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ABSTRACT

A heat loop suitable for the study of thermal fouling and its
relationship to corrosion processes was designed, constructed and
tested. The design adopted was an improvement over those used by
such investigators as Hopkins and the Heat Transfer Research Institute
in that very low levels of fouling could be detected accurately, the
heat transfer surface could be readily removed for examination and
the chemistry of the environment could be carefully monitored and
controlled. In addition, an indirect method of electrical heating of
the heat transfer surface was employed to eliminate magnetic and
electric effects which result when direct resistance heating is
employed to a test section.

The testing of the loop was done using a 316 stainless steel
test section and a suspension of ferric oxide and water in an attempt
to duplicate the results obtained by Hopkins. Two types of thermal
fouling resistance versus time curves were obtained.

(i) Asymptotic type fouling curve, similar to the fouling behav-
iour described by Kern and Seaton and other investigators, was the
most frequent type of fouling curve obtained. Thermal fouling
occurred at a steadily decreasing rate before reaching a final
asymptotic value.

(ii) If an asymptotically fouled tube was cooled with rapid cir-
~culation for periods up to eight hours at zero heat flux, and heating

restarted, fouling recommenced at a high linear rate.
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The fouling results obtained were observed to be similar and
in agreement with the fouling behaviour reported previously by Hopkins
and it was possible to duplicate quite closely the previous results.
This supports the contention of Hopkins that the fouling results
obtained were due to a crevice corrosion process and not an artifact
of that heat loop which might have caused electrical and magnetic
effects influencing the fouling.

The effects of Reynolds number and heat flux on the asymptotic
fouling resistance have been determined. A single experiment to study
the effect of oxygen concentration has been carried out.

The ferric oxide concentration for most of the fouling trials
was standardized at 2400 ppM and the range of Reynolds number and
heat flux for the study was 11000-29500 and 89-121 KW/MZ, respectively.

i1
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CHAPTER 1

INTRODUCTION

The Fouling Problem

It is a well observed phenomena that after a certain period
of operation the heat transfer surfaces of heat exchangers are
usually coated with various extraneous materials present in the flow
sysfem, or the surfaces are corroded as a result of interaction
between the fluid and the material of construction of the exchanger.
In either case, this coating manifests itself as an additional
resistance to heat transmittal, and results in decreased overall heat
transfer coefficients, reduced performance of the exchanger and
increased pressure drops. This phenomenon is commonly referred to as
"fouling'.

Fouling is costly as exchangers must be overdesigned to
provide the extra surface and must periodically be cleaned. Extra
fuel to make up for poor heat transfer may be required to maintain
temperatures or expensive surfactants may have to be used to keep
the fouling material dispersed. Operating efficiencies are reduced
while maintenance costs increase due to fouling.

The primary variables, generally recognized as affecting the
fouling build-up are those pertaining to temperature (both surface
and bulk), fluid velocity, surface material, flow geometry and the

fouling fluid chemistry [1].



The effect of fouling in the design of heat exchangers can

be better appréciated if one considers the equation

_ ]
Ug = 7 5 X . R (1.1)
—_ 0 W 1 0]
hh " Tt Tk T Th
0 0 W i y

It is clear from the above equation that the higher the film
coefficients the greater will be the effect of the fouling resistance
on the overall coefficient and thereby on the exchanger size. Also
as the fouling builds up its conductance %?—wou]d decrease and the
total resistance to the transfer of heat would be increased.

The usual practice in design is to counteract the effect of
fouling by providing additional heat transfer area based upon
empirical fouling factors such as those recommended by TEMA [2].
However, as pointed out by a number of workers [3,4] these are only
very approximate and frequently unreliable. At best they are only an
estimate based on experience and fail to take into account the unsteady
state nature of the fouling process [5].

Although a number of studies [5-10] have appeared in the
literature identifying some of the fundamental types of fouling
mechanisms, systematic research on fouling is limited and still in the
developing stage. State of the Art (Review) papers by Taborek et al.,
[10] Suitor et al., [11] Bott [12] and more recently by Epstein [13]
summarize the present status of research on fouling. It is obvious.
from these, that there still exists an urgent need for more information and

data on fouling in order to improve upon more reliable design methods,

and to reduce or eliminate it. Taborek et al. [10] stress the need for
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large experimental data sets obtained under systematically varied

conditions before any further progress in this field can be made.

Literature Survey

1.2.1. Experimental Apparatus for Study and
Monitoring of Fouling

Fouling is known to exhibit several quite different basic
forms and to be affected by a large number of variables pertaining
to mode of operation and equipment construction [10]. Conseguently,
research on fouling has been confined to studies with well defined
and narrow objectives which have tended to aim only at eliminating
or minimizing specific problems. A wide variety of experimental
equipment has been used according to the individual requirements of
each study. Although some work has been done with process size equip-
ment or nearly full scale apparatus [1,14] in plant conditions, the
major portion has come from laboratory scale apparatus. The general
idea has been to pass the fouling fluid over or through a test sec-
tion in which all the parameters suspected of affecting the fouling
process are controlled. Evidence of the growth of fouling deposit
with time is noted for a desired set of conditions typical of those
occurring in process equipment.

The design of any research equipment for thermal fouling
studies depends primarily upon whether local or overall values of
fouling resistance are desired, the flow geometry, the type of heating
employed, and the need for supplementary data [1]. Test section
design, flow control, method of heating, mode of operation, fouling

measurement techniques, method of analyzing the fouling deposit, etc.,



shall be reviewed here.

Test section confiqgurations are commonly based on double pipe
heat exchangers [11]. The fouling fluid may be either tube side or
annular and when fluid heating is used may be parallel or counterflow.
Special flow patterns have been studied by Watkinson et al. [15] using
tubes of finned and spiral indented, and recently by Cooper et al.
[16] in Plate heat exchangers. Among the more unusual designs is that
of Banchero and Gordon [17] who developed a helical flow channel in
a copper cylinder to approximate conditions in evaporators producing
potable water. Kerst [18] used a 6 mm hairpin shaped tube for inser-
tion in process pipelines to study deposition and corrosion. Freed-
man et al. [19] have developed an improved method for laboratory
testing of recirculating cooling water treatments which allows visual
and gravimetric determinations of corrosion and heat transfer sur-
faces under typical field conditions. A shell side fouling research
unit consisting of small tubular exchanger bundle has been designed
by HTRI for measuring shell side fouling [1,20]1. OTEC [21] have
recently developed an unsteady-cooling test unit. Epstein [13] Tists
other apparatus and methods employed for specific fouling studies.

Heating of test sections has been accomplished using electri-
cal resistance heating, indirect electrical heating, vapor condensa-
tion and sensible fluid heating [11]. The merits and demerits of
each have been discussed by Fischer et al. [1]. Electrical resist-
ance heating has the advantage of providing a uniformly distributed
heat flux and the ease by which heat flux or input can be controlled
and measured. Its Timitations, however, are high current require-

ments limiting the materials of construction of test section to those



of high electrical resistance, and the possibility of current leakage
which can create instrumentation problems in measurements. Cartridge
type electric heaters in annular flows have been the most common [11],
however another often used approach combines tubeside flow with
direct resistance heating of the tube wall [3,22]. Direct heating of
the tube wall has an added disadvantage in that the AC frequency
could give rise to a magnetic field around the heat transfer metal
which could influence particle deposition on the wall. Indirect
electrical heating, on the other hand, has the advantage of being
convenient to apply although its use is limited to simple geo-
metries [1,11]. Use of sensible heating fluids gives good control,
but usually is only suitable for Tow heat fluxes and low temperature
applications.

Numerous methods for monitoring deposits have been reported
in the literature [13], but the most common has been to employ thermal
sensors imbedded below the fouling surface to monitor the temperature
differentials between the clean and fouled situations to provide a
measure of the fouling thermal resistance. This has a definite
advantage over other methods as it directly provides information on
R¢ and i;g_ which can be used to determine the extent of fouling [13].

Two methods can be used to compute fouling resistances from
thermal data. Local fouling measurements are used to compute fouling
resistances at single localized positions on the fouling surface,
These resistances are evaluated from temperature measurements of the
fouled and initial clean condition by

Re = ( TW_Tb TW-Tb (]

Q/A )fou1ed - Q/A )initia1 clean



For constant heat flux and constant bulk temperature

(1.3)

or simply the rise in temperature from clean to fouled condition
divided by the heat qux.

The second method calculates the degradation of the overall
heat transfer coefficient over the total surface to yield average
values of fouling resistance over the entire fouled surface [3].
Localized measurements are more advantageous as they correspond to

G at specific fouling surface temperature Tw’

de
fouling deposit surface (deposit fluid interface) temperature Ts’

values of Rf and

and bulk temperature of the fluid Tb rather than averaged values
over the entire fouling surface [13]. Other methods of monitoring
deposits have been ascertaining growth of fouling deposit simply by
observation through transparent outer shells. Post-test measure-
ments include thickness and weight. X-ray and electron microprobe
techniques have been employed by Braun et al. [4]. and Hopkins et
al. [23] to visually examine and analyze the fouling depdsit. These
indirect methods suffer from a drawback that growth of the fouling
deposit with time cannot be measured and only fouling tendencies
can be ascertained. As no time history measurements can be made with
these methods no significant quantitative data are possible.

Studies on fouling can be carried out under conditions of
constant heat flux or constant medium heating temperature [1,11].
Under constant heat flux conditions, e.g., with electrical heating,

the metal wall temperature increases as the fouling builds up and



local values of Rf are easily determinable at any instant just from

readings on the thermal sensor mounted on the surface (TC) and heat
flux q'.
| X =1
; 1 W 1 cO b
At time t =10, — = t e = ; (1.4)
AP n a
X T =T
, & 1 _ w 1 _ 'c b
At time t=t, U E;' + Rf * g5 F —q (1.5)
e
U UO f —q—i—£ (].6)

Under constant flux operation and in the absence of blockage
or surface roughness effects, the heat transfer coefficient h and hence,
the fluid-scale interface temperature TS should remain constant as
fouling proceeds[13,23]. Thus, as long as there are no significant
bhanges in the chemical composition of the fouling fluid, the
deposition rate should also be uniform with time [11].Removal forces
however would prevent a constantly increasing fouling resistance, but the
deposition rate would be constant. Consequently, asymptotic condi-
tions would be reached after a much longer period than in constant
heating medium temperature situation [1] as the removal mechanism
will be only fluid shear. In the latter situation the temperature
difference across the fouling layer increases thus giving a lower
temperature at the interface. The fouling rate decreases under this
situation as the rate is a function of temperature at the interface
leading to an asymptotic fouling resistance being reached much

quicker than in the previous case [11].



The belief that the asymptotic condition under constant flux
operation is due to a balance between the constant deposition rate
and release mechanism (caused by fluid shear according to Kern and
Seaton [6]) is still controversial. If particles are subject to
removal forces as they approach the surface, how do they ever get
deposited? Many researchers [13,20] in the area feel that asymptotic
fouling behaviour is the result of a suppression of fouling rather
than a balance between deposition and removal rates. Removal can be
a factor but usually occurs suddenly in Targe chunks. Kern himself
in his later work [24] spoke of the retardation process as a "sup-
pressant of deposition." Epstein [13] discusses this conceptual
problem and analyzes some of the mechanisms suggested to resolve this
controversy. The Cleaver and Yates 'turbulent bursts' and 'back
sweep' model [25,26] appears particularly convincing in this respect.

Fouling fluid flow may be either once through or recirculat-
ing. Industrial cooling processes usina large quantities of water
are typically once through flow. Hasson [27] studying fouling of
condenser tubes in water desalination employed once through flow of
municipal water fed by gravity from a constant Tevel tank. Recycled
test fluid has been used in a number of studies [3,22,28]. This is
advantageous as it enables fouling fluid properties to be requlated
and maintained constant but requires additional forced cooling to
maintain thermal equilibrium of the fouling fluid.

In addition to using thermal data to determine fouling resist-
ances Epstein [13] expresses the desirability of using supplementary

methods. Watkinson [3] used pressure drop increases to monitor fouling
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but there was poor correlation between the measured Qégfl_ and —HE-[ZQJ.

Such data, however, may be very useful in understanding the physical
mechanisms of fouling. HTRI [10,20], in its extensive work carried out
in the cooling tower water fouling field, has also investigated several
supplementary aspects of the fouling process. Some of these are:
visual observation of the fouling process by a time-lapse movies,
determination of the thermal conductivity of the deposit (which is one
way of characterizing the deposit structure), by photographic measure-
ments, and use of an electron scanning microscope to observe the initial
deposition mechanism. A factor closely associated with fouling rates
and significantly influencing the interpretation of experimental
results is the deposit morphology which, it should be noted, could also
strongly affect the heat transfer coefficient. Visual observation and
scanning electron micrographs can provide easy confirmation of quanita-
tive results by qualitative inspection and help in correlating
morphology with feed chemistry and oxygen concentration [4]. Analyses
of the fouling deposit and the fouling fluid can greatly help in cor-
relation of fouling rates and experimental variables monitored. For
example in the case of particulate fouling, characterization of the
fouling fluid in terms of concentration and size of particles could
provide an answer to what size range of particles participate in the
fouling process. Chemical analyses of the fouling deposit could.
offer a substantial explanation to fluid chemistry effects and also
corrosion controlled fouling.

Finally, the experimental apparatus used in any fouling study

is important as it establishes the applicability of the results
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obtained to the actual operation and design of heat exchangers [10].
Most of the fouling measuring equipment which have been designed,
built and operated have used some of the techniques described above;
the primary difference between them has rested in the design of the
test section, the heating medium and the measurement techniques.

1.2.2. Fouling Studies Results (Thermal Fouling
Resistance Versus Time Behaviour)

Three distinct types of fouling curves have generally been
reported in the literature for thermal fouling studies [11,20] as
illustrated in Fig. 1.1 and can be termed as asymptotic, falling rate
and linear. The asymptotic mode is the most frequent type of fouling
behaviour observed and it exhibits the classical fouling model of Kern
and Seaton [6]. This curve is described by an increase in fouling
resistance with time to an asymptotic value and the time dependence

of the fouling resistance is approximated by

Re = R (i=a"2%, (15 7)
In contrast to the simple falling rate behaviour the asymptotic
behaviour raises the possibilities of the suggestions made by Kern [7]
that the heat transfer surface can be designed to operate indefinitely
under fouling conditions without cleaning at the asymptotic value.
In practice, however, this has been rarely observed [10].
In the Tinear model there is a near linear dependence of
fouling resistance with time. Another point which should be borne
in mind, as cautioned by Epstein, [13] isthat unless the fouling process

has been carried out for sufficient time one cannot be certain whether

or not an observed linear behaviour is really the beginning of what



TABLE 1

Resumé of Some Fouling Models

Deposition Removal Characteristics
Model Term ¢ Term { p of Fouling Type
1. Kern and Proportional to | Proportional Particulate and
Seaton concentration to fouling other fouling.
of foulant and layer thick-
bulk fluid ness and
velocity. shear stress.

2. Watkinson
and

Epstein
3. Beal
4. Hasson
5. Taborek

Proportional to
concentration
difference and
toArrhenius
temperature
function.

Proportional to
concentration
gradient as
function of
turbulent and
Brownian dif-
fusivity.

Function of the
temperature of
the scale sur-
face. As scale
accumulates
scale surface
temperature
drops decreas-
ing rate of

scale formation.

Function of
scale surface,
surface temper-
ature and a
water chemistry
parameter.

Used same as
Kern and
Seaton.

None postu-

lated.

Assumed all
particles
reaching the
wall stuck

None
postulated.

Function of
wall shear
stress, scale
thickness and
scale strength.

Particulate and
chemical reaction
fouling. Reaction
rate controlled
or diffusion rate
controlled.

Particle deposition
by eddy and
Brownian diffusion
and inertial
coasting.

Sensible heat
scaling of calcium
carbonate solution.

Cooling water
service.
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would finally turn into a falling rate mode or whether a falling rate
curve is the start of an ultimately asymptotic behaviour. And this
could be of considerable significance especially when there is much
scatter in the observed data.

A large number of models essentially describing these curves
has been presented in the literature. Reviews by Taborek et al., [10]
Suitor et al., [11] and Epstein [13] give descriptions, physical sig-
nificance, assumptions and limitations of each of these models. Table I
summarizes some of these models. None of these models, with the excep-

tion of scaling, however, has been extensively tested.

1.2.3. Interrelationship of Fouling and Corrosion

Little work has appeared in the Titerature with respect to
the effect of corrosion in promoting fouling. Most of the early
reviews [10,11] have just introduced this aspect of fouling. A compre-
hensive treatment has been given by Epstein in his recent review
paper [13]. Hopkins and Epstein [23] had earlier explained their
results on the fouling of 304 stainless steel with ferric oxide by
invoking electro-chemical crevice corrosion as the mechanism governing
the fouling.

It is generally recognized that corrosion in aqueous systems
gives rise to the creation of a protective oxide film which has been
estimated to be typically in the range of about one micron in thick-
ness [29]. This pqssivating film in itself does not constitute a
significant fouling resistance. However, when this film is disrupted,
by erosion or spalling, a corrosion cell of the type illustrated in

Fig. 1.2 [30] is set up and the corrosion products start to accumulate
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unevenly on the surface. These initial growths have the effect of
roughening the surface and thus providing nucleation sites for
deposits to initiate [11,13]. Also, they serve to trap suspended
particulates and give rise to small pockets of stagnant 1liquid which

become subject to crevice corrosion [31] especially in the presence of

an aggressive ion such as the chloride ion. A cycle of corrosion and fouling

thus arises [22,23]. The complete deposition environment can then be
depicted by Fig. 1.3 from Charlesworth [32]. The fouling corrosion
cycle can be thus initiated by particulate fouling followed by crevice
corrosion in which case the corrosion products would serve to bind

the particulates to the surface [23].

Scope of this Work

Hopkins [22] concludes his study on the 'Fouling of Heated Stain-
less Steel Tubes by Flowing Suspension of Ferric Oxide' by recommending
the extension of Taboratory fouling studies techniques to 'insitu'
study of fouling of heat transfer surfaces in plant situations.

Systems to date have generally been developed to meet the requirements
of a specific fouling study and are unsuitable for a variety of applica-
tions. Also, there was evidence to believe, based upon his experimental
results, that corrosion processes play a significant role in the fouling
of heat transfer surfaces and a detailed study of the interrelationship

between particulate fouling and corrosion was recommended. A criticism
of the work mentioned in reference [22] was that by electrically heating
the heat transfer surface by passing a current through the test section,
magnetic and/or electrical effects could be created which could affect

fouling, invoke corrosion, and therefore influence the observed results.
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Also the work done in the above reference with respect to particle size
and fouling was beset with many difficulties and remained quite incon-
clusive. Nijsing [33] considers basic experimental research on fouling
requires use of methods for characterization of the fouling fluid with
respect to concentration and size of particulates.

For the above reasons the objectives of the proposed research
covered in this thesis were:

(1) Design and construction of an experimental apparatus for study
of fouling and its interrelationship to corrosion which would eliminate
the possible sources of error and limitations of existing design used
in reference [22] and afford means by which all of the variables
recognized to influence the fouling process could be monitored
and controlled. The system would have adequate facilities for char-
acterizing the fouling fluid with respect to size and concentration
of particulatesanda suitable method for analyzing the fouling deposit;

(2) Testing and evaluation of the apparatus by attempting to
duplicate a selected number of runs from the 1969-1973 University of
British Columbia study [22] using ferric oxide as a contaminant and
stainless steel as the heat transfer surface material to establish
reproducibility of data--a problem which has plagued researchers in
the fouling field. A few runs to investigate the crevice corrosion

hypothesis would also be attempted.
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CHAPTER 2

DESIGN AND CONSTRUCTION OF HEAT LOOP

Design Approach

Any research unit designed to carry out fouling studies should
allow a relatively easy method for measurement and control of critical
process parameters such as heat flux, flow rate and fluid and wall
temperatures. In addition, the system should be constructed such that
a variety of fouling fluids and heat transfer material can be studied
[18]. Another feature which must be incorporated, particularly in the
study of particulate fouling and corrosion controlled fouling, should be
a provision to analyze the deposits formed both qualitatively and
quantitatively. Means of controlling the fouling fluid composition with
respect to size and concentration of suspended particulate matter, the
dissolved oxygen concentration and pH are also desirable. Although most
of the experimental rigs designed to study the fouling phenomena, have
been based on the measurement of changes in heat transfer resistance
which reflect changes in the fouling resistance, each one has had a
special and unique design, suited to meet the objectives of the particular
investigation carried out. For example the fouling units developed by
HTRI [1, 20] were primarily designed to measure scaling rates in cooling
water. The heat loop designed by Watkinson [3] and later modified [22,
34] employed a recirculating system where fluid was pumped from a

storage tank held at a given temperature through an electrical resistance

I
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heated test section. This system was designed specifically for the
study of fouling by particulate matter. In neither of the above systems
was provision made for the easy examination of fouling deposits and
neither could detect the presence of thin deposits because of incon-
venient and imprecise control of process variables such as flow rate,
inlet temperature and heat flux. Consequently, it was decided to design
and construct a heat loop which would detect fouling with more precision
than other loops and at the same time allow a quick and convenient

method for examination of the fouling deposits.

Design Criteria

The criteria adopted'for the design of the heat loop were
developed to overcome the disadvantages of the loop designed by Watkinson,
modified by Mayo and used by Hopkins [22] for his studies. These criteria
were as follows:
(1) Incorporated in the loop should be means by which the fluid chemistry
can be carefully monitored and controlled particularly with regard
to variables known to influence corrosion controlled fouling.

These include pH, dissolved oxygen concentration and presence of

ions from outside sources such as loop piping and other loop components.

(2) Provision for more precise control of the heat transfer variables
maintained constant during a fouling run such as the flow rate and
heat flux.

(3) Elimination of heating the test section by passing an electric
current through it since this could conceivably result in electric

and magnetic effects which might influence the fouling rate.
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(4) A means of easily removing the test section without dismantling the
loop.

(5) A leak proof system such that fluid would not require make-up if a
test were carried over an extended time period.

(6) A portable system that could be transported to an industrial site
and run on a continuous basis by tapping a line from a process
stream to the heat loop without loss of control of the Toop.

(7) A data Togging system capable of monitoring the process parameters
and the fouling data.

(8) A control system such that the heat loop could be left unattended

for long periods of time. (In the range of weeks.)

Heat Transfer Loop

The test section assembly developed to meet the above require-
ments is shown in Fig. 2.1. The system consisted essentially of a
hollow cylindrical thick walled copper core, an inner annulus of the
sensible heating liquid mercury, and a centrally positioned sample of
the tube to be studied. The copper core served as a containment tube
for the mercury and as a housing block for the location of the thermal
sensor. Heat to the test section was provided by electric resistance
heating of an external slotted cylindrical stainless steel shell mounted
on the copper tube. Thermal sensors were positioned on the external
surface of the copper core to monitor changes in wall temperature of the
tube as it fouled.

Fig. 2.2 shows a schematic of the heat loop and Table II Tists

the sizes, specifications and materials of construction of the system
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Table 11

Equipment Components of Heat Loop

—

Component

Description

Storage Tank

Recirculation Pump

Motor

Pump Throttle Valve

Test Section

Pressure Taps

Thermistors

Bypass Valve

Pressure Transducer

Electrical Terminals

250 Titres - plexiglass tank equipped with
air Tine for agitation.

Fluorocarbon 'Jupiter' teflon self priming

centrifugal pump with silicon controlled

rectifier (SCR) speed control, HT Model

MCP25-1255.

Head assembly - TFE teflon

Impeller assembly - TFE and FEP teflon

Bearings - Fluorolog G (proprietary
impregnated teflon)

115 V, 60 Hz, single phase 4 HP, 3450 RPM,
totally enclosed, explosion proof, fan
cooled.

Globe valve straight pattern teflon valve.
12.5 mm orfice, 12.5 mm NPT female
connections. Model PVI-88. Fluorocarbon.

12.7 mm 0D, 10.92 mm ID type 316 stainless
steel seamless tubing.

Teflon, spaced at inlet and outlet mixing
chambers.

Fenwal Electronics Model GB31P8 glass
shielded standard probe thermistors.

3 mm diameter. Range 0-150°C, Ro at

25°C = 1kQ + 10%

Teflon model PV5-63. Fluorocarbon.

10 mm orfice and 12.5 mm NPT male
port connection.

Viatran, model 209, 0-1.5 N/M2 pressure
transducer. (on order)

Brass, silver soldered to heating element.

continued
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Table II (Continued)

Electrical Cable

Primary Transformer

Powerstat (variable auto-

transformer)

Current Transformer

Secondary Transformer

Cooler

Cooler Rotameter

Power Meter (for measure-
ment of voltage and amperes
and power across test
section)

Test Section Insulation

Philips welding cable size 4/0 AWG.

Sola constant voltage transformer type
CVS. Rated VA5000, 60 HZ. Input
volts 465-630, output volts 120 V-42.4
amps and 240 V-21.2 amps.

Type 1156 D3P Superior Electrical.
Input 120 V, output 0-140 V, 150 amps,
21 KVA.

Hammond CT type CT 500.
500:5A ratio, 20 VA, 50 Hz.

Hammond type F, single phase transformer,
17 KVA, 60 Hz. Input 112-128 V, output
20-25 V.

Glass condenser 138 cms long. Inner tube
12.7/10.92mm ID/0D 316 stainless steel tubing}
Outer glass jacket 25 mm inner diameter.

Fischer and Porter, precision bore Flowrator.
Range 0-10 USGPM.

Digital ac Power meter Type 2503
Yokogawa Electrical Works Ltd.
Range volts - 3 to 600 V
currents - 100 MA to 30 A
wattage - 300 MW to 18 KW
Accuracy - 0.1%
High resolution - 1 mV/digit, 0.1 mW/
digit and 10 pA/digit.

Inside - 4 x 4.0 mm
Qutside - 30 mm inch fibreglass pipe
insulation
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components. The essential features of the recirculation heat loop
employed were the use of teflon for system piping and a constant flow
metering pump with a non mechanical drive to minimize flow control
valves and pump seals. Valves, elbows and fittings were kept at a
minimum in the loop as they provide potential lodging grounds for deposited
material and can be responsible for flow variations.

The 200 kg of fouling fluid used in a typical test run was
stored in a plexiglass tank equipped with a compressed air line, for
fluid agitation which extended around the bottom of the tank. Use of
plexiglass tank he]ped in reducing heat losses from the storage tank. A
recirculation line was provided on the storage tank which in conjunction
with the compressed air line, helped to minimize settling of any particulates
added to the fluid for study purposes and ensured that the test fluid
remained saturated with oxygen during the course of a run. For experiments
designed to study the effect of oxygen concentration on corrosion controlled
fouling, the particulates were kept dispersed by usiﬁg nitrogen in place
of air. In order to study the interrelationship of fouling and corrosion,
it was necessary to use a totally non corroding material of construction
for the remainder of the loop. By doing so, the only corrosion products
present in the system would be these from the section under study or
those deliberately added, and not those released by the corrosion of the loop

itself.

Heat Loop Subsystems

2.4.1 Test Section

A number of alternate designs were investigated before adopting
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the test section configuration described above. Appendix II describes

and briefly evaluates these alternate solutions. As the test section
design called for making the heating and temperature sensing devices to

be independent of each other in order to reduce individual test section
preparations, an indirect method of heating the test section was considered
desirable. To meet the test requirements of a constant high heat flux

(of the order of 200 Kw/Mz) with precise control and measurement, it was
decided to use a sensible heating medium between an electrical heated
surface and the test section. This also eliminated any possible

influence that electric and magnetic effects might have on the

deposit growth as the test section would remain electrically isolated

from the heating element. This arrangement served to shield the test
surface from electric fields and reduce the magnetic field to a negligible
amount. (A similar arrangement adopted in another study to analyze
waterside corrosion in LMFBR evaporator tubes [35] estimates the magnetic

field for that system to be less than 107°

tesla at full power (26 KW)).
Since indirect electrical heating was to be adopted, any media
offering high thermal resistance in the path of the heat flow to the
test section was eliminated otherwise it could have led to an over
heating of the copper core and a possible melt down at high heat fluxes.
Consequently, the choice of the sensible heating medium which would heat
the outer surface of the test section was restricted to a high boiling
point, high thermal conductivity fluid. A number of fluids, hot water,
glycerol and special heating oils such as "ESSOTHERM", were experimented

with. At high heat fluxes, all failed or tended to boil over without

transferring much heat to the fluid in the test section tube. With some
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initial reluctance, it was finally decided to try mercury. The use of
mercury however initiated a series of elaborate sealing and filling
arrangements. Fig. 2.3 and 2.4 give the scheme adopted for preventing
the mercury from leaking past the test section and for filling and
draining of the mercury annulus. An escape passage for hazardous
mercury or mercury vapor distilling over in the event of a sudden
increase in the copper wall temperature due to fluid flow failure
through the test section was provided as a precautionary measure. In
Fig. 2.4, the outlet of the mercury escape tube was kept immersed in a
pot of sulphur which would prevent any hot mercury vapors from escaping
to the atmosphere by neutralizing it to mercurous sulphide. Some
compromise had to be effected in the flexibility of dismantling and
installation of test sections by adopting the above sealing mechanism as
earlier attempts to use simple sealing devices (e.g. viton '0O' rings)
failed at high heat fluxes owing to weight of the mercury column and the

heat.

2.4.2 Heating Element

To provide heat to the test section, a special type of heating
element was developed. It consisted of a heat treated slotted cylindrical
stainless steel shell (thickness 5.5 mm) for ensuring circumferential
heat flux symmetry mounted on the outer surface of the copper core.

Fig. 2.5 gives the details of the heating element.

Ear1ier, an attempt was made to use a hollow stainless steel

pipe as the heating element but this had to be abandoned because the

electrical resistance was too low and sufficient potential drop could
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not be attained to give the required heating of 5 KW max. Use of a
thinner wall piping was also undersirable, as this could lead to very
high shell temperatures and create problems with material of construction
and insulation. Therefore an outside shell temperature of 180°C was
established as a safe limit. At maximum power Tlevel, the outside shell
temperature has been recorded as 150°C. One of the disadvantages
associated with electrical resistance heating is the instrumentation
problems it can create by a possible a.c. leakage through the thermal
sensors to the data logging system. Reference [22] cites the elaborate
procedures and precautions that had to be undertaken to overcome it, and
inspite of great care, failures were frequently encountered. Thus a
method for electrically insulating the copper core (housing block for
attachment of thermal sensors) from the shell heater was devised while
at the same time the insulating gap or medium was kept such that it
offered minimal resistance to the flow of heat from the heater to the
test section. A very close tolerance therefore was necessary in the gap
between the heater and the copper wall in order to avoid direct contact.
The use of a high thermal conductivity and electrical resitivity medium
to fill this gap was also needed. Dow Corning's heat sink compound
basically an epoxy resin - had properties to match these requirements.
Typical properties are shown in Table III. A very thin uniform layer of
this compound was applied over the copper core. The use of a slotted
heater greatly facilitated this procedure.

The test section was designed to achieve under steady running a
total heat flow of 5 KW corresponding to the highest rated output from

the electrical system. This corresponds to a heat flux of 205 Kw/M2



Table III

Properties of Dow Corning's Epoxy Heat Sink Compound

Properties

Thermal Conductivity (W/M°C) 1.7
Dielectric Strength (volts/mil) 460
Thermal Expansion Coefficient (M/M°C) 10 x 10
Volume Resitivity (ohm-cm) 10]5
Dielectric Constant at 1 KHz 12
Dissipation Factor at 1 KHz 0.04

Service Temperature, max °c 300

3
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related to the inside surface of the 10.75/12.70 mm ID/0D 316 stainless
steel tube used as the test section. The mercury filled annular gap was
sized to give temperatures below 150°C on the surface where the thermistors
were located. As the loop would operate well below the boiling point of
the mercury effects due to convection currents in the mercury were not
considered. However effects due to the thermal expansion of mercury were

taken into account in fixing dimensions.

2.4.3 Thermal Sensors

The temperature distribution along the test section wall was
monitored by shielded (glass coated) probe thermistors. The shielded
thermistors had an added advantage as the glass coating ensured the
thermistors remained insulated from any possible a-c leakage.

As the local fouling resistances were determinable from the
increase in wall temperature from the clean condition divided by the

applied heat flux 1i.e.
Tc 2= Th
= rou -
= =] :

T T
( clean - b) (2.])

I

the thermal measurements during the course of a fouling run were reduced

to monitoring the temperature differentials with respect tothe initial temp-
eratures measured when the tube was clean. Thermistors with their high
sensitivity to temperature changes were extremely well suited for the

above purpose. A high negative temperature coefficient of resistance
(typical values of 6% decrease in resistance over 19C rise in temperature),
combined with a stable response and good repeatability made thermistors

a better choice then the conventional thermocouples used in a number of
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fouling studies [1, 3, 22]. The thermistors were positioned in 4 mm
holes drilled on the outer copper wall using spring steel slip-on attach-
ment clamps mounted on the S.S. heater and kept electrically insulated

as shown in Fig. 2.6. The thermistors were sealed in position at the

top of the clamp by silicone resin and at all times remained detachable
from the system. 10 thermistors placed equidistant from each other were
used to measure the temperature profile along the tube wall. Table IV

shows the location of the thermistors.

2.4.4 Insulation

Insulation of the test section consisted of 8 mm thick and 40 mm
wide asbestos tape wrapped over the test assembly and held in place by

a 30 mm thick Tayer of 'Fibre glass' pipe insulation.

