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ABSTRACT

The U. S. Department of Energy, Office of Industrial Technoiogy sponsors
work in the area of measuring and mitigating fouling in heat exchangers. This
report describes the design and fabrication of a gas-side fouling measuring
device, and its testing in an industrial environment. The report gives
details of the probe fabrication, material used, controllers, other
instrumentation required for various measurements, and computer system needed
for recording the data. The calibration constants for measuring the heat flux
with the heat fluxmeter were determined. The report also describes the field
test location, the tests performed, the data collected, and the data analysis.
The conclusions of the tests performed were summarized. Although fouling
deposits on the probe were minimal, the tests proved that the probe is capable
of measuring fouling in a harsh industrial environment.



EXECUTIVE SUMMARY

The U.S. Department of Energy (DOE), Office of Industrial Technologies
has been funding the development of a gas-side fouling measuring device to
assist in efficient designing of heat exchangers. The foulants are deposited
on the heat transfer surfaces of heat exchangers used to recover energy from
hot flue gases in industrial furnaces. The fouling data taken by the probe
from a flue gas stream can be useful in accurately designing a heat exchanger
for use in the same or a similar flue gas stream. Accurate fouling factor
information can avoid the need for overdesigning (providing more than required
heat transfer surface area) a heat exchanger. The fouling probe can also be
 used to assess the effect of changing the type of fuel on the fouling
deposition. Initially, under DOE’s sponsorship, Jet Propulsion Laboratory
(JPL), Pasadena, California designed, constructed, and tested in a laboratory
setting a foulant measuring device. Subsequently, the Idaho National
Engineering Laboratory (INEL) made some improvements to the design of the
fouling probe and tested it in an industrial test site to prove its
applicability in harsh industrial environment. The fbu]ing probe development
is nearing its goal of a technology useful for the industrial application.

The fouling probz works on the principle that fouling deposit on a heat
transfer surface provides additional thermal resistance, which decreases the
rate of heat transfer through the heat transfer surface. The fouling probe
system consists of three components. The first component is the probe, which
is designed to measure the decrease in heat flux and calculates the fouling
factor. The second component is the control system to control temperatures
and cooling air flow rates. The third component is the data acquisition
system. The probe consists of a 1.0 in. outside diameter (OD) stainless steel
tube with a heat fluxmeter replacing a part of the tube wall to measure the
local wall heat flux. Cooling air is supplied to the probe through an inner
concentric tube and flows out of the probe through the annular gap between the
two tubes. A thermocouple is attached to the inside wall of the outer tube to
monitor tube wall temperature. This temperature is maintained at a
predetermined fixed value by controlling the cooling air flow rate by a
temperature control system. The average heat flux is determined by using the
device as a calorimeter, that is, by measuring the inlet and outlet air



temperatures and air mass flow rate, and calculating the heat gained by the
flowing air.

The Tength of the probe depends on the depth to which it needs to be
inserted (up to the center of a duct) in a flue stream. Typically, the length
could be ~4 to 8 ft. The JPL carried out laboratory tests using natural gas
combustion products doped with slaked Yime to serve as the foulant. Local and
average fouling factors were obtained over a range of parameters including:
inside wall temperature, 270 to 1500°F, gas temperature, 745 to 2214°F, heat
flux, 3440 to 40800 Btu/h.ft2, and gas velocity, 9.91 to 27.7 ft/s. The
results obtained confirm that the probe is capable of measuring local and
average gas-side fouling factors under laboratory conditions. Subsequently,
the INEL fabricated two probes for testing in the flue stream of an industrial
site. Energy and Environmental Research Corporation (EER) was subcontracted
by the INEL to test the probe in an industrial environment to determine
reliability and operability of the probe. The field test site was Whitewater
Valley Station of Richmond Power and Light Company at Richmond, Indiana. The
furnace is a coal burning facility. The probe was tested in the convection
pass of the furnace containing the economizer and superheaters over a broad
range of parameters: probe wall temperature, 600 to 1300°F, gas temperature,
820 to 1840°F, heat flux, ~-2800 to 8000 Btu/h.ft2, and gas velocity, 10 to
20 ft/s. The probe proved to be rugged enough to be capable of withstanding
the industrial environment. Following these tests, it is recommended that
provision should be made to increase the cooling air flow rate through the
probe to a high enough range so that tests could be conducted in the region
where flue gas temperature is higher than 1840°F.
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FIELD TESTING OF A PROBE TO MEASURE FOULING
IN AN INDUSTRIAL FLUE GAS STREAM

1. INTRODUCTION

Many industrial systems (for example, boilers and furnaces) utilize some
form of heat transfer equipment to transfer heat from the high temperature
flue gases to another fluid. The effectiveness of the heat transfer equipment
can be redhced because of the foulant deposition on the outside of the heat
transfer surfaces. This process is known as gas-side fouling and is generally
defined as an undesirable insulating layer deposited on a heat transfer
surface. To improve the heat exchanger performance, knowledge of the flue gas
fouling potential and foulants mitigation is needed. Accurate fouling factor
information can avoid the need for overdesigning (providing more than required
heat transfer surface area) a heat exchanger. The fouling probe can also be
useful in measuring the (fouling) impact of changing the type of fuel in the
plant.

The U.S. Department of Energy (DOE), Office of Industrial Technologies
sponsors research and development in the area of advanced heat exchangers.
The U.S. DOE has sponsored several workshops to assess the effects of fouling
and define the research needed to mitigate fouh‘ng.l'4 To measure the fouling
characteristics of a specific flue gas stream for the purpose of designing a
heat recovery equipment, the DOE sponsored the development of a device capable
of measuring gas-side fou1in§. Marner and MacDavid of the Jet Propulsion
Laboratory (JPL) designed, fabricated and laboratory tested a fouling
probe.>® Subsequently, the Idaho National Engineering Laboratory (INEL) made
some improvements in the JPL design, and fabricated and calibrated the probe.
Under a subcontract, Energy and Environmental Research Corporation (EER) field
tested the probe. The EER report’ gives the work performed by INEL and the
field tests performed by EER. The material related to field test site, and

field test data in Chapters 4 through 6 of this report was taken from the EER
report.7



Rebello et al.,® have given the cost of heat exchanger fouling in U.S.
industries. The total fouling cost consists of the energy not transferred as
a result of insulating fouling layer, the increased capital cost in oversizing
a heat exchanger, and the maintenance cost of foulant removal equipment. The
total estimated energy lost in 1982 was ~2.9 x 10° Btu/y costing ~$9 billion.
Marner and Suitor! estimated that the annual cost of gas-side fouling in the
U.S. industries is ~$3.6 billion. In a Pacific Northwest Laboratories study,’
the same annual fouling cost in the U.S. wis estimated to be in the order of
$3.9 billion to $7 billion. The cost figure estimated by various
investigators may not be exact, but these figures clearly indicate that it is
desireable to understand and mitigate the fouling buildup on the heat exchange
equipment. '

Few other such probes have also been developed. At the National
Engineering Laboratory, East Kilbride, Scotland, a fouling probe of a simpler
design®1? than that of the JPL probe was developed. Unlike the JPL probe,
this probe does not have a heat fluxmeter. The foulant samples are collected
on a cylindrical shell made up of two similar semi-cylindrical shells mounted
“over the probe. Other probes for measuring fouling in a liquid stream have
also been developed and tested.!! These probes are: the Heat Transfer
Research, Inc. Portable Fouling Research Unit probe and a hot wire probe based
on the design of the Universal 0il Products Monirex instrument.

Somerscales'? reviewed the fouling of heat transfer surfaces from an
historical perspective. He paid particular attention to the fouling of steam
boilers and st2am condensers. He also discussed the development of scientific
methods to study fouling and calculating fouling factors. Watkinson performed
a critical review'® of fouling caused by organic fluids. This -reference also
contains references to several other related and useful topics. Epstein““*s)

has given detailed information ahout the physical mechanisms behind gas-side
fouling on a heat transfer surface and classified them as follows:

1. Precipitation fouling - the precipitation or condensation of
dissolved substances onto the heat transfer surface. Depending on
the chemical composition of the fuel and the industrial process
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involved, the combustion products will contain a variety of solid
particulates, condensables, and noncond nsable gaseous species.

As these gases are cooled by heat recovery equipment, the
condensables and other solid particles are deposited onto the heat
transfer surface. Sometimes the dissolved substances have inverse
solubility versus temperature (lower solubility with higher
température) characteristics, then the precipitation occurs on
superheated rather than subcooled surfaces and this mechanism is
called scaling.

2. Particulate fouling - the deposition nf fine pérticulétes
suspended in the flue gas stream onto the heat transfer surface.

3. Chemical reaction fouling - deposits formed at the heat transfer
surface resulting from the chemical reaction between the flue gas
or other constituents.

4. Corrosion fouling - the solid heat transfer surface reacts with
the flue gases to produce corrosion products on the surface.

5. Biological fouling - the attachment of macro- or micro-organisms
tn a heat transfer surface, resulting into an adherent slimy
layer.

The fouling deposits increase thermal resistance of the heat recovery
equiprent resulting in reduced heat transfer and can also increase blockage in
the gas flow path, which results in increased prevsure drop and fan power. To
remove fouling deposit required additional maintenance. All of these effects
contribute to the reduced plant efficiency.

As a result of the successful operation of the probe in industrial
environment, the INEL loaned one probe to EER to supplement the tests
conducted for Electrical Power Research Institute (EPRI) at several coal fired



plants in Massachusetts, Mississippi, Alabama, and Pennsylvania. Another
industrial company has also requested the use of the probe fcr u. 2 in their
plant. These tests will meet the objective of transferring the fouling probe
technology to industry for commercialization.



2. FABRICATION, INSTRUMENTATION AND CALIBRATION
OF THE PROBE

The objective of a heat exchanger designer is to use the fouling
measuring device (to be called fouling probe) to calculate the additional
resistance, R;, caused by the foulant deposition on the heat transfer surface.
The principle of the fouling probe is to measure the reduction in heat
transfer as a result of fouling deposition, which can be related to the
fouling resistance. A schematic drawing of the fouling probe is shown in
Figure 2-1. Cooling air enters the inner tube, reverses its direction at the
end of the inneritube and flows out through the outer tube. The inside tube
suriace temperature, T, is maintained at a preset value by adjusting the air
mass flow rate. The average heat flux is determined by using the probe as a
calorimeter, that is by measuring the cooling air mass flow rate and rise in
its temperature as it cools the probe surface. The probe system consists of
three components (see Figure 2-2): the p be for insertirn into the flue gas
stream, the control system to control temperatures and cooling air flow rates,
and the data acquisition system. Basic design of the probe is the same as
that of the JPL probe and shown in Figure 2-3.

