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FOREWORD

The ISA Power Industry Diviston's primary purpose !s to serve all professional
personnel whose Interests are In tnstrumentation, control! and automation of
power generation and distribution. The Division's Annual Power !nstrumentation
Symposlum provides a forum where utlility, consultant and suppller personnel

can mutually dlalogue on technical successes and fallures, and new approaches

and solutlions which will result In advancing the state of the art of the
power |[ndustry,

The theme of this I8th Annual Power Instrumentation Symposium Is "Power
Instrumentation - Challenge and Change." In a time of economic uncertalnty,
fuel shortages, and w!th concern over control of our environment, the Power
Industry faces a multitude of challenges. Two definite changes or trends
within the Industry are the moves to a greater dependence on fossi| coal fired
and nuclear generating units. Hence, the technical papers programmed and
presented at this meeting focus primarily on these two technologies. 1+
further seems appropriate that this Symposium Is being held In Houston where
many Industry representatives from the Southwest are Inltlally Involved with
coal and nuclear plants.

The opening sesslon dealing with viscosity measurement and control was programmed
speciflically In response to an Interest survey of past symposium attendees.
- The remalnder of the.sessions dea! with coal and/or nuclear applications.

Control and safety system design for coal fired units can only be understood
If one has knowledge of the process, hence Part t of Session Il lays the
foundation for Part !| and Session V. Session |l| dealing with Nuclear
standards will provide design insight for future appllcations. Session V
covers actual plant operating experiences and the knowledge gained in these
plants may very wel! serve as an ald In solving problems in new plants.

I+ Is a credit-to the program chalrman, session developers, and authors that
they have been able to assemble such a meaningful technical program. While many
problems remaln unsolved, technical dlalogue and engineering skllls, similar

to those demonstrated in these proceedings, will aid in their resolution.

By making this program available to you, we hope 1t encourages each of you
to lend your talents to the Power Division. Together we can strive to serve
the industry In a coordinated professional way, rising to the challenges

and changes to meet the needs of tomorrow.

Pau! L. Kenny
General Chalrman
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ABSTRACT

Advantages of viscosity measurement and
control as applied to power plant fuel oil
supply systems are discussed, followed by
background material including the defini-
tion of viscosity and the associated units
of measurement. A typical viscosity con-
trol system application and the associated
design requirements in a large oil-fired
power plant are described, and finally, a
review is performed of some of the most
common types of process viscometers cur-
rently available on the market.

ADVANTAGES OF VISCOSITY MEASUREMENT AND
CONTROL

Because of the ever-increasing costs of
residual fuel for oil-fired power plants,
the wide variations in the characteristics
of crude stocks available to the refin-
eries, and the more stringent pollution
requirements imposed upon the power indus-
try in recent years, it has become neces-
sary to further refine the methods of
combustion control. A means of establish-
ing improved combustion is direct measure-
ment and control of the fuel o0il supply
viscosity. Although not entirely new to
the power industry, this method has only
recently received adequate attention in
this country.

The basic objective of combustion control
is to establish and maintain the optimum
air-fuel ratio for combustion at any given
set of conditions in the boiler. This is
accomplished by a complex control scheme
which compares varying conditions of steam
and feedwater temperatures, pressures,
flows, air and fuel flow rates to control
the amount of combustion air mixed with
the atomized fuel. Fuel oil is atomized
at the burners prior to ignition in the
furnace and it is in this atomization pro-

cess ‘that viscosity control plays its role.

For each burner type there is an optimum
viscosity range in which the fuel oil will
be atomized to as near ideal combustion
conditions as possible. The purpose of

viscosity control then is to maintain this
proper range of oil viscosity at the bur-
ners thereby insuring proper atomization
and uniform flow of the fuel. With the
fuel viscosity held constant, it is far
easier to maintain tight combustion con-
trol. With tighter combustion control, a
fuel savings will be realized as well as

a reduction in pollution levels. Other
advantages of viscosity control include
maintaining close to ''design' conditions
for the burner pumps and prevention of
premature fouling of fuel oil heaters due
to overheating the fuel. In addition,
some 0il flow metering systems require con-
stant viscosity for accuracy.

In the past, o0il shipments were regular

and consistent, and the viscosity-tempgr-
ature curves derived from batch-testing
fuel o0il shipments were reliable. The
optimum viscosity for combustion was de-
termined largely by trial and error,
through temperature variation of the heated
residual oil. Once determined, the optimum
temperature of the fuel oil served as the
setpoint in a temperature control loop.