2.4.5 Electrical Heating System

The central portion of the test section tube was heated
electrically from the outer shell heater by employing a power circuit as
shown in Fig. 2.7. The power source used was a single phase, 550 V line
with a circuit breaker rated at 30 KVA which was connected in parallel
to two 'SOLA' basic constant voltage transformers with a regulated
output voltage of 120 V and capacity 5 KVA. These transformers had a
characteristic feature which held the output voltage to f%% for input
variations as great as +15% of nominal voltage. Variations in line
voltage can be a source of great potential error as high as

-5 M2

0.4 x 10 - OC/Natts at a heat flux of 200 KN/M2 in the measured

thermal resistances, as witnessed in Ref. [22]. The output from these
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Thermistor Locations on Test Section
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Test Section Position

Location: Distance from

No. Designation Lower Tube End, cms.
1 T101 25.25
2 T102 31.75
3 T103 38.25
4 17104 44.75
5 T105 51.25
6 T106 87.75
7 T107 64.25
8 7108 70,75
9 T109 77.25
10 T110 83.75
11 TIN InlTet Mixing Chamber
12 TOUT OQutlet Mixing Chamger
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transformers was fed to a 'Superior Electric 1156D-3P' powerstat unit
which was a variable autotransformer designed to deliver continuously
adjustable voltage from a.c. power lines. The power input (and thus the
heat flux) to the test section was controlled by this variac the rating
on which was as follows:
Input: Volts 120 + 0.5%
Qutput: Volts 0-140, Max. Amps. 150, Max. KVA 21

The powerstat output was further stepped down through a 'Hammond'
custom made 120 V/20 V single phase 17 KVA air cooled transformer to
give the desired power level of maximum 5 KW (heat flux of 200 KN/MZ) at
15-20 V and 250-300 amps. Heat losses through insulation and to surroundings
were usually very low estimated to be around 3% [3]. Heavy wires (cable
size 4/0 AWG) was used to connect the transformers and the brass terminals
on the test assembly. The amperage flowing across the test assembly
brass terminals was measured by reduction with a 500:5 current ratio CT 500
Hammond current tansformer. The current and the voltage across the
test section was measured using a digital universal Power meter.

As the whole loop was constructed out of teflon, the electrical
heating unit mounted on the outer copper tube and kept insulated from it

also remained insulated from the rest of the loop.

2.4.6 Electrical Terminals

The power cables were clamped in position on two brass terminals at
the upper and lower end of the heating element. Fig. 2.8 gives details
of these brass terminals which were silver soldered onto the stainless

steel heating element.
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2.4.7 Recirculation Pump and Motor

A teflon flow metering pump combined with a SCR (Silicon Contro]]ed
Rectifier) speed control on the pump motor was chosen with two basic
- considerations in mind. Test requirements called for a constant flow
through the test section over long periods of time which was readily
achieved by the silicon controlled rectifier speed control on the pump
motor. Elaborate devices for monitoring flow such as orfice meters and
flow control valves which are predisposed to trapping deposit material
[34] were thus eliminated. In fact, the temperature increase (AT)
across the test section has been observed to be a more precise method of
measuring flow rate than an orfice meter on the loop in a similiar set
up [22]. The special type pump selected for pumping the fluid around
the loop featured a magnetic drive to eliminate shaft wear and Teakage.
The head assembly incorporated a press fit, teflon-to-teflon static
seal, leaving only one moving part - the impeller. All wetted parts
were teflon, except the internal shaft, which was ceramic and rated for
high temperature as well as, being highly corrosion resistant. A teflon
throttie valve was provided at the outlet of the pump for manual throttling
to control the flow. Flow rate through the Toop was determined by
decoupling the loop at Union B (Fig. 2.2) and measuring the mass flow

rate.

2.4.8 Recirculation Loop

The recirculating Toop consisted mainly of 1.25/2.50 cms ID/0D
teflon piping. A 65 cms (52 pipe diameters) hydrodynamic entrance

length was provided upstream of the heated test section to establish the
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velocity profile. The inlet and outlet bulk 1liquid temperatures were
measured by thermistors positioned in mixing chambers at the entrance
and exit of the test section. Location of all thermistors on the heat
Toop are shown in Fig.'2.2. A sampling point was provided upstrean
of the test section for periodical analysis of fouling fluid for
particulate size and concentration and presence of trace metal ions.
Two drain plugs were provided at the top and bottom of the vertical Timb
of the Toop containing the test section to facilitate honing of the test
section and quick drainage of the tube at the end of a fouling run.
Pressure drop across the test section will be measured using a
Viatran, Model 209, 0-15 psi pressure transducer. This equipment is on

order and will be installed when received.

2.4.9 Heat Loop Cooler

On exit from the test section, the fluid was cooled in a double
pipe cooler, before returning to the storage tank so that its temperature
was lowered to the bulk fluid temperature in the tank. The inlet
temperature to the test section was controlled by varying the water flow
rate through this cooler. Two alternate designs shown in Fig. 2.9 were
constructed. The first consisted of two double pipe coolers (1.55 M in
length) in parallel, with the shell made of 1.25/2.5cm ID/0D Teflon tube
and the inner tube of 0.75 cms diameter copper tube coated with Dow
Corning's heat sink compound to prevent fluid contamination from copper.
The test fluid flowed through the outer annulus while the cooling water
remained on the inner tube side. This design had two drawbacks. Since

a very thin layer of the heat sink compound was desirable for efficient
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heat exchange, the heat sink Tayer was easily smeared and bare copper
exposed during assembly. During running, small portions of the compound
were observed to be washed and carried down to the storage tank. A
second design was consequently tried, which featured a 25/28 mm 1D/0D
glass shell and a inner tube of the same material and diameter as
the test section tube. Effectively this became a second heat transfer
test section with the hot fouling fluid on the outer surface and the
cooling water on the inner side. Any deposit on the heated section
could thus be visually observed. Co-current flow of cooling water was
employed to avoid fluctuations in the hot fluid exit temperature and the
cooling water was measured by a rotameter and controlled by a combination

of a brass globe valve and a pressure reduction valve.

Safety Relay System

Since experiments would run typically for days, it would have to
run unattended and thus a safety system was installed to switch off
power to the system and sound an alarm buzzer in the event of pump
failure or tube wall over heating. Mayo [34] gives a detailed description
of a relay system devised for the purpose. Fig. 2.10 gives a schematic
representation of a similar scheme adopted in the present design with

suitable changes.

Data Logging System

The advantages of an automatic data acquisition system for data
logging of temperatures and pressure drops continuously has been discussed

in detail by Mayo [34]. Consequently an automatic data Togging system
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was devised for data collection. Fig. 2.11 gives a schematic representation
of the system adopted to monitor and record automatically the resistance
signals from the thermistors while Table V lists the specifications of

the basic components. Basically, it consisted of a digital voltmeter,
scanner, digital clock, calculator, plotter and a line printer. The
signals from the test section thermistors (T101-T110) along with the

output signals from thermistors at other locations on the heat loop were
fed to the scanner for sampling by the digital voltmeter, which translated
these analogue signals to digital signals for every channel being

scanned. A systems program was used on the calculator which set the

clock to real time (Month, Day, Hours, Minutes, Seconds) and gave
instruction to the scanner to scan with a set rate interval of 100 m sec
per channel at a set scanning interval e.g. 1 scan every minute for

first four hours and 1 scan every 5 minutes thereafter. The systems
program also contained instructions to display the digital signals for

each channel being scanned for 3.5 seconds, and record these val es on

the data cartridge mounted on the calculator which were then printed out

in a line format through the thermal line printer. The use of an additional
plotter in conjunction with the calculator helped to obtain a graph

of the thermistor signals versus time. Recorded along with the thermistor
data would also be the output from the pressure transducer. The thermistor
signals were directly compatible to the data acquisition system and

needed no amplification or reference junction as in the case of thermo

couples.

2.7 Coulter Counter

Concentration and particle size determinations were carried out



THERMISTORS 2 WIRE

INPUT

Differential Pressure

Power Supply

06—

TI02
T10!

i

TERMINAL

BLOCK

— HP
Mains
- | P
Transducer
SCANNER VO‘E!?SSTLER 59309A HP
HP3495A HP3455 DIGITAL CLOCK
I 3
4
—t_ 3 | WPy B ¢BYS ¢ ¢ |
b
i
9871 A
9825A
CALCULATOR CHARACTER IMPACT
PRINTER
MAINS
9862A
PLOTTER

Fig.2.11.Schematic diagram of Data Logging System.

147



Table V

Data Logging System Components

Component Model Number

Scanner HP 3495A

Digital Voltmeter HP 3455A
Innterconnections HP-1B

interface Bus

Calculator HP 9825A

Plotter HP 9862A

Character Impact Printer HP 9871A

Digital Clock HP 59309A

Data Recording HP 9865A Data Cartridge

HP - Hewlett Packard.

45
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using the Coulter Counter model TAII. Fig. 2.12 shows the block diagram
of the system explaining its working principles. The basic principle of
its operation is as follows: The number and sizes of particles in
suspension in a conductive liquid is determined by forcing the suspension
to flow through a small aperture and monitoring an electric current

which also passes through the aperture. Electrodes immersed in the
liquid are placed on both sides of the aperture. The passage of a
particle through the aperture induces changes in the resistance between
the electrodes which produces a current pulse of short duration of
magnitude proportional to particle volume. This resulting series of
pulses is electronically scaled and counted. With reference to

Fig. 2.12, a vacuum is applied to the manometer to force the sample
suspension through the aperture tube where an electrode inside it holds
that part of the electrolyte at ground potential. A second electrode,
fed by a constant current supply (from the preamp card) is immersed in
the sample heater, the current through which must go through the aperture
to return to ground. The principle limiting resistance to the current

is the electrolyte within the aperture. A particle in suspension passing
through the aperture increases resistance and reduces current (momentarily)
and the percentage of current change is proportional to the ratio of
particle volume to volumetric aperture size (cross section x length
through the wafer). The preamp card controls the current flow to
external electrode and converts the current change pulses into voltage
pulses. The voltage pulses from the preamp are amplified, in a main amplifier
and pulse stretcher (M.A.P.S.) to bring all pulses to a measurable

levels. Pulses from the M.A.P.S. are fed to the sixteen integrators,
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which accumulate the volume data; the integration corresponds to total
volume of particles in corresponding size range. The differential
volume data from the integrators are passed to the multiplexer which adds these
to generate cumulative results. The AGC card then scales and normalizes
the data to 100% and converts it to digital form which is available for
numeric readout or printer.

For details of operation and fundamental theory, reference

should be made to the work of Eckhoff[36].

Dissolved Oxygen Analyser

The Galvanic Cell Oxygen Analyser (GCOA) is used to determine
the dissolved oxygen concentration. The galvanic cell probe consists of
a rod shaped silver electrode (the cathode) separated by an insulating
layer from a concentric cylindrical lead anode. The probe tip is sealed
with a gas permeable polyethylene membrane and is covered with a pad
soaked with 2 molar KOH electrolyte. Oxygen from the test stream is
absorbed on the silver(cathode) on permeation through the membrane and
dissolves in the 2 M KOH electrolyte as OH ions oxidizing the lead to
PbO2 ions. The magnitude of the current generated by this oxidation
reduction is a direct measure of the dissolved oxygen in the sample
which is proportional to the partial pressure of oxygen. The lead
serves best as anode material as no external voltage is necessary to
initiate oxidation reduction and the KOH is most desirable electrolyte
due to its high conductivity and its very small residual current in

absence of oxygen.
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2.9 Electron Microprobe

2.10

Analysis of deposits from fouling runs, is carried out using the
JEOL (Japanese Election Optical Limited) 50A electron probe microanalyzer
available at the Department of Geology, Memorial University. Figs. 2.13
and 2.14 illustrates its principle of operation and its major components.
The basic principle of its operation is relatively simple. An electron
gun is used as a source of electrons. A condensor lens is used to focus
the electrons into a 1 micron beam which is accelerated through a high
potential, in the vicinity of 25 KV, and directed upon the sample being
analyzed. Here the electrons either (a) collide with the nucleus of an
atom in the sample and rebound in which case it is received in a detector
and utilized to form an optical image of the material surface being
examined or (b) it collides and displaces an orbital electron of an atom
in the sample.

Due to this, the atom moves into an excited state and starts
emitting x-rays of a particular frequency which is characteristic of the
element. A crystal system is utilized to determine the frequency of
this x-ray which aids in the positive identification of the element.

The emitted x-rays are measured to give an estimate of the concentration
of the element present in the sample. Further details on the electron
probe microanalyzer, its operation and theory can be obtained from Van

Olphen [37].

Properties of Foulant Used

The ferric oxide used as a foulant in the fouling trials conducted

in this study was obtained from Fisher Chemical Co. Ltd. Bulk, mixed-
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size analytical grade ferric oxide was used, the physical and chemical
properties of which are reported in Table VI.

The particle size of this bulk ferric oxide was determined using
the Coulter counter and average particle size range was (5-6) microns.
During size determination, the particles had to be kept dispersed as

they tended to coagulate and settle.



Table VI

Properties of Ferric Oxide Powder
Fisher Chemicals Batch I-116

Fe203 Mol. wt F.W. 159.69
Assay (Fe203) Min 98.1%
Solubility Product
Fe(OH) 4 > Fe '+ 3 OH™ 1.15 x 10730
Specific Gravity 5.17
Maximum Limit of Impurities
Arsenic (AS) (about 0.002%) P.T
Nitrate (NO3) 0.01%
Phosphate PO4 0.02%
Sulphate SO4 0.05%
Manganese Mn 0.01%
Copper Cu 0.0047%
Substances not ppt'd by NH40H 0.04%
Zinc (Zn) 0.01%
Particle Size Determination
Particle size microns Differential Volume 7%
4.00 10.4%
5.04 39.2%
6.35 38.8%

8.00 5.2%
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CHAPTER 3

EXPERIMENTAL PROCEDURE

Experimental Runs

Twenty-six experimental trials were made during the present
study. Although there were some variations in procedure for carrying
out speciality trials with unique objectives, the procedure for carrying

out most of the fouling trials was as follows.

3.1.1. Test Section Installation

The test section tube of the desired material, in the present
work 316 stainless steel, 1.27/1.092 cms ID/0OD and 91 cms. long was
slipped into position in the test assembly and attached to the recir-
culation loop at the inlet and outlet mixing chambers. The sealing
glands for preventing leakage of the sensible heating fluid mercury
were tightened and the annular gap between the copper containment core

and the test section was filled with mercury.

3.1.2. System Cleaning and Heating Period

For cleaning the heat loop, water was charged to the storage
tank and the circulation pump started. During cleaning, the test sec-
tion was replaced with another steel tube of similar dimensions. After
a brief period of flow through the loop the system was drained through
the drain valve at the bottom of the storage tank and the procedure
repeated till all traces of particulate matter (ferric oxide in the

present case) added for study were removed. This procedure was

54
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followed if the previous run had been made with ferric oxide. Prior
to the initial run, the system was cleaned with an acid rinse (50%
hydrochloric acid and 10% hydrochloric acid), followed by a water-
alkali (10% sodium hydroxide-water) rinse. The last water rinse was
repeated till the pH of the circulating water was the same as the pH
of the tap water.

After cleaning the tank was filled with 200 kg. of tap water and
heated to a temperature slightly above the desired inlet temperature
for a fouling run using the heater mounted on the test section. The
inlet temperature for most of the fouling runs was standardized at
50°C. After the desired temperature had been reached in the tank, the
heat flux was turned off and the steel tube replaced with the test
section tube. The above procedure to accomplish bulk of the heating
of the circulating fluid through the electrical heating unit on the
test section assembly was followed since it was rapid and contributed
to eliminate thermal transients associated with bringing the test

section insulation to steady state.

3.1.3. Start-up

On start-up the following sequence was followed. The mixing
air to the tank was turned on, the circulation pump started and the
'"Powerstat’ unit turned up to give the desired test section heating
and the cooling water turned on. The data logging system was also
switched on. Adjustments were then made with the help of the pump
speed regulator and the control valve on the cooling water line to
bring the fluid to the target outlet and inlet temperatures, respec-

tively.
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The heat loop was then operated at this condition on tap water
for over two hours in order to eliminate thermal transients associated
with heat absorption of the test section insulation till steady state
was reached.

Following this, final adjustments were then made so that flow
rate, inlet temperature, outlet temperature and test section power
consumption were precisely at target conditions. Table VII shows the
variations from target conditions in these operating parameters
tolerated for a typical run. After fifteen minutes, the observed wall
temperatures were considered to correspond to the clean wall condition
and free from errors caused by thermal transients.

3.1.4. Addition of Particulates and Subsequent Operating
Procedure During Tube Fouling

After clean wall temperatures had been attained a weighed amount
of ferric oxide was added to the storage tank. The ferric oxide was
added as a slug dose after slurrying it in a five litre sample of
system tap water. Difficulty was experienced in adding all the ferric
oxide to the system as it tended to agglomerate and settle to the
bottom of the beaker. The time of addition of ferric oxide was
taken as time zero for a trial.

During the run, the inlet temperature was held at the target
value by controlling the cooling water flow rate while the flow rate
through the test section was maintained at the desired target value
by holding the outlet temperature at its target value. For with the
heat input and inlet temperature to the test section remaining at

their respective target values, variations in flow rate caused



TABLE VII

Variance from target conditions tolerated for a typical run

Run Number 020

o

Target Ma ximum Minimum

Variable Value Value Value
Inlet temperature

thermistor 365.81 364.2 366.73
(TIN) resistance 0 0 0
signal (ohms) (50.07°C) (50.1°C) (49.97C)
Qutlet temperature

fhermistor 332.5] 331.02 333.12
TOUT) resistance 0 0 0
signal (ohms) (58.5°C) (58.6°C) (58.47C)
Test section volts 12.80 12.81 12.79
Test section amperes 220 219 221
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variations in the outlet temperature. The speed regulator on the pump
motor and at times the throttle valve at the exit of the circulation

pump were used to control the flow rate.

3.1.5. Shut-down Procedure and Measurement of Flow-rate

On completion of a trial, the test section heating was stopped,
and the loop decoupled at Union B (refer Fig. 2.2) on the return line
to the storage tank. The circulating fluid was collected in plastic
buckets for a fixed time period and weighed to determine the mass flow
rate through the system. Following this the circulation pump was

stopped.

3.1.6. Fouling Deposit Sample Preparation

Although this step was not carried out during the present study,
following a fouling trial the test section can be removed and fouling
deposit samples for electron microprobe analysis prepared as outlined

in reference [22].

Subsequent Fouling Runs

For later trials made, in which the ferric oxide was already

present in the system, the procedure for carrying out a fouling trial

‘was greatly reduced. The fouling fluid was brought to target inlet

temperature by circulation and heating through the test section. On
reaching the desired inlet temperature adjustments were made as stated
previously to bring the flow rate, inlet temperature and outlet

temperature to the desired target conditions. The heat loop was

operated for over three hours to eliminate the errors caused due to
thermal transients as before. Following this, the heat flux and the

circulation pump was stopped and the deposit from the tube wall removed
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by quickly draining and honing the hot tube using a 303 calibre bronze

rifle brush attached to a half-inch drill.

. Data Acquisition

Automatic scanning and recording of the thermal data made pos-
sible the collection of a large number of thermal measurements. In
addition, flow rate measurements and electrical measurements were
done manually. The steps followed in collection of data are outlined

below.

3.3.1. Setting of Trial Conditions

Before carrying out any trial it was necessary to record the
objectives of making a trial and establishing the conditions under
which it had to be run. Table VIII outlines the objectives and conditions
recorded for a typical run number 020. Computer program 'PAR' was then
run to determine that the parameters selected did meet the desired
trial conditions. 'PAR' basically calculates the flow parameters and
carries out a heat balance over the test section and contains data
covering test section dimensions, thermistor calibrations and proper-
ties of fluid. For run 020, input data to 'PAR' was

020 x 12.80 x 220
0.0750

02400

6.1 x 5.2

365.82 x 331.60

where

020 Run Number

12.80

i

Test Section Volts



TABLE VIII

Typical Log Sheet Showing Run Objectives and Target Conditions

Run Number 020

Date: 23 October 1979

Objective: To determine thermal fouling resistance versus time
curve for a ferric oxide concentration of 2400 PPM
and heat flux 120,000 watts/SQ0.M and Reynolds number
17,500.

Flow rate:

InTet Fluid:
Qutlet Fluid:

Variac Setting:

Test Section Volts:

Test Section Amps:
Fluid pH:

Dissolved oxygen
concentration

Cooling water
setting

Air:

Ferric oxide 1in
solution

0.0750 kgs.m/sec
(pump speed setting 60%)

365.5 (thermistor resistance reading)
332.5 (thermistor resistance reading)
60% (gauge units)

12.80

220

6.1

5.2 (PPM)

1.8 (gauge units)
On

480 gms.

60



TABLE IX

Output from Rrogram PAR

AEkxkAXRRUN NUZ20, * %3k kkx

VOLTS12,.80 AMPS 220,

FERRIC OXIDE coné (PPM) 2400,

FLOW RATE 0.0750 KGS.M/SEC

PH:6,1 DISS.,02 CAONC (PPM) 5,2

HEAT FLOYW SUPPLIED 23150  WATTS
- HEAT FLUX SUPSLIED  120708. WATTS/SQ.M

TOR=TINLET 4%9.9 ’ _ DEG C
DENSITY: 985.5KGS./CU.M

T DUTLET 58.5 DEG C
AVG TEMP 54.2 DEG C
KINEMATIC ,
VISCOSITYX120 02.070752 SQ «M/SEC

FLUID VELOCITY 0,813 MZ/SECG
REYNOLDS NO 17173.9
PRANDTL NO 3.71

HEAT SUPP 2816,0  WATTS
HEAT TRANS 2690.1 WATTS
HEAT LGST 125, 9 NATTS
PERCENT HEAT LOST 4 .47

HEAT FLUX TRANS 115309WATTS/S0«M

NUSSELT NO 908 !

RFILM 0.210
RWALL 0.058

RTYOTAL 0.268 SQeM-DEG.C/WATTS
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220 = Test Section Amperes
0.0750 = Flow rate (kg.m/sec)
02400 = Ferric Oxide Concentration (PPM)
6.1 = pH of fouling fluid
5.2 = Dissolved Oxygen Concentration (PPM)
365.82 = Inlet thermistor resistance reading (ohms)
331.60 = Outlet thermistor resistance reading (ohms)

Output from 'PAR' is shown in Table IX. 'PAR' also computes the wall

resistances and the film coefficient based on the Seider-Tate equation.

3.3.2. Data Collection and Data Processing

The procedure used to gather data was as follows: On commence-
ment of a run, which as stated previously was taken as the time of
addition of ferric oxide into the system, the thermistor signals were
monitored every minute for the first four hours of a run and every five
minutes thereafter. The resistance signals from all the thermistors
on the heat Toop were displayed on the data logging system calculator
display for 3.5 seconds and were recorded on the data cartridge from
where it was printed out in a Tine format using thé thermal line
printer. The display facilitated observations to see that the inlet
‘and outlet temperatures and the flow rate were maintained at the
target conditions, and if a variation occurred what corrective action
was to be taken. As the run pbrogressed, 'lines of data' were selected at
regular intervals and recorded on a separate 1og sheet, subject to
the provision that the inlet and outlet temperatures, flow rate and
the voltage and current were at target or very near target conditions.

Variations in all these operating parameters have an influence on the



TABLE X

Log Sheet Maintained for Recording Thermal Data for a Typical Run

Date: 23 October 1979

Run No. 020

Test Section Volts: 12.80 Test Section Amps: 220

Flow rate: 0.0750 Kgs-m/sec. pH: 6.1

Ferric Oxide Conc.: 2400 Dissolved Oxygen Conc.: 5.2 PPM

Thermistors reading correctly: T102, T103, T104, T105, T106, T107, T108, T109, T110.

Real

Time TIME TIN TOUT T101 T102 T103 T104 T105 T106 T107 T108 T109 T110 Volts Amps.
2115 0.00 365.94 333.12 113.25 70.66 73.13 62.42 66.65 64.17 63.24 54.99 59.86 48.92 12.80 220
2121 0.10 365.86 332.72 113.02 70.46 73.01 62.40 66.50 64.17 63.18 54.99 59.84 48.90 12.79 219
2133 0.29 364.79 332.51 112.79 70.10 72.89 62.33 66.42 64.07 63.06 54.92 59.84 48.86 12.79 219
2140 0.40 365.79 332.75 112.52 69.83 72.58 62.09 66.16 63.90 62.81 54.76 59.42 48. 4?2 12.80 220
2145 0.49 365.81 331.93 112.35 69.91 72.29 61.81 65.87 63.71 62.58 54.41 59.22 48.23 12.80 220
2150 0.57 365.71 331.45 112.51 69.45 72.35 61.91 66.01 63.81 62.63 54.52 59.28 48.20 12.80 220
2203 0.87 365.82 331.60 111.92 68.96 71.86 61.55 65.52 63.52 62.19 54.25 50.09 47.99 12.80 220
2209 0.97 366.66 331.80 111.84 68.73 71.59 61. 31 65.29 63.35 62.01 53.98 58.88 47.87 12.79 219
2228 1.23 366.52 331.81 112.13  69.06 71.87 61.60 65.51 63.61 62.20 54.14 59.09 48.11 12.80 220
2234 1.33 365.29 331.02 111.92 69.13 72.00 61.65 65.69 63.60 62.23 54.44 59.06 48.08 12.81 220
2259 1.40 365.78 332.06 112.26 69.26 12.25 61.83 65.85 63.72 62.54 54.34 59.11 48.12 12.80 220
2321 1.60 365.93 331.93 112.02 69.01 71.79 61.59 65.49 63.56 62.13 54. 30 59.04 47.97 12.80 220
2334 1.85 365.79 331.26 112.26 69.05 72.03 61.70 65.73 63.65 62.30 54.13 59.01 47.94 12.80 220
2352 2.11 366.73 331.98 112.27 68.54 71.94 61.61 65.61 63.61 62,25 54.11 58.96 47.91 12.80 220
2356 2.18 366.07 331.37 112.29 68.99 72.09 61.67 65.71 63.65 62.29 54.01 58.98 47.99 12.80 220

Trial stopped at 00.05 hours

£9
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accuracy of the results which has been discussed in Chapter 4. Table
X shows this log sheet which was used to provide input to program

FOUL for computing thermal fouling resistances.



CHAPTER 4
EXPERIMENTAL ERROR STUDY

In order to determine the precision of the thermal resistance
measurements made during the course of a run, a series of trials were
conducted on tap water tb identify and examine the effects of thermal
transients and test loop operating variables which, if improperly con-
trolled, could cause significant error in the results. It was recog-
nized that, since the Toop would operate under constant heat flux and
constant flow rate conditions, variations in the prime operating vari-
ables viz the fluid inlet temperature,flow rate and the heat flux
could cause appreciable error on the measured longitudinal wall
temperature profile and hence in the measured thermal resistances.
From the few initial trials made on tap water, it was seen that the
values of the above operating variables were affected by the following
fluctuations:

(i) Variation in input power supplied to the test section which
manifests itself as a variation in the heat flux.

(ii) Variation in flow rate caused by, as later runs on ferric oxide
showed, particulate deposition on throttle valve and
pipe fittings.

(iii) Fluctuations in cooling water inlet temperature and flow rate
which caused cyclic variations in the inlet temperatures to

the test section.
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Also, on starting a trial, an initial unsteady type behaviour
was observed, in which from the time of start-up to a time ranging
from 0.5 to 1.5 hours the apparent thermal resistances tended to rise
before reaching a final steady state value. Trials were conducted to

study each of these factors separately and are discussed below.

Effect of Initial Thermal Transients

It was evident from observations reported by Mayo [34] and
Hopkins [22] and the results of the dilute sand-water slurry fouling
trials of Watkinson.[3], that for many test loops, the measurement of
initial fouling rates could be in error due to a thermal transient
situation which prevailed in the beginning of a run. A trial was made
using tap water as the fouling fluid to study the effect of this
transient period. The method employed for this run was to heat the
fluid to target inlet conditions before introduction into the test sec-
tion. The following conditions were maintained. At time zero minus
the test section remained at room temperature while at time zero plus,
the flow rate and the heat flux were at their target values. Fig. 4.1
shows the results of this trial and Fig. 4.2 shows the inlet outlet
and a few typical thermistor signals. The apparent thermal resistance
versus time curve exhibits a  typical die-away behaviour of thermal
transients. The results clearly show that thermal transients could
significantly vary the fouling resistance versus time curves,
especially the initial fouling rate. Since no measurable fouling
could be observed in the results, the transient behaviour discussed
above is believed to be caused by the following. During the initial

period of a run the supplied heat flux to the test section is not
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transferred completely to the fluid bﬁt partly to the test section
insulation which absorbs heat until thermal equilibrium is attained.
In order to eliminate errors which could result due to this
effect the following procedure was adopted in making fouling
trials: (a) If no particulate matter was present in the system, the
Toop was operated for over two hours till steady state had been
achieved and then the contaminant added; (b) if ferric oxide was
already in the system, operating for a minimum of two hours and then
removing any deposit by quickly draining and honing the hot tube
before time zero. Either method is known to give the same fouling

curve [22].

Effect of Variation in Line Voltage

Although precautions to elmininate errors due to uncontrolled
variations in the input supply voltage had been taken in the design of
the heat loop by using a constant voltage transformer (see Chapter 2)
the performance of this equipment remained less than satisfactory and
f]uctuations as high as 80 watts in the input power to the test sec-
tion were observed. Fig. 4.3 shows the variations in the Tine voltage
to the test section during the course of a typical ferric oxide fouling
run (Run No. 26). This variation of 80 watts could cause an error of
-5 m2

0.20 x 10 -Deg C/watts in the measured thermal resistances. Since

the fouling resistances for the ferric oxide trials ranged from
0.5 - 1.1 x 10'5 mZ—Deg C/watts, it was necessary to eliminate this
source of error. To achieve this the following method was employed.

When variations of over +0.2 volts were observed in the line voltage

to the test section, adjustments were made on the 'Powerstat' unit
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to return the line voltage to set conditions. Furthermore, only those
thermal data for which the line voltage remained within +0.01 volts of the
target value were used for computing the thermal fouling resistances. This
method reduced the error due to Tine voltage variations to around
0.02 x 10'5 mz-Deg C/watts which is less than 2% of the typical ferric
oxide fouling resistances measured.

Although this procedure served to meet the requirements of
accuracy in computing thermal fouling resistance versus time plots
manual attendance of the loop became necessary to make the readjust-
ments. Also, some data had to be sacrificed due to the above method.
To overcome this Timitation a better electrical power circuit is

desirable.

Effect of Variation in Inlet Temperature

Variations in the fluid inlet temperature to the test section
were seen usually to be caused due to fluctuations in the cooling water
temperature and flow rate and small adjustments on the control valve
on the cooling water Tine returned the inlet temperature to target
conditions. Fig. 4.4 shows the results of a run made to study the
effect of variations in inlet temperature on measured thermal resist-
ance. The total variation in the thermal resistance during an uncon-
trolled run in which the inlet temperature varied by 1.6°C was seen to
be 0.37 x 107° mZ—Deg C/watts. The decrease in the thermal resistance
with increase in temperature is due to a change in the fluid viscosity
(a change of 1.44 x 10~4cm2/s corresponding to a change of 1.6°C in
temperature). To eliminate this source of error the inlet temperature

was held at its target value and only data in which the inlet
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temperature was at its target value + the allowable tolerance was

processed to determine fouling resistances.

Effect of Flow Rate Variations

Flow rate variations were observed to be generally owing to
ferric oxide deposition on the throttle valve and pipe fittings in
the heat loop. Variations in the flow rate would cause changes in the
thermal resistance and thus could cause significant error in the
measured fouling resistances. As the heat input q to the test section
and the inlet temperature TIN was held constant, this variation mani-
fested itself in causing variationsin the fluid outlet temperature as
is evident from the overall heat balance equation q = mcp (Tout-Tin).
To determine the extent to which variations in the flow rate would
produce changes in the measured thermal resistances a run was made on
tap water in which no effort was made to control the flow rate. Figqg.
4.5 shows the results of this trial. The total variation in the
measured thermal resistance corresponding to a change of 0.6°C in the
fluid temperature rise was observed to be 1.0 x 10-5 m2-Deg C/watts.
This variation can be readily explained on the basis of the Seider-
Tate equation for fully developed turbulent flows. An examination of

the equation

hid _ Dup,0.8 (Cp1y0.33 (u 0.4
= 0.028 (=" (%) (57

shows that with the fluid properties remaining constant a change in
velocity caused by a change in the flow rate would cause a variation
in hi, the film coefficient of heat transfer as hi is seen to be

directly proportional to u0'8. Also, with heat flux remaining
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constant a change in the flow rate would be reflected by a change in
the wall temperatures. To overcome the error in the measured thermal
resistances on this account, the following methodology was adopted.
The flow rate through the test section was maintained constant by
making adjustments on the speed control of the recirculation pump and
on the throttle valve so that the outlet temperature TOUT remained

constant. Also, only those data in which the fluid temperature rise

(Delta) remained at its target value was used for computation purposes.

The results of these trials showed that all the three operating
variables were inter-dependent and usually required small adjustments
to maintain the desired conditions. Also, in order to maintain com-
parable precision in the thermal fouling resistances measured the
variations in the prime operating variables viz the Tine voltage (hence
heat flux), flow rate (hence fluid outlet temperature) and the fluid
inlet temperature which can be tolerated are small. In addition, the
procedure of processing only those data for computation in which TIN,
TOUT and line voltage V remain at the desired target conditions
eliminates possibilities of error due to fluctuations in the operating

conditions of the heat loop.

System Sensitivity

In order to establish the sensitivity of the thermal sensors in
following fluctuations in temperature a trial was made on tap water in
which a step change was made in the fluid inlet temperature and the
resistance signals from the wall thermistors logged continuously to
determine the response delay time for the thermistors. Saturated

steam at 1 KPa and 99.8°C was passed through the test section and
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after the thermistor readings showed steady value, cold water at room
temperature was pushed through the next instant. The procedure was
repeated in the reverse order. Fig. 4.6 shows the results of this

trial. The delay time for the thermistors to reach final response

is seen to be small.
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CHAPTER 5

RESULTS AND DISCUSSION

Summary of Fouling Trials

Following construction of the heat loop, 26 trial runs were made
to study the fouling behaviour of an aqueous suspension of ferric oxide
in 10.92 mm ID 316 type stainless steel tube. These runs which con-
stituted the testing process of the heat lToop, can be divided into
three categories.

(i) Runs made on tap water to study the effect of various sources
of error, e.g., variations in the prime operating variables which if
inadequately controlled during the course of a run,would bear upon the
accuracy of the measured thermal resistances as a function of time.
(Results of these runs have been presented in Chapter 4).

(ii) Trials to study the effect of fluid velocity, heat flux,

ferric oxide concentration and tube wall temperature on the fouling
behaviour.
(iii) Two specialty trials designed to study the effect of oxygen
concentration and the action of an aggressive chloride ion on constant
rate ferric oxide fouling behaviour in an attempt to test the validity
of the crevice corrosion hypothesis concerning fouling behaviour
presented in reference [22].

An important aim behind the runs made in category (ii) in

addition to studying the effect of some known primary variables

/8



Summary of Ferric Oxide Fouling Trials

TABLE XI

Asymptotic
Mixed Size Fouling Initial
Run Heat Reynolds Ferric Oxide Resistange Fouling Run
No. Flux Number Particles Conc. Rf* x 10 b Rate be* Duration Comments
Watts/M° ppM $Q.M-DEGC/ o1 | sa.M-oEces |
WATTS WATTS-HR. :

005 111301 16313 2400 0.78 4.3 3.35 313 First successful run with thermal fouling.