2.1 FABRICATION OF THE PROBE

Marner and MacDavid®:® gave a detailed description of the probe
fabrication. Figure 2-4 shows the engineering drawing for the fabrication of
the probe. The main body of the probe consists of a 1.0 in. OD 304 stainless
steel tube with a wall thickness of 0.083 in. A 5-3/8 in. long
semi-cy]indrica1 section of the probe was removed from the tube. It was
replaced by a nearly identical section machined to fit (see Figure 2-5). This
replacement section was instrumented with a heat fluxmeter fitted into a
window cut in the replacement section, along with its lead wires, and a
thermocouple to measure the inside surface temperature of the heat fluxmeter.
The heat fluxmeter (model HT-50) was custom made by International Thermal
Instrument Company, Del Mar, California. It is a 5/8 x 5/8 in. "curved
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sandwich" with 0.010- and 0.040-in. thick Chromel layers on each side of a
0.031-in. thick alloy of a proprietary composition. For the present
application, the manufactirer matched the curvature of the heat fluxmeter with
that of a 1-in. OD tube. The heat fluxmeter is a high temperature thermopile
that generates a direct current signal from the temperature difference across
the heat fluxmeter. Thus, the voltage output is proportional to the heat flux
through the meter. The meter was laser-welded into the window machined in tne
semi-cylindrical repiacement section that was an integral part of the
tubewall. ‘

A 3/8-in. wide axial groove was machined on the inside surface of the
semi- cylindrical section to accommodate the thermocouple and heat fluxmeter
lead wires. Bare Chromel-Alumel (Type K) thermocouple wires of 0.020-in.
thickness were insulated with single-bore alumina tubes and taken to a
location near the end of the instrumented semi-cylinder, where alumina tubes
were replaced with Nextel 312 woven ceramic fiber sleeves. Both alumina and
Nextel 312 can be safely used above 1800°F. Similarly, 0.020-in. diameter
Chromel wires used as heat fluxmeter leads were insulated in the same manner
as the thermocouple lead wires. The thermocouple junctions and the Chromel
Tead wires were attached to the heat fluxmeter by laser-welding. The
transition region between alumina and Nextel insulation was firmly held
against the tube surface by a strip of stainless steel shim stock laid across
the leads and spot-welded in place at both ends. An extra (backup) pair of
heat fluxmeter leads and an extra thermocouple to measure the heat fluxmeter
inside temperature were also added. The alumina insulated sections were then
covered with Caulkrete 100 castable refractory cement, as was the insulation
transition and all the void area around the inner layer of the heat fluxmeter.
The inside area of the semi-cylindrical section was made as smooth as possible
using the refractory cement. Refractory cement was also used to increase the
stiffness and durability of the frayed ends of the Nextel sleeving by curing
it overnight.

The Chromel lead-wires for the heat fluxmeter were spliced to the
Chromel wire of two seperate Type K extension cables, and the Alumel wires of
the extension cables were left unattached; only the Chromel wires from the

11



Chromel-Alumel cables were used. The Alumel weirs were not used to avoid the
possibility of introducing extraneous thermo-electric signals at the splices
to dissimilar materials. The heat fluxmeter and the thermocouple lead-wires
were uniquely marked for identification. The probe was 8-ft in length. The
working section of the probe was the final 2 ft. To reduce the cooling air
flow needed to maintain the probe surface temperature at a desired value, the
first 6-ft length was encased in a 3 in. 0D Kaowool HS 45 board refractory
(19% alumina and 80% silica) sleeve made by Thermal Ceramics (formerly Babcock
& Wilcox). The thermal conductivity values of the Kaowool refractory at 800
and 1400°F are 0.06 and 0.07 Btu/(h-ft2.°F), respectively. A %-in. OD
stainless steel tube, open at both ends, was inserted concentrically through
the length of the 1-in. OD tube, which comprises the probe main body, for the
flow of air to conl the probe surface. Standoffs (three at 120 degree
intervals) were welded around the inner tube circumference near the closed end
of the outer tube to ensure centering of the inner tube. The Tead-wires
(insulated by Nextel sleeving) from the heat fluxmeter were routed through the
annulus between the two concentric tubes, and exited from an open arm of the
Swagelok union cross at the cooler end of the probe that remains out of the
flue gas stream. The thermocouples for measuring air inlet and outlet
temperatures were located at the beginning of the 2-ft working section just
past the end of the refractory sleeve. These lead-wires were spliced to a
fiberglass insulated thermocouple extension cable. The wires were twisted,
silver-soldered and the piecescovered with shrink tubing to avoid short
circuiting.

The instrumented semi-cylindrical section was then snapped into place in
the cutout in the 1-in. OD tube, and laser welded around its periphery. In
places where the fit of the machined parts was not perfect, it was necessary
to add 308 stainless steel filier wire to complete the welded joint. The
slack in the lead-wires was taken at the Swagelok union cross, where these
leads exit the probe. The lead-wires were secured in a Conax connector, which
was welded to the probe extension. A1l the lead-wires for thermocouples to

12



measure temperature of air-inlet, air-outlet, inside surface of the heat
fluxmeter, the heat fluxmeter, the air flowmeter, and its pressure transducer
were all connected to the data acquisition system (DAS) to record on-line
data.

2.2 INSTRUMENTATION FOR THE PROBE

Besides the thermocouples and the heat fluxmeter, several other
instruments are used for the fouling probe system. These are described below.

The cooling air first f1owsithrough a filter (Balston model A912-DX),
then through a valve (a Badger Research model 8C7 SS), and finally through a
flowmeter (Teledyne Hastings-Raydist model ST/LS-2D) with a range of 0 to
750 std L/min with a Hastings readout model PR-4A) from which the flow rate
signal goes to the DAS. The flowmeter is calibrated at the factory to convert
the measured air flow rate to the mass flow rate at the standard conditions of
0°C and 760 mmHg. A pressure transducer (CEC model 4-350-0001) with a range
of 0 to 1000 psi and a Type K thermocouple were installed at the outlet of the
flowmeter. The pressure transducer and the thermocouple are actually
redundant and measure the needed thermodynamic properties of the cooling air
if need arises.

Figure 2-6 shows the control system schematic for the fouling probe.
The thermocouple attached to the inside surface of the heat fluxmeter, in
addition to being connected to the DAS, was also connected in parallel to a
Proportional-Derivative-Integral (PID) instrument microprocessor controller
(Eurotherm model 820). The microprocessor has an output in the range of 4 to
20 mA and was connected to an electropneumatic transducer (Fisher Controls
Model 546-44) that provides a 3 to 15 psig signal to the fiow valve. This
provides a feedback loop that can adjust the air flow rate to control the
temperature of the heat fluxmeter inside surface. The microprocessor
controller was set to a temperature value at which the probe surface was to be
maintained.
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The feedback control loop only operates correctly if the microprocessor
controller is properly tuned. First, the "proportional band parameter" was
varied by either doubling or halving its value depending upon whether thre
control system overshoots or undershoots the set value of the temperature.
This was continued until the system was oscillating very close to the set
value. Then, the "oscillation (cycle) time, T ," (in min) of this state was
determined. The "integral time" parameter (also called "reset" in some
controllers) equal to 1.6/T was determined. The "derivative time" (also
called "rate" in some systems) equal to T /10 was determined. Entering these
values into the microprocessor in "commissioning mode" caused the system to
settle down to the the set value of the temperature within ~10 s, once the
thermocouple reading was within the "cutback high" and "cutback low" settings.
The PID setting values for probe temperatuies of 300 to 600°F are as follows.
For higher probe temperatures, different sets of PID values will be needed.

Integral time : 5.0 Cutback high : 10°F
Derivative time : 0.3 s Cutback Tow : 10°F
Proportional band : 6.5%

2.3 CALIBRATION OF THE PROBE

Calibration of the probes was performed in a horizontal 3-ft long
cylindrical furnace with three heating zones. The 2-ft working section at the
end of the probe was centered inside the furnace. The furnace was insulated
with firebricks and fiberglass. Calibration was performed as a function of
the inside wall temperature of the probe. Heat flux calculated from the
cooling air mass flow rate and the temperature increase of the cooling air was
equated to that calculated from the heat fluxmeter voltage output. A least
square fit of the data resulted in the linear coefficients representing the
relationship between the heat flux rate and the voltage output of the meters.
Figure 2-7 shows the calibration of the probe in a furnace. The heat flux
calibration constants are given in Table 2-1.
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Figure 2-7.
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Table 2-1. Heat flux ca]ibratiog rgsu]ts
(Qpen) " (Btu/ftoemin) = C, Ehfm (uv) + C,

Probe 1
Twi‘ C1 CZ
300 1.99 175
600 2.03 600
800 2.29 956
950 2.30 1357
1100 2.89 1630
1200 3.49 1854
1300 5.32 1918
1400 6.64 2005
Probe 2
Twi Cl CZ
300 2.62 144
600 2.65 303
800 2.68 567
950 2.75 812
1100 2.82 1597
1200 2.45 1952
1300 3.88 1400
1400 4.84 1198
1450 5.72 1183
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The heat fluxmeter in both the primary and backup probes failed because
of delamination during the calibration process. This failure became apparent
when the polarity of the heat fluxmeter output changed. The electric
resistance of the heat fluxmeter, measured between the Chromel-Chromel Jeads,
increased to several kQ at elevated temperature, which increased to M} at room
temperature. Therefore, the heat fluxmeters were replaced, but were subjected
to the following procedures and tests.

To avoid delamination of the new heat fluxmeters, a narrow seam was made
by a pulsed laser along the edges of the heat fluxmeter layers, between outer
Chromel and middle alloy layers, and between‘middle alloy and inner Chromel
layers. Care was taken to avoid a short circuit between all three layers. The
heat fluxmeters were then thermally cycled between room temperature and
1000°F, and thermally shocked between room temperature and 1500°F. These
procedures ensured survivability of the meters during calibration and rigorous
field testing.
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3. DATA ACQUISITION AND ANALYSIS

3.1 DATA ACQUISITION SYSTEM

Data from the probe is collected by a computer based DAS. The DAS is
composed of a HP3852A data acquisition and control unit, and a computer using
ASYST 2.0 software. The HP3852A gets input from the following instrumepts:

1. Three type-K thermocouples
a. Cooling air temperature at the probe inlet (T,,)
b. Cooling air temperature at the probe outlet (T
c. Probe wall temperature (T ;)

aZ)

2. Output voltage from the heat fluxmeter (E,; )
3. Voltage (E,) corresponding to the cooling air mass flow rate (m,).

The ASYST software collects, temporarily stores operating data of the
probe on a hard disk, and then on a floppy disk. After the next acquisition
sequence is started, ‘the previous data set can be retrieved from the floppy
disk for hard copy output and data analysis.

The maximum number of readings that can be stored per data file is 120.
The time period for data readings can be set to any of 5 values: 5 s, 0.5, 1,
2, anc 5 min. Therefore, the duration of a data file can be anywhere from
10 min to 10 h. Longer test periods would result in multiple data files. The
total Tength and number of files are determined by the data reading interval.

3.2 FouLING FACTOR ANALYSIS

The fouling factors corresponding to each data set are calculated. Two
values of fouling factors are calculated: one value (local) is based on the
heat transfer determined by the heat fluxmeter, and the other value (average)
is based on the heat transfer calculated from the temperature difference of
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the cooling air flowing through the probe. The fouling factor (R;) is defined
by

Re = (1/U,)¢ = (1/U,), | | (3-1)

where

PR et
il

overall heat transfer coefficient

subscripts f, ¢ "fouled" and "clean" probe conditions,

respectively.
Two methods of determining heat flux, g, are

average heat transfer based on the temperature increase of the cooling air

qave = ‘ma Cpa (Taz " Tal) ‘ (3'2)
where

Cpa = average specific heat of cooling air

T,;» T,, = cooling air temperature at the probe inlet and outlet,

respectively,

and Tocal heat transfer as calculated from the heat fluxmeter reading

q]oca’l = Ao (cl Ehfm + CZ) (3_3)
where
A, = effective outside surface area of the probe
C,» C, = constant determined by meter calibration.
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The heat transfer to the probe can also be determined in terms of the
difference between the gas and the inside wall temperatures and is

q =AU, (T, - T,) | C(3-4)
where

Tg = temperature of combustion gases

T, = temperature of the probe inside wall.

Equation (3-4) results in
/U, = A (T, - T )/a . | (3-5)

Substituting two expressioné for q from Equations (3-2) and (3-3) into
Equation (3-5) and then, resulting expressions for 1/U_into Equation (3-1),

two equations for the fouling factor, R., become

f?

