (8.5)
Crn(8)T i (8) + Ce(s)Te(s);

for cooling mode

where
Kq K.
H, = —— He =
Q(s) s+ K. +1° (s) s+ Ko +1°
K, et
Cm(s) = s+ Ke+ Ky +1’
K.
C.(s) (3.6)

T s+ K.+ Km+1°

Parameter Identification

The parameters in Eq.(3.5) can be identified ex-
perimentally. 7; and K¢ are identified in the heating
mode by closing return flow from the collector, i.e.
me = 0(K, = 0) or He(s) = 0, and applying a step
input of Q(t). A step of 882W was applied in the
experiments and the step response curve was used to

determine the parameters. The results are
[

7, = 16500s, and K¢g = 0.062°C/W.

K. is also identified in the heating mode by clos-
ing the cold water flow, i.e. m,, = 0(K,, = 0) or
Cm(s) = 0, and switching off heaters in the bath, i.e.
Q = 0. A step input of T, was then applied by sudden
opening of a radiation shield of the solar collector to
produce a step increase of collector exit temperature
T.. The result is

1

K. = =T7.5.
¢ NTU, 5

K., and t4 are identified in the cooling mode by let-
ting @ = 0, i.e. no heat to the bath, and closing the
return flow from the collector, i.e. m, = 0(K. = 0)
or C.(s) = 0, and suddenly applying a cold water
flow, i.e., corresponding to a step input of Tm. The
response of T;(t) curve is then used to determine K,,
and t4. The results are
Kn= 1 _ 46 tea = 36
™= NTD, 10 fe= 3

The dynamics of the constant-level bath then be-

comes, according to the-definition of Eq.(3.6),

0.062 75
H = ) He = )
o) = Teso0s 785" ¢®) = 165005 7 85

46¢—363 75
n(9) = Te500s + 545 O(°)

. 16500s + 54.5°
(3.7

The above dynamic models are converted into
pulse transfer functions, and a computer-controlled
system is designed based on the combination of the
sampled systems to get
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-1y _
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m\ )= T1T0.08687 1
1.8163 x 10-3z-1 According to Sections 2 and 3 the pipeline dy-
Co(z7h) == x = (3.9) namics is described by a lumped model with a delay;

1 —0.986872"1

DIRECT DIGITAL CONTROL OF
OUTLET TEMPERATURE

Watts and Schoenhals (1966) studied the control
of outlet temperature control of a single-fluid heat ex-
changer by finding an optimum location of the tem-
perature probe along the heat exchanger. A propor-
tional controller was designed and the mean of the
squared sum of the outlet temperature fluctuations
was minimized to determine the optimum location of
the probe and gain of the controller. As that work
was only analytical, the results are inapplicable to
the present problem as a temperature probe can be
installed only at the pipeline outlet. We designed a
direct digital system to control the outlet tempera-
ture of a long pipeline.

Control System Structure

the bath dynamics is described by a lumped model
that is divided into heating and cooling modes. A di-
rect digital control system based on a microcomputer
was developed (Fig.7) in which a Smith predictor is
used to compensate the delay in the long pipeline. A
software switching device was also used to switch the
bath dynamics into the heating or cooling mode. The
saturation of heating power in the bath is considered
in the heating-mode operation. A controller C(s) is
used in order to improve feedback performance.

The switching -is divided into three regions
(Fig.8), according to the error of the outlet tempera-
ture

AT = Tyer — To = Toet — To. (4.1)

Region I is in the heating mode but with satu-
rated heating power when AT > ATy, (ie. Tp <
Tsw)- Region II is also in the heating mode but
with linear heating when 0 < AT < ATy, (ie.
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Tsw < To < Tset). Region III is in the cooling
mode with a fixed cooling rate when AT < 0 (i.e.
Tset < Tp) with AT, defined as

ATaw = Lget — Tsw» (42)
where T, is the switching temperature.