006 102828 16638 2400 - 2.42 Successful run to induce tube into linear
fouling.

007 93227 16381 2400 0.88 1.67 1.50 —T%fgg— Run to study the effect of extended operation.

008 112624 15657 2400 0.51 Attempt to duplicate run 005. Data limited
and inaccurate owing to voltage dip and
C.W. temperature fluctuation.

009 110936 20576 3400 1.22 1.32 1.61 2.40 Run to study effect of increased concentration
of Fe203 3400 ppM.

010 110622 20578 3400 1.42 2.01 2.8 2.37 Attempt to duplicate run 009 to study
reproducibility.

011 112679 20560 2400 0.58 6.15 397 1.40 Set of runs to study effect of incomplete
deposit removal (residual deposits) on tube
wall.

012 112679 20560 2400 0.91 3.02 215 2.10

026 117115 16094 2400 - 3.01 Run to examine crevice corrosion hypothesis
by addition of chloride ions.

016 111257 18314 2400 0.72 5.86 4.22 1.9 Run to study effect of local wall temp.
on fouling resistance at high heat flux.

017 91183 17790 2400 1.00 2.15 2.17 1.85 Similar to run 016 above except at low heat

: flux condition. '
§

013 121998 28347 2400 0.47 4.01 1.88 1.91 Runs to study effect of Reynolds number
and heat flux at high heat flux.

019 119336 22566 2400 0.55 4.93 2. N 1.7 As above.

020 115309 17174 2400 0.62 1.97 Y22 2.18 As above.

021 116967 12933 2400 0.50 2.2 1.02 2.26 As above.

022 96918 29737 2400 0.44 2.09 0.92 2.01 Run to study effect of Reynolds number and
heat flux at low heat flux.

023 970094 20192 2400 0.74 7.7 5.7 1.83 As above.

024 €916 15843 2400 0.82 2.23 1.83 2.20 As above.

025 92950 11874 2400 0.67 2.10 1.41 175 As above.

015 90766 29077 2400 - # 4.6] Run to study the effect of oxygen concentration

Tube in| linear foulin on fouling rate.

6L
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affecting fouling was to examine reproducibility of data with that
already reported for a similar system in the literature [22,23]. Lack
of reproducibility of data has constantly plagued researchers in the
fouling field. Even for similar systems studied [15,23] wide varia-
tions in the results have been reported. Also, one criticism of the
results reported in the above reference was that by electric heating
of the test section stray magnetic or electrical effects could have
been induced which could have affected the fouling resistances
obtained. With the present test section design, the heat transfer
surface was segregated from electric currents and therefore offered an
opportunity to test the validity of that criticism.

The purpose, operating conditions and the results obtained
for the ferric oxide fouling trials are summarized in Table XI below.
Fouling resistance data for trials in which thermal fouling was
observed, as witnessed by increase in the wall temperature, have been

fitted to the classical Kern-Seaton model [6]

-bt
Values of the initial fouling rate de = be*] are also
- dt | t=0

included in Table XI

Calculation of Fouling Resistances

Local fouling resistances at each thermistor station and the
mean value of the fouling resistances (RFM) based on the mean heat
transfer coefficient for the whole tube, at any specified instant,
have been computed from the generated thermal data. As mentioned in

Chapter 1 local values of fouling resistances are more desirable;
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however, to reduce the amount of data handled, mean fouling resistances
were considered adequate for study of fouling behaviour with time.

The mean fouling resistance versus time curves are reported to be
similar to the local fouling resistance versus time curves [3]. Local
fouling resistance at any time t is given by the rise in wall tempera-

ture from the clean wall condition divided by the heat flux or simply

R I |
Rf - Wt ' WC (5'2)
q
The above equation can be readily deduced as follows:
At time t = 0, total resistance = R_= Tae = Tp . (5.3)
0 qr

After initiation of fouling, an additional resistance due to fouling
is built on the inside surface of the tube, thus increasing the total
thermal resistance which increases the wall temperature to a new
value th since other conditions, i.e., heat flux supplied and bulk

temperature remains constant.

R0 + Rf = wt b (5.4)

From (5.2) to (5.4)
(5.5)

=
)

I
=
‘—*.
=
O

The assumptions implicit in the use of Eq. (5.5) are

(i) Heat losses from the insulated test section are very low
(negligible) and/or do not alter significantly with increase in wall
temperature. This is validated by the fact that AT across the test
section (Tin-Tout) remains constant through the course of a trial.
The error due to this assumption can be reduced if q' is calculated

from q = ‘m Cp [Tout-Tin] /A (5.6)
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If the mass flow rate is accurately determined value of q' using (5.6)
is very accurate [22].

(i) R0 = sum of wall resistances + fluid film resistances +
resistance due to the mercury layer does not change as the fouling
run proceeds. As wall temperature increases were typically around
1°C this assumption appears reasonable. In case of large increases
in wall temperatures, a correction term may have to be employed for
change in Ro’ or for any blockage effects or surface roughness
effects on deposit-to-fluid heat transfer.

Thus for run 020 at time 1.60 hrs. and thermistor station

T 109 the local fouling resistance is

T

=1
Re = _wt we _ 124.4 - 123.7 _ -5 w2 _ ;
F 2 75369 0.57 x 10 © M¢ -Deg C/Matt

Table XII below gives the results from computer program FOUL used to
compute the fou]ing.resistances. Thermistor stations which register
fouling resistance of 0.0 after time zero are excluded from calcula-
tions as they may contain defective thermistors.

The first section of FOUL constitutes program PAR which
evaluates properties, inlet and outlet temperatures, performs heat
balance, calculates the Reynolds and Prandtl numbers and the Nusselt
number using the Seider-Tate equation

hiD

T - 00023 (Re)O.B (Pr)0.33 (_y_)0.14

- (5.7)

Part 2 evaluates the local wall temperatures and the local fouling

resistance at each thermistor station. Included in FOUL is also a
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method for calculating (RFM) based on computation of the film
resistance and the fouling resistance for the whole tube at any
specified time. - This is based on the following considerations. The

fouling resistance at any instant is given by

1
Re = — - (5.8)
mean (fouled condition) mean (clean)

Where the instantaneous mean heat transfer coefficient is given by

o &
u =
mean e (5.9)
AT
Where ATm = mean temperature difference and is equal to
o< b2 " bl
m sz dTb
(5.10)
T Tw b
b1

Derivation for ATm is presented in Appendix 4.

The temperature difference Tw - Tb 1s evaluated at the central
eight locations, thus excluding the thermal entrance and exit regions,
and fitted to a quadratic equation in distance by least squares.

The integral in Eq. (5.10) is then evaluated numerically. A Tlinear
increase in bulk temperature with length is assumed a condition
equivalent to assuming a uniform heat flux with distance. The com-
bined heat transfer coefficient and RFM is evaluated from Eqs. (5.8)
and (5.9). Output from FOUL also lists out the following data: inlet
fluid temperature (TIN), outlet fluid temperature (TOUT), mean wall
temperature (TM), fluid temperature rise (DELTA), film plus fouling

heat transfer coefficient (H), film plus fouling thermal resistance

(R).
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Subroutine BFIT has been used in the latter part of the program
to curve fit the mean fouling resistance (RFM) by least squares method

to the equation

Re = Re* (1-e"Pt) (5.11)

Qutput from this subroutine, shown in Table XII above, gives the fitted
values of Rc and of Rc* and b in Eq. (5.11). Units of WATTS, DEGC,

HOUR AND METRE have been used throughout in all computations.

Fouling Resistance Versus Time Behaviour for

Ferric Oxide Fouling Runs

5.3.1. Nature of Fouling Curves

Three distinct behaviour modes were observed in the curves
obtained from trials made for ferric oxide-tap water suspension foul-

ing of 316 stainless steel as seen in Figs. 5.1, 5.2 and 5.3. A brief

~discussion for each type follows below.

Asymptotic increase in fouling resistance with time is depicted
in Fig. 5.1 which was the most frequently obtained type of fouling
curve. Fouling behaviour as suggested by Kern and Seaton [6] is borne

out. The solid line is the least square fit of Rf to the equation

Re = R* (1-e"Pt (5.11)

Fouling occurs at a decreasing rate before reaching an asymptotic
value and an examination of the curve shows that Eq. (5.11) adequately
characterizes the fouling behaviour and is a fairly good fit of the
experimental data.

Fig. 5.2 shows another type of fouling curve obtained for the

system studied. This curve was obtained when the test section was



e

FOULING RESISTANCE (SQ.M-DEG.C/WATTS)X 10°

86

.00 -

0.80

050

040

0.20

@

P

Fig.5.1.

TIME (HOURS)

Fouling Curve I1lustrating Asymptotic Type Behaviour.




87

O
O
O
O
O
O
O
1 l
P =
gOIX(SLIVM /3930 -W'OS) 3JONVLSISIY  9ONITNOS

TIME (HOURS)

Linear Fouling Behaviour.

Fig. 5.2.



O

FOULING RESISTANCE Rf (M —-DEGC/WATTS) x 10~
o)
@)

—J/

SYSTEM LEFT UNATTENDED

Fig.5.3.

£
/) g

TIME (IN HOURS)

Effect of Prolonged Operation on Fouling Behaviour.

88



89

pretouled at zero heat flux or at Tow heat fluxes with alternate
heating and cooling for periods over eight hours before commencing a
run. As is evident in the figure it shows a near linear dependence
of fouling resistance with time.

A third type of fouling curve was obtained when the operating
time for an asymptotically fouled tube was extended beyond 2-5 hours
to 10 hours. Fig. 5.3 shows the nature of the fouling curve obtained
for this run. An examination of the experimental data for this run
(Appendix 5) shows that extension of the operating time results in
fouling becoming an unsteady state process whereby fouling resistances
decrease followed again by refouling (increase in fouling resistances).
Taborek et al. [10] have also observed curves of this type. For the
first 2.42 hours it is seen that the tube fouls asymptotically to a
Tevel A. At 6.30 hours the wall temperatures almost return to clean
wall conditions. Then the tube refouls at an increasing rate and
finally decreases. Decrease in the fouling resistance is interpreted
as deposit release from the wall, in which case refouling would occur
as observed. Data from this single run is, however, insufficient to
reach any conclusions with respect to deposit release rates. Also,
during the course of this run, the equipment was left unattended for
long periods of time and consequently data processed is Timited.

More controlled and planned experimentation as outlined in reference
[22] would have to be carried out to determine refouling and release
rates.

The difference in these three curves is due to difference in

their operating mode and all three types of fouling curves can be
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obtained while running under identical operating conditions.

5.3.2. Reproducibility of Fouling Curves

An important criterion which must be met in the setting up of
any experimental research unit is that of reproducibility and that the
results or data obtained are valid. In order to establish reproducibil-
ity of ferric oxide fouling versus time curves two trials were conducted
under identical operating conditions of Re No. 20575, heat flux 110936
Watts/SQ.M and ferric oxide concentration of 3400 ppM. Fig. 5.4 gives
the results of these trials. As it can be seen, the curves appear to
be reasonably reproducible. The coefficient of variation for the para-

meters Rf* and b for the least squares fit of the data to the equation

R = Rf* (1-e'bt)

are 8% and 20%, respectively, as seen in Table XIII.

Fig. 5.5 shows the fouling curves obtained for runs 007 and 024
at near identical conditions. Taking into consideration the small
difference in the operating conditions both the curves appear fairly
similar.

One question which must be answered before the observed increase
in wall temperatures is taken as valid data representing the fouling
process is whether these increases actually reflect a fouling process
or whether they are induced by thermal transients, a possible source of
error in a previously reported study on dilute sand-water slurry [3].
Analysis of the thermal data for the ferric oxide fouling runs shows
- that fouling curves obtained are an accurate representation of the
fouling deposit growth. Since most of the trials were made by

operating for over three hours with ferric oxide in the system, and



91

632

"suolLllpuo)
|BDLAUSP] 3@ S9AUN) bulno4 jo A3L|LqLonpodday °p°G DL

(SYNOH NI) 3NWIL

— -
-—— - ——

I NAY ©
Ol NNy ©

-
——
-
——
— = GEp -
- ——
-

20

0

90

O ©
-— O
gOI X (SLLVM /70'930-W'0S) 3ONVLSIS3Y ONITNOS

o

S



Reproducibility of Fouling Curve Parameters by Fitting Fouling
Data to Rf = R

TABLE XITI

.f'

& (1-e"bt)_

92

Heat Flux: 110936 WATTS/SQ.M

Reynolds No. 20575

Ferric Oxide Concentration:

3400 ppM

Run No. Rf* b
5Q. M-DEGC/HATTS) x10™° hr-1

009 1.22 1.32
010 1.42 2.0
Average 1.32 1.66
Std.Deviation .10 0.34
Coeff. of Variance 7.58 20
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REYNOLDS HEAT FLUX  R*x107° bR
RUN NO. NUMBER W/Me SQ.M.Cc/W $Q.M.OC/W-Hr.
007 16381 93227 0.88 1.50
024 15843 89116 0.82 1.83
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Fig.5.5. Reproducibility of Fouling Curves at Near Identical Conditions.
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then removing any deposit by quick draining and honing of the tube
before time zero, the bulk fluid properties remained the same before
and after commencement of a run and would not contribute to any
thermal transients arising from change in bulk fluid properties--a
point made in reference [22]. Also, honing of the test sections
returned the wall temperatures to the clean wall conditions. Table
XIV shows the clean wall temperatures prior to starting a run, wall
temperatures on completion of a run (i.e., at fouled condition) and
temperatures after honing the tube. Even if the system were being
operated on tap water before commencement of a trial and addition of
ferric oxide, the possible change in the fluid viscosity, fluid
property which would affect most the heat transfer coefficient,
would be negligible to cause the temperature increase observed [22].

5.3.3. Reproducibility of Fouling Data with that
Reported in Literature [27]

To establish the reproducibility of the fouling resistance data
for ferric oxide fouling of stainless steel, the thermal fouling
resistance versus time curves Obtained were compared with the fouling
curves of a similar system used in a previous study [22] for identical
or near identical conditions. Figs.5.6 and 5.7 show the fouling curves
obtained for runs 020 and 024. Superimposed on the same plot are the
fouling curves for runs 38 and 55 (converted in SI units) from
Hopkins [22]. An examination of the above figure shows that under near
or identical conditions the previously reported results are similar to

that obtained in the present study. The small deviations seen in Figs.

F.6 and 5.7 are due to the minor differences in operating conditions (heat



TABLE XIV

Thermal Data from Runs 009 and 010 to Determine Effect of Honing Tube Wall on Thermal Resistance

Thermal
Resistance

fean x 10
Temp. | (M2-DEGC/Watt

|} 1 TEMP.
IN ouT- RISE
No oC LET DELTA
oC oC

— ——
NO — —
WO — —
O ——
NO — —
OO — —
~NO — —
0O — —
Vo — —
O — — —

Clean wall
temps. after
reaching 50.1 56.9 6.8 82 99.7 101.0 103.4 | 102.4 | 104.6 |101.7 | 107.6 | 111.5 | 109.3 104 .5229
steady states
prior to a
trial

Temperatures
on completion
of a run 50.1 56.9 6.8 82.3 1102.5 101.9 103.8 | 103.1 104.8 |104.4 | 110.1 | 111.9 | 111.1 105.3 .5359
(fouled conditjon

Temps. at
steady
state 50.1 56.9 6.8 82.3 99.4 99 103.3 | 101.0 | 104.7 |101.8 | 108.2 | 111.1 107.9 103.2 9152
after hon-
ing tube

==

56
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COMPARISON ‘OF FOULING CURVES WITH THAT REPORTED BY HOPKINS

1 |

o
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0.6 a a a - i
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» 0.3 9
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& 38(HOPKINS) 19550 132700 056 922 0.52
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Fig. 5.6. Comparison of Fouling Curves for Run 020 with Hopkins
Run No. 038. -

Fig. 5.7. Comparison of Fouling Curve for Run 024 with Hopkins
Run No. 55.
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flux and Reynolds number) for the two runs. Fouling data for ferric
oxide fouling of stainless steel from both studies appear to be
fairly reproducible. Also, it seems that the fouling behaviour
observed by Hopkins was not influenced by any magnetic or electric
effects since nearly similar results are obtained in the case of

keeping the test section electrically isolated, as in the present study.

5.3.4. Effect of Reynolds Number and Heat Flux

To study the effect of Reynolds number and heat flux on the
fouling behaviour,two sets of trials were conducted at heat fluxes
of 115-122 KN/M2 and 89-96 KN/M2 for a Reynolds number range of
11870-29740. ATl the runs were made at the standard ferric oxide
concentration of 2400 PPM. The results of these trials are shown in
Table XV and the generated fouling curves in Figs. 5.8 and 5.9. An
examination of these results show that lowering the heat flux or the
Reynolds number generally causes an increase in fouling. Increasing
the Reynolds number increases the shear stress and consequently, the
scouring of already deposited material. Because of the competition
between deposition and release, the net effect of an increased scouring
rate will be a Towering of the asymptotic fouling resistance. This
relationship between Rf* and Reynolds number has been observed previous-
ly by other investigators [7,10]. The effect of fluid velocity on the
asymptotic fouling resistance at two heat flux levels is shown in Figs.
5.10 and 5.11. Asymptotic fouling resistance is seen to first increase
with velocity, go through a maximum and decrease with increasing velocity.
Maximum value of Rf* is seen to occur at low velocities. Hatkinson et al.
[15] have discussed the possible reasons for the velocity maximum and the

maximum in the Rf*



TABLE XV

Effect of Reynolds Number and Heat Flux for Mixed Size Ferric Oxide Particles Concentration 2400 ppM

|
r

Heat Run Wall | Wall Re x 107 .| Initial
RUN F1lux Reynolds Time Temp. Temp. Mass Flow Fouling
NO. W/ M2 No. Hrs. Cgean Ingrease Rate Kg/sec MZ—DegC/Natt hr=1| Rate
C » aRf
5t t=0
= be*
018 121998 | 28347 1.91 108.7 0.6 0.1270 0.47 4.01 1.88
019 119336 | 22566 1. 71 112.0 0.8 0.1000 0.55 4.93 2ol
020 115309 | 17174 2,18 116.5 0.7 0.0750 0.62 1.97 1.22
021 116967 | 12933 2.26 124.8 1.1 0.0550 0.50 2.02 1.01
022 96918 29737 2.01 95.9 0.4 0.1350 0.44 2.09 0.92
023 97094 20192 183 101.6 0.9 -0.0900 0.74 7.7 5. 70
024 89116 15843 2.20 104.4 0.8 0.0700 0.82 223 1.83
025 92950 11874 1.75 112.6 0.6 0.0510 0.67 2l 1.41
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velocity curve is therefore not surprising. From the above figure it
can also be seen that the effect of the Reynolds number on the
asymptotic fouling resistance is more pronounced at low heat fluxes
than at a higher level.

In an attempt to establish the compatibility of experimental
data obtained for these runs with the fouling models presented in the
Titerature it was decided to examine these data against specific foul-
ing theories to test whether it would bear out the theoretically
predicted results. As most of the fouling data were routinely fitted
to the Kern-Seaton model equation Rf = Rf* (1—e'bt), the experimental
data were examined against this equation to see whether it shows the

same dependence of Rf* and initial fouling rate aR on the mass

e |
dt t=0
flow rate.

The basic differential equation for the Kern-Seaton model is

given by
X o K CH - KoTx (5.12)
dt 1 2 :
where x = foulant deposit thickness

W = mass flow rate

shear stress at the tube wall

C concentration of foulant in the fluid

1

t = time and K1 and K2 are proportionality constants
Assuming that all variables-on the right hand side of the above equa-

tion are constant except for x, integration from x = 0, at t = 0 gives

K;CW -
_ ] Ko tt .
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Defining Rf by Rf = X where k, = thermal conductivity of the

kd d
deposit
K CW K |
R, = ] M-e” 2 T4 (5.14)
: 4 KZIkd

] =
L KE?EQ from Eq. (5.14).

Also, examining this equation against Rf = Rf* (1-e_bt) gives b = K,t.
Further assuming the Blasius expression for friction factor to be valid

in this case, then

DU
bp—0-25
Pjrd (5.15)

or T o Ub o W (5.16)

Thus, according to the Kern-Seaton model the asymptotic fouling resist-

ance, Rc*, should vary as 0 25

and the initial fouling rate be*
should vary directly as W.

Log-Log plots in Figs. 5.12 and 5.13 of the asymptotic fouling
resistance and the initial fouling rates against mass flow rates for
four runs 018, 019, 020 and 025, all made at a ferric oxide concentra-
tion of 2400 PPM, show that Rf* varies inversely as mass flow rate
raised to the power of 0.62 which appears to be in keeping with the

general fouling theory presented by Kern [6]. This result appears

also to be supportive of the mass-transfer controlled fouling theory
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of Watkinson and Epstein [5], which predicts that in the absence of
blockage, Rf* should vary inversely as mass flow rate W raised to a
power of 0.75-1.0 depending upon the degree of roughness. For the
same fouling runs the initial fouling rate %%?-ltzo = be* is seen to
vary directly as the mass flow rate raised to a power of 0.97 which
appears to be in keeping with the above cited theories of Kern [6] and
Watkinson and Epstein [5] which predict the initial fouling rate to
vary directly as the mass flow rate raised to the power unity.

The reason for restricting analyses of data for these four runs
was that they showed a two-and-a-half times increase in the mass flow
rate with the wall temperature at time zero remaining relatively constant
at 112 + 49C. Since fouling behaviour is known to be temperature depend-
ent, an appropriate condition which must be met in studying the effect
of mass flow rate on Rf* and initial fouling rate is that the fluid-deposit
interface temperature should be constant. Range of Reynolds number studied
in Figs. 5.12 and 5.13 is 28347-11874. Superimposed on the above figures
are also the results reported for ferric oxide fouling of 304 stainless
steel by Hopkins [22]. An examination of the two results show that the
results of effect of mass flow rate on Rf* are comparable.

Comparison of runs 019 and 020 with 023 and 024, respectively,
in Figs. 5.14 and 5.15 illustrates the effect of heat flux on the
fouling resistance at nearly constant Reynolds number. It i1s seen
that a decrease in the heat flux raises the fouling curve, i.e., Rf*
increases. One possible explanation for this behaviour could be that

high heat fluxes are associated with higher thermophoretic forces

which drive the particles away from wall [38]. The above reasoning,
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ASYMPTOTIC FOULING RESISTANCE R¢* (M~DEGC/WATTS) x 10°
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however, does not appear to be universal and entirely in consistence
with the experimental observations. Fouling trials, in which the tube
had been prefouled at low heat flux prior to time zero and then sub-
jected to high heat flux showed a constant fouling rate at an enhanced
rate over a conventional run at similar conditions. The thermophoresis
hypothesis in this case fails to explain fully the inverse dependence
of fouling resistance on heat flux. A more plausible explanation, it
appears in this casé, is the one provided by Hopkins [22] and Epstein
[13,23]. At high heat fluxes the wall temperatures are higher. Also,
the solubility of oxygen is known to decrease with increasing tempera-
ture [40]. Therefore, at a high heat flux operating condition, the
solubility of oxygen is decreased at the wall. As it was seen in a

- lTater run that by purging out the oxygen by nitrogen from the circulat-
ing fluid the fouling rate was seen to decrease and since the fouling
rate also decreases with increasing temperature it appears that the
decrease in fouling resistance at high heat flux is explainable by

the decrease in the solubility of oxygen at higher wall temperatures,

i.e., at high heat fluxes.

5.3.5. Effect of Local Wall Temperatures on Fouling Behaviour

At constant heat flux operation, the heat flux together with the
flow rate establishes the clean wall temperature profile with wall
temperatures increasing in the direction of fluid flow. By plotting
the local fouling resistances along the tube wall at each thermistor
station against the corresponding clean wall temperatures, the influ-
ence of local wall temperature on fouling resistance can be determined.

Fig. 5.16 shows a plot of local values of Rf at time t = 1 hour against
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TABLE XVl
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Local Fouling Resistances After One Hour as a Function of Local Wall

Temperature for Runs 016 and 017

Heat Flux Heat Flux
RUN NO.016 | T111257W/M2 RUN NO.017 91183W/M2
Thermistor | Local Foul-| Local Wall | Local Fouling| Local Wall
Station ing Res. Temp. at Res.(MZ_Deg C/ | Temp. at
(M -Deg C/ t=0 | Watt x 109 =0
Watt
T101 - - -~ -
7102 0.86 110.2 1.17 92.8
T103 0.92 108.6 1.53 91.2
T104 0.68 109.4 1.70 90.6
T105 0.78 109.7 1.70 90.3 -
T106 0.36 111.5 - -
7107 0.80 111.7 0.63 94.8
7108 0.71 119.0 0.58 99.2
7109 0.60 119.4 0.61 99.1
7110 - - - -
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corresponding clean wall temperature at time t = 0. Table XVI shows
the results of two trials conducted to investigate the above effect.
From the figure it is observed that for the lower heat flux condition
higher overall fouling resistances were observed for operating times
in excess of one hour than the high heat flux condition. Also, for
the Tower heat flux situation where local wall temperatures ranged
between 77°C and 100°C there is a sharp decrease in the fouling resist-
ance with Tocal wall temperatures as opposed to the higher heat flux
situation where the wall temperatures ranged between 86-121°C and
which shows only a small decrease compared to the former condition.
The probable reason for the observed inverse dependence of
fouling rate on the wall temperature is believed to be due to decrease
in solubility of oxygen at the tube wall as temperature increases.
Since another run designed to study the effect of oxygen concentration
on the fouling resistance showed that the fouling rate decreased with
decrease in oxygen concentration, the above reasoning appears valid.

5.3.6. Effect of Conéentration of Ferric Oxide Particles
on Fouling Resistance Versus Time Curves

Two concentrations, 2400 and 3400 PPM, of mixed size ferric
oxide particulates were used to investigate the effect of increasing
concentration of F9203 on fouling curves. For both the cases, thermal
fouling was readily observed and the resulting curves are shown in
Fig. 5.17 and Table XVII shows the results of these two trials. The
data generated for these two runs clearly show an increase in the
initial rate of fouling with an increase in concentration supporting the

view that the deposition rate is a direct function of the concentration
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Effect of Ferric Oxide Concentration on parameters b and Rf*
and Initial Fouling Rate by Least Squares Fit of Fouling

Data to Rf = Re* (1-e'bt)
RUN Ferric Oxide b Asymptotic Initial
Conc. hy-] Fouling Resistance| Fouling
(ppM) Re* Rate
M2-DeqC/Watts dR
_.__._f_ = be*
dt oo
M -DegC
w-hr
011 2400 619 0.58 3.7
009 3400 1.92 1.22 1.61
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- of the particulate matter present in the system.

5.3.7. Effect of Residual Tube Wall Deposits on the
Fouling Curve

A trial carried out by Hopkins [22] using a prefouled tube and
at low ferric oxide concentration had shown that even though the
fherma] sensors gave no indication of thermal fouling (the wall
temperatures remaining at clean wall conditions) deposits were present
on the wall; consequently, residual deposits would always be present
on the tube wall for any tube used in a trial unless it was honed
prior to commencement of a run.

The effect of these residual deposits on the fouling resistance
versus time curves was studied as follows. On completion of a fouling
run, heat flux to the test section was cut off and the circulation
flow rate raised to a maximum (pump speed increased to 100%) for five
minutes. Next, the set conditions for the heat flux and the flow
rate were re-established and the data Togged as before. Analysis of
the thermal data, allowing sufficient time to eliminate the effects of
thermal transients, showed the tube to return to clean wall conditions.
On continuing the fouling trial it was observed that the tube fouled
to a much higher level than before. Fig. 5.18 shows the two fouling
curves generated for the above two trials. Superimposed on the above
figure are the results of a set of similar runs reported in references
[22,23]. Both the runs 011 and 012 were conducted under identical
conditions except that the tube in run 011 was honed prior to time
zero while in the second run 012, the deposit from the previous run

had been removed due to a possible deposit cracking and fluid shear
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by increasing the velocity [22] and contained some residual deposits
present on the tube wall. From these curves it could be concluded

that residual deposits present on a tube wall promote fouling. Return
of the tube wall temperatures to clean wall conditions by cooling and
raising the velocity is interpreted as spalling or cracking of the
deposits due to thermal stresses set up by sudden cooling of the tube
wall and the high velocity assists in shearing off and removal of the
deposit. Also, since tubes containing residual deposits foul at a
higher level than clean tubes, it could be postulated that the fouling
rate is a function of some mechanism which is increased by the presence

of spotty residual deposits--a view also held by Hopkins [22].

5.3.8. Effect of Oxygen Concentration on Fouling Behaviour

To study the effect of -oxygen concentration on fouling behaviour
an experiment was conducted in which the tube was induced into the
linear fouling condition by cooling an asymptotically fouled tube with

rapid fluid circulation at zero heat flux for over eight hours and then

restarting the flow of heat. After 2.16 hours the air line in the storage

tank which served to keep the suspension agitated and insured that the foul-
ing fluid remained saturated with oxygen, was replaced by nitrogen.

At 3.40 hours, the nitrogen was switched off and air re-introduced.

Results for this run are shown in Fig. 5.19. On introduction of the
nitrogen it was seen that although the tube remained in a state

fouling, the rate had dropped to about half of that when the agitation

was being carried out by air and the suspension remained saturated

with oxygen. On re-introduction of air, however, no change in the

slope of the curvewas observed. Included in Fig. 5.19 is a fouling curve
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at near similar conditions of heat flux, Reynolds number and
particle concentration starting with a clean honed tube, for the sake
of comparison. From the results of this run it is inferred that the
fouling behaviour of stainless steel with a ferric oxide suspension,
under the experimental conditions investigated here, is intimately
associated with the presence of oxygen in the suspension and the rate
of fouling is dependent upon the oxygen concentration and rate of
oxygen transport to the wall.

Physically, the above results can be interpreted as follows:
Thermal stresses are set on the tube wall by procedures adopted to
bring the tube in linear fouling. This causes deposits on the tube
wall to crack making possible the ingression of dissolved oxygen from
the fluid to the tube wall. This results in rapid crevice corrosion
[13,22] at the tube wall and consequently rapid fouling (curve 2)
allowing the wall temperatures to increase rapidly (at constant heat
flux). Rapid increases in tube wall temperature triggers further
cracking of deposit and thus a self-perpetuating cycle of deposit
breakup and fouling is set up. As the oxygen is replaced with
nitrogen, oxygen transport to the tube wall decreases, thus there is
less corrosion and fouling rate drops (curve 3). Also, the increase
in wall temperature decreases as compared to the previous position
(curve 2) and hence there is less cracking of the deposit. Thus, on
re-introduction of air the accessibility of the oxygen to the tube
wall is markedly decreased than from the initial condition and hence
the tube fouls at a decreased rate compared to the initial position

(curve 4).
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5.3.9. Fouling Trial to Study the Crevice Corrosion Hypotheses
of Ferric Oxide Fouling of Stainless Steel

An experiment was attempted to study crevice corrosion con-
trolled fouling of the stainless steel test section, in which the
tube was inducted into the linear fouling situation and then an
aggressive ion (chloride ion C17) was added to the system. The addi-
tion of chloride ion was done to initiate an accelerated corrosion of
the stainless steel surface which would be reflected by an immediate
jump in the thermal fouling resistance. Fig. 5.20 shows the results
of this run. Analysis of the data generated for this run shows that
although the tube had been prefouled to induce it into linear fouling,
it cannot be held for certain that the tube was in the Tinear fouling
situation. Comparison of the fouling resistances at time 2.15 hours
just before the addition of the chloride ions, with that of run 020
at nearly the same Reynolds number and heat flux is more supportive
of the idea of the tube being in a falling rate situation than in
linear fouling.

According to the crevice corrosion hypothesis postulated in
reference [22] during the falling rate period fouling proceeds at a
decreasing rate, with the localized deposits growing at the expense
of the unfouled tube surface which is reduced [23]. Also, the corrosion
products from the crevice corrosion become continually incorporated
in the deposit. Therefore, as the run progresses the corrosion or
the cathodic reaction rate drops as the bare surface which acts as the
cathode decreases and consequently the fouling rate drops. Thus, in
the falling rate period although the corrosion reactions do not

completely cease, as compared to the asymptotic situation, the
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corrosion reaction rate continuously declines. Addition of aggressive
chloride ions, of which trace amounts are capable of "portering' [41]
substantial amount of metallic ions from the metal surface, in this
situation, would attack the remaining bare surface (which is on the
decrease) present,disrupting the protective oxide film and exposing
fresh metal surface. This would cause a rapid burst of corrosion and
consequently a sudden jump in the fouling rate. The corrosion products
from this rapid burst of corrosion reaction would immediately be incor-
porated in the tube wall deposit and cover the tube wall surface reduc-
ing once again the unfouled wall area. If the run is continued further
the corrosion reactions would totally cease and the fouling rate drop
off. The results of run 026 in Fig. 5.20 exhibit a similar situation
and behaviour as discussed above. However, due to the 1limited amount
of data no firm conclusions can be drawn but the results do warrant
further investigations of the effect of addition of an aggressive ion
in constant fouling rate situations to examine the crevice corrosion

hypothesis.

5.4. Fouling Deposit Examination Results

Fouling deposits were analyzed and examined in situ, using
(i) a 1ight microscope
(i1) scanning electron microscope
(iii) an electron microprobe.
The light microscope was helpful in observing the physical
nature of deposits while photomicrographs of the deposit were
obtainable from the scanning electron microscope. From the microprobe

results valuable information was made available as,
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(a) An absorbed electron image AEI and back scattered electron
image BEI showing the physical appearance and topography of
the deposit, respectively.
(b)  X-ray intensity photomicrographs showing qualitatively the
distribution of individual elements at any point in the deposit.
Also, by measurement of x-ray intensities correlation could be
affected td yield a quantitative analysis of the deposit.
Procedures for analyzing the deposit have been already mentioned
in Chapter 2. No results could be obtained from samples of the present
study, since no speciality trials requiring analysis of deposit had
been made to warrant such an analysis to be carried out. The instru-
ment has, however, been programmed and calibration standards set up
using a clean unfouled tube and the methodology for carrying out the
analysis established. Results obtained from samples of a previous

fouling study are presented in Appendix 5.