AT, - T,,) Ao (Tg = Tus)
R = o g wi - 2 g - -
{ £) ave [mana(TaZ Tal)]f [macpa(Taz - ral)]c (3-6)
- <Tg B Twz) - (Tg _ TWi) -
(Re) Jocas { (C1Epm + Co) L (C1Epen + C) |, o

In order to calculate expressions for the fouling factors, values of
some parameters have to be provided. One is the temperature of flue gas (Tg)
surrounding the fouling probe. The other two inputs are the heat fluxmeter
calibration constants, C, and C,, at the probe wall temperature, T ..
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4. TEST SITE DESCRIPTION

The host site selected for the field test of the fouling probe was
Richmond Power and Light (RPL) Whitewater Valley Station at Richmond, Indiana.
The selected Unit 2 was a demonstration site for a joint Environmental
Protection Agency and the EPRI program on sorbent injection for sulfur dioxide
emission control. At the time of selection of the fouling probe host site,
RPL’s Unit 2 was scheduled to operate with different calcium-based sorbents.
This schedule would have produced a wide variety of potential fouling
characteristics. Because of unavoidable :hedule changes of bgth the
programs, no fouling probe tests could be run with sorbent injection. A1l of
the fouling probe tests were performed while the unit was operating in a
normal procedure and burning medium-sulfur midwestern coal.

4.1 BorLer DESCRIPTION

RPL’s Whitewater Valley Unit 2 (Figure 4-1) is a tangentially-fired
steam generator burning midwestern bituminous coal. It has a nominal
electrical capacity rating of 61 MWe. The superheater outlet condition at
full load results in a steam flow of 540,000 1b/h at 955°F and 1320 psig.
Total heat input into the furnace at full load capacity is 651 x 10° Btu/h.

The furnace is equipped with primary and secondary superheaters,
economizer, and regenerative air preheater. The primary superheater, the
secondary superheater, and the boiler, all having vertical tubes, are arranged
in the flow path of the hot flue gases flowing horizontally through the
convection pass. The economizer is located in the downward flow of the flue
gases.

The fouling deposits at this unit are typical for this particular boiler
design. The furnace walls tend to accumulate a layer of slag. Generally, the
ash coating depos:ied on the tubes in the convection pass is of a dusty
nature. The dusty deposit contributes to a loss of heat transfer and an
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increase in flue gas temperatures. Long retractable sootblowers located
strategically throughout the convection pass are effective in removing these
deposits and reestablishing boiler operating parameters

4.2 TesTt PorTS LOCATIONS

Unit 2 has numerous wall penetrations installed to obtain information
regarding the sorbent injection program. A schematic of the openings is shown
in‘Figure 4-2. A1l ports have a minimum opening of 3-% in. and are located in
areas critical to menitoring deposit conditions relative to each tube bank.
A1l ports were accessible to the fouling probe testing.

The ports selected for fouling probe testing are highlighted in
Figure 4-3. A1l tests were performed by inserting the probe from the left
sidewall into the furnace. This arrangement was necessitated because of the
lack of observation doors and minimum working surface area available on the
right sidewall. The port location characteristics are:

Port DI1: Located in the upper furnace above the combustion zone.
Flue gas flow direction is typically vertical; however,
strong horizontal components may be present because of the
tangential nature of the flame front. Temperatures are
~1800 to 1850°F. Heat transfer from the gases is dominated
by radiation heat transfer. Foulant deposition on the probe
in this area is indicative of deposition on the primary
superheater leading edge tubes and the upper furnace wall.

Port E2: Located in the upper furnace convection pass. Flue gas flow
is generally horizontal. Gas temperatures are ~1450°F.
Radiation heat transfer from the flue gases is reduced.
Foulant deposition on the probe in this area is indicative
of fouling on the secondary superheater tube bank.
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Figure 4-1. Schematic right side view of Whitewater Unit 2.
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Port F2:

Port G1:

Located in the middle of the convection pass. Flue gas flow
is horizontal. Gas temperatures are ~1100°F. Radiation
heat transfer from the flue gases is minimum. Foulant
deposition on the probe in this area is indicative of
fouling on the steam generator tube bank.

It is located in the rear portion of the ronvection pass.
Flue gas flow is generally horizontal with some downflow
components present. Gas temperatures are ~800°F. Foulant
deposition on the probe in this area is indicative of the
fouling on the economizer surface.
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5. PROBE OPERATING CHARACTERISTICS

Before performing the fouling probe tests, the probe was inserted into
the furnace to determine the optimum operating parameters and probe
configuration for data collection. In addition, data were collected to define

" the operating range of the probe. The parameters evaluated include:

1. Optimum data collection time interval to reduce the data scatter
(noise). ‘ | ‘

2. Minimum achievable probe wall temperature as a function of the
flue gas temperature.

3. The heat fluxmeter orientation relative to the flue gas flow.

5.1 DATA CoLLECTION TIME INTERVAL

The DAS required the time interval between two sets of data as an input.
The options available for time interval were 5 s, 0.5, 1, 2, and 5 min. A
series of preliminary runs were made to evaluate the effect of data collection
time interval on data scatter (noise). Time intervals of 1, 2, and 5 min were
selected. The probe was inserted through test port E2. The flue gas

temperature ranged from 1430 to 1490°F. The probe temperature was set and
controlled at 1100°F.

The data were recorded for air flow rate and heat flux (using the meter)
over a 2 h period. Complete test data are given in Appendix A and are shown
in Figures 5-1 and 5-2. A statistical analysis of the data is presented in
Table 5-1. As seen from Table 5-1, the data for 1 min time interval case
compare satisfactorily with the corresponding data for the 2 min time interval
case, for both the air flow and the meter heat flux measurements. For the
5 min time interval case, there js good agreement between the 1, 2, and 5 min
air flow data, but the standard deviation for the heat fluxmeter data is
significantly Tower than those for the 1 and 2 min cases.
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The main cause of the data scatter (noise) is the fluctuations in heat
transfer from the flue gases to the probe and response of the probe cooling
air flow rate to keep the probe at its preset temperature. By recording the
data at a high frequency, these fluctuations become very noticeable, and
result in a significant data noise, as evidenced by Runs 1 and 2. Increasing
the time interval to 5 min (Run 3), reduced this noise without statistically
changing the average value of the data collected.

Another advantage of the longer time interval between two data sets is a
decrease in the total number of data sets collected in a given period of time.
This significantly reduces the computer disk space needed to store the data
and allows better management of the data files.

5.2 MiNiMuM PROBE OPERATING TEMPERATURE

For the fouling probe to effectively simulate a heat exchanger tube for
the purpose of foulant deposition site, it should opevrate at a temperature
close to that of the tube metal surface. In case of a typical boiler, the
lowest and the highest tube temperatures may be those of the economizer
(~400°F) and the secondary superheater (~1100°F), respectively.

Initial tests indicated that if the flue gas temperature was <1100°F,
the probe surface temperature could be maintained at any value in the range of
600 to 1000°F. Whenever the flue gas temperature was >1100°F, it was
difficult to maintain the probe surface temperature at a low value. If the
flue gas temperature was greater than 1800°F, it was necessary to insert only
the first 2-ft length of the probe into the furnace in order to obtain a
reasonable probe surface temperature. The limiting factor in this case was
the cooling air mass flow rate and ability to accurately measure the flow
rate.
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Table 5-1. Statistical analysis of data collection time interval

1. Air mass flow rate, m, (1b/h), data summary

~Run 1 Run 2 Run 3
Time Interval (min) 1 2 5
Average 98 113 92
Minimum 72 88 65
Maximum 116 133 112
Standard Deviation 8 10 11

2. Meter heat flux, q" (Btu/ft®-h), data summary

Run 1 Run 2 Run 3
Time Interval (min) 1 2 5
Average 4985 5578 4937
Minimum 4199 4685 4381
Max imum 5828 6402 5277
Stardard Deviation 351 361 215

In order to reasonably control the air mass flow rate, it was desirable
to allow the air flow control valve to operate between 50 and 60% open. At
highe control valve openings, the system produced air flow oscillations.
These oscillations resulted from rapidly cooling and heating of the probe
surface (hence the sensing thermocouple), which caused the flow control valve
to rapidly close and open in response to the probe surface temperature. With
these wide range of oscillations, the control system was not capable of
controlling the probe surface temperature effectively.
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A second requirement was to accurately measure the air mass flow rate.
The probe system utilized an air mass flowmeter with a range of 0 to
750 std L/min. Setting the probe surface temperature controller at a low
temperature value would allow the air flow control valve to remain fully open,
allowing maximum air flow through the probe. But, under these conditions, the
air mass flow rate becomes so high that it exceeds the upper limit of the air
mass flowmeter and cannot be measured.

Because of these two system operating constraints, the minimum probe
operating temperatures, as a function of flue gas temperature are:

Flue Gas Temperature (°F) Minimum Probe Temperature (°F)
1900 1300
1400 1000
1200 800

For flue gas temperatures below 1400°F, there is no difficulty in
maintaining the operating tube metal temperatures. However, at flue gas
temperatures >1400°F, the current probe configuration is severely limited in
cooling the probe surface to a desired low temperature.

5.3 HeaAT FLUXMETER ORIENTATION

The calculation of heat transfer to the cooling air through the probe
makes it possible to use the probe as a calorimeter. The heat fluxmeter
mounted on the probe surface measures the Tocal heat transfer to the cooling
air. Because the heat fluxmeter occupies a particular peripheral position on
the probe surface, its readings may depend on the direction the heat fluxmeter
is facing. The readings will be influenced by the radiation heat transfer
from the flue gases to the heat fluxmeter. Tests were performed to determine
the effect of probe orientation on the heat flux values determined by both the
heat fluxmeter and the temperature rise of cooling air.
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The probe was inserted in each test port (D1, E2, F2, and Gl) and
rotated clockwise. To define the probe’s rotation, assume it was inserted
into the Port D1. The starting point (0 degree) was taken when the heat
fluxmeter was facing the roof of the furnace. In a 90 degree position the
meter was facing the front wall, while in the 270 degree position the meter
was facing the superheaters.

The results of this test series are given in Table 5-2 and selected data
for air mass flow rate, meter local heat flux, and cooling air average heat
flux are given in Figures 5-3, 5-4, and 5-5, respectively. Complete test data
are given in Appendix B.

These tests indicated that the heat flux determination by the heat
fluxmeter is sensitive to probe orientation. In Figure 5-3, except for the
data corresponding to Port F2, the heat flux increased successively as the
probe was rotated from a position of 90 to 180 degree, and finally to
270 degree. Higher heat flux indicates higher heat transfer from the flue
gases and the furnace walls. At Port F2, which is located deep in the
convection pass, the meter at positions of 180 and 270 degree was shizlded
from the incoming hot flue gases. This resulted in a decrease in heat flux at
these positions.
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Table 5-2.