The switching point T, defines the outlet tem-
perature at which the controller switches the opera-
tion of bath between saturated (Region I) and linear
(Region II) heating regions in the heating mode. A
proper switching from saturation into linear heating
when Ty < T, is desired; otherwise, overheating or
overshoot of the outlet temperature T results and
the controller is switched immediately into the cool-
ing mode with a fixed cooling rate in the bath in
order to decrease the bath temperature. This effect
may cause oscillation of Ty and poor quality of con-
trol. Compensation of the pipeline delay by a Smith
predictor and switching from saturation into linear
heating region in heating mode can eliminate over-
shoot and oscillation of T

Controller Design

The PI controller is designed such that its zero
cancels the pole of the bath dynamics in the heating
mode Hg(z) and the proportional gain is left to be
optimized. The controller thus becomes

K,(1 - 0.9979421)
1-2z-1 ’

C(z7) = (4.3)

where K, is the proportional gain.

The controller design described above can be op-
timized with respect to the proportional gain K, and
to the switching temperature Ty,. The controller
thus belongs to a two-term regulator. The controller
is designed based on the performance index IAE (in-
tegral of absolute error) that is defined as

TAE = [” |e(t)|dt, (4.4)
where e(t) = Tyet — To(t).

A simulation was made to assess the performance
of the control system for the design. The IAE is seen
to vary with K, and T, (Fig.9). An optimum value
of K, is 4800°C/W. Shown in Fig.10 is the relation
between IEA and T, at K, = 4800°C/W and T, =
20°C for various setpoint temperatures T,.;. There
exists an optimum T, for each Tse;. The empirical
relation is obtained as

AT,y = 3.30 — 0.03(Tset — T). (4.5)

Implementation and Test Results

The experimental setup used to verify the design
of the control system is the same as that described
above. Flowrate in the pipeline is measured by a
turbine flowmeter MK-508 that is calibrated with an
uncertainty +3%. Solar radiation incident upon the
solar collector connected to the pipeline is measured
by a PSP pyranometer with an uncertainty +3%. The
temperatures are measured by PRT probes and read
by a YEW 3880 multimeter. All signals are transmit-
ted to a microcomputer by a. GPIB interface. The
heaters in the bath are controlled by a SCR and a
D/A interface card. The maximum input power and
maximum cooling rate in the bath is 6730W. The
cooling is provided by flushing cold cold water into
the bath by a solenoidal valve and a relay which is
controlled by a microcomputer.

K, is chosen as 4800°C/W in the present con-
troller and the switching equation, Eq.(4.5), is stored
in the computer for on-line switching. According to
Fig.11(a) the regulation of the temperature Ty of the
pipeline outlet is satisfactory, with errors < 0.25°C
which are tolerable. It is seen that the control of
Ty is accurate and has a small fluctuation that has
already met the requirements of the solar collector
testing system (Huang and Hsieh, 1990). The small
offset error is resulted from the (1 —271) term in the
PI controller which is not canceled, though the pole
of the bath dynamics has been canceled by the zero of
the PI controller. According to Fig.11(a) the switch-
ing point is about 56.5°C. No overshoot of the outlet
temperature response is observed and the tempera-
ture oscillation is small.

Figure 11(b) shows the instantaneous heating
power during the temperature regulation. The max-
imum or saturated heating power is applied when
To < Tsw (Region I). The heating power is adjusted
linearly when Ty > T, (Region II). However, the
controller may also be switched into cooling mode
(Region III) intermitténtly when the system is oper-
ating in the linear heating region. This eflfect is due
to the external disturbance of T, induced by fluctua-
tions of solar radiation, Figs. 11 (b)(c) and (d). Op-
eration of cooling mode is seen from Fig.11(b) at the
point @) = 0 that represents the occurrence of a fixed
cooling rate in the bath. The accurate control of T,
with small fluctuation shows that the disturbance re-
Jjection of the controller is satisfactory.

A proper selection of switching point T,,, results
in a outlet temperature Ty having very small over-
shoot and oscillation. Figure 12 shows the regulation
of pipeline outlet temperatures. The responses of Ty
are seen to be rapid and to have small offset errors
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Fig.11. Test results of the control system. (a) Outlet temperature response and set temperature; (b) instanta-
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Fig.12. Outlet temperature control using the modified DDC control system.
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Fig.13. Outlet temperature control using the original controller of Huang and Hsieh (1990).
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(all fluctuated within the range 0.25°C). The rise pe-
riods of Ty are shorter than 25min for a step change
10°C which is satisfactory in the collector testing sys-
tem. A more brief rise period or more rapid response
may be obtained if a greater heating power in the
saturation heating region (Region I) is used.