Determination of Concentration and Particle Size of

Ferric Oxide Particles

The concentration and size of ferric oxide particles used
in the study was determined using the Coulter Counter, a description
of which has been given in Chapter 2. Results of these analyses for
a typical run and the particle size distribution during the course of
the run, determined from periodic analysis of samples of fouling fluid
drawn from the heat loop as the run progressed, are presented in
Appendix 5. Table XVIII gives the particle size analysis before com-
mencement and on completion of the fouling run, while Fig. 5.21 shows
the particle size distribution at the two time periods. The results

of the Coulter Counter analysis indicates a particle size of 5.0-6.3
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Particle Size Determination and Distribution in Fouling Fluid Samples

Particle Size

Differential Volume %
Before Commencement

Differential Volume
%» After Completion

Microns of Fouling Run of Fouling Run
1.59 0.1 0.4
2.00 7.5 1.5
2.52 11.1 2.4
3«17 16.8 5.8
4.00 25.6 15 1
5.04 19.1 40.6
6.35 10.0 31.4
8.00 4.8 6.5

10.08 2id 3.0

12.7 1.2 1.2

16.0 0.4 0.6

i) 0.2 L

25.4 0.1 0.5

32.0 0.02 0.6

40.3 0.0 0.5

Concentration 2536 2470

ppM
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microns for bulk of the particles. Electron microprobe photographs

for a similar mixed size batch of ferric oxide particles used by Hopkins
[22] to estimate the particle size of the ferric oxide particulates

had shown a particle size of about 5 microns.

The difference in the particle size distribution of ferric
oxide particulates before and after a fouling run as shown in Figqg.
5.21, appears to indicate that it is the smaller size particles in the
range of 2-5 microns which are deposited on the wall and cause fouling.
However, due to the Timited amount of data no firm conclusions can be
made at this stage.

Two problems were encountered in carrying out the concentration
and particle size analysis. Firstly, on introduction of the particles
in the storage tank settling of the particles occurred in spite of
agitation. Secondly, ferric oxide particles show a strong tendency to
agglomerate. As pointed out by Adamson [42], colloidal ferric oxide
particles tend to settle out in platelets. Also, as ferric oxide has
a high dipole moment it would tend to produce agglomerates which would
be fairly stable. Consequently, it may not be wholly correct to assign
the size of the particles estimated by the Coulter Counter analysis to
the depositing particle, for the size determined by analysis may be the
size of an agglomerate consisting of a number of particles of a basic

size much smaller than that of the agglomerate.



CHAPTER 6
CONCLUSIONS

(1) A useful experimental apparatus for studying thermal fouling
and its interrelationship to corrosion, under representative conditions,
as in Process Heat Exchangers, on short lengths of heat exchanger tubes
has been developed and constructed. The technique of transmitting the
high heat flux from an externally mounted resistance heater (insulated
electrically from the test surface) via a mercury annulus surrounding
the test tube leaves the test surface unaffected by unwanted electrical
or mechanical disturbances and offers much flexibility and ease of
operation as individual test section preparations are greatly reduced.
This also eliminates the possibilities of fouling results being influ-
enced by electrical and magnetic effects due to the passage of an
electric current through the test section--a criticism made of a
similar study [22] earlier. The system permits long periods of steady
running at constant heat flux and simple control. The use of Teflon
and other non-corrodible material of construction for all parts of the
Toop in contact with the fouling fluid allows to control the chemistry
of the environment in that any trace metal ions, e.g., Cr and Ni
detected in periodic analyses of the circulating fluid as a fouling
run progresses can be traced to have emanated from corrosion of the
stainless steel test surface thus permitting a direct correlation

between deposition and corrosion on the test section.
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(2) Based on trials conducted on tap water, which showed no fouling
at all, it was seen that variations in the heat flux supplied due to
fluctuations in line voltage, fluid inlet temperature and the mass flow
rate could be sources of potential error in the measurement of thermal
fouling resistances. Another prominent error can result from thermal
transients associated with heat absorption by the insulation in the
initial period of a run and to eliminate this system was Erought to

steady state before commencing any trial.

(3) Thermal resistance as a function of time was determined during
the course of a fouling trial and three types of fouling behaviour
were observed depending on the mode of operation.

(i) Asymptotic type fouling behaviour similar to that of many
earlier fouling studies [3,6,22] was the one most commonly observed.
This occurs at a steadily decreasing rate before reaching a final
asymptotic value.

(ii) Extended operation of asymptotically fouled tube in (i)
resulted in an unsteady state with sudden decrease in fouling resist-
ances followed again by an increase. The decrease is interpreted as
release of deposited material from the wall.

(ii1) If an asymptotically fouled tube was cooled with rapid

circulation for periods up to eight hours at zero heat flux and heating

restarted, fouling recommenced usually at a higher linear rate.

(4) It was possible to duplicate, quite closely, the results
reported by Hopkins [22] for a similar system. The minor difference

observed is believed due to the variation in the operating parameters.
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(5) It was also seen that under near or identical conditions, values
of Rf* and the fouling curve are similar to that in reference [22].
This supports the contention of Hopkins [22] that the fouling results
obtained were due to a crevice corrosion process and not an artifact
of that heat Toop which might have caused electrical and magnetic

effects influencing the fouling.

(6) A study of the effects of velocity, heat flux and concentrations
at Reynolds number (11000-29000), heat flux (89000-121000 W/MZ) and
ferric oxide concentration (2400 and 3400 ppM) shows that

(i) Asymptotic fouling resistance varies as mass flow rate
raised to a power of 0.62.
(ii) Lowering the heat flux raises the fouling curve.
(ii1) Higher values of asymptotic fouling resistance at

higher concentrations.

(7) An experiment conducted to study the effect of oxygen concentra-
tion on fouling rate shows that the fouling rate decreases as the
oxygen concentration at the wall is reduced. However, no firm conclu-

sions are warranted at this stage owing to insufficient data gathered.
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ID/0D

NOMENCLATURE

heat transfer area
parameter of equation

Re = Re* (]-e_bt)

ferric oxide concentration

heat capacity of fouling
fluid at constant pressure

tube diameter
base of natural logarithms
fanning friction factor

heat transfer coefficient

heat transfer coefficient at time zero

thermal conductivity of wall
thermal conductivity of deposit
mass flow rate

inner/outer diameter of tube
heat flow

heat flux

heat flux

total thermal resistance

total thermal resistance at time zero
fouling resistance

Asymptotic fouling resistance
time

wall temperature
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Typical Units

M2

hr"]

PPM

KJ/Kg°C

M
dimensionless

dimensionless

2.

W/M- ~C

2 0

W/M= ~C

W/MoC
W/MOC
Kg.m/sec
M
watts

N¥M2

W/MC

M2-OC/watts

M2-OC/watts

MZ-OC/watts

M2-OC/watts
hours

¢



TIN
TOUT

X
HTRI
OTEC

DIMENSIONLESS GROUPS

fluid bulk temperature

temperature

fouling deposit surface temperature
wall thermocouple temperature
temperature difference

inlet temperature

outlet temperature

fluid temperature at time zero
outer wall temperature at time zero
overall heat transfer coefficient

overall heat transfer coefficient at time zero

velocity

mass flow rate
deposit thickness
Heat Transfer Research Inc.

Ocean Thermal Energy Conference
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Typical Units

Nu
Pr

Re

GREEK

Nusselt number

Prandtl number

Reynolds number

LETTERS

¢
H

\Y

power factor

viscosity

kinematic viscosity

dimensionless

Kg/M.sec
Mz/sec
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Greek Letters (Cont'd) Typical Units
T Shear stress N/M2

0 time hour
04 time of inducation (Fig.1.1) hour

0 density Kg/M3

A difference ' dimensionless
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APPENDIX 1
(ALTERNATE TEST SECTION DESIGNS)
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ALTERNATIVE 1

Refer: Figs. A 1.1 and A 1.2.

Summary: - System to use standard pipe split into two ’-cores - one
half to be the fixed portion of the heating element

| (electrical heating).

- Provides direct contact between heating core and the test
section (no fluid layer used).

- Welded plate sections provide clamp position in test
section.

- To use 10-glass shielded thermistors as temperature
sensors spaced equally along the removable half core of
the heating element (and are fixed in place with epoxy).

- Eccocoat coating on test section provides electrical

insulation for thermistors.

Major components:

- 1 - 12.7/10.9 MM ID/OD stainless steel tube (104 CM long)

1
-
i

20 MM nominal steel pipe (12MMID) 76 CM. Tlong.

I
=
|

1.52 MM steel plate sections (as shown).

1
—
(-]

|

3 MM ¢ shielded thermistors (wells drilled as shown).

Limitations: Efficient operation would depend greatly on the quality

of the heat sink epoxy coating on the test section. As with the
original heat loop used by Mayo [35] and Hopkins [22] it provides
direct contact between heating element and the test section and hence
was considered unsuitable with the objectives of the study, as electri-

cal and magnetic disturbances would not be eliminated.
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ALTERNATIVE 2

Figs. A 1.3, A 1.4, A 1.5

System to use a 2-core combination--the inner to provide

a housing for temperature sensors (thermistors); the outer
core to be the heating element (electrical heating with
attached brass terminals).

A fluid layer between the inner sensing element core and
the test section provide a consistent and efficient heat
transfer medium while permitting the test section to be
removed independently from both heating and sensing
cleanant.

An 0-ring sealing system (see Figs. A.4 and A.5) is used
whereby a viton 0-ring bushing is soldered in position at
both ends of the sensing element core (silver solder).
10-shielded thermistors are located within the wall of the
sensing core and are fixed in place with the heat sink
epoxy resin. (Holes are drilled as shown--not to penetrate
the inner wall of the sensing core).

The outer surface of the sensing element core is coated
with Dow Corning's heat sink epoxy compound to electrically

insulate it from the heating element.

Major components:

-1 - 12.7/10.9 MM ID/OD stainless steel tube (130 CM long)

- 1 - 20 MM (Nom.) copper pipe (extra heavy wall) (91 CM)



139

|
i
I

25 MM (Nom.) stainless steel pipe (66 CM)

I
nNo
i

Copper bushings (as shown - sketch 5)

- 2 - Viton O-rings (high temperature resistant)

- 10 - Shielded thermistors (3 MM 0.D.)

Limitations: This system adds the requirement of a sealing system

which must be resistant to 250°C. The viton O-ring is a high tempera-
ture resistant ring (~350°C) and provided a simple means of sealing

the pipe. On construction the proposed sealing mechanism failed at

high temperatures. The fluid layer also introduces the need for
fi1ling, draining and vapor escape parts. Also for fixing the 0-ring
bushings in position in the copper pipe special soldering procedures
(silver so]der) will have to be employed. Problems could be encountered

with damage to O-rings when installing the test section.

Advantages: Heating and sensing devices remain independent of each

other and individual test section preparations are greatly reduced.

Test section remains free from electrical and magnetic disturbances.
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ALTERNATIVE 3

Refer: Figs. A 1.6 and A 1.7

This method is essentially the same principle as alterna-

|

Summary:

tive 2 -- with the sealing mechanism changed.

- Where alternative 2 used a fixed O-ring system, this method
makes use of modified standard pipe caps for a removable
scaling system.

- Shielded thermistors are used in the same way as described
for alternative 2 and the electrical method of heating is
the same.

- Steel bushings are machined for an 0-ring groove and
lTocated in modified pipe caps as shown in sketch A 1.7.

- Standard steel pipe nipples (to provide threaded sections
for pipe caps) are silver soldered to both ends of the

copper sensing element (operating atmosphere is not corrosive).

Major components:

- 1 -12.7/10.9 ID/0OD stainless steel tube (104 CM Tong)

-1 - 20 MM (Nom.) copper pipe (91 CM long)

- 1 - 25 MM (Nom.) stainless steel pipe (68 CM Tong)

I
™
I

Standard 20 MM steel nipples

1
N
I

Steel bushings (as shown sketch 7)

- 2 - Viton 0-rings

1
N
1

Standard 20 MM steel pipe caps
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Limitations: Use of sealing mechanism shown in Fig. A 1.7 introduces

elaborate fabrication procedures and compromises with easy installation

of test sections for study.

Advantages: As in alternative 2. In addition, this sealing mechanism

ensures that the prevention of any leakage of the sensible heating fluid

is foolproof.
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APPENDIX 2
(CALIBRATION OF THERMISTORS)
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APPENDIX 2

Calibration of Thermistors

A1l thermistors positioned on the test section to monitor
wall temperatures were calibrated "in situ" by running tap water and
saturated steam at high flow rates through the test tube at several
temperatures. The temperature of the water and the saturated steam
was measured by precalibrated inlet and outlet thermistors. The
latter thermistors were calibrated beforehand in a constant temperature
0oil bath for temperatures above 100°C and in a constant temperature
water bath equipped with a thermoregulator for temperatures below
100°C. The bath temperatures were measured with a mercury-in glass
thermometer calibrated to 0.19C divisions. Calibration results for
the inlet and outlet thermistors are presented in Table A.1.

Thermistors positioned on the test section were calibrated by
running fluid through the test section over a range of temperatures
which the wall was expected to reach during running. The temperature
changes with time were kept small because of insulation transient situa-
tion. No external heat was supplied to the test section dufing the
course of the calibration run in order to maintain approximately
isothermal liquid conditions. The resistance signal measurements from
the thermistors were made using the same channel on the HP scanner as
during the course of a run. Since the surface temperatures measured
by these thermistors were expected to be greater than 100°¢ during a
run, for calibrating at temperatures higher than 100°C the circulating

hot water was replaced with saturated steam, the temperature of which
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could be raised by increasing the steam pressure. Calibration up to
a temperature of 130°C was carried out using steam. For temperatures
over 130°C the wall temperatures have been calculated by extrapolation
of the developed calibration equation. In order to determine that the
above method was precise, a few of the thermistors were recalibrated
in an oil bath and the calibration data compared. Difference between
the two methods was found to be unappreciable. Also, since in fouling
we are primarily interested in temperature deviations from the clean
wall situation, thermistors calibrated by the method adopted above,
will not give appreciably different results than those obtained by
individually calibrating each thermistor in an oil bath using standard
procedures.

The resistance readings of the thermistors were fitted by

least squares to the following equation:

R ee(%—-%(—)—) (1.1)
0
where R = Resistance at Temperature T, ohms
R, = Resistance at Temperature T,» ohms
8 = Constant, characteristic of material,°K
T = Absolute temperature, O
T, = Absolute reference temperature, °K (usually taken as 298°K)
1 ]
or R = ROeB(T'“ T;J (1.2)

replacing by y = R, x = %—- %L-, A =R



150

Equation (1.2) reduces to

y = Ae 4 (1.3)

The fitted calibration equations for all the thermistors along

with the values of RO,B and rz, the regression coefficient for the least
squares fit, are given in Table A.II below. A value of r close to 1.00

indicates a good fit of the experimental data to the above equation.



TABLE A-1

Calibration data for test section inlet and

outlet thermistors TIN AND TOUT
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Thermistor

Thermistor

Resistance Resistance
Temperature Reading TIN Temperature Reading TOUT
0C ohms oC ohms
2.0 2320.0 2.0 2120.0
24.0 956.0 Z28.25 959.0
37.8 570.0 31.7 850.0
44 .9 442.0 35.1 735.0
48.3 394.0 40.1 627.0
51.0 358.0 48.0 475.0
56.2 302.0 50.0 443.0
60.5 264.0 52.3 410.0
65.8 224.0
70.3 190.0 58.0 339.0
75.0 168.0 60.0 319.0
80.5 143.0
85.5 124.0 64.0 280.0
89.0 112.0 66.0 266.0
91.5 103.0 70.0 234.0
93.0 100.0 74.0 195.2
95.8 93.0 80.0 173.9
98.7 90.0 84.0 154.7
105.0 87.3 88.0 140.4
110.0 78.1 93.0 119.1
115.0 72.8 95.0 112.7
120.0 64.1 97.0 107.4
125.0 59.2 98.8 104
128.3 55.4 105.0 93.6
110.0 89.0
115.0 78.9
120.0 68.3
125.0 59.5
128.8 54.41
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Least squares fit of calibration data to equation %%—= e ) ftﬂ for
thermistors TIN, TOUT, and T101 to T110
B Ro

Ther- Constant | Resistance Regression
mistor | 1in Eq. at tempera- Calibration Equation coefficient
Number (AI-1) ture 2980K P2

TIN | 3516.14 910.22 - 71.803?l?é}310.22) 1.00
TOUT | 3562.20 1110.95 . 1].953?§%é3?110.95) 1.00
T101 | 3394.75 831.31 - 11.393?2?&3331,31) .00
T102 | 3340.50 863.15 - 11.21f%i?é3363.157 1.00
T103 | 3317.72 955. 33 - 11.133?lgé5355.33) 0.98
T104 | 3573.73 951.55 - 11.993?§?é3351_55) 1.00
T105 | 3416.29 916.92 - 11.463$A?é§g16.9?) 1.00
T106 | 3454.36 1021.20 - ]1.593?3?é3?021.20) 0.98
T107 | 3570.74 1043.32 - ]1_9gf?g%§;$043_327 0.98
T108 | 3525.72 1098. 38 = 11.83i?§?é;$098.38) 1.00
T109 | 3421.48 934.11 - ]1.483?g}§§334.11) 0.98
T110 | 3388.61 933.01 - b 1.00

11.37+1n(R/933.09)
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APPENDIX 3
(COMPUTER PROGRAM)
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HEAT TRANSFER FOULING (ALL UNITS IN SI SYSTEM)

DIMENS ION

Z(13)sIREAD(12)yM(13)sT(12)sTC(12)+sX(12),sY(12),TB8(12),R

ITOT(700)sTIM(700)»TCON(12) +COR{(12),,FOUL(700),W(700)
DIMENSIGCN TZERC(12)+DT(12) +RF(12)+sXA(10)+sCA(10),TK(10)

FROGRAM *PAR' TO CALCULATE RUN PARAMETERS FLOW RATE AND HEAT

EALANCE
REAL IDSLENNREINJNREOT NTEMP, INARE, INSAR
CATA ID/e01092/+CD/e01270/+yLEN/e680/ +yCP/4el 7S/
CATA MNREIN/GS10622/NRECT/1110957/
CATA BETIN/351614/+BETCT/ 3562620/
DATA NTEMP/2980/

1 READ(S54+101 +END=100)RsV,A
READ(S+428)WR
REAC(5+,417)CONC
READ(5,528)PH,DAXC

101 FORMAT(F3e091X9FS5elslXsFSel)

417 FORMAT(F660)

428 FORMAT(F7e4)

€28 FORMAT(F3el s1XsFSel)
WRITE(6,103)R

103 FORMAT(1IHYI s T7+7(* %" )y "RUN NO'" 3F3e04+s7("%x*))
WRITE(6+104)V,A

104 FORMAT(LIHO s T7+'"VCLTS' yFS5e22T259'AMPS ', F560)
WRITE(6+,418)CONC

418 FORMATI(1IHOT7,*'FERRIC CXIDE CONC (PPM)'",F8e0)
WRITE{(6+107)WR

107 FORMAT(IHOsT73'FLON RATE' oF 704+ T25+"KGSaM/SEC?Y)
WRITE(G»191)PH,L,DCXC

191 FORMAT(IHO+T79»"PHI" yF3e19T254'DISSe02 CONC (PPM) *,FSel)

READ(Ss102)2IN,2CUT

102 FORMAT(F7e2s1XsF7e2)
XIN=ZIN/NRE IN
CIN=BETIN/NTEMF
TINK=BETIN/(ALOG(XIN)+CIN)
TIN=TINK=273.0
XCT=ZOUT/NREQOT
COT=BETOT/NTEMF
TOTK=BETOT/ (ALOG(XQT)+CCT)
TOUT=({TOTK—=273e0)
TBULK=(TIN+4TOUT) /2.0
TOR=TIN
0=V %A
INSAR=361417%ID%LEN
CSARE=3e141 7%*0D*LEN
QF=Q/ INSAR
WRITE(6+105)Q,QF

105 FORMAT(1HO,T7, *HEAT FLOW SUPPLIED® sF SelsT37,'WATTS/

1T79 "HEAT FLUX SUPPLIED® sF10e0+sT379'"WATTS/SQeM")
106 FORMAT(1IHO+ 74 *TOR=TINLET® +F5e1,»T43, 'OEG C*,/

1T7 "DENSITY (' sFEelsT21 4 'KGSe/CUeM!,/

2T25+'T DUTLET' oFSe1+T43,'DEG C*)

CALL PROP(RHO,VISK, THK, TBULK)
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WRITE(6+106)TOR,RHO,L,TOUT
INARE=31417%(IDX%2)/4
CUARE=3.1417%(CD%x%2)/4
UBULK=WR/Z(RHO*INARE)
RE=(UBULK%XID/VISK)
PR=(CPXVISK*RHGC/THK))
WRITE(6,108)TBULK,,VISK
108 FORMAT(1IHO»T7+s'AVG TEMP ' FSel s+ T25,*DEG C1*,
1/T73'"KINEMATIC' o /T7+"VISCOSITYX100'"3FQe6+¢T4343"SQeM/SECT)
WRITE(6,2109)YUBULKRE.PR
10G FNEMAT(IHOT7s'"FLUID VELDOCITY " sFCeseT30y "M/SECY,
1777+ "REYNOLDS NO'".FSel o /T7»'"PRANDTL NO',F7e2)
HTTR=WR*¥1000e%( TCUT-TIN)X*CP
HLOSS=Q—-HTTR
PERL=HLOSS/C¥%100
QFT=HTTR/ZINSAR
WRITE(ﬁa110,QQHTTRnHLDSS'pERLoQFT
110 FORMAT(1IHOsT7, "FEAT SUPP'" 3F10el +T30, *"WATTS",/

1T7s"HEAT TRANS'"3F10el s T30y *WATTS s/

2T7 s "HEAT LOST' sF1l0elsT30+s*"WATTS,,/

3T7,"PERCENT HEAT LOST' yFB8e2+/

477 "HEAT FLUX TRANS'" )FGe0s T30, '"WATTS/SQeM?)
PREDICTED CLEAMN WALL RESISTANCES FROM THE
SEIDER—-TATE EQUATION
XNU=0e023%{ RE**08) *{PR%*%0e33)
CALLPROP(RHOWWVISKyTHK, TBULK)

XH=XNU*THK /1D
TWALL=QFT/XER+TBULK
A=VISK
C=THK
CALL PROP(RHO,.VISK, THK , TWALL)
B=VISK
XNU=XNUZX((A/B)%*x%*0es14)
REFILM=1000ea 0%ID/Z (XNU%*C)
WTHIC={(0D—-1ID)/20
RWALL=WTHIC/(14846274+0s01332%*TWALL)*1000
RTOTAL=RFILM+RWALL
XHTOT=1000.0/RTOTAL
WRITC(6+,120)XNU

120 FORMAT(/Z/T7 3" NUSSELT NO'"2FSel)
WRITE(6,121)RFILM,RWALL RTCTAL

121 FORMAT (T7+'RFILM® yF Qa3+ /T 7o "RWALL"»FGe3:¢/T7+"RTOTAL?*,
1FGe3+sT27¢'SQaM=DEGe C/WATTS ')
WRITE(6,150)
WRITE(10+151)
DO 830 I=1,10
DT(I)=0e0 .
RF(I)=0e0
TZERD(I)=0e0

E30 CONTINUE
CATA TRAMNSFCRMATICN AND LINES TRANSFORMATICN
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NLINEC=0
READ(S+171 )M
JP=0
ZERC=040
< READ(S+112+END=10)RLTIM(Z(I)HsI=1,13)
JP=JP+1
TIME=2Z2(1)
112 FORMAT(2XsFSa2sF7e2¢/1Xs11F7e2)
NLIMNE=NLINE+I1
C TEMPERATURE EVALUATIONS
XIN=Z(2)/NREIN
CIN=BETIN/NTEMF
TINK=BETIN/(ALOG(XIN)+CIN)
TIN=TINK=273.0
‘ XO0T=Z2(3)Y/NREOT
COT=BETOT/NTEMPF
TOTK=BETOT/ (ALCG(XOT)+CCT)
TOUT=(TOTK—=273e0)
CALL TEMP(Z,T)
DELTA=TOUT-TIN
C CORRECTION FOR DROP THROUGH TUBE WALL
DO 5 I=1,10
TCON(I)=14ea2744001332%T(1)
COR(I)=0a60
TC(I)=T(I)-COR(I)

_r IF(M{I4+3)eNEeO)TC(I)=0
g IF(JPeEQel ) TZERD(I)=T(I)
E— or(xizrfr)—TzERC(rn
A~ IF(M(I43)eNE«OIDT(I)=0.0
PRy IF(DT(I)eLE.0e0)GO TD 87
- RF(I)=DT(I)/QFT*100000
| GO TO 5

S 4 RF(I)=0e0
S CONTINUE
M1=0
' X0=4005
DO 6 I=1,8
X0=X0+6e5S
X(1)=X0
TB(I)=DELTA/67 «5*X({1)+TIN
M1=M1+M(]1+4)
Y{I)=TCU{I+1)-TE(1)
ol 6 CONTINUE
TM=0
oo 5Y=0e
—— SX1=0ae
EX2=0e
EX1Y=0e
SX2Y=0e
SX1X2=0e
ESX1=0e



SS5X2=0e

DO 7 I=1,8

IFI{M(I+4) eNEeO) GO TO 7
TM=TM+TC(I+1)

SY=SY+vy(1)

SX1=SX1+X(T1)
SSX1=5SSX1+X(I)%X(1)
SSX2=5SSX2+X(1)*%4
EX1IX2=SX1IX2+#X(I)*%3
SX1Y=5X1Y+X(I)*Y(I)
EX2Y=SX2Y+X(I)%xX(I)%xY(1I)
CONTINUE

FN=8-M1

TM=TM/FN

IF(JPeEQel ) ZERO=TM
FOULCNLINE)=(TM—=ZERQO)/CFT%100000,
FOUX=FOUL(NLINE)

EX2=5SX1

B=SSX1—=((SX1%%2)/FN)
C=SX1X2-SX1%SX2/FN
D=SX1Y=-SX1%SY/FN
F=SSX2—-(SX2%%2)/FN
G=SX2Y-SX2%3SY/FN

B2=(D*C-G*B )/(CxC—-F*B)
Bl=(D—-82%C) /8
BO=(SY—-B81%SX1-B2%5X2)/FN

AA=RB2

BB=8B1

CcCC=80

VVI=2kAA%5650+EB

VV2=2%AA%]1]1 ¢0+8B8B
DISC=BB%**2-4¢%AAXCC
IF(DISCeGTe0) GC TO 8
RMDIS=SQRT(=1*DISC)
AREAL1=2¢/RMDIS*(ATAN(VV1I/RNMDIS))
AREAZ=2«/RMDIS*(ATAN(VV2/RMDIS))
Gl TQO <9

CCNTINUE

RDIS=S5QRT(DISC)
VV3=£2A8S((VVI—-RDIS)/(VV1I+RDIS))
VV4=ABS((VV2—-RDIS)I/(VV2+RDIS))
ARCEALI=1/RDIS*¥ALOG(VV3)
AREAZ2=1/RDIS®ALCG(VV4)
AREA=AREAL1—-AREA?2
QW=QFT%*58¢5/707e5

DTM=67 e SO5/AREAX(TB(8)-TB{1))/(DELTA)

H=QwW/DTM

R=1000/H

TIM(NLINE)=TIME
[F(NLINEeEQel)W(NLINE)=1

IF(NLINEeGTel )WI(NLINE)=(TIMINLINE)-TIM(NLINE—-1))/e6
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WRITE(G6s113)(TC(I)eI=1410)sTINTOUT,TMsDELTAHR »TIME
WRITEC(1IOs114)(RF(I)sI=1+10)eTIN»TOUT»FOUX+DELTA»HsRsTIME
RTOT(NLINE)=1/H
GO TGO 2
1 WRITE(6,73)
73 FORMAT(*1°*)
CALL BFIT(RTOTSTIM,NLINE)
CALL PFITI{FCUL,LZTIMNLINE)
GO T2 100
150 FORMAT(*1', T3, "LOCALIZED WALL TEMPERATURES (DEGeC)?*
1o/ T3+ "T101" sT104°T102"+T174+°T103%"»T24,'T104°,
2T31+'T105'eT38+°'T106'eT459"'"T107%9752e'T108',T599'T109':T766
S'TYI10' o T73+'"TIN®* ,T80,"TCUT*,T88»
2T73+"TIN',TBO» '"TCOUT ', TE8y"TM' , TO4, *DELTAY,T1024"H',
3T109s "R T1 14, *'TIME' s/ 14(2Xs"DEGeC"'") sT107,+*°X1000%*%,T114,"HOURS"' /)
151 FORMAT(%1°*,T3,"LCCALIZED FOULING RESISTANCE (5SQeM—DEGeC/WATTS)®
197504 X1004000"s/T3+'T101° 3T10,°T102"4T17+"T103',T24,'T104°",
2T314+'T105' 3 T38e"T100" s T45e "T107"+T52+'T108"3T5H599"'T109',THL
S'TLII0Y s T73s'TIN* sTBOs*"TCUT 'y T8Bs"RFM*' , TG4 ,*DELTA"wT102+'H',
4T106y"RTOT*"4T114,,'TIME®* ,/T70,
SI(2Xs'"DEGeC "' 42X 9 "DEGeC" 95Xy "DEGeC")9T1064'"X1000'yT114, "HOURS!? ,/)
171 FOCRMATI(131I1)
113 FORMAT(13F 70l sF6al sF7 el sF7a89yFT7e2)
114 FORMAT (10F 7e2¢2F 70l sFT7e2sF6el sF7eal sF70byFT7e2)
100 STOP
END
SUBROUTINE PROPIRHOWWISKysyTHK,T)
RHOC=0988—-(T—50)%00006
RHO=RHOC*1000e
VISCC=10e%%((123272%(20e=T)—0e001053%(T-20e)*%k%2)
1/(T+105))
VISC=VISCC*0e10
VISK=VISC/RHD
THKF=0e296338+ 06 834355E-=3%T—0180265E—-5%T*T
THK=THKF*]1 703
RETURN
END
SUBROUTINE TEMP (Z,T7)
REAL NTEMP,,NRES
DIMENSION Z€13)+7(10)yNRES(10)+BETA({10)+XA(10)+sCA(10),+,TK(10)
DATA NTEMP/2980/
CATA MRES/831eJ1+10G8e¢3€+41021e620+951e551910092:863e1501934.11,
1833001 +655e03+410436 32/
CATA BETA/3394 7593525 e 7219345436935 73e7313416e¢2993340e50,
1342 1e4819338Ce6193217e32+3570e74/
D2 620 1=1,10
XA(I)=Z(I+3)/NRES(I)
CA(I)=BETA(I)/NTEMP
TK(I)=BETA(I)/Z(ALOG(XA(I))+CAC(I))
T(I)=TK(I)—-2730
€20 CONTINUE
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RETURN
END
SUBROUTINE BFIT(YsXsN)
PROGRAM TO FIND THE BEST FIT CF AN EXPCNENTIAL CURVE
N=NUMBER OF POINIS,NI=NUMBER OF ITERATIDNSLEP=ERRCOR PERMITTED
THE EXPCONEMNTIAL EQe IS Y=A#B(I1-EXP{—-C%X))
ABLC ARE SUBSTITUTED BY A=EXP(P(1)), B=EXP(P(2)), C=EXP(P(3))
EXTERMAL AUX
DIMENSICN X(700)+Y(700) sW(T700)sEL1(S0)+E2(50)+sP(S0)sYF(700)
CDATA MyNISJEP/3+20,00001/
P(1)=AL0OG(Y(1))
P{2)=0e0
P(3)=0
CALL DPLQF(XsY s YFsWHELl yE29yP3y0e0sNsMyNI NDLJEP,AUX)
WRITE(G6+,100)
WRITE(6,20)

20 FORMAT('ESTIMATES OF ROCT MEAN SQUARE STSTISTICAL ERROR IN THE
1RAMETER?)
WRITE(6+,103)(E1(I)yI=1,M)
WRITE(6,30)

30 FORMAT('ESTIMATES OF ROOT MEAN SQUARE TOTAL ERROR IN THE PARAMET
IRS5* )
WRITE(6+103)(E2({1)s1=1,M)
A=EXP(P(1))%1000
B=eXP{P(2))%1000
C=EXP{(P(3))
WRITE(6.60)

60 FORMAT('ESTIMATES OF PARAMETERS ROLRINF AND B')
WRITE(6+103)AsB,C
WRITE(64+,40)

40 FORMAT(TOEs'"TIME' 2+ T20y'CALCe RESISTANCE "+ T40+'FITTED VALUE"' »/T6s 'HD
IURS " o T25+ " ((SQeM—DEGC/WATTS)X1000)%,7/)
DO S50 I=1,N
Y(I)=Y(I)*1000
YF(I)=YF(I)*1000

50 WRITE(O,102)X(I)esY(I)yYF(I)
WRITE(6+,100)

100 FORMAT (1H1)

102 FORMAT(F10e2+2(10XsF10e4))

103 FORMAT(3(F10e5+10X))
RE TURN
END
FUNCTION AUX(PsD+X,sL)
DIMENSICN P(3),0(3)
D(1)=EXP(P(1))
D(2)=—EXP(P(2))XEXP(—-EXP(P(3) )%xX)
DI(3)=0(2)%(—EXP(P(3))) %X
AUX=D(1)+D(2)
RCECTURN
END
SUBROUTINE PFIT(Y«X4N)
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PROGRAM TO FIND THE BEST FIT CF AN EXPONENTIAL CURVE FOR THE
FOULING TOTAL RESISTANCE VSe TIME DATA
N=NUMBER OF POINTS,NI=NUMBER OF ITERATIONSIEP=ERROR PERMITTED
THE EXPONENTIAL EQe IS Y=B(1—-EXP(—C%X))
ABRC ARE SUBSTITUTED BY B=EXP(P(1)), C=EXP(P(2))
DIMENSION X(700)sY{(700)sYF(700)sW(700)+E1(50),E2(50),P(50)
EXTERNAL PAUX
DATA MyNILEP/2+20+0001/
P{(l)=179
P(2)=0e0
CALL DPLQAQF({XsY s YFsWIEL+E29P20e0sNsMeNI+sNDsEPPAUX)
WRITE(64100) '
WRITE(6,20)
20 FORMAT('ESTIMATES OF ROOT MEAN SQUARE STATISTICAL ERRCOR IN THEPA
I1RAMETER"')
WRITE(6,103)(E1(I)yI=1,M)
WRITE(6,30)
30 FORMAT(*ESTIMATES OF RCCT MEAN SQUARE TOTAL ERROR IN THE PARAMET
11RSY)
WRITE(G6+,103)(E2(1)s1I=1,M)
A=0e0
B=EXP(P(1))
C=EXP(P(2))
WRITE(6,60)
60 FORMAT('ESTIMATE OF ROWRINFLAND B IN RF=RINF((le—EXP(—B%*TIME)")
WRITE(64,2103)A,B,C
WRITE(6+40)
40 FORMAT (TOW"TINE"'",T204"'CALCe RESISTANCE'" sT40+"FITTED VALUE'/T6s "H
LURS* »T222 " ((SQeM=DECC/WATTS)X100s000)"',/)
DO S50 I=1sN
SO0 WRITE(6+102)X(I)sY(I)LYF(I)
WRITE(6+100)
100 FORMAT (1H1)
102 FORMAT(F10aea2+2(10X,F10e2))
103 FORMAT(2X+3(F10e5,10X))
RETURHM
END
FUNCTIOMN PAUX(P.DyX,L)
DIMENSTOMN P(2) +D(2)
DL)=EXP(P(1)) 2 (1 0-EXP(=(EXP(P(2))%X)))
DI2)=EXP{P(1) ) XEXP(P(2) ) XXEXP(—EXP(P(2))%X)
PAUX=D(1)
RETURN
END
SUDPRDUTIMNE CPLAQF(IXs Y3 YFsW EL E2:sPeWZsNeMyNINDIEPLAUX)
DIMENSICN X(50)+Y(S0)yP(SO)+EL1(SO0)HE2(50) sW(S0) s YF(S0)
DIMENSION V(50)+0(50),CU(50+50)+VVI(50,1)
EQUIVALENCE (V(1),VVI(1))
LOGICAL SWITCH
DouBLE PRECISIGCN 0By, C(127595)
DOUBLE PRECISICN DSQRT.DABS
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DOUBLE PRECISICHN DPWWT
IF (NeLEeM) GO TC 200
SWITCH=eFALSEe®

IF(NT«2LTe0) SWITCH=eTRUES

NII=IABS(NI)
ND=1

IF(SWITCH) GO T0O 1000
WRITE(64.,71)

NT=1

IV=0

1J=0
DO 10 I=1.M
V(I)=0e0
DO 10 J=1,1!