Summary of probe orientation effects

Test Number: 11A Flue Gas Temperature: 1840°F
Test Port D1 Probe Temperature 1300°F
Probe Meter Heat Flux | Air Flow Rate Air Heat Flux
Direction| (Btu/ft2.h) (1b/h) (Btu/ftz.h)
0° 12,800 19 1 eeee--
90° 10,744 215 42,556
180° 15,384 285 58,108
270° 20,584 211 49,233
Test Number: 10A Flue Gas Temperature: 1439°F
Test Port E2 Probe Temperature 1100°F
Probe Meter Heat Flux | Air Flow Rate Air Heat Flux
Direction| (Btu/ft2.h) (1b/h) \ (Btu/ftz«h)
0° 1523 33 4841
90° 2853 62 7816
180° 4617 71 8225
270° 4877 34 4142
Test Number: 12Al Flue Gas Temperature: 1125°F
Test Port F2 Probe Temperature 800°F
Probe Meter Heat Flux | Air Flow Rate Air Heat Flux
Direction| (Btu/ft2.h) (1b/h) (Btu/ftz.h)
0° 3721 49 4107
90° 3731 84 5289
180° 2117 95 5668
"270° 1809 86 5450
Test Number: 11C Flue Gas Temperature: 823°F
Test Port Gl Probe Temperature 600°F
Probe Meter Heat Flux | Air Flow Rate Air Heat Flux
Direction| (Btu/ftz.h) (1b/h) (Btu/ftz«h)
0° 2690 131 5949
90° 1048 124 5997
180° 2003 103 5096
270° 3065 111 5293
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Figure 5-3.
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Figure 5-4. Air flow trends as a function of probe orientation.
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Figure 5-5.
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Farther back in the convection pass al Port Gl, gas tempe-ature is quite
low (823°F). Therefore, the radiation heat transfer from the jases and the
furnace walls to the prbbe is 1ikely to be a minimum. The probe rotation
produced a significant variation in heat flux. This may be caused by the tlue
duct and, hence, the flue gases making a 90 degree turn at this location and
the heat fluxmeter may be facing a zone of stagnant pocket of flue gases at 90
and 180 degree positions.

The air mass flow rates and meter average heat flux show some variations
as the probe is rotated. However, because the probe is of cylindrical shape,
heat transfer to the cooling air should be independent of probe orientation.
The variations noted in the average heat flux may be the result of the
placement of the air inlet and outlet thermocouples in the probe. The
thermocouples are located at the end of the two foot working section of the
probe that is exposed to the furnace environment. Therefore, it is possible
that the thermocouple monitoring the air outlet temperature is reading a local
value of the temperature as the probe is rotated. In a similar manner, the
variation in cooling air mass flow rate can be attributed to the placement of
the thermocouple monitoring the probe wall temperature. This thermocouple was
placed on the inside surface of the heat fluxmeter. As the heat fluxmeter was
rotated, it would be exposed to varying temperatures. The probe wall
thermocouple would read these varying temperatures and adjust accordingly the
cooling air mass flow rate.
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6. FOULING PROBE TEST RESULTS AND DISCUSSION

The probe was tested while the boiler was operating under full load
conditions for 2 working days, each being an 8 h test. The first long term
test (Test 13) was performed with the probe inserted into Port E2 and the
probe wall temperature maintaired at 950°F. The second test (Test 15) was
performed at Port F2 and the probe wall temperature at 800°F. The original
plan for fouling probe testing was to perform tests with the probe in the flue
streams resulting from the combustion of the normal coal and a high sulfur
coal. These tests were to be performed both with and without sorbent
injection. Because of unforeseen complications developing in scheduling both
the sorbent injection and fouling probe programs, the original test plan had
to be abandoned. The following sections describe the test procedures and the
results.

6.1 TesT PORT CHARACTERIZATION

Before testing the fouling probe, the following flue gas characteristics
at the horizontal plane of the port were determined: flue gas temperatiire,
gas velocity, and gas composition. The flue gas temperatures were also
measured after the test to assess any possible deterioration in furnace
performance caused by the foulant deposition. These characterizing
measurements were made with a water-cooled probe, configured to operate as a
suction pyrometer, with an insertion length of 10 ft. A side-stream of flue
gas (which was aspirated during the suction pyrometer measurements) was
diverted for gas composition analysis. A Teledyne portable gas analyzer was
used to determine the percentages of excess oxygen and carbon monoxide present
at the test port. These measurements are presented in Tables 6-1 and 6-2.
Table 6-1 shows measured values at four locations at distances of 2, 4, 6, and
8 ft from the furnace wall. These data define flue gas conditions at a
Tocation where the probe was placed for testing. The flue gas direction is
with reference to the left side view of the furnace as shown in Figure 4-2.
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Table 6-1.

Test Port Characterization

Probe Inserticn Depth 2 4 6 8
(ft)
Test‘l3, Port E2
Pretest
Gas temperature (°F) 1681 1516 1426 1398
Gas velocity (ft/s) 39.00 22.60 19.12 21.41
Gas flow direction t 1 - -
Excess oxygen (%) 1.5 1.8 1.8 1.9
Carbon monoxide (ppm) 95 96 109 101
Posttest
Gas temperature (°F) 1651 1523 1456 1427
Test 15, Port F2
Pretest
Gas temperature (°F) 1510 1241 1172 1165
Gas velocity (ft/s) 15.95 18.16 10.27 14.49
Gas flow direction - “- - -
Excess oxygen (%) 3.0 2.4 2.3 2.3
Carbon monoxide (ppm) 120 140 155 158
Posttest
Gas temperature (°F) 1585 1345 1221 1176

Table 6-2. Averager Conditions for the Fouling Probe
Average Values at 7 ft | Test 13 Test 15
Port E2 Port F2

Pretest

Gas temperature (°F) 1412 1168
Gas velocity (ft/s) 20.51 12.38
Gas flow direction - “-
Excess oxygen (%) 1.85 2.3
Carbon monoxide (ppm) 105 156
Posttest

Gas temperature (°F) 1441 1198
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Average values of the measurements at the 6 and 8 ft locations were
taken as test conditions for the probe. This resulted in the average values
given in Table 6-2. The flue gas composition was calculated based on the
excess oxygen values measured at the probe locations and the chemical analysis
of the coal; and the results are given in Table 6-3.

Table 6-3. Weight (Volume) Percentages of Flue Gas Composition
H,0 co, N, S0, 0,
Test 13, 5.04 22.72 69.91 0.46 1.87
Port E2 (8.33) (15.38) | (74.34) | (0.22) (1.74)
Test 15, 4.93 22,24 70.06 0.45 2.32
Port F2 (8.15) (15.04) | (74.44) | (0.21) (2.16)

6.2 NONFOULING DATA

A comparison of the heat fluxes measured by the probe and those
analytically predicted was made to ascertain the accuracy of the probes
measurements. The fouling factor calculations depend on accurately measuring
the heat flux. The heat transfer to the probe consists of two components,
radiative and convective heat transfer. The probe, when inserted through the
ports E2 and F2, was surrounded by several tube banks and this made a simple,
but accurate assessment of heat transfer to the probe very difficult. The
analysis performed was similar to that given by Marner and MacDavid
(Reference 5) and the reader should refer to that report for details of the
analysis. Some of the relations and the procedure used by Marner and MacDavid
are briefly given here.

The molecular weight, gas constant, and specific heat of the flue gas
mixture are determined by the available methods for a gaseous mixture
described in standard thermodynamic text books. The viscosity, By and
thermal conductivity, kg, of the flue gas mixture were determined by using the
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relations given in Chemical Engineers’ Handbook By Perry and Chilton'’ and are
written

k

By = (2 B X, M3)/(Z X, M) (6-1)
= (Ek X Mz X MY | (6-2)
Where
X, = mole fraction of the ith gaseous component

L}

M, molecular weight of the ith gaseous component.

The average probe outside wall temperature, T , was calculated from the
measured probe inside wall temperature using Fourier’s Taw for conduction heat
transfer and knowing the thermal conductivities of the probe wall and the
Kaowool refractory insulation on the probe.” The convective heat transfer was
calculated from the relation for the Nusselt number, Nug, for the fiow of

gases over a circular cylinder and is written
Nu, = 0.43 + 0.48 Reg* | (6-3)

where
Reg = Reynolds number based on the probe outside diameter.

The radiative heat transfer to the probe, q., is determined using the
Stefan-Boltzmann equation

q. = €wo o Ao [(Twal1)4 B (Two)4] (6-4)
where
€. = emissivity of probe outside surface (heated stainless steel)
g = Stefan-Boltzmann constant
A, = probe outside surface area (uninsulated)
T..n = furnace wall or other surface temperature
Too = probe outside wall temperature.
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The results of the comparison between predicted and measured heat fluxes
are presented in Table 6-4. For both Tests 13 and 15, the radiation
component, q_, is Tower than the convection component, q.- The total heat
flux for the probe, (q.+ q ), was approximately of the same order of
magnitude as the measured heaf flux.

The radiation term was calculated based on the surrounding environment
of the probe. Because the probe was inserted between two heat transfer tube
banks (the primary superheater and the secondary superheater), the probe was
surrounded by a large area of tube surface, which is at a temperature cooler
than that of the flowing gases. The steam outlet temperatures from these
banks are 833 and 961°F, respectively. For this analysis, the tube surface
temperature was assumed to be about equal to the flue gas temperature. The
two fouling tests were performed on either the upstream side or the downstream
side of the secondary superheater tube banks. Therefore, the secondary
superheater tube bank temperature of 961°F was used as the temperature f a
surface radiating tce the probe. The total predicted heat transfer was in
close agreement to the measured value by the probe heat transfer. Ratios of
predicted and measured heat transfer for Tests 13 and 15 were 0.93 and 0.83,
respectively.

6.3 FouLinGg DaTa

A summary of the two fouling tests (13 and 15) is graphically presented
in Figures 6-1 and 6-Z. Each figure consists of seven graphs. The first
three graphs represent the operating characteristics of the probes; the probe
surface temperature, cooling air inlet and outlet temperatures, air mass flow
rate and heat fluxmeter output voltage. These parameters are plotted as
functions of the test time (time of the day). The second set of two graphs
for each test shows two values of the measured heat fluxes corresponding to
the heat fluxmeter and the probe cooling air. The third set of two graphs
show the average and local fouling factors corresponding to the measurements
by the heat fluxmeter and the cooling air. Complete test data are given in
Appendixes C and D.
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The fouling factors are based on the difference between the overall heat
transfer coefficients determined for a clean probe and that for the fouled
probe. The data necessary to determine the clean probe operation was
collected during initial probe operation in the furnace, A data sampling time
of 5 s was established and the data were collected over a 5-min period.
Immediately after taking the clean probe data, fouling test data collection
was started. Data sampling time interval was changed to 5 min and the probe
was tested for the next 7 to 7% h.
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Figure 6-1.
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Test 13 results.
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Test: 13
Port: E2
3 February 1989

Boiler load: 60 MW
Coal: med. sulfer
Sorbent: none
Data time: 5 min

Probe temp: 950 °F
Gas temperature: 1439 °F
Probe orientation: 180 °

Test: 13
Port: E2
3 February 1989

Boiler load: 60 MW
Coal: med. sulfer
Sorbent: none
Data time: 5 min

Probe temp: 950 °F
Gas temperature: 1439 °F
Probe orientation: 180 °

Test: 13
Port: E2
3 February 1989

Boiler load: 60 MW
Coal: med. sulfer
Sorbent: none
Data time: 5 min

Probe temp: 950°F

Gas temperature: 1439 °F
Probe orientation: 180 °
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Figure 6-1 (Continued). Test 13 results.
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Test: 13
Port: E2
3 February 1989

Boiler load: 60 MW
Coal: med. sulfer
Sorbent: none
Data time: 5 min

Probe temp: 950 °F
Gas temperature: 1439 °F
Probe orientation: 180 °

Test: 13
Port: E2
3 February 1989

Boiler load: 60 MW
Coal: med. sulfer
Sorbent: none
Data tirne: 5 min

Probe temp: 950 °F

Gas temperature: 1439 °F
Probe orientation: 180 °
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Figure 6-1 (Continued).
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Temperature (°F)

Air flow (lb/h)

Heat flux meter output (micro—volts)

Figure 6-2.
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Test 15 results.
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Test: 15
Port: F2
1 March 1989