The direct digital control system that we devel-
oped has been implemented in the collector testing
system for more than three year. The controller per-
formance is found to be satisfactory not only in accu-
racy and fluctuation, but also in disturbance rejection
and response speed. The control quality has been im-
proved dramatically as compared to the performance
of the original controller which is shown in Fig.13.

CONCLUSION

A direct digital control system was developed
to control precisely the outlet temperature of a long
pipeline in a solar collector testing system. A pipeline
dynamics model is first derived. The effect of ther-
mal capacitance of the pipeline wall and heat loss
to the surroundings were taken into account in the
model. The pipeline dynamics are well represented
by a second-order lumped model with a delay that
is reduced from a distributed model. The thermal
performance of a pipeline is similar to that of a sim-
ple heat exchanger that is usually described by a dis-
tributed model. The present result indicates that a
lumped model can be used to approximate the dy-
namics of the heat exchanger in order to simplify the
controller design of a heat exchanger.

A two-mode dynamics model (heating and cool-
ing modes) was also derived and identified for the
constant-level bath. A direct digital control system
was then developed that includes a software switch-
ing device, PI controller and Smith predictor. The
Smith predictor was used mainly to compensate the
delay in the pipeline, whereas the PI controller was
used to improve the feedback performance. A switch-
ing device was used to control the bath operation in
three regions in order to reduce overshoot of Ty. Re-

gion I'is in heating mode but with saturated heating_

power when Ty < Ty,. Region II is also in heating
mode but with linear heating when Ty, < Tp < Tet.
Region IIT is in cooling mode with maximum cool-
ing rate when T,.; < Ty. The cooling of the bath
is provided by flushing a flow of cold water into the
bath.

The PI controller is designed with the zero can-
celed by the pole of the bath dynamics. The controller
thus can be tuned in terms of the best values of the
proportional gain K, and the switching temperature
Ty by simulation using IAE criterion. It was exper-
imentally shown that compensation of the pipeline

delay by the Smith predictor and the switching from
saturation into a linear heating region when Ty < T\es
during the heating mode can eliminate overshoot and
oscillation of Ty. Good performance was obtained
even if Ty, was lowered. The controller also shows
very good performance during the cooling mode. The
accuracy within £0.25°C can be obtained for the new
controller; while the old controller has a very large
offset error (Fig.13).

The direct digital control system that was devel-
oped has been implemented in the collector testing
system for more than three years. The control sys-
tem performance has high accuracy, small fluctuation,
good disturbance rejection and rapid response.

NOMENCLATURE

Ay surface area for heat loss of the bath, m?%

Cps heat capacity of fluid (water), kJ/kg °C

Cpw heat capacity of solid phase, kJ/kg °C

D; inside diameter of pipe, m

D, outside diameter of pipe, m

hy  convective heat transfer coefficient inside the
pipe, W/m? °C

ho convective heat transfer coefficient of pipe out-
side surface, W/m? °C

I solar radiation incident upon the collector,
W/m?

K.  parameter defined in Eq.(3.2)

Ky  parameter defined in Eq.(2.3)

K., parameter defined in Eq.(3.2)

Kq parameter defined in Eq.(3.2)

K,,  parameter defined in Eq.(2.4)

L pipeline length, m

M;  mass of water in the bath, kg

m mass flowrate in the pipeline, kg/s

mm  cold water flowrate to the bath, kg/s

Q heating power in the bath, W

s Laplace transform variable

T, ambient temperature, °C

T. temperature of return water, °C

Ty  fluid temperature, °C

T  temperature of cold water, °C

To temperature of pipeline outlet, °C

T, computer sampling interval, s.

AT,, = Tset — Tsw -

Tser setpoint temperature for the control of Ty, °C

Tew  switching temperature, °C

T; bath temperature or pipeline inlet tempera-

ture, °C
Up  overall heat loss coefficient of the bath, W/m?
°C
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v water velocity in pipeline, m/s

T pipeline position, m

T4 time delay in the pipeline defined in Eq.(2.8),
s.

Ps water density, kg/m3

T time constant of pipeline fluid phase defined in
Eq.(2.3), s. '

Tt time constant of bath defined in Eq.(3.2), s.

Tw time constant of pipeline solid phase defined in
Eq.(2.4), s.

Greeks letters .

superscript = perturbation from steady state.
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