[U=1J+1
C(IJ)=0e0
TT=0e
XX=0e
DO 20 L=1N

IF(WZ) 64746
WT=w(L)
GO TO 8
WT=1e
U=AUX(P+DsX(L),,L)
XX=XX+WTx(U-Y(L))%x(U=-Y (L))
IJ=0
DD 30 J=1,M
DO 30 I=J+M

[U=1JU+1
DP=WTx0(I1)*C(J)
C(IJ)=C(1J)+DP
DO 40 I=1,M
VI)=VII)+WTR(Y(L)I)-U)%XD(I)
CONTINUE

IF(SWITCH) GO TC 1001
WRITE(G6+s3)Y(P(I)yeI=1,M), XX
IF(IVeEQel) GO TO 45
IFI(NT—NII) 35+445¢55

CALL DSGLMTI(CeVVs1,IJsN,LKEY)

IF (KEY oEQe 1) GO TO 65
DN 75 I=1.M
P(I)=P(I)+V(I)
TC=ABS(V(I)I/PC(I))
[IF{TCeaGTaTT) TT=TC
COMTINUE

NT=NT#+1
IF(TTeLTeEP) IV=1
GO TO S

DO 46 I=1.M

DO 46 J=1..M
CU(I4+J)=0e0

161



162

DN 47 1=1,M
47 CU(Is7)=1e0
CALL DSOLMT(CsCUsNy IJyNyKEY)
IF (KEY «EQe 1) GO TO €5
DO 85 I=1,M
DO 85 J=1,M

ES P{(I)=P(I)4+CU(IyJ)%RV(J)
=5 DO G5 I=1.M
c5 E1(I)=SQRT(CU(II))

IF (SWITCH) GO TC 1002
WRITE(6,72) HNT
WRITE(G+s3)(P(I)syI=1,M)
FORMAT(1X18G155¢G1C0e3)
WRITE(6,3)
1002 5=0a0

D2 105 L=1sN

IF(WZ) 1691741E¢

Gl

16 WT=W(L)
G3 TQ 18
17 WT=1e0
18 YE(L)=AUX(PsDs X(L)sL)

XX=(Y(L)=YF L) I*%x2
S=XX:WT + §

109 CONTIMUE
PP=N—-M
FI=S5QRT{(S/PP)
DD 115 I=1,M

115 E2(1)=FT1 *EL1(I)

IF(SWITCH) GO TO 1003
WRITE (64+73) S

1003 IF (T oNEe 1 oANDe NII oNEel) ND=-1
RETURM

£S5 WRITE(G,2)
2 FOCRMAT (22H LIMNEAR EQUATIONS FAIL)
ND=0
RETURN
71 FCRMAT(//53H INTERMEDIATE ESTIMATES OF PARAMETERS, SUM OF SQUARES)
2 FORMAT (/30H FINAL ESTIMATES CF PARAMETERS35Xs17KNO OF ITERATIONS,
115)
13 FORMAT(1HO,14HSUM OF SGUARESsG1565)

200 WRITE(6+210) .
210 FORMAT('THE NUMBER 0OF DATA POINTS MUST EXCEED THE NUMBER OF?
1+ *PARAMETERS"')
NO=0
RETURN
EMND
SUBROUTINE DSOLMT(A8,L +MyN,KEY)
DIMENSION B(S0,L)
OocuBLE PRECISICN A(M) s X,Y
DoOUBLE PRECISICN DSQRT,DABS
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(A{1)elLEeOeDO) GOJ TO 150
(M «EQe 1) GC TO 160
All) = 10/DSART(A(1))
10 I=2,N
ACI) = A(I)*®A(1)
INC = N
11 =1
IN =N
NM1L = N - 1
INC = INC - 1
Il = IN + 1
IN = IN 4+ INC
NS = N = INC
X = 0Oe
IsuB = 11
DO 30 I=INC,NMI]
ISUB = IsuB - 1
X = X + A(ISUB)®A{(ISUB)
(A(TI1) — X eLTe0e) GC TC 150
A{TI1) = DSGRT(A(I1) - X)
(A{I1)eEQeOe) GO TO 150
A(ILl) = 1e/A(11)
(INC oEQs 1) GO TO 90
111 =I1 + 1
L1 = Il — INC
50 I=I11,IN
X=0e
Ll = L11
L2 = 1 = INC
40 J=1NS
X = X + A(L1)*A(L2)
Ll = LI = INC = J
e = L2 = INC =
A(T) =(A(I) — X)*A(I1)
TG 20
130 K=1,L
= B(1sK)
1,K) = YXA(1)
110 I=2,N
JM = 1-1
Isu = 1
INC = N

X = Qe
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DO 100 J=1,JM

Y = B(JsK)

X = A(CISUB)*Y + X
INC = INC - 1

100 ISUB = 1IsSUB 4 INC
Y = B(IsK)
110 B(IsK) = (Y=X)%*A(ISUB)
C
Y=B(NyK)
BINyK)I=YXA(M)
INC = -1
41 = M+#]

DO 12% I=2,N
INC = INC + 1
JM = Jl1 - 2

J1 = JM - INC
JsuB = MN=INC-—-1
I = JSUEBE

X = 0o

DO 120 J=J1,JM
JSUB = JSUB + 1
Y = B(JSUB.K)
1 20 X = X 4+ A(J)¥xY
Y = B(II.K)
1235 BIIsK) = (Y=X)¥A(J1-1)

130 CCNTINUE
KEY=0
RETURN
150 KEY = 1
RETURN
160 B(1+,1)=B(1,1)/7A(1)
KEY=0
RETURN

END
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APPENDIX 4
(DERIVATION OF APPROPRIATE ATm FOR COMPUTING
FOULING RESISTANCES)
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APPENDIX 4
Derivation of an Appropriate ATm (ATmean) for Use 1n
Calculating Fouling Resistances
'
=3
b
o
s
@
Q.
(=
b}
I_
0 Tube Length X
Symbols: Ty = Wall Temperature
Tg = T bulk (fluid)
ATm = Mean Temperature difference.
Assumptions: Ty = mx + k (1)
Tw = ax2 * b+ € (2)

Derivation:

Consider an elemental unit of area dx. The differential heat

balance 1is

dq = mcd Ty = UnDdx (T, - T (3)

W B)
where m is the mass flow rate of the bulk fluid and ¢ is the specific

heat.



Rearranging (3) we have

Unbdx dT
mc

integrating between limits of 0 - X, TB] d TBZ yields

UrDX J Tg2 Ty
mc - N — (5)
g1 Ty~ Tg

Writing the overall heat balance for the heat section we have

a4y = UrDX ATm = mC(TBZ a TB]) (6)
Rearranging (6) we have
urDx - 'B2 ~ "B (7)
mc ATm

Substituting (7) into (5) yields

g = Te1 ] 82 dTg ()
i T W Ts
which yields on rearrangement
o7 = B2~ T
JTsz dT,
31 Tw = T -
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APPENDIX 5
(EXPERIMENTAL DATA)
(i) FOULING RESULTS

(i) ELECTRON MICROPROBE RESULTS
(iii) COULTER COUNTER RESULTS
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RO PPN HD Settténss STIVATES OF ROOT MEAM SOUARE STATISTICAL ERROA [M THEPA PAME TER
0.40508 2.45137
vOoLTS512.60 AMPS 210. STIFMATES OF ROOT MEAM SOUARFE TOTAL ERNOR IN THE PARAMET ins
0.05173 De31243
FERNRLIC CXIDE CCNC (PPM) 72300 . SVIMATE CF RCLPINF.AND B IN RE=R B (Y. ~EXP [ -Bs T IHE)
0.00000 0.7051 R 4.3%5389
FLDw RATE 0.0T10 KGS: M/5FC . TIvE CALC, RES ISTANCE FITTED VALUE
. it ((SO.M-DEGC/WATTS)X1004+000)
PH!IN A DISS.02 CCNC (PPM) S.2
0«00 0.00 0.00
HEAT FLOW SUPPLIED 264640 WATTS 0.07 0.27 s 2
HEAT FLUX SUPPLIED 113421. WATTS/S50.M 0.10 T 0. 28
o-1e@ 0.60 0.43
TOR=TINLET S0.1 DEG C 0.53 0.4a1 0.T1
DEMSITY: 9BS5.3KGSa/CUaM : 0.85 0.64 0.77
T DUTLET 58.8 DEG C 0.n8 0.65 0.77
s 0.73 0.78
‘VG TEMP 5"'.5 DEG C I-IO 0.73 O-TB
KINEMATIC 1.17 0.78 0.78
VISCOSITYX100 0.0000532 S0 M/SEC 1.n00 0.81 0.78
~ ' 1.87 De 76 Q0«78
FLUID VELOCLTY D.T69 MsSEC. 2.01 0.88 0.79
REYNCLDS NO 16313,2 2.96 0.78 0.79
PRANDTL MO 369 3.01 De 90 0479
3.13 0.99 0.79
HEAT SuUpp 25A46,0 WATYS
HEAT TRAMNS 259A,9 WATTS
HEAT LOST a4T7.1 WATTS
PERCENT HEAT LOST 1.78
HEAT FLUX THAMS 11140IWATTS/50.M
HMUSSELTY NO BT.1"
RETILM 0.218
RWALL 0,058
RTOTAL 0-.276 SN «M-DEG.C/WATTS
LOCALTZED wWALL TEMPERATURES (DEG.C)
1101 1102 T103 Y104 1105 11006 Tio7 T108 1107 riio TIN ToUT ™ DELTA M n TIME
CFRaC DEG.C DEGaC DEGeT DEGaC DEGeC DEG.C DEGWC DEGeC DEG.C DEG.C DEGeC DEGLC DEGST X1000 HoUAas
AAL2 1071 107.7 10B.4 108.5 10%.4 1108 114,7 116,01 115.% 501 50.08 110.2 B.0 1740.8 0.5744A 0.02
Ar.A 10R.0 107.9 10B.6 10N.7 10A.7 110.6 114.7 116.4 116.1 50. 0 50.A0 110.5 AeB 1T32.,3 0.5771) D.07
1.6 10Be6 1078 108.6 100.7 109.7 110.5 115.3 116.4 116.1 50.1 1.8 110.6 8.0 I7T30.5 0.57717 0.1 .
Pa.T 108.6 10A.1 100.9 107.0 107.0 110.A 115.4 116.7 116.6 50.1 50.8 110.R Pe? 1721 A 0.5809 0.1
B4«5 10Pa3 10R=a0 108.T 109.8 107.0 110.7 11%.9 116.8 1156.3 50.0 50.8 110.6 8.8 1726.9 0.5721 0.5)
AA.7 10P.Hh 108«2 1090 102%<1 10%.0 1109 1154 1167 116.6 50.0 58.9 110.9 Bs9 1720.1 0.5P13 0.95
BA.A 10UP.7 108.2 109.0 1071 107.0 1107 1154 1168 116.5 S0.0 59,7 110.92 0.0 1T20.1 0.3R14 0.793
AA.7 10P.A 10N.3 1091 109.2 1091 111.0 1157 116.9 116.6 50. 1 50.9 1l1,0 DB 17167 0.5025 1.05
0y, A 104.8 100 .8 1279.9 109.2 197.1 111.0 1155 115.9 1175 «n 571 59.7 1t1.n B.A8 17198 0.,591568 1«10
33,7 1082.9 198.4 10922 107%2«3 1072 11lal 113.6 116.5 (116.7 50e1 590.0 111.0 Fe? LTI Tel 0.582A 117
NA.B 10P.9 108.% 1091 1073 10721 1lleal 11S5.90 116.8 116.7 50.0 57.0 11l.1 9.0 1716.5 N.5A26 1.89
3.9 10R.8 10RA-8 109.0 1093 1091 111.0 11%.% 116.8 116.7 501 59.0 111.0 0,0 1T17.1 Da.5817 1.2
08.9 1090 1008.6 107.2 109.4 107%.2 111.2 115.7 116.7 116.8 50.0 59.0 111.1 9.0 1713.56 0.58356 2.01
R4.P 109%.9 108.5 109.1 109.3 107.0 11l.1 115.4 [116.8 116.7 50.1 50.9 111.0 0.9 1T17.0 0.5RP24 276
na.,nA 109.0 108.6 10%.2 1095 107.1 111.2 11%.8 116.9 116.9 S0el 59.0 111.2 Pe? 171547 0.5A259 3.01
RA.9 105a2 10P.7 109.3 109:6 1092 1113 115:8 1170 110.9 500 570 111.2 9.0 17T10.% 0,5846 3.13
' ¥
LOCALEIZED FNULIMG RESISTANCE (50.M—-DUG.C/WATFS)X100,000
1101 T102 1103 T104 1105 1106 Tio7 Ti0m 1109 T110 rw Tour QFM DEL TA H RIDY | @ TS
DEG.C DEG.C DEG.C 21009 MU s
0.00 0.0D0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 501 5.8 0.00 N.0 1740.0 0.%744 0.0
0.24 0.R3 0.19 0.17 0.72 27 0.16 n.05 0.24 0.%7 50.0 59.0 n.27r NeA 17323 0.5TT) 0.07
0.39 1.36 0.07 0.12 0,16 0-.30 0.04 0«54 0-24 0.5%6 50.1 50.8 0.36 N.N 1730.% 0.57T9 0.10
NeS53 1.32 0.42 D42 O« A% 0.6 0«36 D.69 0«57 0.99 501 5N, N 0.60 AT 1721 8% 0.5907 0.1n
0.32 1-.04 0D.28 0.24 0.1 0.58 0.24 D.24 0.33 0.70 50.0 50.0 0.81 B.A |726.7 0.5771 0.5)
DAL 1.38 049 O«AT De S50 O0.56 0.42 0.65 056 0.97 0.0 SA. 9 O-.564 N9 1720.1 D0.5A01) 0.93
D56 1-%0 0.50 (¢ P 0 4 0.5% 0.50 0.40 0.67 0.50 0.9 50.0 51.9 0.65 A.A J720.1 0.5814% O.99
N5} 1.49 0.60 059 D67 0.70 0.5) 0.77 0.75 0.97 50.1 98,9 n.7A4 AN 17167 0.5925 1.9%
0.62 1.50 0.62 0.54 0.65 0.65 0.50 0.T74a 0.66 0.727 501 fNe? 0.723 B.8 17174 00,5016 1.10
O.06T 1.60 0.69 0.6% 0.Ta 0.73 0.%1 0.A) 0.41 1.10 50.1 59.0 o.7a B.9 1717.1 0.3N24 [P B 4
0.62 1.58 0.69 0.59 0.74a 0.66 0.%7 1.01 0.68 1.04 50.0 57«0 0.91 7.0 1716.5 0.5026 1. 90
0.51 1.9 D67 0.513 0.69 0.66 0.%2 0.00 DubT 1.02 50. 1 572.0 0.76 BaP 1717.0 03017 t.n?
D05 1.66 0.N2 0.07 0.8) O.T2 0.66 0.70 O.TA 113 570 %52.0 D.nN 20 1713.6 0.50)158 3.0!
05N Lat2 017 0.60 o.70 0.59 0.57 0.6R 0.64 1.07 501 50.9 0.70 Ba® 171 7.0 0.%R24 2.7%
Oatsl 1.74 0.84 0.56 D.0n 0.07 0.67 0.7N 0.76 1.21 501 17.0 0.70 0.9 tT1I5.7 0.5825H 3.01
0.4 1-84 0.76 D76 0.99 0.7% O.77 1.02 0.D4 1.726 %50.0 57.0 0.972 9.0 17T10.% 0.5046 3.1



seteereUN MI) H, sesrra e

VOLTSE2.67 AP 290,

FERNIC OXIDE CONC (PP 2400,

reLnw RATC 00,0720 KGS.MZ5FC

PHIAWH NISS .02 COANC (PUM) S 1
HEAT FLOW SUPPLIED 2920.0 WATTS
NFEAT FLUX SUPPLIED 17A729, WATTIS/SO.M
TOR=TINLLT 50,0 DEG C
DENSITY! 9R5.1KGS./CUsM
Y OJTLEY SN, A DEG C
AVG TEMP S4.8 DEG C
KINCMATIC
VISCOSITYXI0C 0,0000%1) 50 M/SEC
FLUID VELOCLTY 0.780 MsSEC
PEYNOLDS MO 16533.9
PRAMNDTL NO 3.67
HEAT suep 2521.9 WATIS
HMEAT TDNANS 239n,9 WATTS
HEAT LDOST 121.1 WAT TS
PEACENT HEAT LOST 4.01
MEAT FLUX TRANS 102B2BWATTS/S0.M
MUJSSELTY ND 87.9
RF ILM N.216
awALL 0.05A
RTIOTAL 0.274 50 M=DEG,C/WATTS
LNCALIZED wALL TCMPERAATUNES (DEG,.C )
Y101 T122 T1nd Tina 15 TiNn6 Tta? T1an
DEG.C DEG.C NWG.C DFG.C DEG.C NFG.C DEG.C DEG.C
B1.5 17 .7 17%.4 17%.3 176.1 179 175.9 111.6
A3." 103.3 10AR.0 |0Hh.9 105,77 107.2 107.% 111.3
A3." 105.5 106.2 107.1 1NG.7? 107,53 107.T 111.5
NA.ND 10%5.7 106.8 107.3 107.1 107.6 10A.0 111.8
BA.0 105.8 108,% 07,3 107,% 107 .A I0A.N (11,9
BA«l 1760 1767 107.5 1727.4 197.7 178.3 112.2
Aa.? 10A.4 107.1 107.8 108,2 108B.0 100,77 112.9
AA_A 10.0 INT.A I1N%.0 109%.0 1798.2 109.0 112.6
AA.6 1OT7.2 107.8 109.4 10A”.4 109.5 109.% 113.2
ga.7 107.7 107.9 10a,6 10A,5 10A.,7? 107.5 113.7

LOCALL 'END FOULTING

TLon

0.0n
0.29
0.3
0.40N
Y.AN
N.56
N6
0.91
1.03

1.11

Ti102 Y1013 TINA 1105 TiI06 Ti07
0.N0O 0.00 0.00 0.00 n,o00 0.00
005" 'I-b? "‘-f‘t "USH 1-“‘ 0-*6
0,00 o.n0 0.73 o.rz 0.%5% 0.0A
.02 0.97 n,91 n.o9% 0,77 1.09
1.79 196 0.727 0.2N n.rr 1.01
1.27 1.27 1.1n .20 2.91 1.36
1.59 1.hA 1.45 Z2.05 116 1.1
2.00 1.90 1.70 1.856 .30 2.11%
2.40 2.33 2.06 2.22 t.73 2.58
2.9 Z.46 2.2H8 2«15 2.0 F %

nESISrANCE Iqﬂ-ﬂ-DfG-C/'Al‘3'11000010

rion

0.no0
5.11
0.n0
0.00
0.20
0.00
.91
0,00
0.00
0.00

11179
DEG.C

113.8
112.3
114.4%
11A.7
T1a,7
114.9
115.8
1135.4
119.8
116.4

Tin9

n.nn
n.AB
o.n1

n."%5
0O.N"
1.0%
1.91
1.0
1.97
2.49

L R
DEG.C

11 3.3
113.7
11a.d
114.4
114,45
114.5
11s5.0
115.3
1s5.n
116,95

LA R R

n.na
T
n.Tr
nN.a72
1.06
1.2%
1.3
| P L
2.3
3.03

rin

pfEG.C

50.
]

g
-]
5

n.
.
0.
n,
50.
30,
57.
50.
50.

Fin

n
fa
n
Q
9
9
a
n
9
9

nrG.c

50.1

Tour
PEG.C

59.0
58.0
59.9
59.0
59%.0
59.0
59.0
59.1
59.0
59.0

Tour
DEG.C

L ]
58.9
an_.9
%5%:3
57.0
59.0
%59.7
57.0
57.1
59.0

1

T JELTA "
NDEG.C NFG.C
108.1 B. 1%R2.0
LI - B,.0 1ATT7,)
12, 3} B.1 1673,7
178.6 A.1 15672,2
1na3a.6 n.D 16”7, 8
10A.A B.2 1661.3
107.4 n.2 1%483,.5
109.4 A.2 16A9.40
122.9 B.1 1629,7
110.2 8.1 1622.2
oF M DELTA "
NEG.C
o.nn n.n 16n2.0
n."7 n.n 1677.53%
n.2K n.t 1673.7
NN Aa.1 1n69.2
n.n%?2 a.0 1A a
0.74 n.2 164511
1-25 .2 1Kal.n
.33 n. 17,40 4
c 1eT79 N.V 1629, 7
2.03 Al 22,2

/0

]
X000

N.5SM %
0,572
N.597T5
0.571
0.5974
0.6019
0.60914
NeHMG
0.61)6
0D.61%4

nior
*Yyinm

n,59%
0. 5"".
0.0971S
2.57M1
0.5
n,60179
N.GLO0N A
0,606
n.613%
N.GI1564

TIvE
Isppa s

0.00
n.20
%.50
N.6J
NaTT
0.A01

1.0
1«49

1.50
202

TIME
nwpuas

n.on
0.29
o.sn
WL
o.T17
D.Nn1\
1-01
1.10
1.57
2.42



$e9PBPIEUN NO T.e%0s00n
VOLTS11.90 ANPS 161,
FERNIC OXIDE CONC (PPY) 2a00,

FLLOY RATE 0.0T720 KGS.M/SEC

PHI8.9 0155.05 CONC (PPwM) 3.0
HEAT FLOw SUPPLIED 2272.9 MATTS
HEAT FLUX SUPPLIED QrA2R. BATTIS/SO.M
TOR=TINLET 50,2 DEG C
DENSITY: 98%3.7KGS3./CU. ¥

T OUTLEY ST.2 DEG C
AVG TEMe 53.8 DEG C
KINEMATIC

VISCOSITYXI00 0.0000%2 SO;HISEC
FLUIDO YELOCITY 0.780 M/SEC

REYNULDOS NO 16380.%

PRANDTL NOD 3.74

MEAT Suep 2272.9 WATTS
HEAT THANS 2174,9 WATTS
MEAT LOST 98,0 WATTS
PERCENT MHEAT LOST 4.31

HEAT FLUX TRANS QI22TWATIS/S3A,.M

LOCALLIZIZD FOULING PESISTAMCE (50.M=DEG.C/WATTS)X100,000

Tiro1l

HUSSELT WO 871

REILM 0.2172

AWALL D.0%8

ATODTrAL 0,277 S0 ,M-DEG ., C/WATTS

T102 Tin3 Ti10M 1108 Ti06 Yior

n.0N 0.0 0.00 0.n2 027 0.00 0.00
0.27 e.70 0.25% 0.81 0.32 0.45 0.19%
0.139 1-17 0.28 0.41 n.33 0.R) N.193
0.42 1.19 0.26 0.9 0.33 0.e0 0.1
0.38 .17 0.16 0.40 0.a40 o.e0 0.20
N.42 .21 N.25 D. 41 D.43 0.80 0.22
0.43 1.30 0.30 0.33 0.53 0.3 0,27
0.31 1.6» 0.53 0.38 0.57 N. A6 0.37
D.453 1.9% 0.93 0.64% 0.89 o.el o.617
0.34 2.05% 1.00 0.672 0.97 0.2 0.79
D74 0.5 0.07 0.00 0.00 0.06 0.00
0.01 0.913 0.00 0.00 0.00 0,.C3 0.00

0.1

3 1.62 0.58 0.3 0.80 D.41 0.33

0.20 1.69 0.72 0,42 0.63 0.48 O0.»)
0.04 1.37 D.41 0.09 0.28 0.21 0.08
N.N" 1.%% 0.%9 0.2% C.49 0.33 D.24

LOCALIZFED wALL TEMPERATURES (DEG.C)

T101

T10?2 T103 Tioa 1m7s T8 1107

DEG.C DEG.C DEG.C DEG.C DEG.C DEG.C DEG,C

n2.
ny.
83,
Bl.

? 1037 106, 2 109.4 179.72 1Nl .9 17%.8
1 104.3 10893 103.7 10%.9 106.3 tor.0
2 104.08 108.5% 103.9 17993 1N8.0 107,0
3 104.8 104.3 103.7 10%.93 1086 106.9

N3.2 104.8 104,484 103.7 10%*.3% 106.6 jor.o

BJ.
al,
nl,
83.
B3,
Az,
n2.
Bl,
B8le.
2.
D2.

2 17%.8 104.73 10%.7 10%.86 176.6 127.0
3 10a_.9 104,3% 104.9 103.7 106.8 (JO7.1
1 103.2 10&,5p 10%.7 10%.7T 10A.3 107.2
3 103.% 103.1 104.0 106.0 106.6 107.4
A 103.6 10%.2 108.0 104.1 '106.6 107.6
9 10a.8 104.2 10%.1 10%.1 1723.9 178.3
9 104.4 10A.,2 107,01 103.1 103.9 108.3
© 103.,2 104.9 103.7 103.7 106.2 107.1
1t 1035.3 104.% 103.A 109%.9 104s.3 107.2
9 103.0 104.6 103.4 103.% 108.0 108.9
9 173.1 104.85 103.6 123.6 106.2 107.0

Tion

v.00
0.33
0.7T
o.rt

.76
0.T79
1.048
0.n2
1.0t

1.01

o.0FrP
0.0%
0‘53
0.02
0.03

0.60

Ti0n8
DEG .C

111.08
N1Zs )
112.93
112.%
112.9
112.9
t12.8
112.6
112.7
11z.r
111 .9
tin.n
112.3
112.5
t1z.2
112.4

T109

0.00
0.25
0.8n
0.87
0.91
0.7%
1.04
0.90
1.08
'.‘6
0.0%
0.03
0.32
0.90
0.2m
.01

T109
CEG.C

113.9
113.3
113.3
113.9
113.9
113.9
114.0
113.2
ita.0
11a_
1nJd.1
113.8
113.9
113.7
113.)
113.4

Tit1o0

0.00
+ 0.5
1.19
1.20
1.22
1.22
1.24
1-.58
1.86
1.98
0.n9
0.87
1.56
.50
'0]6

1.54

TI10
OEG.C

112.9
11z.5
113.1
131
113.1
113.1
(I I |
113.3
tL3.7
113.0
112.9
f1rz.s
113-4
113.3
113.23
1id>-4

TIN

TOour

DEG.C DEG.C

TIN
DEG.C

50.2
52.3
372
350.2
50,2
50-2
50.2
37.3
30.3
50.2
50.2
30.2
57.2
30.2
30.2
50.2

57.5
37,6
357.3
57.3
37.a
G57T.4
S5T.3
57.%
5r.5
57.5
37.9
3T7.9%
3T.%
5r.s
5r.s
3r.5

Tour
DEG.C

37.9
37.5%
37.3
3r.3
sr.s
B7.6
37r.9%
ar.mn
37.9%
a3r.s3
3Tr.3
9r.3
37-3
37.3
3r.5
3T.0

PFE®

0.09
0.7
0-51
.37
0.5%3
0.6
.71
2.r2
1.70
123
.05
0.0)
0«53
Q.74
0-39
0.%8

™
DFZ.C

tor.o
1or.3
10T7.6
1or.s
Inr.s
12r.n
1or,. 7T
1or.r
127.9
10_.0
19T7.0
1or.o
1or.56
jor.v
107. 4
107.9

DELTA 2
DEG.C

DELTA
DEG.C

- N NN N N NN YN NN

~

L]

NN NNNNNYNNNNNNNS

R R R R I T T )
P W NNV UNWGNNNNNWW

L

.
NN W W N W N NN N W W

1527.7T
15172.)
1512-5%
1303.2
1512.%
1S11.49
1%22._.2
15111

1%0¢.5
1S50t1.7
1327.7
1%527.9
1%12.0
15029.,.T
135198.98
1315,

H

ts27.7
1512.3
1312.3
18532
1512.9
1311.¢
1309.9
1st1t.1
150,59
1350t1.7
1527.7
1%27.9
1312.0
1302.7
I519%.8
1519.0

171

pPror
X102

00,5546
0.6TA2
N-6812
0.%5608
N.6612
0.5K218
0D.5623
o.6€18
D.&EAT
0.5659
0.4%18
D.06%ay
2.6%14
0.6024
.65

2.8601

L]
X100

0.6 06
0.6%A2
N.5%5)2
0.565450A8
D.n612
O.ALLA
0.58273
0.58A1 08
o.8ear
0.5699
0.64 58
0.6%3
J.661 8
0.6424
0.B8°148
0.56640)

Ting
Houas

0o.00
n_z2o
0.%0
0.6)
0.00
.30
1.a7
1.04
2.30
2.42
6.30
B.TO
T-80
8.21
9.n0
160,22

TINE

0.00
0.20
0D.A0
[T |
D.PD
1-20
1.87
1-n»
2.00
2-42
6.30
6.70
T-noO
B.21
910
10.22



SF48048RUN MO T,%84008 %

YOLYS11.99 AMPS3 191,

FERRIC UXIDE CONC (PPM) 2a00,

FLOW RATE 00,0720 KGS.WM/SEC

PH:6.9 DISS.02 CONC (PPNM) S.8
HEAT FLOW SUPPLIED 2272.9 WATTS
HEAT FLUX SUPPLIED 97428, WATTS/30.M
TOR=TINLEY 50,2 DEG C
NENSITY: 9AS,TKGS/CU M

T OUTLET S5T.% DEG C
AVG TEMP 53.8 DEG C
KINEMATIC
VISCOSITYX100 0.00009%2 S0 .M/SEC
FLUID VELOCITY 0.780 M/SEC
REYNOLDS NO 163080.9%
PRANOTL NOD 3.Ta
HEAT suep 2272.9 wWATTS
HEAT TRANMS 2174.9 WATTS
HEAT LOST 98.0 WATTS
PERCENT HEAT LOST 4,31
HEAT FLUX TRANS Q3I22TWATIS/SO .M

MUSSELT NO 87.1
REILM 0.219
AWALL 0.058

RYOT AL 0.277

S50 ,M~DEG,C/WATTS

LOCALIZED wALL TEMPERATURES

riol
DEG.C

. B2.9
B83.1
83,2
83.3
83.2
83.2
83.3
83.1
8J.3
B3.4

LOCALTZED FOUL IMG

Tio

0.00
0.2?
0.39
N.a2
0.38
D.A?2
D.AS
0.31
N.a%
0.54

Ti02
DEG.C

103.7
1043
104.8
104.8
104 .8
104.8
108 .9
10%.2
105.5
105.6

Ti102

0.00
0.70
1.17
1.19
1.18
1. 21
1.30
1.64
199
2.06

7103

DEG.CT

108.2
104,59
10a,9%
104.93
104,48
104.9%
104, Y
104.8
105. 1
ios,2

T103

0.29
0.23%
0.28
N.26
0o.16
0.29
.30
0.6)
0.95
1,08

Tioa
DEG.C

103.4
108.7
105.8
103.7
1037
103.7
103,.9
108.7
106.0
106,0

Tins

0.27
0.4}
0.4l
0.38
0.a0
0.41
0.53
0,38
0.64
0.69

(DEG.C}

1105
DEG.C

105.2
103.5
105.9
1035.3
105.5%
105.6
10%,.7
105.7
106.0
106, 1

Y1093

0.N"
0.31
0.35
.30
0,40
N.%3
0.5%
0.3%7
0.A9
0.99

Tine
DEG .C

1n3.9
106.3
106.6
106.6
106.6
1065.6
106.0
106.3
106.6
106.6

Tioe

q.nq
0.48
0.683
0.80
0.€E0
7.87
0.2)
0,46
0.31

o.e2

Tio07
DEG,.C

176.8
io7.0
107.0
106.9
107.0
1277.0
to7.1
1I07.2
107.4
jor.8

Yior

D01
0.19
0.13
0-.14
0.20
0.22
0.27
0.3n
05T
0.7%

Ti08
DEG.C

111.0
112.1
112.%
112.3
112.%
112.%
112.98
112.6
112.7
112.7

RESISTANCE (S0O.HM-NDEG.C/WATTS)X100,000

T10M

0.717
0.313
o0.77¢
0.T1

0.76
0.79
1.06
0.02
1.01

1.01

172

STIMATES OF ROOT MEAN SCUATE STATISTICAL EHRNRA IN THEPA RAMPTER
N.T6326 2.AA526K
STINMATES NF RODT MEAN SOUARE TOTAL FENROFE [N THE PARAMET IRS
0.10A%90 0.33898
STIMATE OF RUOLRINF,AND B N RF=RINF ({1l .~ExP(~-DeTIME)
0,00000 N.N99TH 1.66ATT7
TIME CALC. RESISTIANCF FITTED VALUE
HURS {(50.4=0DFEGC/WAT TS )X100,000)
.00 0.00 2.00
0.20 0.13r 0.2%
7.47 7.61 0.44
0.63 0.59 0.58
0.8A 0.60 0.69
1.39 0.648 0.80
1.47 0.73 0.82
1.8% 0.72 0.84
2.30 1.00 0.88
2.82 .08 0.R8
Y109  Tiio  TIN Tour TH DEL YA " n YIME
DEG.C DEG.C DEG.C DEG.C DEG.C DEG.C X1000 HOURS
f13.0 #12.0 %0.2 %7.% 107.0 7.3 1S37.7 0D.6%48 0.00
113.3 112,93 50.3 57.6 107,13 7.3 1519.3 0,8=882 0,20
f13.9 f113.1¢ 50.2 57.5 tot.6 7.2 19512.9 0.6612 0.40
t13.9 113.1 50,2 57.% 107.% r.2 1513,2 0.6608 0.631
113.92 113.1 50.2 SrT.4 107.6 T.2 1%12.5 0.6612 0.08
113.9 h13.1 50.2 57.4 107.4 T-2 1511.84 D.6616 1-30
11a.0 113.1 50,2 5T.% 1O7.T 7.3 1%09.9 0.6623 1.47
113.9 t13.5% 50.3 S7.% 10T.7 7.2 1311.1 D.8810 t.an
114.0 (13,7 50.3 57.% 107.9 T.3 1504.% D.6647 2.30
f1e,4 J13.8 50.2 B5T.% jo0m,0 7-3 13501.7 0.66%59 2.42
Y109 Ti10 TN Tour nru DELTA " nrorv TIME
DEG.C DEG.C DFG.cC X 1000 Houns
n.00 n.no 97.2 7.5 0.1 T.3 1527.7 N.6%16 n.00
0.26 0.5% 50.3 57.6 0.3r 7.3 18519.3 D.5%AR2 0.20
0o.n8 1.19 %50.72 5T.9 0.61 Te2 1312.% Dutinl 2 N.80
0.87 t.20 50.2 5r.% 0.59 T.2 1513.2 0.6¢08 0.63
0.91 1.22 80.2 37.8 0.80 7.2 1512.5 n,6612 0.°0
Q.95 1.22 %0.72 G578 N.64 Te2 151014 D.661H8 1-30
1.04 1.24% 30.2 37.9% oc.73 T.3 1%509.9 0.6423 1.7
0.79 1.8 50.3 57.% 0.72 T2 15111 0.6619 1.04
1.09 1.86 50,3 S7.% t.00 T.3 1304.9 0,66AT 2.30
1.16 1.98 50.2 57.93 1.0m 7.3 1301,.7 0.6699 2.42



SrAr s PRUN NO A.%¢00ra

VOLTS12,60

FFAR1C OXIDE CONC (PPRH)

FI.O¥ RATE 0.0680

PHIG.5

HEAT FLOw SUPPLIED
HEAT FLUX SUPPLLED

TOAR=TINLET 50,0
DENSITY:

AMPS 21D,

DISS5.02 CONC (FR¥)

2400.