By maintaining the optimum temperature for
combustion, the viscosity was held within
allowable. limits.

However, with the variety of oil grades
available today, especially with the low-
sulphur oils, it is difficult to maintain
viscosity within a narrow allowable range
using a fixed temperature setpoint. This
is especially true with multi-viscosity
mixtures, where the o0il characteristics
are very difficult to predict. Another
characteristic of residual fuel oils
which necessitates the use of viscosity
control is that viscosity is a sensitive
function of temperature. A small change
in temperature or oil consistency will
cause a large variation in oil viscosity
at the burners. See Figure 1 for typical
viscosity-temperature curves for fuel oils.

Therefore, to maintain constant fuel oil
supply conditions, viscosity, not temper-
ature, is the parameter to measure and
control. The added instrumentation and



hardware is easily justified in view of
the higher fuel prices of today and the
fuel consumption of larger oil-fired
plants. Before considering *he viscosity
control system description and hardware
evaluation, background material including
the basic definition of viscosity and the
associated units of measurement shall be
briefly defined.

BACKGROUND

Viscosity is defined as 'that property of
a fluid by virtue of which it offers re-
sistance to shear.'" For a given rate of
angular deformation of a Newtonian or
"ideal'" fluid, the shear stress is propor-
tional to the viscosity or '"fluidity" of
the fluid. This proportionality varies
for non-Newtonian fluids. Viscosity is
independent of pressure for most practical
purposes and is considered generally, a
function of temperature only. The visco-
sity of gases increases with temperature
whereas for liquids, including fuel oils,
the viscosity decreases with increasing
temperature. This is due to the fact that
cohesive forces which decrease with in-
creasing temperature are much higher in
liquids and contribute much more than in-
termolecular forces to the overall visco-
sity. The units of viscosity and general
form of the viscous force equation may be
obtained by considering the case of a
Newtonian fluid between two parallel planes
of equal area shown in Figure 2.

The force F required to move the upper

plate of area A at velocity V at a dis-
tance D above the bottom plate is given
by the following equation:

F= m@E) @

where 7 is referred to as the '"dynamic"

or "absolute" viscosity. For a given

force of .1 dyne, area of lcm?, velocity

is 1 cm/sec., and distance of 1 cm, the
constant 7 or dynamic viscosity is de-
fined to be 1 Poise, or 100 Centipoise.
Another viscosity constant ¥ , "kinematic"
viscosity, is related to dynamic viscosity
by the following equation:

Y= 49% 3]

where 7 is the dynamic viscosity in Poise,
€ is the density of the fluid in gm/cm?,
and ¥ is defined in units of Stokes, or
100 Centistokes.

A definition of viscosity for a fluid
flowing in an enclosed tube in more prac-
ticable terms is given by the Poiseuille
equation:

ar aP R* ®
BaL

’nB

where viscosity is described as the ratio
of shearing stress to rate of shear as
previously defined, and AP is the pressure
drop in dynes/cm?, radius R in cm, volu-
metric flow rate @ in cm3/sec, length L
in ¢m, and dynamic viscosity 9 in Poise.
Note that under constant, non-pulsating,
laminar flow conditions that viscosity is
directly proportional to the pressure drop
in a given length L of an enclosed tube.

Viscosity may be defined in terms of other
relative viscosity constants such as
Seconds Redwood, Seconds Saybolt-Furol,
Seconds Saybolt Universal and Grades
Engler. In the United States, Seconds
Saybolt Universal (SSU) is a commonly used
viscosity constant for fuel oil viscosity
measurement. The relative viscosities
Saybolt Universal, Redwood and Engler may
be determined from the kinematic viscosity
¥ using the following empirical equation:

Y = At - B/, @

The scale time is given as € in seconds,
and the constants A and B are given
below:

t A B
Seconds Saybolt Universal

Seconds Redwood
Second Engler

0.0022 1.80
0.0026 1.72
0.00147 3.74

A TYPICAL VISCOSITY CONTROL APPLICATION

In most residual oil-fired power plants,
the optimum viscosity for combustion
usually falls within the range of 90-150
SSU. Since residual fuel oils are usually
highly viscous, almost solidified, at am-
bient temperature, the oil must be heated
in fuel oil heaters to obtain the desired
viscosity prior to reaching the burners.