Boiler load: 60 MW
Coal: med. sulfer
Sorbent: none
Data time: 5 min

Probe temp: 800 °F
Gas temperature: 1169 °F
Probe orientation: 180 °

Test: 15
Port: F2
1 March 1989

Boiler load: 60 MW
Coal: med. sulfer
Sorbent: none
Data time: 5 min

Probe temp: 800 °F
Gas temperature: 1169 °F
Probe orientation: 180 °

Test: 15
Port: F2
1 March 1989

Boiler load: 60 MW
Coal: med. sulfer
Sorbent: none
Data time: 5 min

Probe temp: 800 °F
Gas temperature: 1169 °F
Probe orientation: 180 °
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Test: 15 .
Port: F2 ‘
1 March 1989

Boiler load: 60 MW
Coal: med. sulfer
Sorbent: none
Data time: 5 min

Probe temp: 800 °F
Gas temperature: 1169 °F
Probe orientation: 180 °

Test: 15
Port: F2
1 March 1989

Boiler load: 60 MW
Coal: med. sulfer
Sorbent: none
Data time: 5 min

Probe temp: 800 °F

Gas temperature: 1169 °F
Probe orientation: 180 °
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Test 15 results.
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Port: F2
1 March 1989

Boiler load: 60 MW
Coal: med. sulfer
Sorbent: none
Data time: 5 min

Probe temp: 800 °F
Gas temperature: 1169 °F
Probe orientation: 180 °

Test: 15
Pon: F2
1 March 1989

Boller load: 60 MW
Coal: med. sulfer
Sorbent: none
Data time: 5 min

Probe temp: 800 °F

Gas temperature: 1169 °F
Probe orientation: 180 °
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Figure 6-3. Photographs of fouling deposits.
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Sootblower operation
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Figure 6-4. Boiler gas temperature trends during tests 13 and 15 (BPMS).
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During the course of the fouling probe tests, the plant operators
cleaned the fouled boiler tubes using sootblowers. The time of operating the
sootblower was recorded along with other pertinent data. During the
sootblower operation, the probe was retracted far enough to minimize ary
possible damage to the refractory sleeve. Following sootblower operation, the
full Tength of the probe was reinserted.

The heat flux measurements and fouling factors during both tests show
similar trends.. From the beginning of the test until the operatinn of the
sootblowers, these two parameters remained constant. No significant decrease
in heat flux or increase in fouling factors was noted. Following the
sootblower operation, there was a decrease in measured heat flux and an
increase in the fouling factor. This may be because of the deposition of ash
particles on the fouling probe resulting from the sootblowing operation.

The deposition noted on the probe following each test can be described
as a fine grained, thin layer of dust. The deposit was light colored, only a
few thousandths of an inch in thickness, and easily removed by the touch.
Figure 6-3 shows photographs of the probe test section following each test.
Although the probe outer surface was completely covered, there did not appear
to be a significant amount of ash present to result in a significant decrease
in heat transfer. Total sample was estimated at <5 g for each test. In order
for this deposit to cause the observed decrease in heat flux and increase in
fouling factor, a large percentage of the ash would have had to be deposited
immediately following sootblowing.

Changes in the boiler operating conditions can also affect the foulant
deposition behavior in the furnace. During normal operation of a tangential
fired boiler, ash deposits on the furnace walls and tubes continually
increases. This leads to increased insulation on the furnace walls and the
tubes resulting in higher flue gas temperatures throughout the unit. The
effect of this degradation in furnace performance are shown in Figure 6-4 in
terms of flue gas temperatures at various regions in the furnace. These two
graphs show calculated gas temperatures for three bciler regions during the
fouling probe test periods. The first region is the furnace exit (FEGT), the
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second region is the exit from the primary superheater tube banks, Port E2
(PSH-OUT), and the third region is the exit from the secondary superheater
tube banks, Port F2 (SSH-OUT). These gas temperatufes are based on the on-
line boiler monitoring and performance calculations from EER’s Boiler
Performance Monitoring System (BPMS). Although the calculated gas
temperatures are higher than the measured values, the relative trends are
‘reasonably accurate.

The gas temperatures increase continually at each test port before a
major sootblowing operation. Following sootblowing, the gas temperatures
decrease significantly.

Comparing the fouling factor trends with the flue gas temperature
trends, a number of characteristics can be explained. During the first 3 h of
the test runs, the fouling probe is coated with ash material. During the same
time period, gas temperature in the test region is steadily increasing.
Because the fouling factor remains ronstant over this period, the higher
temperature difference between the flue gas and the probe surface negates the
increased insulating effect of the ash deposit. This combined effect implies
as if there has not been any reduction in the heat transfer to the probe.
Following the sootblowing operation, the ash insulation on the furnace walls
decreases. This results in higher heat transfer loss through the furnace
walls and a lower flue gas temperature. Therefore, heat flux through the
fouling probe is reduced. Because the fouling factor is based on the
reduction in heat flux, it appears as if more foulants have built up on the
probe,

The possibility of such a misleading conclusion occurring is higher when
the deposition rate in the upstream (of the test port) region is greater than
the deposition rate at the fouling probe location (test port). Although the
fouling probe is accurately measuring the heat flux from the flue gases at the
test port and the dependent fouling factor calculation, the final conclusions
can be deceptive.
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The field test data brought forth few other observations in .
interpretation of data acquisition instruments. The Teledyne Hastings-Raydist
~air mass flowmeter instruction manual states that its calibration (for
converting electrical signals to flow rates) is referenced to standard
conditions of 0°C and 760 mmHg. This was interpreted to mean that the
instrument measures air volume flow rate at the experimental conditions and
uses the air density, p,, , at standard conditions of 0°C and 760 mmHg to
obtain mass flow rate at the experimental conditions of temperature and
pressure, (T,p). Therefore, the measured value of flow rate was multiplird by
Pir(Tsp) / p,,.(0°C, 760 mmHg). The fouling probe was also calibrated using
the same premise for measuring the cooling air mass flow rate.

During the field tests, when the average heat flux calculated by the
cooling air‘mass flow rate did not satisFactori1y match with that measured by
the heat fluxmeter, every possible cause of this discrepancy was examined.
Therefore, thermocbup]es measuring the cooling air temperature, air mass
flowmeter, heat fluxmeter calibration curves, and the corresponding data were
examined. The manufacturers of the instruments were also contacted. During
this investigation the principle on which the flowmeter worked was reexamined.
It was determined that the flowing gas is heated by a known amount of heat.
Thus, if the heat capacity of the gas is assumed nearly constant over its
temperature rise, the gas mass flow rate is proportional to its temperature
rise. The instrument measures directly the mass flow rate and the information
regarding the standard conditions (0°C and 760 mmHg) is superflous.

This implied that the calibration curves for the probes and the
experimental data were unreliable. Therefore, the probes were recalibrated
and the correct calibration curves are given in Table 2-1. Test 15 was
conducted using the correct calibration curve. The data except those of the
Test 15, have to be used with caution. In spite of some possible errors in
earlier tests, general conclusions of the field test are still valid. These
'conc1usions are given in Section 7.
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7. CONCLUSIONS AND RECOMMENDATIONS

The gas-side fouling probe was fabricated and field tested in an
industrial flue gas environment. Data obtained during the tests characterized
the operation and current limitations of the fouling probe. 711 of the
equipment performed well in the plant location and no major probiems were
experienced with probe control, DAS and data analysis.

7.1 CONCLUSIONS

The orientation of the heatflux meter such that it measures the highest
heat flux is necessary to arrive at agreeable results between the heat
fluxmeter output and the total heat carried by the cooling air. The probe is
made of 304 stainless steel. Therefore, the probe surface cannot be exposed
to a higher temperature especially in the high heat flux regions of the
boiler. Maximum cooling air flow rate to the probe was limited to 128 1b/h
(1590 standard ft’/h). This is adequate to cool the probe temperature in the
flue gas temperatures of <1400°F. At gas temperatures >1400°F, the minimum
probe temperature to which it can be cooled is significantly limited. This is
because of two mechanical constraints. The first constraint is the small size
of the air flow control valve to adequately control and permit a high air flow
rate. The second constraint is the measuring range of the air flowmeter. It
appears that the air flow rates in excess of the upper 1imit of the instrument
is required to allow additional probe cooling, especially in thc current
configuration.

Although the boiler operating conditions did not result in significantly
large foulant deposition, fouling factor measurements by both the heat
fluxmeter and cooling air heat transfer appear to adequately represent the
furnace fouling conditions. Erroneous fouling factors may be calculated if
two values of flue gas temperatures, at the start and end of the fouling test,
change significantly. The fouling factor calculation should account for the
effect of variation in flue gas temperature.
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7.2 RECOMMENDATIONS

The suggested recommendations are intended to increase the applicability
of the fouling probe to operate in a varied environment to monitor fouling
effects.

1. Increase cooling air flow through the probe:
A1l restrictions in the controller for the cooling air supply that
could Timit high air flow rates, should be removed. Controlling
large air flow rates using the present air flow control valve is
difficult.

2. Increase range of air flow measurement:
The current 0 to 750 std L/min air flowmeter is too limited for
the high air flow rates necessary to cool the probe in high flue
qas temperature regions. This should be increased to the next
available size, 0 to 1500 std L/min.

3. Shield probe wall thermocouple from cooling air flow:
The probe temperature control during high air flow rates appeared
to be too sensitive and prevented the control system from
establishing an effective temperature control range. By shielding
the thermocouple, its response may be slowed down and the contrul
system may start operating effectively.

4. Investigate alternate data acquisition and analysis hardware system
The current DAS does not allow for on-line data examination to
judge the quality of the data being collected. In addition, the
cost and size of the data acquisition hardware (computer) adds to
the overall system price and maneuverability.
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DATA COLLECTION TIMES
TEST 4 TEST DATA AND ANALYSIS
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APPENDIX B
PROBE ORIENTATION TEST DATA AND ANALYSIS