KG3.M/SEC

26456,0
113821,

983 .2KGS./CU. .M
T OUTLET 59.2

AVGC TEMP SA.6

KINEMATIC
VISCOSITYX100 0.0000%}

DEG C

FLUID VELOCHKITY 0,737

REYNOLDS HO
PRANDTL NO

HEAT Syep
" HEAT TRANS
HEAT LOST
PERCENT HEAT LOST
HEAT FLUX TRANS

M/SEC
1563568.9
J.63
2646,0 WATTS
268274 WATTS
ia.6 WATTS
D70

NUSSELTY NOD
RFILM
RYALL
RYOTAL

LOCALIZED FOULING RESISTANCE (SO_M=DEG.C/WATTIS)X100,000

Ti01

0.072
0.50
Q.40
Dea7
0.393
D42
0.57
DA

LOCALIZED wALL TEMPERATURZS (DEG.C)

T101
DEG.C

as.0
AA. B
84,5
Ba.S
aa_a
64,5
LETS
LS

TYio2

0.07
'C&o
1.23
1.97
1.93
1.89
2.21

1.83

Ti02
DEG.C

107.3
10914
109.4
1092.3
107.9
107.4%

. 1078

107.4%

0.223
0.058

0.283

T103

0.70
0.00
0.20
0.00
0.00
2.20
.26
0.00

T1023
DEG.C

107.2
1oa.0
109.0
109. )
109.1
109.1
107.3
109.0

wATT S

6.8

wATT3/50 .M

i1282awATTS/50. .M

BA,»

SQ.M=DEG.C/WATTS

1104

0.09
0,233
0.2)
1.23
0.11

0.02
0.3
0.00

T104
DEG.C

107.2
107.5
107.2
1in.6
1072.D
107.2
107.6
109,14

1nas

0.7
.00
2.00
0.03
0.00
0.00
0.31%
0D.0"

T109%
NDPEG.C

109.7
109.4
109.6
175.8
109.7
109.7
110.1%
102,49

¥Yi26

N.00
0,29
N.21

0.59
0.%6
O.a7
.17
1.0a

Ti106
DEG .C

108.3
108.9
107.0
1727.1
109 .1
109.0
109.3
109,.6

DEG C

DEG C

SQH/5EC

Tior

o.oo
0.00
720
0.00
0.00
0.00
0.11
0.20

Tio07
DEGC.C

1M1.7
1M1.1
111.%
1.2
1iti.no
111.48
1mmi.n
1mi.2

Ti1008

0.00
0.43
0.42
0.53
0.358
0.53
0.9%
0.43

Yio8
DEG.C

115.3
1157
1187
t13.9
1135.9
115.9
116.)
113.m

STIMATES OF
1.90040

ROOT MEAN SCUARE STATISTICAL ERROD N THEDA

173

RAMETERD

A.58425
STIMATES CF ROOT MEAMN SOUARE TOTAL ERRDB [N THE PARANMET Ins
0,11A1R 0.39151
STIMATE OF RO.AINF.AND A IN AF=AIMF (1 .~EXP(-R¢TINED
0,.00000 0.5059% 10.10937
TIME CALC. RESISTAMCE FITTEC VALUE
Huns ({SO.HDECC/¥ATIS)*100,000)
0.7 0.00 0.00
0.056 0.25 0.23
0.t5 0.35 0.39
N.43 D.61 0.%50
1.51 0,43 0.5)
1.82 D.47 0.%1
2.10 0.73 0.%1
2.21 0.37 -1 I
Ti109 TL10 TIN Tour BEM DELTA H eTaov TIME
DEG.C DEG,C DEG.C X100 (TSULE!
0.00 0.00 50.0 59.2 0.00 9.3 t739.6 D.%Tan 0.00
0.37 1.40 %0.0 59.2 0.73 9.2 1738.% 0,59 0.08
D.63 1.68 509 59.2 0.8 9.2 1730.4 N, 5779 0.19
0.7% 1.77 50.0 59.2 o.61 9.2 1722.4 0,505 0.4)
0.41 1.01 50.0 5%.2 0.4) 9.2 17T2M8.7 .5 1.%1
0.60 1.70 50.0 539.2 0.a0 9.2 1IT30.) 0.5780 1.82
0.94 2.00 59,0 59,3 0.r) 9.3 1T19.2 0.5017 2.10
0.49 1.69 30.0 59.2 D37 9.2 1T29.7 D.S57181 221
’ |
}
Y102  TilD  YIM Your T DELTA M " vine '
DEC.C DEG.C DEG.C DEG.C DFC.C DEG.C X1000 MOOS
118.3 115.6 59.0 39.2 119.72 9.3 IT7T37.5 0.3 0.99
e,y 1tr.z 50.0 59.2 1h1.2 9.2 1T34.5 0.37%% 0.085
1t7.0 1ir.% 50.0 27.2 I11.2 7.2 I7TID.4 0.577T9 0.11
1171 117.6 30.0 %2.2 111.6 9.2 1722.48 0.%P08 0.4)
116.7 W\ T7.T 50.0 59.2 111.4 9.2 17T28.7T D.5M% 1.31
116.9 117.9 50.0 59.2 111.3 9.2 1T32.1 0.57m9) 1.02
117.3 117.9 50,0 s9.3 jv.T 9.3 1T172.2 0.5™M 7T 2.10
116,88 117.9 50.0 59.2 118.3 9.2 ITZ7.9 0.9mM1 2.21



20840 0RUN NO 9, ,482000b0

174

SFII'A.TES OF RONOT MEAMN SQUARE STRATISTICAL ERROR IN THEPA NRAMETER

0.56ATI1 l.600ap
VOLTS12.60 AMPS 210. STIMATES OF ROOT MEAN SOUARE TOTAL FRROM IN THE PARAMET LIRS
_ n.02986 N.0R404
FERRIC OXIDE CONC (PPM) Japno, STIMATE OF RO,AINF,AND B8 IN PF=RINF I ,-EXPI-B*TINME])
- ! 0,00000 1.27709 1.32083
FLOW RATE 00,0910 KGS.M/SEC TIME CALC, RESISTANCE FITTED VALUE
HURS ((SO.M-DEGC/wAT 13 )X100,000)
PH26.9 . DISS.02 CUNC (FPPF) 6.4
_ 0.00 0.00 0.00
HEAT FLOW SUPPLIED 2886,0 MATTE 0.08 0.09 0.13
HEAT FLUX SUPPLIED 113421, BATTES/50.M n.21 0.30 N.314
0.53 0,62 0.64
TOR=TINLET 50,1 CEG C 0.70 0.69 0.77
DENSITY! 983.9KGS«/CU. M 0.82 0. 01 0.84
T DUTLET S56.5 DEG C 0.91 0.68 0.87
111 .09 0.98
AVG TEwWP %53_.% DEG C 1.21 .12 1,02
KINEMATIC 1.54 )10 1.11
VISCOSITYX100 0.0000%2 SQ.M/SEC LR 1«17 f.14
2.14 1.19 1.20
FLUID VELOCITY 0,989 M/SEC 2.20 1.15 1.21
REYNOLDS NO 2057%.6 2.32 1.22 fe22
PRANDTL NO J.T6 2.40 V.21 t.22
HEAT Ssypp 26468.0 wWATTS
HEAT TRANS 2588,0 wWAYTTS
HEAT LCST 58.0 WATTS
PERCENT HEAT LOST 2.19
HEAT FLUX TRANS 1109368WATTS/SQO.M
NUSSELT NO 10a,7
RF LM 0.182
RWALL 0.0%8
RTOTAL 0.240 30 . M~DEG,C/WATTS
LOCALIZED WALL TEMPEERATURES (DEG,C)
rio01 T102 1103 TiNA 105 Tine 1107 TinA T109 TIto TIN Tour ™ DELTA " n TIME
VEG.C DEG.C DEG.C ODEG.C DEG.C DEG.C DEG,C DEG.C DEG.C DFG.C DEG.C DEG.C DEG.C DEG.C X1000 fiouns

82.0 97«7 101.0 103.4
2.1 1on.1 100.8 103.4
B82.1 100.5 100.8 103.4
82.1 101.5 100.8 103.%
82.1 10,7 1DI.0 103.9
B2.1 1Int.8 101.2 103.6
n2.1 102.0 101,2 103.6
B2.2 102.2 101.6 103.8
82.2 10?2.3 101.6 103.0
82.2 102.a8a 101,858 103.7
B82.3 172.% 1919 103.7
82.3 102.3 101.9 103.8
82.2 102.4 101.8 103.7
82.3 102.35 (101.9 1031.8
A2.3 102.5 101.9 103.8

LOCALTI ZED FOULING RESISTANCE
rioi Ti102 Ti03 Tioa8

0.00 0.00 0.00 0.00
0.093 0.39 0.00 0.n0
N.09% 074 0.00 0.01
0,07 1.67 0.00 0.02
0.n2 f1.2% 0.8 0.07
0.08 1.97 o.20 0.21
0.09 2.07 0.26 0.2%
N.18 2.33 0.3509 0.37
.13 2.41 0.62 0.40
.18 Z2.4) Q.77 0.2T7
021 2.986 0.84 0,33
0.21 2.59 0.n8 0.33
0.7 2.08 o.T7 0.33
0.24 2.61 0.90 0.33
N.29 2.610 n.89 0.33

172.4 104.6 171.7 107.6 11i.5 1(09.3 S0«1 56.9 (0a.0
102.4 10s.8 102.9 107.8 111,99 109.4 50.1 56.9 1041
172.4 104.,6 102.2 109.0 111.3 199.7 501 56.9 104.3
102,.4 104.6 10l.8 109.4 111,39 109.9 50.0 S$%.7 10a.7
102.6 104,5 103,0 109.% 111,5 110.0 50.1 56.9 10a.7T
172.7 104.6 104.0 109.% 111.6 110.% 50.1 56.9 104.9
102.7 104,.7 10e,.1 109.6 111.7 110.3 50.1 56,9 104_9
103.9 1na.s 104.3 109.8 111.8 110.6 50.0 56.9 105.2
103.1 104 .8 104.4 1079.8 111.5 110.7 50.1 56.9 103.2
1031.0 104.7 104.4 109.9 111.7T 110.9 50.1 56.9 10%.2
1n3.1 1747 104.4 110.0 1118 111e.} 50.1 56.9 10%.3
102.1 10,7 104,35 110.0 ne.s  1te.d 50.0 56,9 103.3
103.1 104.7 104.4 110.0 111.%9 119.9 50.1 56.9 105.2
103.2 104.8 N0a.3 110.1 1.9 sttt 50.1 56.9 1093.3
103.1 104,.8 104,84 110.14 111.9 1111 50.1 56.9 103.3

1912.06 0,5229 0.00
190A.3 0,5240 0.08
1900.7 n.5261 0.21
19%4,.3 0.5707 0,.5%5)
189%.7 0.513 n.70n
18A1.3 D.5N3 0.n2
1878.1 0.%5325 0.91
1868.8 0.539%1 t.11
18e8.8 00,5351 1.21
1869.4 0.5 9 F«34
1087.% 0,5359 1.71
1865,0 0.9%2 Z2.14
1067-4 0.5359% 2.20
186%,7 0,.5360 2.32
1866.1 0.%9339 2.00

[+ - - - e - - - - I R - - - -
.
@@PIIIIATIASIIIAIDII~

{SOM-DEG.C/WATTSIXL100,N00
Y103  Yi0€ TIOT  ¥108 V109 THIO  TIN Tour RFM  DELTA M nror TINE
DPEG.C DEG .C DEG.C XxXyinm HNURS

.00 0,00 0.00 0.00 o.00 .00 50,14 56.9 0.00
0.00 0.01 0.29 0.1 0.0) 0.04 S0e1 56.9 0.N9
0.03 0. 01 0.43 1.29 0.08 0.36 50.1 56.9 0.30
0.09 0,02 1.67 1.80 o.o0rF 0.53 50.0 36.7 0.62
0.158 7.09 1.7 157 0.02 0667 50«1 36.9 .69
0.28 0.02 2.02 1.6T 0.12 0.71 30.1 356.9 c.ni
0D.30 0.09 2.10 1.01 o.18 0.23 5%«1 56.9 , 0.08
0.57 0.20 2.32 2.00 0.33 FelT 50.0 56,9 1.07%
0.62 0,22 2.38 2.01 0,36 1.27 50,1 36.9 112
0.%9 q.ﬂr 238 2«03 0.23 t-48 50.1 55.9 110
0.64. o.11 2.40 2.11 0.33 fi.58 50.1 56.9 t.iT
D67 0.13 248 2«11 LR L] I 60 59%.0 56.9 119
O.64A 0.11 2+40 2«11 0.33 1.42 50.1 56.9 f.153
0.71 .16 2.49 2.20 0,37 1.62 S0.1 36.9 .22
0.480 0.18 243 2.21 0.38 f.6a 501 56.9 121

1912.6 0.5229 0o.00
190n.3 0.%240 nD.08
1900.7 0.9%261 0.21
Inna_. 3 0,9527 0-3)
IBBAsS. 7 0.%303 0.70
tent .3 0,.3319 o.82
I18r8.1 0.95329 0.-91
18ée8.m 0.51351 f.11
I85s8.8 0.573%1 I-21
1889.4 0.9349 .58
1867.% 0.5739% =71
186%.9 0.5¥%2 2.14
1A567,4 0,5 3% 2.20
186%.7 0.9M0 232
1866.1 0,979 2«80

. . 9 L L . . . .

[~ I T - e S e . R . R N R W~
-
2203023 d@dCada@~



tAsr e e NOIO, 000000

VOLTS12«/0 A4PS5 210.

renalc NxIDE CONC (PPM) Yannn,
FLOW BATE 09,7917 K3S.M/SEC

o6 .9 D155.02 CONC (PPW)

6.3
HEAT FLNW SUPPLIED 2546.9 wWALITS
HEAT FLUX SUPPLILED 11342}, WATTS/SN .M

TOR=TINLFET SO, NFEG C
PDENSITY: 9A%.9KGS./CUM
T OUTLET S6,.9 nreG ¢
AVG TEMP 57,8 DEG C
KINCEMAT|C
VISCOSITYXIO00 0O,0000%2 SN M/SEC
FLUID VELOCITY 9.9A% M/SEC
PEYNOLDS NO 20S77.8
PRANDTL NOQ 3.768
HEAT Ssusp 2646.0 WATTS
MEAT TRANMS 25n0,.7 wWATTS
HEAT LOST 653 WATTS
PEGCENT HEAT LDST 2.a7
HEAT FLUX THANS 110622WATTS/S50.M
MUSSELT NO 10A.7
RFE LM n.182
ow AL o.,0%A8
RTNTAL 0.240 ST «M=DEG.C/WAT TS
LOCALIZED wALL TEMPERATURES (DEG.C)
T101 Ti02 1101 T104 105 TI04 1mnor
PCG.C DEG.C DPEG.C DEG.C DEG,C DrG,C UDEG,C
Q2.1 oA oc,0 101.3 100.0 10Da,? 101.8
nz2.3 1n0.5 9U.7 I101.3 12n,3 1na,7 103,0
82.3 1911 120,10 17)1.%6 100.T 174,6 103.5
2.7 101.3 100,31 101.6 100.8 1n0a.,5 103.7
A2.3 171.4 100.4 1015 177.9 194.6 173.7
N7« 102.0 101.0 101.9 101.5 DA77 1D4,2
2.2 102,01 101.2 10t.A 1N01.7 1na.8 104.2
92.5% 192.7 101.1 1021 101.6 194.A 104.2
n2.4 102.0 101.1 101.9 1D1.,6 10A,9 104.3
AZ2.4 102.9 191.1 102.7 1917 174.8 194,2
az.4 102.1 101,01 102.1 101.7 104a.A J0A.3
p2.4 102.0 101.1 102.0 101.0 104a.8 104,33

LNCALEZED FNULING

TLon Tio2 T102 Ti0A T1o0s 1Tios Tior
0.00 0.0N 0.00 0.07 0.00 0.00 0.00
0.0} 1,02 0,60 0.13 n.,33 n.0n 1.06
729 .61 N.27 0.2 N.hA 7.7 1.%3
0.0n 1.77 1.16 0.268 .77 n.no 1.70
0.n2 1.06 1.27 N.10 N.85 V.21 1.78
0.05 2.40 1.78 0.51 1.41 n.03 2.16
n.oo 2.46 1.99 0,42 1.61 09,00 2.16
7.15 2.41 .88 N.65 1472 0. 1% 216
0.09 2.81 1.9 0,32 1.51 0,15 2.27
N.N9 2.42 t.nn .62 1.54 2.7 2.16
0.10 244 1.89 0.6% 1.58 0.13 2.27
0,10 2,02 .07 0.64 1.62 n.13 2.27

Tion
DEG .C

108.2
107.4A
107.Nn
110.0
112.9
110.4
117.2
110.3
hio.)
117.3
110.4

NESISTANMCE (SQ.M=DEG.C/WATTSIXI00,N00

Ti100

0.00
1.04
1-41
’.5'
1.55
2.71
1.92
1-.85
1.92
1«94
1.96
1.7%

STIMATES OF

RONT MEAN SOjAaQr

175

STATISTICAL EPANA IN TIFMrA DAMETER
0,40626 f.In51N
STIMATES OF ROOT MEAM SOUATE TOTAL pFnenn 1M THF PARAME Y 1as
0.03203 0., 10764
STIMATE NF ANLAINF,AND N IN RF=RINE ((| .~EXP{-A*TI4E )
0.00000 t.a27ns 2.21162
TImE CALC, MES I3TANCT FITIFD VALUF
Hyuas ((SN.M=DFGC/WATTSININD 0D 9)
0,00 0,00 0,0n
7.2 7. 52 0.A7
0,.1a n,79 o, 71
D.54 7.09 nN.95
0.75 0.793 .11
n.92 1,31 1.21
1.5 1.27 1.26
t.20 f1.3% 1.39
1.50 1.37 138
1.92 1. 36 1.40
2.15 1.4} 1.41
2.37 1. 42 142
T 00 TN TIN Tour T D2ELTA " -] LB B L b
DFG.C DrG.C TFG.C DEG.C QOFG.C NFG.C FI™M0D  ununRs
1. 1N7.9 50.1 56.7 103.2 .0 19%),0 7.5152 .00
|'|-|‘ 1ne.” ':lﬂcl 5h.8 173.19 Ce7 |QIBO" ’-5?‘? 1-2'1
1M1.0 1771 501 55.08 104,10 h.D 17208,2 0.5240 0.3
111.0 1n9.A 50,1 56.0 104,2 GC.N 1903 .0 00,5291 0.56
1112 17"9.7 501 56.0 174.2 G0 17202.5 0.%5256K 0.75
1i.3 110.5 50.1 56.% 104.6 6.0 19R7,7 0.5297 0.92
111.0° 1Hin.nA 50.0 56.8 174.6 G 1BAT.H 2.5279 129
1115 110.5 S50.1 56.9 104, T .0 IN24,3 0.50M7 1.20
11,0 i1o,.s 50,1 56,9 104,7 h.A 1974, N_.5306 1.50
.5 117.5 571 569 178.7 . 1A0S.0 D.510% 1.92
ttl.5 110.5 50.1 36.9 1ne,.7 5.8 1883.3 0.5 0 2.15
1h.s 110.4 517.0 56.0 i72.93 G 18917 N.S531 4 2.7
|
1109 THi10 TIN TOUTY Pr DEILTA " PIDT TIur
nrGg,.c DEnG . C DEf.C 1703 MUY
0.0 0.00 0.1 55.7 0.n0 6.0 19240,0 0,%152 0.00
0.0 n.70 30.1 sa.Nn 0.5%2 KT 191M. 0 .5212 2.2
o.no 1.A7 501 SheR 0.1n 5.0 17098,2 0.5240 0.3%
0.00 1.3 50,1 56 .8 n.nv 6.0 1703.8 0.%5251 0.9
2.1 t.77 571 5h.8 7.93 6.8 17272.%5 2.5256 0.75%
0.17 2.%2 30.1 56.7 1.3 .0 1AR7,.T 00,5277 0,92
0.Nno 2354 N0 5he9 fe2T 5. 1887.6 D.5299 1.0% .
0.31 .30 50-1 56.R8 .36 6.8 1ARL,.3 0,597 1.20
0.30 2.34 5N, 1 56,9 1.37 6.0 1ABL.A D. SN 1.50
2.3} 2.32 571 SHh.7 1388 A.A INAS.DY N.53I0% 192
0.3 2.3 50.1 56.9 .21 6.5 19%31.3 0.5 0 2.13
D.4n 2.37 50.0 56H.9 142 6.8 1ARL.T7 O.531 & 2.37



thobbe i UN NODL L, %0000 e

VOLTS12.60

FEMIIC OXTODF CONC (PPPM)

FlLUW¥ RATE N.N9172

PHIA .7

HEATYT FLOW SUPPLIED

AMPS 210.

2400

KG S« M/AGEC

N1ISS .02 CONC (FPM)

HEAT FLUX SUPPLIED

AVG

TOR=TINLFTY
NENSIEITY!

TEM? 53,4
KINEMATIC
VISCOSITYXINO 0O,00NN82

50,0
Y06 IKGS/CU M

2646.1
113421,

nATTS

6.'

WATTS/S5Q .M

T DUTLET S6.9

NDEG C

FLUID VELODCITY 0.9A% M/SEC
QEYNIW.DS NO 2036/0.1

PRANDTL HO .76

HMEAT SuUPP 26A6,0 WATTS3
HEAT TRANS 2628,.7 WATTS
HEAT LOST 17.3 wATTS
PEFRPCENT HEATY LOST 0.69

HEAT FLUX TRANS

NUSSELT ND

ariL-
RwALL
RINTAL

LOCAILTIZED WALL TIMPERATUHES

Tint
NEG,.C

1l1.Nn
UR I

AL.o

al,.9
42.0
a2.1
g2.1
az2.t
92.2
82.2

LUCALTZEN FOULING RESISVTANCFEF (S50.4M=D7G.C/WATTSIX|00,0N0

ot

0,00
Y01
0,27
D.NG
N.20
N2
L I
.25
NN
.25

Tin2
NDEG.C

102.73
1n>2 .6
122.90
102,9
173.3
103 .4
103.3
1n3.4
10,6
173.5

Tio02

0,00
.33
0.51

761

0.no
0,99
.97
1.00
t.15
.10

0.1R2
0.058
N.240

T10)
DFEG.C

102.7
loz'ﬁ
172.0
toz2.n
113.0
103.1
1021

1723.2
103,13
123.2

T10)

0.00
770
0.9
0.1%
0.3a
0,307
7.A42
0.47
0.5N0
0.493%

LI2ATONATTS/S0.M

iosa.8

SOA«M-NEG.C/WATI1S

T104
NER.LC

103.7
103.7
123.8
103.9
19%.9
104 .1
1na. it
104.10
104,2
17,2

TinA

0.0
.22
0.1
N. 11
Ne27
0,.'"3
7. 33
0.42
.52
0.9

(DFEG.CY)

T10S
NEG.,.C

tnl.n
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J.m 1337.9
J.® 1380.0
1% 13310
.8 133010
Je® 133012
Je? 1330w
3% 13)0.»
3.7 13)0.0
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P.731)
Q-F31
o.M A

Frup
HOoumy
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CENE RN ANIUN MO G, A0 0000 0
voLTYsti 2. rn AMPS 213,
FERARIC OXIDE CONC (7PM) 2400.

FLOA RATE 0.0805 K5S5,.,M/7SEC

Ld AR T | DI53.02 CUONC (PPN}

HFEAT FLOW SUPPLIED 270%.1 WATTS

5.2

HEAT FLUX SUPPLIFED 1159854, WATTS/50.m

TUR=TINLETY 0.0
DENSITY: 9AS . TRGS,./CU .M

T OUTLET S5T7.7
AVG TEMe 53.8 DEG C
KINEMATIC

VISCOSITYXI100 0.0000%2

FLUID VELOCITY 0,372 M/SEC
NEYNNLNS NO 1A31S5.6
PRANDTL WO 3.7a

HEAT Supp 2705.10 WATTS
NEAT TRANS 2593.% WATTS
HEAT LOSTY 109,86 WATTS
PEUCIFNT HEAT LOST 8,195

HEAT FLUX TPANS (1128 7/wATTS/S0.M

NUSSCLTY NO 95.59

nFILM 0,199

RwALL N.N58

RYOTAL 0.258 SN ., M=-DEG,C/VATTS

LOCALIZED WALL TFMPERATUNES (DEG.C)
Tini Y102 1103 T1NA 105 TI06
DEGC DEG.C DCG.C DEG.C NEG.C DEG.C

ne,6 110,.2 10A.6 107.4 109.7 111.5
Pheh 110.6 1N09.0 109.7 110.1 1i.s
nn,r t1o.A2» 109,.1 107.2 110,3% 111.8
6. 0 119%.2 1793 117.7 117.9 112.92
AGR.Y 111 .Y ton.6 110.2 110.7 1iz.2
na, !’ 1t1.1 1N7. 4 11n.1 1inN.5 112.0
na.7? 11t.l 109.6 112.2 110.6 112.0
86,9 1,2 109.6 10,2 1n.n 111.2
Ahe T 1tal 1n9.4 117.2 1.4 111.9

LOCALTIZFN FOULIMG RESISTANCE (50 ,M~NDEG,.C/WATTS)IX100.000

Ti01 Tin2 T19) T174 T Tias
e N.nn n.)11 2.7 .09 7.0%
.02 n.29 n,ar 0.24 0.3 n, 06
0.10 D.%0 N.AD 0.42 047 nN.28

0.2 0.6% D.AT 0.5N0 0.6T D.A3
0.27 0,90 0.92 0.76 0.6 D.%A
NT.1C Nn.7T7 N.T?2 N.%9% n.69 7.4%3
0,2¢ 0.79% o.nr 0.5 o.v0 e A6
0.19 n.n6 N2 0.9 N.TH Na. 16
O.14 O.77 D.75 0.9Y 0.Nn3 0.1

DEG C

DEG C

SO .M/SEC

Tior
NEG.C

LI
12.1
1M2.3
112.4
1na2.r7r
112.9
112.6
112.6
112.a

Tmnr

"-"q
0.37
N.s2
064
0.9
7.%58
0.77
7.00
0.2

Tion
NEGC

117.9
117.3
117.6
f17.9
120.1
127.0
119.9
t19.8
119.”

Y178

n.nn
0.2
0.19
o.n2
1.00
N.921
0.n6
0.71
o. ’9

STIMALIFrS OF

2.764T7
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RONT MEAM SOATE STATISTICAL ERPPON 1M THEPA NAMET R

ROOT MEAN SOUARLD TNTAL FRONRAR 1M THE DAQAMETY s

CALC, RESISTANCE

D.27N560H

IN REE=RAIHC (| ,~EXP (=Rl [4E )
5.A5979
FITTED VAILUE

T« 72504

(SO, M-DFEGC/wWATTS)IX¥100,N001}

g,00
0. 26

" 0. AS
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NnEG.C

57.7
5T.7
3T, T
5T.7
37.0
5T. T
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5T.7
37.T
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3r.r
Sr.r
qr.r
3T.T7
G9T.R
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Sr.T
5T«T

0.7ANA7
STIVATES OF
0.07461
STIMATC UF ROJRINF,AND I?
7.77999
Ti~c
HuUns
o.on
N.13
0.20
0.25
R
0.60
N.79
1.01
1.25
TyIno 1110 FIN
DPEG.C NFG.C ODEG.C
11%2.4 1722.T7 57.9
iteo,s 121.0 50.0
119.0 121.2 50,0
12n.1 121.9 50.0
120,23 12%.8 50.0
1271 121.7 57.0
120.,2 121,7 50.0
120.1 121.8 50,0
120.0 121.8 50.0
172 T1LD TIN
NDFG.C
7.7 7.0 50.0
o.on 0.32 57,0
n.34 .92 57.1
.90 0.7 5N.0
0.7 1.00 50,0
LT Y 0.72 5N0.0
0.6T 0.9t 50.0
7.67 1.72 377
0.358 1.00 50.0

$7.7

0.63
n. 082
0.60
N.73
0. 71
0.62

112.4
tr2,.7
11z.n
Er1Y.1
113,08
t13.2
Tt3. ¥
t13.2
LI I

rrv

0.00
0.26
T.4%
N.6)
.14
0.600D
o.T3
.71

0.5

NELTA H
nee .c

6 1657.3
T Inhanm_n”
r 16A3.2
T 1637.9
n iI6lIZ.\
T
r
n
T

.

163/8.2
1635.1
1635.6
1639, 4

N W NN Y NN NN
L]

prLee "
DEG.C

T-% 1AS57.3
T.T In4as . .n
.7 I»na3.2
T.T 1637.9
TeB 1632610
TeT IG3G.2
T.T 1/35.1
T.A I”n3I%.6
T.7 1639,.4
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0. 70
N.72
0.72
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TeH34
0.A0%5
D526
0.6109%5
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7.6112
0.K1I16
g.n/11N
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0.n0%
7.60045
N.07T5
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05112
n.611I M
DH1T1 A
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TIvre
HNuas

7.2
0.113
n,2o0
0.25
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1«26

TIME
Hnouns

0o.n0
0,13
2. 29
0.29%
0D.40
0.60
0.79
1«71
1.268



EESS PPN NI T, b sabew

vyNLrsSt1.70 AMPS 10A.