In a viscosity control system the amount
of heating in the fuel oil heaters is con-
trolled, and the feedback signal from a
process viscometer is compared with the
setpoint signal to obtain a viscosity
error signal. There are various control
loop configurations ranging from the ele-
mentary single loop system to rather com-
plex cascade configurations to reduce the
thermal and o0il flow deadtimes. Regard-
less of the control strategy, there are
general design requirements that the pro-
cess viscometer must meet.

First of all, the process viscometer must
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be reliable, low in maintenance, and be of
rugged construction. In a large number of
modern plants, a viscometer must be able
to withstand pressure and temperature ex-
tremes in the neighborhood of 1200 psig
and 350°F (84.36 Kg/cm2, 176.7°C). The
viscometer must be installed in a bypass
line on the main fuel oil supply piping so
that the instrument may be valved off for
routine maintenance with the plant on line.
Since high pressures and temperatures are
involved, process connections should be
welded, with no flanges in the process
stream. The instrument housing should be
weather-tight and of explosion-proof con-
struction, if crude oil is to be burned.

A continuous analog output signal is de-
sired, preferably a current signal (4-20
mA, for example) that is compatible with
modern electronic analog controls. Fast
response is desired of the viscometer, and
for this reason, a relatively high flow
rate through the bypass line is required.
A typical 515 MW oil-fired power plant
will consume at full load an o0il flow of
approximately 600 GPM (37.85 1/sec.). It
is desired that a flow of at least 50 GPM
(3.15 1/sec.) be present in the viscometer
bypass line at full load. Repeatability
and accuracy over the entire span of appro-
ximately 0-200 SSU is, of course, a de-
sirable factor. Let us now consider, in
view of the design requirements, some of
the various types of process viscometers
available on the market.

VISCOMETER SURVEY

In this survey, five major types of vis-
cometers popular in the process industry
were chosen for investigation:

Falling Piston Type
Vibrating Probe Type
Rotational Type
Float Type

Capillary Type

[T IR R SN
s e e s w

Each of these types will now be considered
in detail.

Falling Piston Type Viscometer

The measuring element consists of a piston,
ring or slug that is periodigally raised,
either pneumatically or mechanically and
is then allowed to fall under its own
weight through the medium to be measured.
The time of fall is recorded and trans-
mitted as a viscosity signal. For the
viscosity range required, full scale accu-
racy over full span is approximately 1%,
repeatability is about 0.25% of full span
and a sensitivity of 0.1% of full scale

is realizable. Cycle times of once every
30 seconds may be obtained, but generally,
cycle times are of the order of 2 minutes.

Vibrating Probe Type Viscometer

The principle of the measuring element is
based upon the dampening effect of the
measured medium as it passes over a vi-
brating probe. The measuring element
consists of a frequency generator, vi-
brating spring rod, probe, and a magnetic
pickup unit. A drive coil causes the
probe to vibrate at 120 Hz and the ampli-
tude of these vibrations is then measured
with a pickup coil arrangement. The out-
put signal is a continuous function of
viscosity. Accuracy and repeatability
are approximately 1% of full span.

Rotational Type Viscometer

This type viscometer utilizes a motor-
spring-spindle arrangement by which vis-
cosity is measured by the torque required
to rotate a spindle in the measured medium.
The angular displacement of the spring may
be measured by a variable capacitance or
by a potentiometer, and is then converted
to a process signal proportional to vis-

cosity. Accuracy is within 0.3% of full
scale. Response time is less than 30
seconds. The standard spindle speed is

50 rpm and range changes are easily made
by changing spindle size.

Float Type Viscometer

This type viscometer employs a variable
area flow meter with the flow rate held
constant. The position of the float,
then, is a function of absolute viscosity
and density or, in other words, kinematic
viscosity.