FOULING PROBE FIELD TEST
RICHMOND POWER & LIGHT
WHITEWATER VALLEY STATION

UNIT 2: PORT DI

HEAT FLUX METER ORIENTATION

TEST 11A - | FEBRUARY 1989
BOILER LOAD: 60 M
PROBE TEMPERATURE: 1300 F

GAS TEMPERATURE: 1840
DATA TIME: 5 SECONDS

PROBE  AIR-IN  AIR-OUT AIR-FLOW HF-METER METER-HF

TEST AVE-HF  AVE-FF  LOC-FF
T TEMP  TEW TP RATE  OUTPUT  CALC CALC CALC CALC
HR (F (F {F LB/HR W B/FT24R B/FT2HR
10,35 1297.8 710.7 114.5  203.45 1191,99 12997.01 -5354!1.7
10,35 1299.5 705.3 11,3 237.38 1194,34 13021.95 -62047.8
10,35 1294.% 703.5 113.5 202,81 1052.88 11521,06 -52833,2
10,35 12935.1 718.7 113.9 134,94 1031.02 11289.12 -36041,9
10,36 1300.7 725,5  114,3 158,01 1112,14 12149.81 -42648,2
10.36  1299.4 712.3 114,4 215,83 1111.28 12140,68 -56989.6
10.36  1296.1 712.0 113.7 172,91 1114.69 12176,.86 -45677.3
10,36 1300.0 714,9 113.5 188,94 1169.55 12758.93 -50175.5
10,36 1298.0 706,8  113,3 225,62 1199.86 13080,51 -59124,3
10,3 1297.0  703.6 113.8 227,88 1149,60 12547,26 -59358.3
10,36 1295.8  709.1 114,0 186,47 1016.03 11130.08 -49003.3
10,37  1297.1 719.1 113.4 146,01 1083,44 11845,30 -39053.4
10.37  1301,3 722,53  113,0 168,40 1172.6% 12792,24 -45323.9
10.37  1300.4  707.4 113.2 238,25 1229.58 13395.84 -62523.5
10,37  1295.9  498.0 15,1 252,58 1175,.70 12824.18 -65020.4
10,37  1294.4 702.9 113.5 202.86 1220.99 13304,70 -5279!.8
10,37 1298.2 708.1 113.2 199,52 1131,50 12355,22 -52417.8
10,37 1294.0 PAKAN 113.7 157,65 1056.36 11957.98 -41734.7
10,33 1300.% 720.9 112.6 158,27 1188.35 12952.39 -47445,1
10,38 1301.1 7087  1211,0 235.54 1311.44 14264.38 52244.4
10,38 1296.1 496.8 12,7 276,98 1278.52 13915.10 -71438.5
10,28 1295.5  699.7 12,7  243.08 1209.43 13182.05 -63008.5
10,38 1298.5  705.9 112,6 230.91 1228.80 13387.57 -50496.3
10.38  1294.8  709.1 112,1 188,98 1111,44 12142,38 -49817.3
10,38  1298.9 724,6 112,0  139.84 1067,87 11680.10 -37826.1
10,28 1301.5 723.3 112,1 194,26 1232,30 13424.70 -52421.5
10.39  1299.5 7118  112,3 244,75 1288,87 14024.91 -64797,7
10,39 1293.7 705.9 1125 225,93 1205,78 13143.33 -59198.6
10,39 1293,3 719.2 1126 148,61 1111.78 12145.99 -39807.2
10,39 1294.4 733.9 112,5 102,68 004,92 11012.20 -28176.2
10,39 1301.2 743,46 1127 125.83 (129.74 12336.54 -35047,8
10,39 1300.4 725.0 112,5 225.43 1194,27 13021.20 -60972.9
10,39 1295.2 714,2 112.3 216,469 1159.40 12651,23 ~57596.4
10,40 1295.3 727.5 152.4  129.58 1073.54 11740.26 -35194,2
10,40  1300.4 735.2 112,2 151,01 1154.34 12597.55 -41548.4
10,40 129%.3 724.¢ 112,0  203.93 1147.06 12732.51 -55164.0
10.40 1297.1 716.4 112,0 238,00 1223.32 13329.43 ~63524.6
10,40 1296.2 717.2 111,8 202,02 1104.85 12072,56 -54005,0
10,80 1297.5 726.1 112.2 151,05 1169.59 12759.35 -40945.8
10,40  1298.4 727.6 112.4  167.88 1063.24 11630.98 -45608.7
10,41 1296.3  729.2 1122 142,95 1050.05 11491.03 -33947,0
10,41 1300.4 734.0 12,7 144,62 1042,93 11415.49 -39680,4
10,41 1299.1 734.4 12,6 131.63 1085.34 11865.47 -36142,4
10.41  1299.9 731.2 112.6 170,20 1134.52 12387.26 -46494.4
10.41  1301.4 721.7 112.9 222,67 1251.23 13625.55 -59665.5
10.41  129%.7 706.2 113.2  260.44 1224.70 13344.07 -68192.4
10,41 1297.58 710.6 113.2  207.32 1316.84 14321.67 -54705.3
B-2
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FOULING PROBE FI1ELD

TEST

RICHMOND POWER & LIGHT
WHITEWATER VALLEY STATION

UNIT 2% PORT D1

HEAT FLUX METER ORIENTATION

TEST 11A - | FEBRUARY 1989
BOILER LOAD: 60 M

PROBE TEMPERATURE: 1300 F
GAS TEMPERATURE: 1840
DATA TIME: 5 SECONDS

owe

—— ——— s

TEST  PROBE AIR-IN  AIR-QUT AIR-FLOW HFHETER METER-F AVE-HF AVEFF  LOC-FF
TIME TEP  TEW TEP  RATE OUTPUT  CALC CALC  CALC CALC
HR (F (F (F LB/HR W B/FT2-HR B/FT2-HR
10,42 1294,9 712,01 1134 196,53 1179.54 12864.92 -51957.7
10.42  1299.0  718.9 113,01 191.41 1194,78 13026.62 -51201,7
10.42  1200.2  7172.5  113.3 196,39 1193.02 13007.94 -52402.0
10,42 1300.0 7142  113.3 223.08 1282,19 13954.04 -59191.6
10.42 12957  709.3  113.2 224,63 1270.14 13826.19 -59135.7
10,42 1299.5  T1L.9 1127 222,20 1283.02 13962.84 -58794.2
10,42 1297.2 7120  112,5 202,42 1294.56 14085,28 -53588,2
10.43  1296.8 7141 112,3 192,92 1296.37 14104.49 -51262.3
10,43 1297.1 7149  112.3  192.64 1260.17 13720,40 -51261.0
10,43 1301.5 71,2  112.3  250.64 1333.20 14495.25 -66287.4
10,43 1296,0  702.4 112,46 249.80 1217.08 13263.22 -65063.6
10,42 1292.2 710,46  112.3 195.91 1270.21 13826.93 -51757.4
10.43  1297.6  711.6  112,9 212.18 1278.44 13916,37 -56101.7
SUMMARY (F 0 DEGREE PROBE ORIENTATION
AVERAGE 1297.84 715,65 131.23 195.86 1175.85 12825.78 -50086.9
MINIMUM  1273.27  496.80 111.80 102,68 1004.92 11012.20 ~71438.5
MAXIMUM 1301.54 743,60 1210.57 276,58 1333,20 14495.25 522M4,38
STD DEV 2,26 10,08 140.57 38.98  84.00 ©91.21 16459.17
10.57 1297.6  654.2 1103.8 283.92 1272.74 13253.77 5639.4
10,57 12952 455.2 1104.4 284.14 1068.92 11491.35 56384.2
10,57 1295.8  &48.0 1109.4 193.19 1047.04 11459,09 37658.1
10.57 1298.4  471,3 11111 219.72 1117.27 12205.30 42671.4
10.58  1302.2  663.2 1113.4 294.87 1262.78 13748,10 59012.6
10.58 1297.6  451.1 1107.1 360.95 1103.40 12057.07 72483.0
10.58 1294,8 58,8 1105.0 253.17 1045.30 11440.63 49878.6
10.58  1297.0  469.7 1108.4 202,48 1072.43 11723.48 39272.0
10,53 1298.9 4714 1109.7 218.02  997.45 10935.07 42203.5
10,53 1299.3  649.4 1106.4 233.75 961.74 10554.06 45110,2
10,58 1295.8  673.3  1102.4 189.41 B13.36 8979.75 35889.1
10.59  1296,7  683.1 1107.6 150.23 837.02 9230.78 28160.2
10,59 1300.1  89.6 1115.1 144,36 872.30 9805.10 27122.4
10.59 1298.5  &87.3 1113.7 183.37 764.57 8462,09 30757.4
10,59 1295.7  487.4 1110.9 136,58 678,77 7763.95 25419.4
10.59  1301.3  497.7 1115.8 127,21 871.76 9599.37 2348.8
10,59 1300.6  683.9 11162 177,09 896.93 9866.43 33416.3
10,59 12970 681.3 1113.8 191.38 889.56 9788.23 34555.7
0,60 1294.6  482.6  1110.7 149.55 771.92 8540.07 28271.8
10,60 12975  692.5 1112.6 120,97  6%0.59 7677.16 2243%9.9
10,60 1299.9  697.4 1118.3 113.35 914.45 10052.31 21994.2
10,60 1300,0  486.6 1120.4 180,94  945.27 10379.31 34662.2
10,60 1296.9  £78.7 1134,7 191,45 912.22 10028.65 36841.5
10,60 12982 677.2 1115.4 201.70 844.67 9311.95 39028.3
10,60 1296.5  678.1  1113,0 162,82 894.62 9841.%2 31270.8
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FOULING PROBE FIELD TEST
RICHMOND POWER & LIGHT
WHITEWATER VALLEY STATION
UNIT 2: PORT DI

HEAT FLUX METER ORIENTATION

TEST 1A - 1 FEBRUARY 1989
BOILER LOAD: 60 M4

PROBE TEMPERATURE: 1300 F
GAS TEMPERATURE: 1840
DATA TIME: 5 SECONDS

TEST  PROBE AIR-IN
TIME TEeMP  TEW
HR (F (F

e

AIR-OUT
TEMP
IF

AIR-FLOW HFETER HETER—HF
RATE  OUTAUT  CALC
LB/HR W B/FT2-R

AVE-HF AVE-FF  LOC-FF
CALC  CALC CALC
B/FT2-R

10.60 1296.6  &71.5
10.61  1299.2  681.0
10.61 1299.8  477.0
10,61, 1295.8  668.7
10,61 1297.7  677.1
10,61  1300.8  675.4
10,61 1298.7  667.5
10,61 1294.2  472.0
10,62 1299.8  675.5
10.62 © 1300.5  &71.7
10,62 1299.9  698.5
10,62  1298.7  649.1
10,62 1294.8  649.6
10.62 - 1299.2  659.2
10.62 1292.2  6%6.7
10,63 1295.6  674.7
10,63 1297.4 6919
10,63 1300,0  695.6
10,63 1299,1  682.7
10.63  1298.6  679.1
10,63 1299.8 6715
10.63 1297,1  657.9
10.64 1294,7  b461.4
10.64  1300.2  644,8
10,64 1297.3  697.4
10,64  1299.2  &58.7
10.64 1297,8  654.3
10.64  1298.1  654.0
10.64 1298.0  640.1
10,65  1300.0  651.9
10,65 1297.3  643.8
10,65 1296.6  654.0
10,65  1298.1  &bL.1
10,65 1299.0  638.9
10.65  1293.8  663.7

1112.9
1115.7
1116,0
1113.7
1117.0
1120.1
1119,2
1112.8
1120.1
1119.9
11189
1116,0
1112.0
1114,9
1109.3
1115.2
1117.3
1123.3
12,6
11227
1123.7
1117.8
1114,7
1119.0
1116,3
1116.1
1114,0
1114,0
1115.3
1116.4
112.7
1114,2
1115.4
1114.9
1.7

188,80 686,33 7631.9%
166,29 812,20 8967.97
204,19 894,02 98%.55
209.06 840.03 9262.72
159.25  953.40 10465.57
211,42 972,90 10672.47
234.27 974,37 10688.07
161,31 900.21 9901,23
201.84 943,39 10359.37
216,66 1080.16 11810.50
296,31 1203.94 13123.80
243,90 1208.41 13171.23
283.47 1050.67 11497.61
251,97 1198.60 13067.15
216,95 843,52 9299.75
134,13 823,72 9089.67
94,70 632,89 7064.96
126,07 794.83 8783.15
193.14 834,01 9411.05
178.87  954.69 10479.2¢
238,66 1051.53 11506.73
293.95 1106.09 12085. 61
221,88 961.21 10548.44
232,52 1174.10 12807.20
251,82 1138.9% 12434.38
248,57 1185.20 12924.97
283,41 1106.79 12093.04
275.83 1022.79 11201.80
200,10 1177.49 12843. 17
317.27 1297.29 14114.25
360.22 1209.07 13178.23
285,60 106806 11682.12
225,80 1081.21 11821.64
264,63 1119.64 12229.38
202,51  890.92 980z.66

SUMMARY OF 90 DEGREE FROBE ORIENTATION

36303.8
31915.2
39591.3
41083.9
30930, 4
41519,7
46732,3
31394.6
39627, 6
42876.9
60233, 3
70909, 6
57879.8
50700, 4
43358.7
25975.1
17788.9
25700.0
37518.7
35039.7
4756,5
594699, 1
44412, 6
45426,3
51022,7
50210, 5
57527.2
56026, 3
48243.1
65041.8
74586, 4
50110, 9
452¢5.9
53284.0
40234.9