FrueIc UXIDE CDNC (im ) 2ann .,

FLLtim DATE N.NT2Y KGSeM/SEC

NISS .02 CONC (P§14)

PHIA,2 Sa !
HEAT Fi.Ow SUPPLLIED 21 7H,.2 ®mATTS
HWFAT FLUX suppiLlED 93293, WATTS/SN .M
TUR=TINLFT S0,Nn NEG C
NENSITY: QAR IKGS+/CU. M

T VUTLEY 35,4 DEG C
AVG TEMP 53,7 DEG C
KINCFMATIC
VISCOUSITYXINDOD O0,N0NN%] SO MISEC
FLUID VFLLCITY 0,885 M/SEC
PEYNOLDS N 1 77720.5 &
DHANDTL NN .70
MEAT Suvp 2176,2 WATTS
MIFAT TRANG 2127.,.2 WATTS
HEAT 1.1IST A9.0 WATTS
BERPCEMT HMEAT LUST 2.:25

HFEAT FLUX TRANS QUIAIWATTIS/SO.M

HUSIELT ND 93.1
FPF LM 0.209
wALL 0,N5%R8
NTOTAL N.263 G0 «M=DEG.C/WAT IS
LOCALTZED WALL TrMPENATURES (DEG.C)
Ti101 Tin? 110} TI0A 1105 T106 nor
DFG.C DEG,C DFG,C DEG,C DNEG,C NEG.C DEG.C
r7.2 092.8 1.2 90.6 0.0 73.4 9A.0
y 2 PR 33,2 2M.6 91,2 a0,A 23.9 95,1
r7.a 23.4 1.9 91.5 Dlie 3.6 9%5.3
77.3 97.4 91.9 M,2 91.1 3.4 925.2
T7.8 930 92.2 91.5 91.5 23.5 95.6
TTe 293.0 . 92r.1 921.R 9).? 95. 8
g [ 3.9 92.6 92.1 21.9 93,6 95.4
Tre.? 91.9 92.0 92.2 21.0 73.4 9%5.95

LUCALIZED FOULIMG BESISTANCE (SQ.M=NFG.C/WATTISIXINND.NOO

rio

0.00n
N.Na
n.1"
n.nn
Nelh
0.12
N.12
n,00

tio2

n.n0
N.1)
0,048
n.nsA
1.7
1.11
1,17
1.2%

T103

n.0o
N.a0
0.74
n,r2
1.04
1.44A
1e%)
1.7

Tios

0.0
N.6%
1.0
o.rn
1.02
1.%%
1.792
1.n1

T10%

0,01
7.5
0.79
.91

(.29
1.47
t.72
1.77

Ti0e

n.0o
N.A2
.17
n.nn
0.10
n,o0o0
.15
o.0n

Tror

0.00
N.24
0D.40
0.4)
Q.77
0.59
.53
o.72

Tiona
DEG .C

99.2
F?.5
27.7
99.5
100.92
99.9
.7
97.9

rions

0.00
n.32
0., 5T
0.3R
0.19
0.7
N.5%0
0,72
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STIMATES OF PONOT MCAM SOQUIATE STATISTICAL FPEDRP [M THEPA NAMETER
0.N7067TH 2.41202
STIMATES r RONT MEAN SQJIART TNTAL FREQOA Y TiI€ DARAMET imns
0172911 1,3%5041
STIMATE UF RORINF,AND B IN NDE=RINF (] . ~FEXD(-NeTINE )
N.73799 le271 02 2.15520
1 1 MF CALC, MESISTIANMCE FITTFD VALUE
HUMNS (SO, M=DEGC/WAT IS IX|INN,DND)
0,00 0.00 0.920
n,ns N.A3 N.17
n.33 0.6% 0.53
D.51 n.50 0.71
DT«T9 7.83 1.83
1.07% 0.96 a.97r
1.33 1-0a 171
ld"g I-O'? '005
|
Tio? TiIO TiW Tour L DEL TA " L TIvE
DFG.C nreG,.c 27€G6.C NFEG.C NEG.C NCLG.C riomn mmuns
99.1 9%.h 2.9 56.3 93.9 GC.4 1954, 7 00,5116 0.n0
97.4 inn,3 47 .8 SheA 9a.] 5.5 19234,2 A,.517T" 7.7N0
Q9.7 1IND.5 50.0 ShHheA 94.5 6.4 1931.8 0D.517TA [ s |
99.3 1no.,.s £§9.9 S5Hh.% 9e 4 6.5 1935.6 N, S156 0.%1
975 innN.7 47.9 56.8 94,7 Ned 10920.8 0.5207 0.T70
9.7 101 .1 50.1 96.4 94.8 5.3 19219.7 n,52979 1,09
9.9 101.1 49.9 56.3 94.9 NheS 1797.3 H.5218 131
99.7 121.2 %50.0 S6.4 94,9 HGe.A 19212.8 0,972R8 .08
]
]
Tto9 T1to0 TN Tour BFY DCLTA " nravY TI™F
ncG.C NDrs.c DEG.C x| MNuns
o.no 0.00 47,9 56,17 0.n0 G.A 1793, 7T 0,511 A 0o.NnN
nN.\s .09 A7.R 564 T.41 Geb 19347 0.S17T0 o.on
D,6a n,.90 50.0 55,4 o.n" G.A 1931 .8 O,%176 0.1
.22 0.8 7.7 6.1 NeSH" C.% 173%5.6 2.%5158 T.%51
N.an 1.31% 47.9 55,4 0.n) H,A 19204 D, ,5207 n,70
LY | 1.00 30,1 565.4 n,7%5 6.3 19219.7 0.5239 1.09
TIHA I 667 47.9 56.3 1.N4 .5 1909.3 0.523¥m 1.1)
0.az f.0nN 50,0 G568 1.n9 fi.d 1712.8 0,57228 1.7n%



srataRARUN NNIK, sesnasd

voLTS12.80 Aaps 225,

FEPR]IC OX1DE CONC (o] 2400,

FLOv RAYE 0.1270 K55.M/SEC

PHIG .2 01565 .02 CONC (PPM| S.2

HEAT FLDv SUPPLIED 28%2%.0 wATTS

MEAT FLUX SUPPLIED 123a51. WATTYS/SU.M

TOR=TINLET 50,0 DEG C

DENSITY: SB6.8KG5./CUs M

T OJVILET 55,3 DEG C

AVG TEMP 52.7 peEe C

KINEMATIC

VISCOSITYXIND N, 0NnNY%3 S2,M/SEC

FLUID VELOCITY 1.375 M/SEC

PEYNOLDS NO 2Bla6,T

PRANDTL WNOD 3.B2

HEAT SuPP 2An0,0 wATTS

HMOCAT TEANS 2R4a6,1 waTTS

FIEAT LOST 33.9 wWATTYS

PERCENT HEAT LOST 1.8

HEAT FLUX TRAYS 12197AWATIS/SO.WM

HNUSSEL T NOD 1315, 2

nrEILY D.181)

PwALL 0.0%Y

RTOTAL NeZ21H S0 M= DEG.C/WATTS

LOCAL I 7EN WALL TrMPI HATURES (NEG.C)

1191, 1tin2 TIN} Tins T10% TIDG 1 07 Tion 1109

PEG,.C DFG.T prg.,.c DEG.C DEG.C DEnG .C Gc.C DEG .C peG.C
AA, K 105.7 103.9 10%5.4 105.1 100,48 107.3 116.% 11%,7
Ba, 7’ Ins,.3 103.9 1ns.3 1n5,.1 1R ,9 107.5 116 .9 1M16.7
LI 17/5.4 178, N 1754 173.2 1on.n 1076 117.9 1167
Ba,7’ 10 . " 1nA, A 105.6 105.5 10n,9 ioB8.0 117,2 116,92
AALY  I06.A8  17%.3 19%.6 175.5 179.7 128.1 117.4 116.09
AA,.7 105 ,A 104A .4 105.A 105.95 100 .9 108.0 117.4 1Hr.n
a4, 10 INA,A  INA.S5 105, 7T 195.% In1,.0 108.1 117.5 11 7.0
BA.A  1N05.9 17%.A 10%.7 105.6 100.,0 10R.2 117.5 117.0
AA,T 104 .8 I1NA, % t0n .5 InNs.s 108.7 108.1 117.5% 1s.7
na, 7 1NDGa7T 1NA. A 195.% 1N15.4 178,7 190.0 117,2 116.0n
mA R Jo7.0 104a,A Ins,r 105, 0 InA.9 108.2 117.6 11 7.0

LOCALT?ED FOULING PESISTANCE

Ti101 Ti02 TIny TiINA
0,nn 0.0n0 0.no0 n.no
N.99 VeAR N.19 0.00
n,n 0.61 0.1 0,03
0,77 1.91 N.AA %17
0.0% .72 0.3n 0.0
n,7p 0,71 n.aa n.23
1.2 7.91 0.48 0.27
0.0 1.01 n.%6 n.z2n
e .73 n.4a9 N.22
o.,no 0.R1 0.48 0.12
n,n?r 1.09 0.5R 0,29

(3N .9=DEG . C/WATTS|IX100.000

T10% Tins T107 Tion T nn
n.nn n,o0n D.N0 0.0NnNn o.nNN
0.N0 0.0% O0.12 0.21 0.04
o.nr 0,0% n.26 0.15 0.17
T7«%1 L N+AN N.57T N.2)
N.27 0.12 0.61 0. TA 0.24
.32 Al Na.HO 0.71Y nN.2A
0.35 Nel2 D.64 D.17 0.29
0.41 0.13 0.72 0.7n n.2%
N.33 L P L] N.6) ND.TH Na.248
N.?% 0,00 0.5%7 0. 931 o.11
Naal N.09 N«.69 NeRA n.2?7
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STIMATES OF WNDT MEAN SOUARE STATISTICAL CRROR 1IN YTHEPA
0.01079 4,15404
STIMATES OF ROOYT MEAN SQUARF TOTAL FOEPNR N THE OARAWMETY
n."199] N.Z22T TR
STIMATE UF NNL,RINF ,AND A IN DF=afNF (] ,=-EXxP{=11¢ TIME)
n,nonNnoo D.ATPS? A,0102]
T ImF CALCs RESISTANCE FIVYIED VALUE
HUR S (SO . M=DFGC/WATIgIXINND,.0D00)
n,on 0.00 0,00
n.ton n.11 0.1%
.17 0. 21 0.23
n,ar 0,42 0,37
M. RT T 44 n.a?
9.7 0,45 0,45
1.1 0,49 D.A7
1.31 De 852 D.a7
I8l 0,45 0.AT
1.75 N. 3% N.AT
1.71 0,53 0. 8T
Tiio TIN Tour ™ DELTA H ” AR 13
NEGL.C pDrEG.C NEG.C DEG.C DEG.C xX|1nn -HHUPQ
117.8 50.0 55.7 1on. 7 3.3 190%,2 0.5249 , 0,Nn0
11a.n  %0.0 55.3 1nA.% 5.3 1971.9 n.5257  Aa.19
118.3 12.0 5%.3 108.9 5.3 1e°o7.1 0.52r1 -‘0-|7
1Aa,"n 4A7.9 55.4 109,.2 S.4 18A9.,5 00,5292 07
11A.A 59.Nn 55«4 179.2 5.5 18R, 0 0.5294 . Qﬁﬂ?
1Mo.7 50.0 55.48 1079.2 S.1 1RAAR,.3 0,5296 9,07
118.7 50.0 55 4 179.3 5.5 1AAT.A 2.%5297 1.11
11Aa.7 S0.0 55.A 109.3 5.4 1PR6.0 D.502 1.31
1tA.9 50,0 $5.3 109,2 S.3 IBAT,.7 00,5798 1.1
118.7 57N 35.4 109. 1 5.4 1R92,A 0.8520) -';7‘
118.n 49,9 5.8 109.3% 5.9 18RS .4 D.5N4 deS1
TI10 TIN TnuY R PELYA “ nynry THur
DEG.CT NFEG.C DFG.C xX1o0no HOU™ S
.00 S50.0 55.13 N."1 5«2 1917%.2 N.5240 7.1
0o.1N 50.0 55.1 .11 S.31901.0 0.5250 0.10
N,ah 50,0 55.3 0.2t 5.3 1R97.1 Nn_.5271 n.17
.90 A9.9 55.4 Ned? <.A 1ARD,S 0.%207 0. 217
0.65 50.0 15.A D.44 S.% 1889,0 0,529 0,7
N.TA 5.0 55.4 N5 5.4 VARN,3 N.523h 2.7
0.71) 0.0 5.4 0.458 5.5 1un’.8 0.5797 .11
n.T7 0.0 n5.4 0.52 S.4 18906.0 0,52 1.1
N.nK 5.0 5%.3 0.45 5.3 |AAT.T7 D.%290 1.4
0.T73 50.0 55.4 0.3% %.8 I1A92.0 0,520 1.75
T.03 49.9 55. 4 N.%3 S«® 1AAS. 4 N,.TI 1.21

RAMETERN

7S
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SeseP e SAUN NG, %t easb e STIMATCS OF RANOT MCAN SOUARE STATISTICAL EPMOR IN THEPA  RAREY
0.05110 31.69019
STIMATES OF ROOT MEAN SOUAHT TOTAL EFRUN IN THE PARAMET 1MS
A" MNP ?2? b
vOLTS1 2, AMPS 220, . 0.076RS n,313314
STIMATE OF ROLAINFL,AND O IN NF=RINFII].~EXO(=DeTIME)
FERNIC DXIDE CONC (0nM) 2400, 2 2
€ c 0.00000 0.%5043 4.93732
Tim
FLOW RATE 0,1000 KGS.M/SrC e . o oLy SENVSEANGE FITITD VALUE
HUR S ((SA. ¥=NCGC/WATTSIX]INN DN
PHI6. 1 DISS5.02 CONC (PPM) 5.2
0.00 n.oo 0.00
WEAT FLOW SUPPLIED 2A16,0 wATTS ;‘:; 7. 31 n.29
HEAT FLUX SUPPLIED 129778. SwATTS/S0.4 . 0. 36 0.32
n.3r 0.aa 9.486
TOR=TIM FT SD.0 DEG C z‘:: :'3‘ 0.50
NENSITY: ORG.OKGSes/CU.M l.ls - 82 0.52
! DUTLET 56.7 DEG C . %4856 9.35
1.28 0.62 0.55
AVG TEMP %3.3 DEG C :';? NsGA 0.55
CERERA T . 0.51 0.5%
VISCNSITYX100 0,0000%2 50 .M /SEC
FLUIND VELNCITY 1.0RA3  M/SEC
REYNOLDS NO  22566.3
PRANNDTL NO 3.r?
HEAT sunrp 281640 WATTS
HEAT TRANS 2784,0  WATTS
MCAT LOST 12.0 WATTS
PERCENT HEAT LOST 1.14
HEAT FLUX TRANS 119336WATTS/S0,M
NUSSELT NO 112.8
BEILM 0.167
BWALL 0.058
NYOTAL 0.227 50 .M=DEG,C/WATTS
\ LDCALI PED WwWALL TEMPERATUMES (DEG.C)
T1nl ITLE Tin3 Tina 1193 1106 o7 TN TI99  T119 YN Tour ™ DELTA  H ) YIvE
DFG.C DCG.C DEG.C DNEG.C DFEG.C DEG.T DEG.C UDEG.C DOFG.C DEG.C DEG,C DEG.C DEG,C DFG.C X1000 HNURS

05, ] 113.9 In7.8 179.53 f19. 6 1. 111.4 120.0 119.0 122.3 50.1 S6.6 112.0 6.6 IL7T7TA.T 00,5629 0.0¢0
L 110,59 1068,1 108, T 109.0 111.3 111.8 120,48 119,99 122.5 %0.0 56.hH 112.4 6.6 17T665,0 0,9652 o.n9
Rte A 11nh.9 10R,2 1n9.7 109.9 111 .3 1119 127.4 119.5 122.7 49.9 56.7 112.5 G«B 1764.2 N.565N N.18
RA. 5 111.0 109.3 10A.8 109.1 11l .s 1"Mi.9 t120.7 119.5 122.n 50.7 56,7 112.6 6.7 1761.1 00,5678 0.37
N6, A 10,7 108,1 10A,6 1"8,9 11,2 1.7 120.4 119.6 122.7 30.0 56.6 112.4 6.6 17560 N.56%3 N.57
Rt S 111.1 178.5% 199.7 179.2 111 A 112.0 120.6 1va.7 122.7 50.0 56.7 2.7 6.7 1TSS.4 0.56A4 0.61
AL, S i,z 1oa,6 109,9 103,.0 111.,.4 112,2 120,7 1MM9,7 122.9 50,0 s6.8 112,.7 5.0 1759.,5 n,5A313 1.18
Ah. S 111 .2 10«6 107.9 179.4 111 .4 112.2 127.7 119.R 123.1 50.1 S6.7 112.8 6.7 1757.2 N.5691 .20
L LaPN ) 1t1.2 10B. 6 107.0 109,a 111.5 112.2 120.8 119.8 1?23.1 9.9 56.7 112.8 6.8 17T55.1 0,.5620 1.49
ne, 7 11,0 10,5 108,9 1ne.,3 111 ,.4 1za2,o 12n.5 119.7 t123.n 50.0 56.7 112.7 6.T 1 T7T59.7 2.56713 1.71

LOCALIZFND FOULING RESISTANCE (S0.M-DIEG.C/WATTS)IX100,000

7101 Ti102 T102 1104 ryos rior Tinr Tion TIne TN TN Tour RFEM DEL TA “ rRYOY LR A 13
DEG.T PNEG.C DEG.C xXtom HOoUR S
0.n0 0.00 n.oo 0.00 .00 0.00 0.00 0.n0 n.on n.nn 30.1 56.6 o.00 .6 1TTH5,.T7 D.3629 n.NO
2.26 T 486 7«26 N.2) Te2¢F 2.22 .29 N.20 N80 T16 37.9 56. 6 0.31 o 1766.0 0,567 0.0
D.724A 0.,rs 0.31 0,21 0,30 0.20 0,3% 0.3 0.a3 0.5 49.9 56.7 0.36 6.0 17ha .2 N,896L0 o.18
0,30 n.n) 0.37 n.2r 0.J3r 0.27 0.37 N.56 n.s1 Ne82 317." S6. 7 .44 6.7 1 761.1 N.S6TN n.37
Ne2h .66 0.26 0.15 N0.2% LI L 0.24 0.31 D.A4T 0,38 50.0 56.6 0.31 A.H6 17T65,0 0,553 0.%50
0.3% 0.91 0,55 0.37 0.%0 0,26 0,51 D, 40 n.57 0,56 "0.0 56.7 0.52 6.7 1759.4 n,%56048 0.61
.37 1.123 .69 n. 47 7.313 V.29 .63 N.%6 n.61 .47 a1.n 56H.1 0.5%06 A.A 1T759.5% 0.36n) 1«1%
0,38 1.07 0.66K 0.413 .62 0.28 0,h3 0. 51 0.69 0.70 j0.0 s8.7 0.52 6.7 1 757,2 0.5691 1.2¢
n.al 1,01 n.oT D.46 N.64 0,37 D.n3 D.61 n.AR N.kN 49.9 56.7 LR N 1 78S.1 9.9569N0 1.%49
0.47 N.A7 0.56 0.31 n,s52 0. 27 D.48 D.43 0.A3 0.63 50.0 %6.7 0.51 .7 17%9.7 0,9691 1.7



SesseeREnt MNUZN.*e e bk

VIR TS12,H0

AMPS 220,

Frralc DXINDE CONC (PPM) 2400,
FLOW PATE 00,0750 XGS.M/SEC
LR | piss,.N2 CONC (PPW) S.2
MEAT FLOW SUPPLIED 2816G.0 MATTS
HEAT TLUX SUreLlED 12070A. WATTS/ SO M
TAN=TINLFE! 4%9.9 DEG C
DENSITY?: 7RAS5,S5KGS./CU.M
Y NOYLEY B8,5 DEG C
AV(G TEMD 54,2 DEG C
KINEMATIC
VISCASITYXIA0 09.730952 SO0 «M/SEC
FLUID VELDCITYY 0.A13 M/SEC
PEYNOLDS NO 1 71T73.9
PHANDTL NO 3.71
HMEAT Syupp 2R16,0 wWATTS
MCAT TRANS 2691.1 wWATTS
HMFAT LOST 125. 9 wWATTS
PEFRCFNT HEAT LOST 4 ,AT
HIAT FLUX TRANS 1IS3I0OOWATTS/SN.M
HUSSTLT NOD 90.8
PFILN 0.210
RwAlLL 0.058
ATOY AL 0.268 SN«M=DEG.C/WAT TS
LOCALITZTEN wWALL TEMPERATURES (DEG.C)
TY01 Tio02 Y103 T124 1105 Ti0¢ TiLo7 Ti0n
DEG.T DEG.C DEG.C DNDEG.C NEG.C N"%G.C DFG.C DEG.C
eq,? 115.0 112.7 112.6 113.3 11a4,9 116.3 123.8
AB. & Ms.3 112.9 112.7 113.9 11%.1 1168 123.9
AR,S 115.5 1131 112.8 113.7 11%.1 116,06 124,0
AR, 11S5,7 113,2 113,.0 113.9 115.3 116.8 124.3
AR.S 115.7 13,2 112.92 113.8 115.2 1167 124.2
AR, T 116,0 113.% 113,2 114,11 11S5.4 117,00 12a,8s
sn. T’ 114.2 113.7 113.) 114,313 115.5 1M7.2 128 .7
AB, & 116,0 113:.9%9 7T13.) 11a,1 115,13 117.0 12A.,95
AR, T 115,99 113,46 1131 11a4.n 115.4 117.0 124.3
BB.5 115.8 113.2 113.0 113.9 1153 1168 174 .4
80.% 116.0 113.5% 1.t 14,1 115,44 1r.t 124 .4
BB. 5 116.7 113.4 1131 114,00 115.3 117T.n 124,.5%
88.% 116.0 113.4 113,.1 1A, 0 115.3 11T7.0 124.%
AN.S5 116,00 113.4 113.1 114,0 115.3 1t7.0 12a.8
LNCALTPED FOUA ING REZISTANCE (50 ,M=DEG ,C/WATTS)X100,000
Ti0) TIn2 Ti10 TIn4 T11% T19A Tnr 1190
0.00 n.nn .70 N."" N.721 e NNn 0.0
0.14 N.29 0D.12 0.05 0.13 0.0n o.11 0.05
0,22 0, aa n,?2AR n,19 0.?0 nN.156 0.26 0.17
N.27 .66 n.4) ¢35 N."5%5 0«20 D.40 0.A]
n.22 0.6A 0.40 0.30 0.37 N.22 0.37 0.3%
0.139 n. 99 T.66 %.%1 0.A5 .49 LT NeSS
0.4? 1.0 0.A0 0.NhS 0o.7h .50 0.7T6 0.3
0.13 n.n% N.5S 0.48 N.66 N, 3 Netd Nn.A1
n.1° n. DI n.%A 0.4% 0.%% 0.3% 0.2 0.41
0,20 D.T7A 0.4% 0. 34 0.4 0.720 0.A3 0, AR
LI 1 nN. BA NeH 9 T. 4% N.67 N7 N.68 N.%1
D.2" 0.A8 n.57 0,42 0,51 0.3 0.58 0.64
0,29 0,91 nN.6 1 0,AT 0o.60 N.34 0.0h1 0.65
NDeon nNn.no9 N.%4 D.808 D54 0.2 0.5%8 0.7

TH09
NEG.C

123.7
123.7
124.0
124.2
124.2
124,323
12A.59
124,23
124,33
124,37
12A.4
124.4
124,4
124 .4

Tin9

2.7
0.01

N.27
O.44
0.A0
.53
0.6R
0.53
0.59
0.n%2
n.57
0.%9
0.62
0.561

1

183

SYTIMATES OF RDOT MEAN SOUARE STATISTICAL EPMIP [N THEPA
n,RB942 2.93631
STIMATES OF ROOT MFAN SOUARE TOTAL ERPRNP IN THE PARAMEY
o,0nA32 0.291%8
STIMATF OF PHOLRINTF.AND O IN PFr=RINFI(].~CXPI=-R*TIME]
8.00000 0.616T77 1.77676
TImC CALC, RESISTANCE FITYED VALUE
HUP S ((SO.W=DEGCL/WATTSIXINN.0ND)
0,.0n 0.00 0.00
N.27 .19 0.27
0,40 0. 26 0,34
0.4N N.43 n.38
0,57 0, 38 0.42
o.nr 0,60 0,931
NeQn N. TA 0.51
1.23 0.60 0,56
1.33 LES-1 0.57
1.40 0,46 0.38
1.60 n.61 0,59
1.RS Ne 56 0.60
211 0.¢€0 0.61
2.18 N. %8 N.61
Ti110 TIN TOUY ™ DELTA " [ TAIvE
DEG.C DNFG.C DEG.C DNEG.C DEG.C Xin33  HOues
127.2 49.9 sA,.4 116,95 N.5 161%5.8 0.6190 n.on
127.3 b L ] LN 116.7 Red 1514.5 D.6I190 0.2°
127,.7 50,0 58,4 116.8 n.= 1680A,T7T 0,6216 0,40
1279 - 5%.9 58.5 117.7 RaG 16N4,.7 N.6232 N.49
127.9 %0.0 5A.% 117.0 N.6 1607.0 0.622] 0.87
121.1 49,9 88,3 117,2 B.6 1%99.9 0.6230 0.A7
120.2 9.9 58.5 1'T7.4 R.6 1994.8 0.6270 0. 90
128,0 9.9 50,9 17,2 8.6 1599,2 00,6253 1,23
128.0 TeN 508.6 117-.2 B.6 1673.1 N.62398 133
127.9 50.0 50.9 117.1 .5 1603,.9 0,.A23% 1.40
ten. 1t 9.9 58.9 nr,2 A.s6 1S00.4 0.06252 1.0
12n.1 50.0 58.6 1ir.2 A.6 1602.,0 0.5242 1. R5
128.1 49.9 58.% 11r,.2 A.6 139n.9 0,.,6258 2.11
12A.1 49.9 58.6 117.2 feB 160141 NDeB20K 2«1R
1" TIHN TOou? RFEM DELTYA " rIOY Tivr
DEG.C NEG .C NFG.C Xjoon HNURS
1.0 AQ.7 SA. 4 0.7 R.S IAL1S.4 N.6B1I90 .00
0,.0% 50.0 58, o.1n 9.4 1614,5 0.6194 0.29
N.40 0.0 50. 4 N.26 B.5 1670.7 N.6B2I K Nne.an
0.%% 50.0 sn.S 0.43 A.6 1/R0A,T7 D.6232 0.49
n,nA 50,0 %8.5 0,38 A.6 1607T.0 0.A223 0.57
Y.7% 9.9 50.9 N.AT N«.%& 1599.9 0.6750 n.AaT
0.A% 49,9 50.9 0.7 A.6 1%94.8 0.6270 0.90
n.65 49.9 58.5% N.60 A.6 1799,2 N.A25) 1.23
0.T2 $0.0 5N.6 D.54 n.Hs 1603,1 00,1278 1.33
n,NnA 50.0 58.9% 0.46K n.s% 10,9 0,.6235 1.40
N.7h 49.9 5n.9% n.61 A.B6 1599.8 0.62%2 .80
0,79 50,0 50.6 0.56 0.6 16072.0 00,6242 1.85%
n.al 49.9 58.9 D.00 Beft 159A.9 N.A25A 2«11
0.7% 49.9 SA.6 0.58 A.6 1601.1 00,6280 2,18

RANET

1S



200 eAUN NEZ| ., ®sestss

YCLTS12.80 AMPS 220

FERRIC OXTDE COHC (PPM) 2800

FLDO¥ RATE D-055%0 KGSM/5EC

PrHI6e2 D155.02 CONC (PPM) Se2

HEAT FLOw SUPPLILED 2Bl16.0 WATTS

HEAT FLUX SUPPLIEUD 120708, WATTS/50«M

TOR=YINLET S50.0 DEG C

DENSITIY! QPASKGSe/CUaM .

T DUTLET 610 DEG C

AVG TEMVY 5%,9 DEG C

wINEMATIC

vVIisSCOSITrxioo 0.0000%0 SQe M/SEC

FLUID VELOCITY 0.597 M/SEC

REYNDOLDS HO 12932.5

PRANDIL NOD 3«60

HEAT SUPP 2B16,0 WATTS

HEAT TRANS 2T728.7 WATTS

HEAT LOUST B7«1 wATTS

PERCENT HEAT LOST J.10

HEAY FLUX TRANS 116967TWATTS/SO.M

NUSSELT NO T2.5

RFEILM De262

RYALL 0058

RYOTAL 0.319 SO M~DEG.C/VWATTS

LCCALIZED wALL TEMPERAATURES [(DEG.C)

1101 Tio2 Y103 T10a Ti108 T106 Tio7
DE Ge C DEG.C DEGeC DEG.C DEGaC DEG.C DEG.C
92.) 12a.2 122.1 120.4 122.4 1214 125.8
924 12406 122.3 120.7 122«6 121.8 126.1
Q2.4 128.,9 1223 120.7 1227 1216 126.0
92e«5 1250 1224 120.08 1228 121.7 126.1
Q2.4 124,9 1223 120.8 1227 121.7 126.0
G2 125.0 1224 120.8 122.9 1217 126. 1
926 125.0 1225 1210 122.9 121.7 126 2
92+ 6 125+ % 1229 1211 123a2 121.9 1267
92.8 125.1 1228 120.9 123.0 121.9 126.3
Y25 12%.0 123.0 1215 1229 1218 12606

T108
DEG.C

132.2
132.0
1322
132.3
132.5
132.8
132.3
132.3
132.7
133.0

LOCALIZED FOULING RESISVANCE {50.M—~DEG.C/WATTS)IXI00,000D

0.00
D.006
[+ I . |
0.09
010
0.28
0-29
0.11
0.15%

Tiv2

0.00
0.30
0.55%5
0«02
0.60
D.68
0.06
0.99
0.75
0.65%

¥iL1o03

0.00
D.12
D.113
Oe24
0.18
0.28
D34
D64
0.28
D79

T104

0.00
De2l
024
0.31
0.280
Da34
D.AT
059
0.37
0.91

Trio5

D00
0.19
Da2h
D29
D« 40
D«44
0.71
0.55%
0.AD

Tioe

0.00
0.27
0.16
0.20
0.25
0.25
0.20
0.35
0.40
0.33

Tio7

0,00
C.23
O.1T7
o.28
0.22
0.29
D.arvT
0.T75%
0.453
0.71

Tion

0.00
0D.00
0D.00
.08
0«23
0.3
0.09
Q.00
0s4)
D71

T109
DEGe.C

1316
131.8
131.7
131.08
131.9
131.9
1321
132.0
131.9
131.8

T109

0.00
0.12
0.06
01T
D24
D.20
0.37
Dela
D26
Del®

STI~»ATES DOF

1.30315.

SIIMATES OF
0.079293
STIMATE OF ROWRINF,AND B IN RF=RINF ({L,~CAP (~DsTINE)

184

ROOT MEAN SOUARE STATISTICAL ERROM [N THEPA
4.235356

AOOT MEAN SQUARE TOTAL EPHOR' IM THE PARAMET
0.30202

0.00000 0.50041 2.02053
T IME CALCs RESISTANCE FITTED VALUE
HUKXS (({SOM-DEGC/WATTS)IX]1 00.,000)
0.00 D00 0.00
0.07 Oel s 0.07
0.21 D19 .17
0.29% © 0.28 0. 22
D.50 0,29 . 0,32
D.85 0-36 O.4)
135 0, 38 Dea?
161 D. 53 D.48
1.85 De s ) D.49
2.26 O.ap0 bD. 50
Ti110 TIN Tour ™ DELTA H L TIMNE
DEG.C DEGeC DJDEG.C DEG.C ULIZ.C X1000 MOURS
1355 49,9 6).8 I125.0 I1eB 1A7T7,.3 06709 0.00
136a1 50. 0 61.8 125.2 11«7 1473.9% 0.5785 0.07
136.2 4%9.9 Bla.9 1253 12.0 14Ta,.2 0.5678) 0.21
136.3 49.9 619 1254 120 14T17 0.,679% 0.29
136. 4 50.0 GleB 125. 4 119 14717 0.6795 D50
136.3 49.9 6l.8 125.5 119 18569:.6 0.6R00% o«R3
1365 49.9 62.0 125.5 12«1 1809.5 0.6A08 1.3%
1367 50.0 62,0 125. T 19 1866.7 D.6A1H8 161
1365 49,9 6le.H 125.3 12.0 1866.5 06819 1«85
136.3 50.0 Gl.7 1257 11.08 1462.6 00,6837 2e26
TLH10 TIN Tour RFM DEL TA M RTOT TIME
’ DEGe.T DFG.C " DEG.C Xioo00 Hours
0.00 49.9 LIy 0.00 11-m 1477.3 0.86767 0.00
D49 30.0 tieB 0.16 1%.7 1473.8 0.67A% 0.0T
O.61 49.9 6le.9 Del @ 12.0 1474,2 0.67A3 De21
0.566 49.9 &1.9 D.28 12-0 18T1.7 0.6795 0.29
OuTa 50,0 bleB D29 11«9 14717 0O.6T0S 0. 50
0.83 49,9 6l.8 0.36 11.9 1869.6 0.680% 0.85
D.B8% a.9 62.0 0.38 12.1 1469.6 0.5B04 1.3%
De 96 50.0 62.0 2.55 11.9 1866.7 0.86918 1.61
0.87 49.9 Gl.H D00 12.0 14686.5 0.60819 1-.0%
0.69 50.0 G6le7 0.%0 1.8 1462.6 D.6B)Y7 2«26 o

PAME T

1RS



24042 ARUN ND 2, ¢0000e 0

vnLtstli.90

reneic NOXJIDF CONC (PP )

riNw BATE 0,13%0

PHIA.?

HEAT FLOwW SUPLLIED
HCAT FLUX SUPPLIFED

TORP=TINLET 50.0

NDENSTITY:

AVS

TE MDD

KINCMATIC
VISCNSITYXINO 0,.000054A

FLUIN VELOCITY

NEYNOLDS WO
PRANDYL ND

HEAT
HWFAT
HMIEAT

suLp
TRNANS
LnNsY

St.A

PERCENT HEAT LNOST

HMEAT FLUX TRANS

NUSSCLT NO
2.137
0,037
0.195

LM
nwALL
nrovAL

139.9

AMPS 1929,
zaoo.
KGSs M/ SEC
DISS N2 CONC (PrM) 5.2
2261 ,0 WATTS
QK01 A, MATTS/SDaM
DEG C
GR6 S IKG S /CU M
T DUTLFT S3.7 DEG C
DEG C
S0 M/S5EC
1.461 M/SFEC
297374
3.7 °
2261.0 wATTS
129.3 wWATTS
BeT?