Capillary Type Viscometer

The capillary type viscometer utilizes the
Poiseuille law given previously in which
the flow rate (Q) is a constant flow from

a gear metering pump. The medium to be
measured is pumped through a capillary

tube under laminar flow conditions and

the differential pressure developed across
a given length of capillary defines the
viscosity by the Poiseuille relationship.
This differential pressure signal is then
converted to an electronic signal using a
differential pressure transmitter. . Pres-
sure and temperature ratings are acceptable
and the instrument is not affected by flow
or pressure transients since the housing

of the instrument is simply a reservoir

for the synchronous speed constant flow
gear pump. This instrument has shown high
reliability and is accurate and repeatable
to within 1% of full span. The viscometer
is not easily affected by contaminants
since the unit is self-flushing and the
gear pump will not permit particles of sig-
nificant size to enter the capillary tube.
Butt weld connections and a high pressure
body are available. Only yearly maintenance
is necessary and the unit is easily ser-
viceable.



VISCOMETER SELECTION

There are several different types of vis-
cometers on the market today. The ones
mentioned in this paper do not represent
the complete selection available, but only
serve as examples of the many design types
utilized to measure viscosity.

Each type has an application for which it
is best suited. Since there are only a
few types of viscometers which are capable
of handling a particular process appli-
cation, careful evaluation is required in
viscometer selection.
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ABSTRACT

A typical residual fuel oil heating system
and the design requirements of a power
plant viscosity control loop are outlined.
The selection and installation design of a
process viscometer are also described.
Finally, a computer simulation is derived
and used.to predict the dynamics and con-
trol loop performance of the actual
viscosity-controlled fuel oil. heating
system.

SYSTEM DESCRIPTION

In residual oil-fired power plants, the
optimum fuel o0il viscosity for combustion
usually falls within the range of 90-150
SSU. Since heavy fuel oils are highly
viscous, almost solidified at ambient
temperature, the oil must be heated in
fuel oil heaters to obtain the desired
viscosity prior to reaching the burners.
Fuel 0il viscosity is measured and used to

control the amount of heat transferred to
the oil.

The major elements in a viscosity-controlled
fuel o0il heating system consist of the fuel
oil piping, fuel o0il heater, viscometer and
necessary control hardware. The system
components and design covered in this paper
are based upon a typical modern oil-fired
power plant of approximately 515 MW
capacity.

For this particular application, an assembly
consisting of 80 hairpin concentric-pipe
heat exchanger elements stacked vertically
4 units high and 20 units wide is utilized
for fuel o0il heating. The heat exchanger
elements are connected in 20 parallel
passes, each pass consisting of 4 heat
exchanger elements. Each of the 20
parallel passes are connected together by
0il and steam manifolds with shutoff valves
for each parallel pass. The fuel oil
heater is connected counterflow, with oil
entering at the bottom and flowing upward
through each parallel pass. Saturated
steam entering at the top of the fuel oil

heater assembly finally exits as subcooled
condensate. Oil flows in the shell side
over aluminum fins and is heated by the
steam/condensate mixture flowing in the
inner pipe. 1In a system of this size under
full load conditions, oil flowing at approxi-
mately 600 GPM (37.85 1l/sec.) is heated in
the fuel oil heater from agproximately 1300F
(54.40C) to as high as 2800F (137.89C).
Since the heat transfer and oil flow are
relatively high in this large installation,
steam flow to the heater cannot be controlled
due to the risk of thermal shock to the
heater under transient conditions. Instead,
the rate of heat transfer is varied by con-
trolling the condensate level in the fuel
0oil heater by means of a condensate drain
control valve. This method of control is
much slower than controlling steam flow,

but eliminates the concern of thermal shock.

After leaving the fuel o0il heater, the
heated oil is then raised to high pressure
by the fuel oil burner pumps before reaching
the main fuel oil supply header at the
boiler. It is at this point that the fuel
0il viscosity is measured and converted

into a continuous electrical signal, com-
patible with electronic analog controls.

In a single-loop control system, this
viscosity signal is used to develop an error
signal based upon the desired viscosity.

The error signal is then used to control

the position of the fuel oil heater conden-
sate drain valve. See figure 1. An incresse
in the viscosity signal above setpoint indi-
cates that the fuel oil temperature is too
low and the drain valve is opened further

to increase heat transfer surface in the
heater. The opposite response occurs for a
low viscosity signal.

The detailed design of a viscosity-controlled
fuel o0il heating system will now be covered.