AVERAGE 1297.89  670.56
MINIMUM  1292.17 643,79
MAXIMUM 1302.22 497.7
STD DEV 2.0z 157

1114.27
1102, 40
1123.646

4.73

215,63 979.67 10744.28 42554.62
94.70 632,89 7064.96 17788,89

0,95
60.20

1297.29 14114,25 74586.42
158.73 1684.13 12957.18

10,73 1293.6  619.6
10.73  1299.1  617.4
10,73 1297.9  618.¢

DOE FOULING PROBE: TEST {1A

1072.0
107¢.9
1075.0

261.82

279.97

1410.37 15214,03 02290.2
1354.48 14723.15 628%4.5
1295.03 14090.27 6427.1



FOULING PROBE FIELD TEST TEST 11A - 1 FEBRUARY 1989

RICHMOND POWER & LIGHT BOILER LOAD: 40 M
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 1300 F
UNIT 2¢ PORT D1 GAS TEMPERATURE: 1840

DATA TIME: S SECONDS
HEAT FLUX METER ORIENTATION

o ——

TEST  PROBE ARIR-IN  AIR-OUT AIR-FLOW HF-¥ETER NETER-HF AVE-HF AVE-FF  LOC-FF
TIME TP TEW TEMP RATE  OUTPUT  CALC CALC  CALC CALC
HR [F (F [F LB/HR W B/FT2HR B/FT2HR

10,73 1300.7  619.8  1079.9 293.44 1554.42 14842,50 59664.6
10.74  1299.0  607.4 1072.0 384.53 1471.29 16024.05 76960.5
10.74  1293.0  413.0 1071.46 247,73 1416,95 15383.84 50144.4
10,74 1294.4  419.9  1076.4 210,47 1268,58 13809.43 42428.0
10.74  1301,2  431.0 1088,3 172,30 1359.52 14774.51 34795.0
10,74 1296.0 62,6 1080.7 256.94 1325.19 14410.27 51980.6
10,74 1298.4  624.4 1081.3 212,96 1378.94 14980.55 42944,7
10.74 1300.5  620.4 1081.8 294,57 1398.74 15190.63 60029.2
10,75 1293.6  418.5 1076.8 230,05 1326.86 14427.98 446553,8
1075 1301.2  419.6 10819 284,23 1517,37 16449.30 58030,0
10,75 1292.1  61LS 10777 332,74 1459.07 15430.73 68495,3
10,75 1295.1  618.5  1079.3 199,96 1141,72 12463.65 40685.4
10.75 13017 A21.2  1083.0 275.95 1560.01 16901.71 56278.6
10,75 1298.3  615.7 1078.2 265.54 1397.41 15176.52 54242.3
10,75 1302,7  410.3  1077,3 376,27 1677.42 18147.43 7758%,0
10,76 13018 595.4 1068.9 487.73 1773,76 19169.59 101976.9
10,76 1295.3  S88.5 1060.2 483,52 1716.b6 18543.76 101744.4
10,76 12903 599.6  1062,8 279,78 1275.81 13884,34 57216.6
10,76 1295.6  413.4  1070.5 235,62 1245.77 13779.82 47549.9
10,76 13026 616,46  1076.1 274,06 156,00 16965.26 55609.9
1076 1300.3  404.4 1070.4 377.46 1617.73 17514.12 77713,9
10.76  1296.1  597.3  1063.0 385.81 1583.72 17153.27 79005.9
10,76 1298.2  400.8 1062,8 354,34 1730.60 12711.67 72705.2
10,77 1299.5  593.9 10615 428.67 1733.78 18745.41 88507.8
10.77  1296.1  591.4  1057.7  419.37 1564.48 16949.12 86346.9
10,77 1295,2  601.1  1062.4 266,90 1565.13 1695%.03 54362.2
10.77  1298.6  601.9 1065.8 358,21 1652.65 17334.62 73382.5
10.77  1295.3 597, 1061.6  357.87 1561.10 16913.27 73345.0
10,77 1297.3  598.8 1061,2 373.47 1349.49 14880.27 76254.7
10,77 1294.0  406.6 1065.1 231,53 1623.99 17560,53 46873.%9
10,78 1303.6  &04.5 1069.9 365,40 1589,42 17213.85 75094.2
10,78 1300.1  997.3 1063.2 377.25 1624,85 17569.66 81727.3
10,78 1295.6 00,3 1061.6 322,91 1531,13 16595.2% 45776.0
10.78  1299.4  602.8 1065.6 329.27 144¢,24 15A94.41 ¢7285.2
10,78 1291.2  604.0 1061.2Z 249,42 1206.1% 13147.04 50413,
10,78 1297.7  621.4 1073.3 154,60 1234.8% 13452.18 30353.3
10.78  1298.1  628.83  1077.8 148,21 1198.22 13064.81 29404,3
10,79 1303.3 22,2 1077.9 253.84 1531,25 14596.56 51074.4
10,79 1294,5  £07.1  1068.2 315,78 1198.11 13061.%5 £4299.9
10,79 1292,2  618.3  1072.3 171,73 1144.41 12492.19 34428,2
10.79 - 1301.0  427.9 1079.4 188,53 1371.45 14901.0% 27583.%
10.79  1300.6  416.8  1072.7 271,12 1394.97 15150.62 54401.¢
10,79 1298.7  611.7  1068.3 297,19 1372.96 1491711 59926.6
1079 1298.3 4124 1068.4 283,38 1322.07 14377.16 49007.4
10.80  1296.7  413.§  1085.6 232,20 1380.35 14995.51 44355,2
10,80 1300.9  611.6  1047.5 273,85 142539 15473.39 S4141,0
10,80 1299.3  409.7  1064.3 261,02 1364,29 14325.12 S2691,4

DOE FOULING PROBE: TEST 1A B-~5



FOULING PROBE FIELD TEST
RICHMOND POWER & LIGHT

WHITEWATER VALLEY STATION
UNIT 2¢ PORT DI

HEAT FLUX METER ORIENTATION

—

-

TEST 11A - | FEBRUARY 198%
BOILER LOAD: 60 M

PROBE TEMPERATURE: 1300 F
GAS TEMPERATURE: 1840
DATA TIME: 5 SECONDS

-

TEST  PROBE AIR-IN  AIR-OUT AIR-FLOW HF-ETER METER-HF AVE-HF AVE-FF  LOC-FF
TIME TEMP  TEMP TEMP RATE  QUTPUT  CALC CALC  CALC CALC
HR [F (F {F LB/HR W B/FT24R B/FT2-HR
10,80 1293.6  &07.7 1064.5 281,68 1157.09 12626,72  56820.3
10,80  1290.3  £19.4  1069.9 152,56 995.81 10915.54 30345.2
10,80 1296,2  635.,6 1081.0 110,12  955.97 1049284 21442.4
10.80 13025  638.2 1084.7 169.44 1145,62 12505.03 33406.4
10,81 1295.6 623,35 1077.0 208.37 1050.79 11498.83 41721.2
10.81  1302,5  626.6 1081.2 207.28 1459.99 :5840.49 41613,7
10,81 1305.3  609.7 1075.9 366,50 1598.37 17308.28 75453.0
10,81 1296.5  595.2 1065.5 414,82 1493.%b 16194.55 84144.4
10.81  1291.3  602.0 1064.2 248,20 1391.59 15114.77 50656.4
10,81 12987 404.6  1065.9 270.82 1517.71 16452.90 54923.8

SUMMARY OF 180 DEGREE PROBE ORIENTATION

AVERAGE 1297.75 411,92 1071.49 285,40 1417.05 15384.87 58108.33
MINIMUM  1290.30  588.46 1057,66 110,12 955,97 10492.84 21662.38
MAXIMUM 1305.26 633,21 1068,30 482,52 1773.76 19149.59 101976.9
STD DEV 3.49 11,10 7.45 83,19  185.16 1944.54 17588,45
10,90 1299.1  &471.4  1194.F  177.39 1958,61 21120.85 40999.1
10,90 1299.1  &45.1  1196.3 252,16 2013.92 21717.69 59145.5
10,90 1295.5  662,5 1190.1 207.00 1773.5% 19167.79 48228.4
10.90 1293,8  669.3 1195.1 190,85 1785.80 19297.34 44307.3
10,91 1300.4  664.8  1195.3 245,71 2099.05 22620.92 57558.8
10,91 1299.5  656.7 1190.8 284.37 2236.35 24077.67 67077,2
10,91 1295.7  651.8  1186.4 288,35 2191.29 23599.59 48073.7
10,91 1296,2  651.5 1189.9 284,13 2047.22 22071.00 67546.3
10,91 1298.8  654.9 11957 259.40 2273.99 24477.03 61939.9
10,91 1296,4  653.4  1191.6  259.84 2006.08 21634.51 61750.0
10,91 12946 660.6 1190.7 191,28 1845.26 19928.21 44772.0
10.92 1296,1  4672.7 1194,5 141,95 1705.85 18449.07 32705,9
10,92 1299.0  682.0 1199.4 124,07 1613.76 17471.99 30633.4
10,92 12989  484.0 1197.3 146,07 1570.52 17013.32 33112.7
10,92 1257.2 82,5 1195.3 164,37 1597.44 17298.84 37221.2
10,92 1298.7  685.1 1198.1 140,34 1654.93 17908.81 31789.0
10,92 1299.1  479.3 1197.3 205.79 1875.36 20247.57 47072.3
10,92 1299.6  669.1 1196.6 247,75 2097.11 22600.34 57712.8
10,93 1296,5  457.5  1191.4 305.49 2058.70 2219281 72071.1
10,93 1294.5 40,2 1188.7 212,78 1974.72 21301.78 49452.2
10,93 1295.5  667.7 1190.3  177.29 1892.62 20430.70 40716.5
10,93 1297.4  673.3  1196.2 169.83 1823.04 19745.50 39215.8
10,93 1295.6  675.3 11929 167.41 1678.27 18156.44 38267.4
10,93 1293.4  482.7 1199.4 138,45 1598.24 17307.33 31632.7
10,93 1299.3  684.5 1198.2 156.89 1585.31 17170.14 355%.3
10.93  1301.3  675.8 1198.8 221,00 2042.6b 22022.62 53343.9
10.94  1296.1  642.3  1190.9 266.78 2069.53 22307.71 62264.8
10.94  1295.5  659.6  1192.5 260.5% 1947.52 21275.39 41317.7

DOE FOULING PROBE: TEST 11A



FOULING PROBE FIELD TEST TEST 11A - | FEBRUARY 1989

RICHMOND POWER & LIGHT BOILER LOAD: 40 MW
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 1300 F
UNIT 2: PORT D1 ' GAS TEMPERATURE: 1840

DATA TIME: 5 SECONDS
HEAT FLUX METER ORIENTATION

TEST  PROBE AIR-IN  AIR-QUT AIR-FLOW HF-METER METER-HF AVE-HF AVE-FF  LOC-FF
TIME TEWP  TEW TEMP RATE  OUTPUT  CALC CALC  CALC - CALC
HR IF [F (F LB/HR W B/FT2-R B/FT2-HR