9I3ITTWATTIS/SQ.M

SN ,M=DEG,C/WATTS

LOCAL I 7FD WALL TIMPERATURES (DEG.C)

171
DEG.T

T7.1
rr.»
TT.2
77.2
vTT,.?
T7.3
T7.3
Tr7.13
TTa2
TT.)
77.1
TT.S

LOCALY I D

T

Nn.on
0.0n
.70
D.10
n.nr
N.10
n.1%
Teln
.10
0D.17
0.1N5
0.21

g 3 I ]
NG .cC

93.9
94 ,0
74 .0
9A,0
QA LD
94,3
04,3
oA .2
Qa,)
74,3}
24,3
a3

Tinp

N.00
0.ng
7.9
N.11
0.7
0.45
0,84
7. 19
N.4a2
0.47
D.AT
0,47

Tioy
NDEG.C

2.2
Q2.1
Q2.4
92.5
az.A
92.6
2.5
92.6
?2. 5
92.6
722.6
9?. 6

T101

0.00
.11

N«2n
0.25h
n.1a
0.358
0.39
N.35
0.31

n.37
0.36
o,J7r

TIYA
DEGLC

91.7
93.2
Q‘.J
93.3
93.2
93.5
3.5
93.4
93.5
93.5
93.5
931.5%5

FOUL ING RCESISTANCE

TiNA

0.00
n,2r
.32
0.36
n.27
0.50
L s
0. ‘Q
0.%1
N.9%%
n.56
0.56

TinS 1190 Tinr T198
DEG.C NG .c DEG.C DEG.C
92.9 PS54 Q4.8 102.8
93.0 95.5 95,1 102.9
93.1 95.95 95.1 102.9
9%.1 95 .5 Q5.2 102.9
23.1 .5 95.1 102.9
93.2 95.7 95.3 103.3
°3.2? 95.7 95.3 103.3
93.7? 95.7 95.2 103.2
3.2 95 .7 05.2 103.0
93.3 %7 95.2 103.0
93.3 057 5.2 103.0
913.3 5.7 95.2 103.1

(SO™=NFG.C/WATTS IXINN.OND

THon Tin6 Tior Tion
0.00 n,o0 0,00 0.00
0.7 .13 n,26 0.13
N.22 .13 N.32 N.10
0.30 0,1% N.J36 0.12
0.2 7.12 N.29 n.13
D.AD n.17 0.52 0.51
.42 0,137 n.so 0.50
T¢19%9 N.3% N.45 N.40
0.36 0.3% 0.38 0,2%
N.aa N.4al 7145 Ne2S
0.4) .39 0.n4 0. 24
n.a2 0,a) N,44 n. 31

Y19
PEG,.C

102.1

1nz,.>
172.2
102.3
inz2,2
1025
Inz2,%
1N2.%
102.6
102.6
IN2.6
102.6

Ti09

0D.00
o.1In
0.13
0.17
7.78
N.42
0D.4N0
D.30
0,52
0.5“
0.%55%
0.55

STIMATES OF

185

nONT MEAN SOUARE STATISTICAL ENMOAR IN THFEPA

1.,35156 A,50391
STIMATET OF RNONT MEAM SOUARFE TOTAL FRAROR TH THIC PARAMET
0,0A89n0 n.31075
STImATE NF RODLHINFL,AND 0 IN PF=RINF ([ | =EXO(-D*TIME )
0.00000 N.44220 2.0QT73A
TIvr CAM_C, RES ISTANCE FITTED VALUE
MRS ((SUsN-DEGC/WATISIXIIN.ANN)
0.00 n.nn n.oo
N.77 2.17 N« N6
n.21 0.17 0.1%
N.an N.23 . D.25
D.n”1 0.18 0.32
v, 7% 0,48 0,35
111 Ne 44 N.47
.25 0,40 0. 41
1.40 0. 39 0.42
1«75 0.4aa 0.43
1.93 0,43 0,43
2.0 N.da D.44
110 TN Tour ™ OCLTA " P TIuE
nre.c NEG.C DEG.C DEG.C DCG.C Xiono HNyas
1N5,.3 50.0 53.7 95.9 3.7 1817.5 0.%55%0?2 n.o0n
105,.4 50.0 53,7 96,0 A.9 1AL ,3 0,.5821 o,.n7
175.4 A9.9 53.7 96 .1 3.8 1ANB.6 N.5529 Nn.21
105.4 50.0 53.8 96,1 3.8 1A09,%5 0,5526 0.40
105.4 50.0 53.7 96. 1 J.A IRIY.1 N.5522 N.51
1057 50.0 53.7 96.3 3.P 1B01.0 0,952 0.TS
1nS.7 %0.0 33.7 96.3 3.R 1801.4 0,.9%51 1.11
17%.7 49.9 53.7 96.3 3.8 1BAN1.6 N.5551| 1.25
105.7 AS.9 %3.7 96,2 3.8 1B801.8 D,555N 1.40
105.8 50.0 53.8 96. 3 3.8 1802.1 N.5540 1.75
105.7 50.0 53.8 96,3 J.A 1R02,0 0,559 1.92
105.7 50.0 53.58 96.3 J.A 1R03,.7 0.9544 2.01
rwo TIN Tour RFY DELTA 2] RTDY FimME
DFG.C DEG,C PEG. T X1non HMpURS
0,00 50.0 53.7 0.00 3.7 IBIT.S 0O,8%02 0.00
n.nn 50.0 53.7 0.17 3.0 1811.,3 N.5%2) 2.7
0.0% 49.9 53.7 0.19 J.B TRAOR.S D, 5720 0.21
0.10 50.0 53.8 0.23 Jj.a 1809.5 N, 5526 n,en
7.7 3%.7 53.7 2.1N J.% 1n1t.! D.5522 N.%1
D.41 50.0 53.7 D.2a J.A IRD1,0 0.5552 0.7%
n,al 50.0 53.7 De.Ad 3.0 1rO1.8 0.555] 1.11
ND.3" 42.9 53.7 0.40 J.A 10010 0.95551 1.”5
0.1 472.9 33.7 0,19 J.n 18BN A 0,585 1.40
nNn.as 5% 53.n N.aa 3.2 1AN2,.1 N.%5%19 1.75
0.4A 50.0 53.8 0D.43 J.n 1A02.0 0,5%9 1.9
Nt A 50.0 S53.A D.Aa 3.8 1ROJ.T N,5544 2N



tard e eNIYN Nuzj.ttovto‘

YOLTSI1.99

AMPS 191 .

FFar|iC OXIDE CONC (rpv) 2400.

FLNw AATF 00,0900 KGS.M/SEC

OHIAI DISS.N?2 CONC (PPM) 5.2
HMICAT FLIOWw SUPPLIED 2272.9 WATTS
HFAT FLUX SURPLIED 9razn, WATTS/8Q.%
TOR=TINLET 50,0 DEG C
DENSTITY! QAR 2KGS«/CU. M

T OUTLEY 56,0 DEG C
AVG TEMP 53,0 DEG C
KINFMATIC
VISCOSITYXINOD 0,.0000%73 SQ .M /SEC

FLUID VELOCITY ND,.974 M/SEC

REYNDOLDS NN 20192 .9

PRANDTIL. NHO 1,79

HEAT suyurr 2272.9 WATTS
HEAT TRANS 2265.1 WATTS
MEATY LNST T.8 wWATTS
PCRCENT HEAT LDST 0.4

HOCAT FLUX TRANS QTOQAWATTIS/SN M

NUSSELT NO 103,.0

FFILM Ne 1 DS

RwALL 0,0%8

KTOT AL N.2A4 SQ.M=-DEG,C/WATTS

LUCALIL ZED WALL TEMPFERATUNES (DEG.C)

T
NFG.C

AN, |
B80.3
AN. S
B0. 3
nOo, 3
BY. 8
nO,. S
AN, S
N0. a
AD. 4
A%.5
no,a

Tinz
NEG.C

190.1
100.3
100.5
100.7
100,48
19n.7
100.9
1N0.9
101.0
100.9
1010
100.9

103 7174 ¥ 95 TinG Tinr Ti78
VEG.C DEG.C NEG.C PNENL.LC DrEG.C DEG.C

an. s 99,9 99,9 177.1 InN1.3 107.7
98.9 99,4 99.4 1N0.6 101,7 10R.%
98,9 90.4 99.8 177.6 1N1.7 108.4
99.0 9u, 4 99.5 190.5 101.8 108.3
99,0 90,4 99,5 100 A 1017 10,3
95. 1 99.5 97.% 1977 1718 108.3]
99,2 99.6 99,7 100.8 102,0 108.4
99,3 99,7 99.7 100.9 172.N0 10A.5
9n. 3 97,7 29,7 100.9 102.1 108.7
99,2 99,6 Qu,7 1n0,.," 102,0 108,S
99.3 99.7 99.7n 17%0.8 102.1 {0B.7
99,2 99,4 29,7 1lo0.8 101,9 108.5

LNCALTZFD FOULING RESISTANCE (S0 ,M=NFG  C/WATTS)IXINND,N00

rio1

0,00
.71
0.21
V2%
0,.,2%
8,32
T.44
0,4
N«
0,23
n,al\
030

Ti102

0.n0
7. 36
0.33
2.69
D.A4A
n,To
.93
0,95
1.06
n.or
1.06
0. 9%

ARRR Tina Tins Tioa 1107 Ti0R8
n,oon n.00 n.on n.00 n.on 0.N0N
D.410 D. a8 D51 0.4 0«45 D. 76
o.37 0.3h 0D.an Q.a7 0.38 0,64
.51 0.43 NeS5 Te AR 745N N.53
n.a0 0. 41 0.%7 0. 49 D.aa 0.57
N.%54 0, 4R Nn.60 0.%4 0.49 0.57
0.71 0.65% 0.79 0.72 n.nA 0.59
o.no0 0.67 n.na 0,70 n.7a 0,10
N.T? .67 N.NA M. TH N.T7 0.5
0.69 0.60 0.R0 0. 11 0,72 0.77
0.83 0.1 N.90 DeTA N.n"I 1.00
0.T1 0.61 0D.77 0. 6A D.H4 0.RA2

TINn9
NEG.C

107.3
18,0
1MRaN
1918.0
100,.0
108.0
10R”.2
INA.C
100. 4
10R.3
108.2
108,22

T1n9

n.00
0.72
0.7
n.T1
0.74
n.7m
1 .00
1.00
tel2
1.02
N.97
0.95

STIMATES OF ROUT MCAM SGIARE STATISTICAL ERROR IN THEDA

7. AN36R 2.86473
STIMATLS (F RODT MEAN SOUARE TOTAL FBRNR IN THF PARAMETY
0,.N634T n,37T5NaA
STIMATF OF RO-RINF.AND B8 IN RFxRINF (| .=FEXP(=R¢TIME]
0.00000 0.74125 7T.70050
TIwE CALCs RESISTANCE FITTED VYALUE
Hwua s ((S0."-DEGC/WATTS IX100,000)
5.0 n.nn N.00n
0,07 0. 51 0. 31
n.17 0,49 0.5
7.33 0. 955 0.68
0,55 0.52 0.73
N.63 Ne 59 D74
0.90 0,77 0, 7a
.25 o.R1 0.74
[ IR | 0. 87 D. 74
1.51 0.79 0.7a
.71 n. 88 T« TA
1.A] a, 76 0. T7a
rien TIN Tour ™ DFELTA H R TIvE
PEG,C DEG.C DEG.C DEG,C DEG,C X1000 HNURS
110.7 42,9 55.9 101.6 5.0 1743.1 0.5737 0.00
111,46 50.0 55.9 102,1 6,0 1726.3 0,35733 n.07
Mni.7 5.0 5%.9 1021 5.9 1 T2D." N.578BT N.17
111.8 47.9 56.0 102.2 6.1 17T265,6 0,5792 0.3
1tL.7 0.0 56.0 1021 a0 17272 N.ST799 N.%S
111" 49,9 55.9 102.2 f.0 1T23.A 0,5801 0.63
112.1 30.0 56,0 02,4 6.0 1719.0 00,5817 n.90
11 2.1 50.0 56.7 172.4 6.7 1718.2 N. 582N 1.25
112.3 50.0 56.0 102.5 6.0 1T16.9 0,.5E24 1.81
112.1 50.0 %6.0 1n2.4 6.0 ITIRL] 0O.%021 151
112.1 5N.0 LLTS 102.9 6,1 171T7T.1 O0.5€E208 1.71
1H2,.n 50,0 56.0 102,48 6,0 I1TI8,7 0,588 1,83
THIO T Tnur RFEM DELTA M RYDY TIMF
DEG.C Pre.c PEG.C X)1000 Hnuns
0D.NN a9, 55.9 NN feD I7TAJ.L N.STYY 7.%9
0o.Nn7T 50.0 55.7 0.5 o™ 1726.3 0.5793 o.07
1.00 50,0 55.9 0D.A9 5.9 172,00 O.57"N7 n.t7r
1.n18 49.9 56.0 N.SS 6.1 1 726.6 D.5702 0.3)
1.01 S0.0 56,0 0.52 6.0 1727.2 0,570 0.55%
11T 4.9 55,0 .59 .0 1723.8 N.5MI Neh 3
1 .42 50.0 56.0 0.77 .0 1719,.0 D,.SONT 0.90
.44 50.0 56.,N 0,81 6.0 1TIR.2 0.5M20 1.25%
1.57 $7.9 56«0 0D.AT Hs0 1716.° 0.S5M24 101
1.45 50.0 56,0 0.79 6,0 171,33 0,.53020 .61
1.19 7.0 S6. 1 n.B8nA Hel 1717.1 N.5820 171
1.%5% 50.0 56,0 0.76 .0 1718, 7 0.5M 8 1.83
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PHLA LY pISS .02 CONC (FPM) Se?
HFAT FLOW SUPPLILED 2261.9 WATTS
HEAT FLUX SUPPLIED 2691A, wAYITS/SN M
TNR=TINLEYT 50,0 DFG C
NENIITY: 9NS.9KGSe/CU M
T DUTLETY S57.1 DEG C
AVG TEMP 53,95 DEG C
KINFMATIC
yISCNSITYX100 O,0000%2 S5D.,M/75EC
FLUIND VELOCETY 0.753 M/SEC
NEYNOLDS ND 15042 .6
PRANDTL NO 3.76
MEEAT SUPP 2261.0 WATTS
HEAYT TRAMNS 2079,.9 WATTS
HCAT LUST 182.7 WATTS
PENCENT HMEAT LOST 8.05
MEAT FLUX TRANS B8P 1 1 6WATTS /80
MIYSSFLY ND B84.9
HFILM D224
BwALL 0.058
HIOVAL N.283 50 M=NEG:C/WATTS
LOCALLIZED WALL TOEMPERATURES (DFG.CH
Tr1010 TiNn2 T103 T10% Y105 110A Tior T10Mn
NFG,C PEG.C DFG,C DEG.C DFEG.C DLG .C PEG.C DEG.C
Al.T 102 .4 1o01.A° 101.9 1IN2.2 102 .1 174.8 110,33
ny.7 103,7 1n2,n0 102,0 inz2.4 1n2.3 ins. o0 110.6
Rl." 173.08 17M.9 17M.7 102.3 102.3 toaA.” 110.5
AzZ.o 10%,0 102.2 102,2 102.6 1z .5 10%,2 110.8
n2." 174.n 172.1 172.1 102,68 112.6 175.1 117.08
nZ2.v 103.9 102,0 102.0 102.4 102.5 104,9 110.7
ol. 103.9 102.1 102,10 102.5 1n2.5 107.0 111.2
2.1 17%.3 1N2. 8 102.4 102.A 102.7 IN3.4 111.3
A2.7 104.3 102.8 102,2 102,7 102.7 10%9.3 111.95
az." 174.1 172.1 172.1 inz2.s 192.6 17%.9 g111.3
Te0 108,1 102.2 102,2 102.06 1N2.6 105.1 111.3
Az 1 tna_,2 02,4 102.3 102.,A 102.8 10%.3 1111.2

LY

tPeebEESAUN HNNZA SabReES
vin_rst1.90 AvM2S 100,
FEPTIC DXINDE CONC (PPY) Tano,

FLO®W RATE 17.1071770 KGS.M/S5EC

ST 1A
0
SYI*A
D)

s STImA
0

v

H

1107
DEG.C

109.8
110.0
110.0
110,3
117.4
110.3
11N 4
110.5
110.6

117.6 .

110.9
110.6

LDCALE’ED FOULING PESISTANCE (S0.M=DEG.C/WATT5IXI0N,000

Tio01

o.,.0n
L % 4
0.17
Na36
0.32
0.2"
N2t
0D.44
n.37
0«32
N34
T8

o2 T103 TI0% TIN3 TiIOnA Tinr TION
0.00 0.70 0,09 n.00 n.no. 0,00 0.n0
1e 51 7.2 N.18 7.1m8 n.22 2.27 0.31
1.56 . 0.04 0.0l 0.01 0.16 0.068 0.19
t.79 0.43 0. 34 AP Ne.4a N.46 nN.32
1.03 0.34 0.2 D.41 0.50 0.36 0.%50
1.70 (2" I 4 .19 n.21 0.0 n.16 .45

1.76 N.24 0.23 .29 7.5%59 0.2nA 1.03
Z:12 0.6 0.95% n.63 0,¢9 0.69 t.n0r
215 0.61 Ne 53 7«58 T 6 N./A9 1.33
1.06 0.27 0.2n 0.33 0,49 0.30 .09
1.92 0.3m8 0.33 0.40 n.56 n,39 1.09
2.02 0.5 0. 78 n.61 D. 71 0.37 1.03

Tine

o.0n
0.30
0.25
7.50
0.6%
0,60
D.T1
0.90
7.90
0.9M
0.082
0.98

TeEs or
LT1YT7O
1FS
LTRSS
LS [ - |
00000
tur

unrs

ne

n,nn
Y. 11
0.27
n.49
ND.%"
n,no
1.7
1.21
| I I 4
1.50
1.97
2.29

T110
NFG.C

113.6
11a.7
tra.7
115.0
1157
114.9
115.0
115.3
115, 4
115.¢
115.1
115.3

Ti1n

o,00
1.17
1.5
1.4
I .56
1-43
1.50
.25
1.62
{67
t.nO
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nuof ME AN SOJARE STATISTICAL FRROAR 1IN THEPA

NAMETEP
2.408n0A8
anNnT MCAN SOUARE TOTAL EFFAN [N TIIF PARAMEF  1PS
0.29%5413
NNINFLAND B IN RF=RINFI(l .= XP (=0 TIME )
0.Nn22AA 2.23292
CALC, TMES ISTANCE FITTEFD VALUF
((SQ.M=DEGC/WATTSIX190,007)
0,00 0.0n
7. 39 0.1AR
0.29 0,37
N.63 n,5%
0.62 0.60
0,49 0.65
7. 64 0.73
0.91 0,77
0.91 n.74
0,060 0.77
0.74% 0.81
N. B8 0.82
TN Tour " DELTA " R IR TH
DEG.C DFG.C NFG.C NCG.C Xtnan HMns
50.0 5T.1 tna,»a 7.1 1529,2 00,6539 0.no
47.9 57.7 19a.8 7.1 1S17.3 n.6571 N1
50.0 =T.1 toa,r T.l 1524,.2 D.6%561 0.27
50,0 57T.1 to0%,0 T.1 1514,2 N _AGOA 0.49
57.9 S7T.1 113.7 Tel 1714.9 0.6m01 0.%59
50,0 57.0 toa.n T.0 I517.2 0,691 0.69
5NN 57.7 10%.1 7.1 1513.6 n.6607 1.00
50.0 57.1 "10%5.2 7.2 1907.2 0.661S 1.21
A9.9 57T.1 105.2 T.1 1506,7 N,663T 1237
5.1 57.1 10%.9 7.0 1914.,3 0.6604 1.50
30.0 571 10%.1 T.1 1512.4 0,6612 1.07
5.7 57.1 10%.2 T-1 1507,.6 N, 6633 220
]
TIN Tnur nrE9 DFL TA " arny T InE
DFG.C DEG.C NEG.C x1ono Houyns
50.0 57.1 n.nn r«1 192a9.2 0.6532 2.9 1
47.9 57.0 0.37 T.1 1517.3 0.6591 n. 11
50,0 5.1 0.27 T.1 1124.2 N.6G%5%) n.27
5n.0 57.1 n.m 3 Tel 1518.2 9.607Y .49
50,0 - I I | 0.52 T.! 1514,9 0,6601 n.597
50.0 7.0  0.A9 7.0 1507.2 V.657§ 269 :
50.0 57.0 0.64 T-.1 1513.6 0.6A0T 3.00
50,0 ST7.1 a.71 7.2 1%507.2 0,6635 b2
£9.9 571 .91 7.1 1506.7 n.6GYT 1.37
50.1 %7 0.57 T.0 1514,3 0.6604 1.50
50.0 5T.1 n.ra T-1 1512.8 n.6612 1.a7
50.0 sT.1 0.0R T.1 1507,6 0.60)) 2.20
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CASICOIIIN NO?B. 00 st ke STIMATILS OF PONT MEAN SMIAKE STATISTICAL CIPPOR 1% THE A NAMETEN
1.201%9 J3.59102
VOLTS11,00 Aaps 171, STIMATES OF ANOT MEAN SOUARE TUTAL GHANA IN THE PAIRRAMEY 1HS
. 7.13036 0,105
FrRaic DXINE CONC (1PPM) 2400. STIMATE OF ROLAINF,ANN B 1IN RERINE ((1.=FEXP (=0T J9E )
0.00000 0.66775 2.105an0
FLOW RATE 0,0510 KGS5.4/55C TIME CALC. MESISTANCE FITTED VALUF
. nun S L(SO.M=DEGC/HATTSIXIT9,909) '
PHIG,? DISS .02 CONC (POM) 5,2
n,oon o,.nn 0.09
HEAT FiLOw SUPPLIED 2272.9 WATTS 7.13 Ne 29 0.16
MEAT FLUX SUPPLIED 974720, WATIS/S0.M 0.28 n.17 0.3
0.41 G. 51 . n.43
TOR=TINLFT S0.2 DEG C 0.73 0.33 0.53
DENSITY: 908 ,NKGS,7CU M n,nAs 0.Ah n,ss
T OUTLET 60.4 DEG C 7,97 n.4n 0.59
1.31 0.AT7 0.63
AVG TEMO 59,3 DFG C t.51 0.69 n.6a
KINEMATIC ‘ t.75% 0.7a 0,65
VISCOSITYX100 0.00003%1 SN .M/SEC
FLUID VELDCLTYY 0,553 M/SEC
AREYNUOLDS ND 1187A,2
PRANDIL ™NO 3.6
HECAT sSuep 2272.9 WATTS
HEAT TRANS 216P.4 WATTS
HEAT LOSY 104,.9 WATTS
PERCENT MEAT LOST 4.60
HMEAT FLUX TRANS 92930MAT 15/50Q.M
NUSSELT NO 6T.4
nFILM 0.2n2
nwALL N.058
"RINTAL 0.340 SQ M=NEG.C /WAL TS
y .
LONCALTZEN wALL TCMPERATURES (DEG.C)
T101 Tinz T103 1104 Y1035 TinA T1or 110N 1109 TLHID TIN Tnur ™ NELTA 1] ] 11 ME
DEG.C DFG.C DEG.C DEG.C DNEG.C DFG.C DEG.C NDFEG.C DCG.C DNEG.C DNEG.C NEG,C NEG.C NEG.C X1000 wOUPS
0%5.7 112.5 110.7 109.4 110.7 109.2 113.6 117.8 116. 122.1 5.2 673 112.6 17.1 1415.6 3.7701% .19
NGH.0 1122 111.0 107.7 M1tl.) 10%.4 113.9 118,01 17,0 172.2 50,3 60,.% 112.9 10.1 1409.6 0.7 074 N, 13
asn,0 113.0 111.2 109.9 111.2 1072,5 114.0 1in.l 11r,n 122,93 5n.2 60,4 113.0 1N.,2 140A.3 O.THLY n.”n

.1 1131 1113 1972.72 1113 199.6 118.1 118.3 117.0 122.»% 50.2 0.4 113.1 0.2 1403.3 0.7126 0.an
NGE.0  113.1 111.3 1072.7 111.1 109.5 113.9 117.9 117.0 12,4 50.2 0.4 112.9 10.2 1708.0 0, 7102 0,73
NGl 113.1 110.4 107.9 111.3 1979.5 114.0 11A.7 1171 122.5 57,2 67.3 113.9 17.1 (494.8 2. 7119 n.05%
HBe2 113.2 1114 109.7 111.4 109.5 114.1 118.27 116,29 122.) 50.2 60.5 113,01 10,2 1A06,0 0. 7113 0.95
6.1 113,54 111.5 109,72 111.6 107 .6 14,3 118.5 117.1 122.6 50,19 67.4 1t3.2 17.2 1399.4 ND. 715K 131
L L 111.4 1i1.s 1177 1il1.R8 179 .h” 11a,2 119.4 117.1 122.7 50.1 GD. 4 t13.3 102 1398.0 D.7149 1.51
“r.3 113.4 110.6 110,01 t11.Am 107,.6 14,3 118,484 1017.1 122.n 50.2 Go,A 113.3 10,1 1399,0 00,7148 1.79

LOCALLZCD FRUL ING PESTSIANCE (SO M-DEG,C/RATTS|IX100,000

riog Tin2 L ETLK ] Y194 T11sS Tine Tvor Tion 19? T TiN Tour PFEM TFLTA " rRTOT YiMr
DFG.C DNEG.C DFG.C x1no Houe s
0.0N n.nn 0.0n n." 2.91 7.9 .99 0.7n n.n7 7.9 57.2 67.3 N.77 N1 141%5.% N, 79n4 0.00
0.15 0.42 0.37 0.2% 0.1315 0.17 0.29 0.29 0.19 0.119 50.3 60,8 0.27 10,1 14092.6 0,704 0.13
0.20 * n_%a n.%9 0,40 0.8 n,’y 0.43 n,23 0.21 Nn.23% 50.2 60. 8 0.379 17.2 1A9%.3 2.711 1% N.7N
Nae2% 7.6% n.70 LR L} N N. ]34 0.50 0.1 0.2A N.34 S0.2 60.4 0.51 10.2 1a03_3 o . 7124 0,an
0.19 0.62 o.71 D.22 0.37 n.2% 0.37 0.0% 0.21 0.3% 50,2 60,4 nN.35 tN.2 1408.9 00,7102 0,70
N, 1% N, 6 n.7Y n.43 n.613 Ne27 N.a6 N.19 n.3T7 n.83 "N.e? in.3 .46 17.1 1474.A 2. 7117 0.0%
0.6 0.T72 o.AD 0.4 0.71 n.30 0.34 0.20 o.1n 0.7 50,2 6an.% 0o.,a8 10,2 140A,0 O, 7117 0.7%
n.11 n.%$% o.nA 0.a7 n.n\y N, o.78 o.T0 N.22 n.%5% 50.1 H0e4d T.67 110.272 117%9.4 0,710 5% 1.31
.15 N.95 N.un N.61 1.1? 0.35 0.67 0.n2 0.3a 0.T0} 50.1 (0.4 0.67 10,2 139A.0 0,719 1.91
0.410 0.90 o.9r 0.AT 1.1°7 0..37 o.70 n.ne 0.2n 0,771 50,2 650.4 0,74 10,1 13992.0 0,.71¢R 1.7%



TEMSAT PPN HUZK, ¢80 a

VOLISE2.Aan AMPS 230,

FERAIC NxInE cnNe (rey) 2an0,

FLOwW BATE D,0K9% KGSeM/SCC , "

PHIA.2 DISS.02 CINC (1'pM) 5.2

HEAT FLOW SUPPLIED 2916 ,0 WAITS

HEAT FLUX SUPPLIED

TUR=TIM_FT 50,2

12nrnn, ®ATTIS/50.M

DEG C

NENSITY? V0% eNKGSe/CULM

T OUTLETY sa,.6 DEG C
AVG TFEMP 54 .0 DEG C
KINFMATIC
vISCNsStiTyYyxioo 0,0000%1 SN . M/SEC
FLUID VELOCITY 0.753 M/SEC
NREYNOLDS NO 160094 ,2
PRANDIL MO J.NnG
HEAT S5yep - eB16.0 WATIS
HEAT TRANS 2732,2 WATTS —
HEAT LDST Bl.n WATITS
PENCENT HEAT LOST 2.98

HWEAT FLUXY TRANS TIZ71LSWATTIS/ZSO. M

NMUSSELTY NO a6, 10

ARF ILM N.221

nWwALL 0.05R

RTOVTAL 0,279 S0 .M-DEG.C/WAI TS

LNCALIZED FUMLING RESISTANCGE (R0 .M=DEG.C/WATTSIXINY,990

Tiot 102 T103 Ti104

n.00 n.00 n,no 0,02
o.nn n.12 L 0.1n
V2?22 T.42 Ten ) 0.1
0.26 n.s5) 0.50 0,179
N2} Ne b5 M5 7. 49
0.26 0,73 0.65 0.9
n. N 0«73 .70 0.53
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1) Pipe wall

1) Pipe wall
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ELECTRON_MICROPROBE RESULTS

2) Deposit

2) Deposit

3) Plastic

3) Plastic

‘A) Absorbed Electron Image

This image was taken
using inversed electron
current. This is similar
to the image produced below
using back scattered elect-
rons. Contrast between the
different areas clearly de-
fines the three regions.

1) The Pipe Vall
2) Fouling Deposit and
3) Mounting Resin

B) Secondary Electron Image

Secondary electron image
of the fouled tube sample.
Note the lack of contrast
between the three areas com-
pared to the absorbed elect-
ion image above.
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C) X-Ray Intensity Distri-
bution

X-ray Scan for Chromium
over the deposit area.Image
shows absence of Chromiumin
this particular location.

D) X-Ray Line Scan

Image is a multiple ex-
posure of line scans for Fe,
Cr and Mi across the three
regions. Relative compos-
itions can be roughly deter-
mined. Note the smaller
drop off for Fe going from
metal to deposit than forCr
and Ni.



E) X-Ray and Backscatter
Line Scan

This 1s a double expos-
ure of the line scans over
the same area as the previous
image. The topography scan
is a type of backscatter
image where the signal is
dependent upon changes in
topology.
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COULTER COUNTER™ Model T & T, Worksheet

SAMPLE Ferric Oxide (Aqueous Suspension)

ELECTROLYTE

DISPERSANT

EQUIPMENT SERIAL Aear, S, f-f\U[F)l:;\‘{'UN "n""'n‘ w o |+i1al a
ORGANIZATION 100w Polystyrenp 9.69 9 190
OPERATOR DATE
Samples of fouling fluid taken before
and after a fouling run.
jes , B 2™ o
kel 2_ f[A 4:.) 4.? A, (.‘.'1)’ (W, w,) ;
A CALIB. A 190 322 x ‘@) 2 P Mt T
FOR MODEL T APERTURE D1A| 100 100 SAMPLE DATA

Geometric Maan}la Volume #3 Diameter M Channel (W) ”T}\FE RENT& AL VOL.

00575 004091 198 (BEFORE)|(AFTER)

0115 008181 250 o )

0231 01636 315

0462 03272 397 |

0925 06545 500 o

1851 1309 [ 630 = = -

13702 2618 794 e

.7405 5236 1.00

1.481 1047 1.26

2.962 2.094 150 | 0 0.4 - i

5.924 4.189 200 |2 7.5 | S

nes 8.378 252 |3 T [ 2.4 B
23.70 16.76 317 |4 16.8 | 5.8
47.39 3351 400 |q 25.6 A
94.78 67.02 504 |6 19,1 40.6
189.6 134.0 6.35 |7 10.0 31.4
379.1 268.1 800 | g 4.8 | 6.5 - B
758.3 536.2 1008 |q L 2.2 | 30 |
1516 1072, 127 [ 10 o 1.2 A
3033. 2145, 160 [1]1_ —d bk 0.8
6066. 4289. 202 |12 20 0.5 - )
12.13 x 103 8579, 254 13 .10 0,5 N
24.27x 103 17.16x 107 | 320 [1]4 051 0.5
48.54 x 109 34.31 x 103 w03 |15 | - 051 ol T 1
97.18 x 103 68.63x 103 | 508 | 1p .05 ] 0.5 1 ]
194.4 x 103 137.3x 103 64.0
388.7 x 103 2745x103 | 806 i R R e
7774 x 103 549.0 x 103 1016 .

1.555 x 106 1098 <106 | 128, o o T . |
3109105 [ 2196106 [ 161, L N
| 621910 | 4392106 | 203 I = — ol

12.44 x 100 8.784 106 | on6. i o - : - i =
L sams0® | azszw0S | a1 - o T
a9 7% 100 | as14x 100 A06 IR R RS G ST ) 1
—'_";]ﬂ.‘;ﬂ v lOr; i 10 27 x 706 ST C o - o
1900k 100 | 1406« 106 | 644 o 7
[ asox106 | amiasa06 [ gz [T i 1 I . .
796.0 x 106 s622x10% [ w2a | | || T S S N
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(B)

Particle Size Distribution on Completion of Fouling Run.
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(A)

Particle Size Distribution Betore Commencecment of Fouling Fun.
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PARTICLE DIAMETER (MICRONS)
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oglere  COULTER COUNTER™ Model T & T, Worksheet
_ e e
SAMPLE ferric Oxide (Aqueous Suspension)
ELECTROLYTE DISPERSANT
EQUIPMENT SERIAL t:;: ieo CALIS;:;\AHON 23“;:_' w |t 1a| &
IRGANIZATION 1004 Polystyrent 9.69] 9 190
OPERATOR DATE
Samples of fouling fluid taken every
> hr, during a run,
s &) 2™ oo
B 2 t1la 4.2 14.2 . L
k=d “'—A' CALIB A 190 | 322 x-z (f-’..-'-) Z(WJ wi) For Model T a
1 da
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2.962 2.094 159 | ] 0.4 0.4 0.4 | 0.4 |
5924 4.189 200 | 2 1. 1::3 | I 1.5
11.85 8.378 252 | 3 1.9 1.7 2.0 2.4
23.70 16.76 a7 | 4 4.2 4.5 | 4.4 | 5.8 1
47.39 3351 400 | 5 19.6 | 15.9 15.8 1/7.1
i i el . 2385 1 39,1 1395 | 42.6
0. 1594 Gam L7 239,68 1.39.0 ] 38.8 | 31.4 |
3791 . 268.1 800 | 8 |1 2.4 A 2.4 1 4.5 |
F50.3 536.2 1008 | 9 10,51 051 0.5 | 1-0 |
1516. 1072, 2.2 10 ! | 051 05] p5 ] 0.6
3033, 2145, 16.0 11 Jr_ﬂ‘&_ 0.5 | .5 0.5 |
6066, 4289, 20.2 1? i n.5.1 0.5 _0*5*___9‘1_5 L —
1213 x 103 8579. : 254 13 1 04] 051 051 0.6
24.27 x 103 17.16 x 107 32.0 14 0,4 | 0.5 1 0.5 0.6
48 54 ‘7103 3431 x 103 40.3 15 |1 0.4 | _0.5 1 0.5 0.5 _
97.18 x 103 68.63 x 103 50.8 16 0.4 0.8 0.5 41 0.5 )
194.4 x 103 137.3x 103 64.0
388.7 x 103 2745x10° | 806 I . . S N T i
777.4 x 103 5493_;__1_9}___%_ 1016 - ) O
1.555 x 106 1.008 x 10° 128
3,109 x 106 2196 x 106 | 161, o
" eamwrof | amzaion | a0 | ||| T 1 N I
12.44 x 10° 8.784 x 10° 256. _ - )
T oamrx 108 | vzsrx108 | am || . — ;
l_':, 4975 10% | 3514 x 100 06 | __“_ “ _j_- ) Sl a o _ —
99 50 x 106 70.27 x 106 5172
T janox 100 | 1406 . 106 6as. - : T
[ 3080x10% | 2811 x106 812 N I .
796.0 x 106 562.2 x 10° waa. | || 1 o N BN i
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. (A) Sample after % hour.

.

(B)Sample after 1 hour.
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. (C)Sample after 1% hours.
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(D) Sample after 2 hours.
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PARTICLE DIAMETER (MICRONS)

Particle Size Distribution of Ferric Oxide in Fouling Fluid

Sample During a Run.
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