VISCOMETER SELECTION AND INSTALLATION

A power plant viscosity control installa-
tion requires that the process viscometer
must be of rugged construction, reliable

and require infrequent calibration and



maintenance. Pressure and temperature
extremes of 1200 psig (84.4 Xg/cm2) and
3500F (176.70C) are possible in this appli-
cation. Welded connections are required,
and the viscometer must be installed in a
bypass line to allow control of the oil
flow through the instrument. The flow
through this bypass line should be at least
50 GPM (3.15 1/sec.) of the total 600 GPM
(37.85 1/sec.) oil flow at full load to
allow fast viscometer response. To facili-
tate maintenance, the bypass line should
be supplied with shutoff valves and a drain
valve. A continuous analog output current
signal of 4-20 mA is desired in this parti-
cular application for use with electronic
analog controls. The setpoint station and
the electronic control hardware are

located in the control room, quite a dis-
tance from the viscometer installation,
thereby necessitating the use of an electri-
cal process signal,

For this application, the capillary type
viscometer was chosen since it has shown

high reliability and meets the design
requirements of this power plant installa-
tion. The instrument consists of a cast
steel o0il reservoir through which the by-
pass oil flows, a gear pump drawing suction
from this reservoir and powered by a synch-
ronous speed motor, and a capillary tube
through which the oil is pumped in a constant,
non-pulsating, laminar flow. The differ-
ential pressure developed between the
reservoir pressure and the pressure required
to maintain flow through the capillary tube
is a proportional function of relative
viscosity in SSU within 2% linearity over the
measuring range of 0-230 SSU. The differ-
ential pressure signal is then converted to
an electrical signal (4-20 mA) by a differ-
ential pressure transmitter located at the
viscometer installation. Viscometer oil

flow requirements are at least 5 GPM (0.32
1/sec.) minimum flow at low loads but no

more than 100 GPM (6.31 1/sec.) maximum

flow at full load. '

A location was chosen for the bypass line
installation as close to the burner headers
as possible and inside the plant in an
easily accessible area protecting the
installation from weather. A maximum
design flow of 50 GPM (3.15 1/sec.) was
desired in the bypass line at full load
conditions of 600 GPM (37.85 1/sec.) in

the main fuel oil supply line. A minimum
design flow of 5 GPM (0.32 1/sec.) was
desired in the bypass line at low load con-
ditions of 120 GPM (7.6 1/sec.) in the main
fuel oil supply line.

With this design information and the physi-
cal properties of the fuel oil determined,
the main fuel o0il supply line orifice was
then sized to provide the design flow con-
ditions through the viscometer. The
pressure drop in the main fuel oil line

between the bypass line connections at full
flow conditions was calculated. Likewise,
the pressure drop across the bypass line was
also determined, taking into account all
piping, fittings and viscometer pressure
drop at 50 GPM (3.15 1/sec.) maximum flow.
The difference in pressure drop between the
bypass line and the main fuel oil supply
line determined the pressure drop required
of the main fuel oil supply line orifice at
full load conditions. The orifice was siﬁﬁS
using a standard orifice sizing procedure.
Similar calculations were performed over

the entire operating range of the installa-
tion, and the bypass flow characteristics
were determined as shown in figure 2. Cal-
culations with the bypass line valved off
determined that the pressure drop across the
main fuel o0il supply orifice was not excess-
ive and would not interfere with plant opera-
tion. As can be seen from the bypass flow
curve, the flow through the viscometer is
nearly linear with the main fuel o0il supply
flow and meets the design flow conditions
established earlier. The bypass design was
such that the installation could be field
fabricated with minimal expense.

The bypass line and viscometer was electri-
cally heat traced and insulated. Only two
cable runs from the boiler controls cabinet
to the viscometer installation were required
for viscometer power and differential pressure
transmitter connections. A small shutoff
switch and thermal circuit breaker were
installed at the viscometer to facilitate
maintenance of the installation.

DERIVATION OF CONTROL LOOP MODEL EQUATIONS

The computer model used for evaluation of
the viscosity control loop design consists
of smaller mathematical models combined into
a single digital computer program. Each of
the mathematical models will now be con-

sidered.

“Fuel 0il Viscosity-Temperature Model

From viscosity-temperature plots for typi-
cal fuel oil grades data was compiled and
used to develop curve fit equations that
were used in the digital computer program,
A trial solution to the general curve shape
was of the form:

SSu =z aT) + bet™ +d )

where a, b, ¢ and d are constants to be
determined, T is the oil temperature in
degrees Farenheit and SSU in the fuel oil
viscosity in Saybolt Seconds Universal.
trial and error solution of the curve fit
data, the following viscosity-temperature
models were developed:

By



For No. 4 fuel oil:
- T
(2a£T290) ssus 727~ (rr7i)+ 150XV ()
(2T =129) SSU*= GA~ 0.5536 (T-26) )
For No. 5 fuel oil:
(wosTE167) SSu=727 - a(T) +159&> T -
(167£T<200) SSU= 6T - 0.55346(T-167) (5]
For No. 6 fuel oil:

(eesTs235) S3u= 727~ A(r-ea) +159 "N

(z352T<208) SSU= (T~ 6.5536 (T-235) o

These curve fit equations are reasonably
accurate within the range normally
encountered in power plant applications.

Fuel 0il Heating System Model

As mentioned previously, the fuel oil
heater installation consists of 20 parallel
passes of 4 concentric-pipe hairpin heat
exchanger elements in series. The outer
shell of each element consists of 3% inch
diameter schedule 40 steel pipe and the
inner pipe side consists of 1% inch diameter
schedule 40 steel pipe. Bonded to the
inner pipe are 16 aluminum fins, 3/4 inch
(1.905 cm) in height, longitudinal and con-
tinuous over the entire length of the heat
exchanger. The hairpin elements are
approximately 22 feet (6.71 m) long, pro-
viding 176 total feet (53.64 m) of pipe per
parallel path of 4 elements in series. At
rated design conditions, No. 6 oil, at a
flow rate of 600 GPM (37.85 1/sec.) flows
through the shell side and is heated from
1200F (51.70C) to approximately 240°F
(115.50C). Saturated steam enterin§ at
3660F (1850C), 150 psig (10.5 Kg/cml),
22,000 1b/hr. (9979 Kg/hr.), is condensed
and leaves the heater at 2100F (990C).
Total design heat transfer is 19,000,000
BTU/hr.

Since the fuel oil heating system model
involved two-phase heat transfer, variable
surface area, counterflow conditions,
along with varying oil flow and tempera-
ture demands, an accurate dynamic model of
the system would be impractical without
simplifying assumptions in the development
of model equations. In the derivation of
the computer model for this system, care
was taken to choose assumed conditions that
would not adversely affect the validity of
the model. Below are listed these major
assumptions:

1. Divide the fuel o0il heater into
a steam section model and a con-
densate section model.

2. Assume the fuel oil heater to
be 20 continuous, straight,

concentric-pipe heat
exchangers, the same length
as four hairpin heat ex-
changers in series.

3. Assume that all condensate
is formed in the steam section
model. All condensate formed
flows immediately to the con-
densate model, and heat trans-
fer in the steam section is by
flowing saturated steam.

4, Assume a distinct division line
between the two models defined
by the condensate level in the
heater which is subject to con-
stant change. The lengths of
the respective models vary with
condensate level, a function of
the amount of steax condensed
and the condensate drain valve
position. The sum of the lengths
of the two models is always the
length of the heater.

5. The heater and piping is well
insulated and heat traced.
Assume no heat loss to the
surroundings.

6. No fin thickness data was avail-
able for the heater modeled.
Assume 18 BWG (0.049 inch thick-
ness) aluminum fins bonded to
the outside of the inner pipe
with no bond resistance.

7. The following heat transfer film
coefficients (BTU/hr. ft.2 OF)
were calculated using typical
values (2) for this type of heat
exchanger:

a. Inside steam heat transfer 1500
b. Inside condensate heat

250
transfer
c. Outer o0il heat transfer 17.9
d. Outer oil heat transfer 22.9
referred to inside
e. Overall heat transfer 22.6

8. Assume heat transfer film co-
efficients and physical proper-
ties to be constant in both
the steam and condensate section
models.

9. Since the fuel o0il heater is
counterflow, the calculations
follow the o0il as it passes
through the condensate section
model and then into the steam
section model. All calculations
are based on equal increments of
time. Each incremental heater
length corresponding to a time
increment varies in length depend-
ing upon the oil flow velocity.
All calculations are time
dependent as the oil passes
through the heater.

With these assumptions, the following model
equations were developed:



Inner Pipe Wall Heat Balance

A heat balance was performed for an incre-
mental length section of the inner pipe
wall, The heat added to the wall by the
steam or condensate minus the heat trans-
ferred to the oil flowing over the wall
and fins is equal to the heat —retained
"within the wall:

hiAs (T-Tu)- he(GAs+ANTL-T)
= (Apw)epw 5

inside heat transfer film co-
efficient (BTU/hr ft2 OF)
internal surface area of inner
pipe per unit length (ft)
steam temperature (°F) -

pipe wall temperature (OF)
outside heat transfei film co-
efficient (BTU/hr ft<é OF)
surface area of 16 aluminum
fins per unit length (ft)

bare outer wall surface of
inner pipe per unit length (ft)
oil temperature over incre-
mental length (9F)

®

where: hi =
Al =
Ts =
Tw =
hf =
16Af =
Ao =

T-

Area f Stee

N = finefficiency (dimensionless
fraction)

total bare surface

thermal conductivity of
aluminum (BTU/hr ft ©F)

= longitudinal cross-secti%nal
area of a single fin (ft¢)

Ap =
KA

ax

Rearranging equation(lo) yielded the
following equation for heat transfer from
the aluminum fins to the fuel oil, where
AL is an incremental section length in
feet:

Qe * (26Ng L +Ad) (h)(T-T)(AL) (2

The heat transferred from the fins to the
flowing o0il and the heat transferred by the
oil flowing into the increment minus the
heat transferred by the oil flowing out of
the incremental section is equal to the heat

-retained in the incremental length of oil:

Heat Flow Heat Flow Into
Apy, = [l‘uhe Cross-sectiona T)ens ity ] From Fins + Incremental
0 1

+ Total Area of
luminum
Cpw = weighted average of Cp for
steel and Cp for aluminum
based on relative volumes per
unit length (BTU/1bOF)
t = time (hours)

Fin Cross-sectionaiLDensity] [Heat Flow Out ot]

Evaluating and rearranging the variables in
the heat balance produced the pipe wall heat
balance model equations for the steam and
condensate sections:

B (et o

Fuel 0il Heat Balance

The following equat%sgs were used to des-
cribe heat transfer from the aluminum
fins and pipe surface to the flowing oil
for a single parallel pass:

Qe = (bPNeA+As) he)(T-T)

s -tqnmh Sml.! me ( .'liz. )o.s

Kny

heat transfer from the fins
to the oil (BTU/hr)

fin height (ft)
longitudinal perimeter of
incremental fin® 2AL

number of fins = 16

fin heat transfer parameter

()

o)
where:

Qr =

b =
P =

Nf =
M=
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To 0il Length

Incremental
Length

ncremental Lengt

Heat Retained In
I h
Of 0il

Qe + Welps (T-T)| 0 = Welp =T, (13)

= AbLgucy, ST

where: Wy = oil mass flow rate (1b/hr) in
each single pass

specific heat of oil (BTU/1bOF)
arbitrary reference tempera-
ture (OF)

A = flow area of oil (ftzg

Ce = density of oil (1b/ft3)

Cpo =
7 =

Dividing by AL yields:

Q%L + (c'. W)((“T') 'L"‘L - (T’Tr)ll.) = Ac‘c” ﬁd_I

o~ o

Taking the limitas (AL) approaches zero:

lfro (Q’/M) + (cﬁ “‘5)(%{) a Af°cf° (i‘:-)

It (%)

»



Likewise, for the fin heat transfer
equation:

Lim

Qo)
ALdo

(9%/,) = (2bNga +A)(hg)(T-T)

Substituting equation (16) into equation
(15): .
Fa e
(26N +A) he) (TurT) + (cpowa) (3T )
= 2T
= Anen(

Rearranging equation (17):

o7

- (e () o

Condensate Production Equation

The condensate production rate in the steam
section model was determined by a summa-
tion of the incremental condensate calcula-
tions over the length (L) of the steam
section. The number of increments in the
steam section is (L/AL). Condensate pro-
duced in a given time interval may be des-
cribed by the following summation:

Nebay NabaL
- Q. (HLALAL(T;-T.»))
M, = —_ = 11
= E T2 X () 09
where: M. = rate of condensate production
(1b/hr)
L = %§n§th of steam section model
t
Qi = heat transfer from incremental
length of steam section to
pipe wall (BTU/hr) '
A = latent heat of vaporization of
water (BTU/1b)
Np = number of parallel passes

Since the incremental length may be ex-
pressed as the product of oil velocity and
incremental time period, the above equation
may be expressed in terms of time (DT) in
hours and o0il flow (wo) in pounds per hour:

aL=( F‘;’-’,-\) (nT) (28)
net/
™M = .;E.TL('&%SEXN» @)
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Condensate Mass Balance Equation

For this model derivation, it was assumed
that the condensate section reacts as a
"tank" of condensate. The level in the
"tank" is a function of the condensate pro-
duction rate in the steam section and the
condensate drain valve position. Applying
a mass balance to the condensate section:

Condensate Flow Through Accumulation
Production| = | Condensate | = Rate In

Rate Drain Valve Heater

e = v, = pA7 Zh )

where: € = density of condensate (lb/ft3)
AT = cross-sectional area of '"tank"
(ft2
dh = rate of level change in "tank"
dt (ft/hr)
Jh = '"tank" level (ft)
Mo = mass flow rate of condensate

through valve (1b/hr)

The mass flow rate through the condensate
drain valve was determined as follows:

Sv= Q —A";‘— (23)

where: Q = 0.002 mgy (1b/hr) for condensate
and: Cy = drain valve coefficient of dis-
charge
Q = flow rate through valve (GPM)
SPG = specific gravity of condensate =
1.0
AP = total pressure drop across valve

(psi)

Rearranging equation (23):

™o = SO0 Cy /AP

@4

The steam section length (L) is equal to the
heater length Ly minus the "tank'" height (h):

he Lu-L s
%: - j—i‘ ¢



The accumulation rate in the heater may be
expressed. as follows:

dh _

PAT T @7

-eA_r %

The condensate mass balanceequation may now
be expressed as follows:

. . db
Me-mo = - pAT

The condensate mass balance equation may
now be stated in terms of the overall
heater model:

Me 3 500 Cy VAP — pAx % (2%)

The condensate drain valve coefficient (Cy)
was expressed as a function of drain valve
position for a typical 1% inch, equal per-
centage flow characteristic valve.

Condensate Heat Balance ‘

In the condensate section model, the heat
transfer to the pipe wall and the heat
transferred into the incremental section
minus the heat transferred out of the
“incrémental section is equal to the heat
accumulated in the condensate section of
incremental length:

Heat Transfer + Heat Transfer
To Pipe Wall Into Increment

Heat Accumulated

Out Of In Condensate

Increment

[ﬁéat Transfer

hi AL (Te-To) + v o (T, = W cp Gre-Te),

- dTe
= AwwldlpCe 3 @
where: Tc = condensate temperature (°OF)
Cp = specific heat of condensate
(BTU/1b)
ACOND = cross-sectional flow area of

condensate (ft2)
density of condensate (1b/ft3)

y
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Rearranging and taking the limit as (AL)
approaches zero:

hiAsGe-m)+ meca(SE) = Ao oo (3R) (o)

3 () e+ (REa)(3E) o

Fuel 0il Piping Time Lag

Since the viscometer in the fuel oil heating
system installation is located quite a dis-
tance from the fuel o0il heater outlet, the
piping deadtime was modeled into the control
loop as a linear function of oil velocity:

Ame LA (s€c)s (Pioivg LENaTH (£4))

Gy

(OIL MAsS ( ol ( Pire !
Flow RA DENSITY | | Flow ARSA
(6/sen) [ (/)] (£4Y) )

Controller Model

In the single loop control system, the vis-
cometer process signal was compared with a
setpoint signal to obtain an error signal.
This error signal was then converted into a
signal in units of SSU which was then used
in the controller model to determine the
change required in condensate drain valve
position. The following three-mode con-
troller equation was utilized in the com-
puter model:

’

AEMR
m)s ke E6 + K CRe)at + keTy 488 )

where: M(t) = controller output signal
expressed in % valve posi-
tion as a function of time
Kc = controller gain (% VP/SSU)
1/Ti = reset rate (repeats/minute)
Td = rate (minutes)
E(t) = error signal expressed in

SSU error as a function of
time

Computer Simulation Using Model Equations

From the control loop model equations, a
computer program was assembled utilizing the
FORTRAN computer language. Solution of
these model equations was performed by the
fourth-order Runge-Kutta approximation
technique for integration. This method

lends itself well to digital computer appli-
cations.

Upon entering the heater, each segment of
0il was integrated according to the incre-
mental time base and changing lengths of

the condensate and steam section models. At
each time increment, the length of each oil
segment was subject to change depending upon