10.94  1295.4 6660 1192,3 186,20 1760.45 19240.57 43268.8
10.94 1299.7  673.6  1196.6 167,58 1671.98 18153.37 38701.5
10.94 12965  675.6 1194.4 162,17 1599.42 17319.85 37148.4
10,94 1297.1 80,3 11961 151,29 1592.30 17244.30 344%%.4
10.94  1298.7  680.7 1196.4 169,26 1727.89 18682.91 38338.0
10,95 1301.4  677.6 1200,2 194,12 2006.13 21635.04 44804.1
10.95 1299.9  667.9 1193.4 233,19 1962.62 21173.40 O54113.1
10.95 12963  664.9 1186.6 220,74 1812,13 19576.70 50847.8
10,95 1295.3  670.5 1188.6 168,85 1497.88 18364.51 33632.4
10.95  1298.3  477.4 1193.8 151,04 1664.59 18011.30 34443,5
10.95 1301.4  675.3 1195.6 212,97 1967.26 21222,63 48929.1
10,95 1297.9 6664 1191.3 225,23 1994.03 21506.66 52199.3
10.96  1298,3  6b4.7  1191.6 231,30 2022,02 21803.63 33813.4
10,96 1300.7  657.5 11940 299.07 2342,73 25206.37 70864.2
10.96  1299.5  448.6 1192.8 340,25 2440,41 26244.87 81771.2
10,96 1295.4  643.1  1190.2 354,29 2242,00 24137.62 83591.2
10.96  1292,5  652.1 1188.2  217.81 2049,20 22092.54 51562.7
10,96 1293.8  663.6 1198.1 206,08 205273 22129.47 4B635.6
10,96 1295.9 63,0 1195.7 205,43 1894.10 20446.40 48320.8
10,97 1297.8  669.6 1196.9  173.94 1844,26 19917.60 40495.2
10.97  1292,2  475.4 1196.4 151,49 1880,39 20300,94 34835,
10.97  1302.4  676.0 1199.3 181.77 2101.78 22649.89 42003.4
10,97 1301.2  bb1.6 11963 302,08 2064.89 22279.70 71318.7
10,97  1295.4  656.6 1192.1 262,42 2191.10 23597.57 62056.1
10,97 1296,0  658.7 1194.1 238,41 2047,28 22071.64 5h3b6.7
10.97  1294.5 6666  1194.2 170,22 1793.89 19383.17 39634.7
10.98 1298,3  677.6 11985 152,10 1688.25 18262.33 349%0.1
10.98  1299.0  681.0 1202.2 146,95 1691.95 18301.%9 33823.5
10.98 1298,9  478.2 1200.5 191,33 1769.67 19126.20 44128.9
10.98  1297.3 6741 1196.5 193,20 1795.44 18975.22 44578.6
10.98  1300.9  675.9 1200.0 194,64 190171 20527.14 45047.9
10,98  1299.2  662.0 1194.3 306,75 2125.82 22904.95 ' 72108.3

SUMMARY OF 270 DEGREE PROBE ORIENTATION

AVERAGE 1297.74 648,29 1194.83 211,17 1907.11 20594.33 49233.79
MINIMUM 1292,15 643,11 1186,59 134,07 1570.53 17013.32 20633, 23
MAXIMUM 1302,41 685.14 1202.23 354.29 2440.61 26244.87 83591.25
STD Dev 2,2 10,10 360 S4.24  210.05 2228.62 13353.30

[OE FOULING PROBE: TEST 11A
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FOULING PROBE FIELD TEST TEST 104 - 31 JANUARY 1989

RICHMOND POMER & LIGHT ‘ BOILER LOAD: 64 MW
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 1100 F
UNIT 2: PORT E2 GAS TEMPERATURE: 1439

DATA TIME: 30 SECONDS
HEAT FLUX METER ORIENTATION

v

m—

TEST  PROBE AIR-IN AIR-OUT AIR-FLOW HF-METER METER-HF
TIME TeP  TEP TEMP RATE  OUTPUT  CALC
HR (F [F [F LB/HR W B/FT24R

- o ——— o —. 2= - S o

AVE-HF AVEFF  LOC-FF
CALC  CALC CALC
B/FT2-HR.

9.¢3 1098.12 751,76 1099.5  30.94 134,78 1509.02 4751.02
9.63 1098.21 754.3! 109 30.98 131,54 1475.39 47150.44
9,63 1098,86 755,59 1097.5 82,82 1S8.71 1797.41 4935.21
9,63 109678  749.7 1093.82  34.85 147,07 163659 5599.63
9.64 1097.23 T754.16 1094,75  29.58 119.47 1350.10 4448.79
9.64 1097.93 741.34 1095.07  27.58 118,85 1343.66 4064.44
9.64 1097.94 765,05 1094.47 27,60 118,36 1338,58 4014.8%
9.64 1097.35 767.31 1095.98  27.71 137,45 153673 4021.49
9.64 1098.52 768.95 1096.91 28,10 127,25 1430.856 4049.42
9.64 1097.6 T70.22 1097.68  28.35 108,47 1235.92 4099.43
9.44 1097.32 771,53 109677 28,09 120.85 1364.42 4037.15
2,65 1098.95 774,99 1097.25 26,58 114.61 1299.65 3783.62
9.65 1097.46 771,94 1093.99  31.99 121,44 1370.55 4549.35
9.65 1099.02 773,69 1097.62  26.87 144,63 1611.26 3043.53
9.45 1098,53  773,7 108,22  31.54 139.00 1552.82 4519.75
9.65 1098.73 771.76 10%8,27  32.76 111.15 1263.74 4723.27
9,65 1098.17 768,47 10%6.22 37,23 129.10 1450.06 5388.25
@63 109719 T65.5 1095,22 .42 137.30 1540.26  5040,62
9.66 1097.22  770.66 1095.53 31,67 108,23 123%.43 4546.15
9.66 108,33  775.62 1095.86  28.58 143.81 1602.73 404136
9.66 1098,23 776,54 1096,26 W.10 140,21 1565.38 4b73.15
.66 1098.68 773.37 1098,36  3b.64 130.86 1468,33 5232.20
9,66 1096.64 T770.07 1098,22 36,15 123,98 1392.7¢ 5238.32
9.66 1078.24 7769 1101.64  29.84 140.26 1365.9%0 4279.04
9.66 109%.08 720,79 110f.1  32.60 117,73 1332.04 4611.05
.66  1097.6 776,51 1097.17 36,39 190.41 2086.46 5152.74
9.67 1098.54 774.22 1098.37  29.97 146,80 1431.71 £5719.50
9.67 109671 769.17 1096,32  40.92 138,40 1548.67 U5911.45
9.67 1098.45 772,01 1095.49  37.3% 135,23 513,69 5339.42
9.67 109,27 774.03 1094,16  3¢.86 13¢.52 1527.08 §210.67
9.67 1098,74 774.96 1094.93  3B.45 137,54 1537.67 533,57
9.47 1098,36 772,45 109411 40.92 167.41 1847.72 $R12.%5
Q.67 1097.35 770,73 1095.67  43.26 145,03 1615.41 6207.28
2,68 1097.49  771.34 1097.65  39.68 170.51 1879.8% ©§717.60
9.68  1097.3 774,42 1099.41  37.60 145,85 1423.92 G3%5.97
9.68 10%3,43  778.5 1102.63  35.84 162.03 1791.27 ©S132.95
SUMMARY OF 0 DEGREE PROBE ORIENTATION
AVERAGE 1097.99  76%.51 (096,97  33.%0 136,14 1523.10 4341.85
MINIMUM  1096.66  789.70 1093.82  26.5¢ 108,23 1233.43 3783.62
MAXIMX 1099.08  720.79 1102.83  43.26 190.41 2086.44 6207.%3
STD eV 0.67 7.62 2.15 4,62 17.29 18571 632,91
9.71 1096.57 736.99 1033.61  70.86 284.5 30£3.63 9281.40
9.7 1097.96 742,24 1034.71  40.70 286,57 3084.60 7639.33
B-13

[0E FOULING PROBE: TEST 10A



FOULING PROBE FIELD TEST
RICHMOND POWER & LIGHT
WHITEWATER VALLEY STATION
UNIT 2t PORT E2

HEAT FLUX METER ORIENTATION

TEST 10A - 31 JANUARY 1989
BOILER LOAD: &4 MW

PROBE TEMPERATURE: 1100 F
GRS TEMPERATURE: 1439

DATA TIME: 30 SECONDS

TEST PROBE AIR-IN AIR-OUT AIR-FLOW WF-METER NETER-HF AVE-HF AVE-FF  LOC-FF
TIKE > TEW TEMP RATE  OUTPUT  CALC CALC  CALC CaLC
HR (F F [F LB/HR W B/FT2-HR  B/FTZ-HR
9.71 1098.93 745,15 1034.03  60.33 264,44 28T5.45 7695.95
9.71 1097,31 7424 1031,47 70,31 280.77 3024.39 8968.74
9.72 1097.56  741.1 1030.35  47.11 276,19 2976.85 8€571.81
9.72 10%8.37  741.83 1030,47  ¢5.99 262,44 2834,13 8410.97
9.72 1097.21  742.1 1029.76 45,59 271.09 2923.91 8331,61
9.72 1097.74  744.71 1030,2 99,01 297.41 3197.12 7440.54
9.72  1099.3  747.2 1030,83 58,22 285.16 30¢7.96 7293.11
9.72 1097.99 743,91 1029 71,14 268.13 2693.19 8&995.86
9.72 1097.15 743,44 102,71 61,86 264,50 2895.51 7792.52
9.73 1099,27 747.02 1030.13 40,20 246,29 2666.49 T7525.99
9.7% 1097.37 745,38 1028.36 42,14 235,02 2549.51 7889.91
9.73 1099.27 748,463 1030.45 57,89 270.97 2922.88 7204.22
7.73 1093.52 746,94 1029.3 44,50 242,45 2626.63 8042.19
9.73 109¢.95 746,52 1028.52  &0.59 253.59 2742.26 7545.04
9.73 1098,33 730,06 1029.85  54.56 331,36 3549.52 6938.01
9.73 1097.95  749.16 1029.19  62.78 301.05 3234.90 7763.14
9.74 10%8.35 748,23 1029.4 46,26 248,91 2693.69 8232.67
9.74  1097.1 ' T747.43 1023,78 41,64 274,53 2959.67 7658,10
9.74 1097.74 747.89 1029.18 64,78 270.26 2915.30 3294,92
9.74 1098.35 746.62 1028.48 64,06 299.06 3214.24 7973.19
9.74 1096.97  747.93 1028.14 62,82 234,11 2540.06 7773.08
9.74 1097.13  751.59 1029.38  S4.65 239.08 2799.25 &703.76
9.74 1099 785,42 1030,63 51,33 240.49 2608.36 6233.49
9.74 1098 757.99 1020.57 52,55 218.32 2376.16 4325.26
9.75 1097.84 759.11 1030.,59 51,20 229.59 2493.14 6137.90
9.75 1097.37 760,99 1031.12  §0.59 228,76 2484.53 6034.61
9.75 1098.29  764,2 1032.07  45.84 271.72 2930.45 5422.26
.75 1099.7  762,3 1031.77 58,20 245,46 2699.95 ¢925.40
9.75 1097.11 756,37 1029,56  45.07 249,84 2703.34 70949,7°
9.75 1100.17 751,39 1029.43 92,61 263.67 2846.89 10142.65
9.75 1096,23 741,69 1025.23 80,67 257.11 2778.80 10102.17
9.76 1097.11 744,15 1026,55 71,69 285.08 3069.13 8939.95
9.7¢  1098.3  745.1 1027.28  70.¢8 297.14 2779.11 ©807.13
9.76 106,95 744,72 1026,62  4b.6A 256,29 2770,29 ©295.48
SUMMARY (OF 90 DESREE FROBE CRIENTATION
AVERAGE 1097,94 748,77 1029.84 42,79 264,27 2933.15 7816.45
MINIMUM 1096.23 736,99 1025.28 45,84 218,32 2376.16 5422.26
MAXIMUY  1100.17 764,20 102471 82,61 231,36 3549.52 10142.65
STD DEV 0.91 6. 37 1.93 7,73 23,25 241.33 1050.40
9.80 1097.4  756.49 1027,%6  53.69 370.01 3930,70 6426.68
9.30 1098,83  763.21 1026,11 55,03 422,50 4495.55 6388,54
9.80 1097.95 798.73 1022.15 19 473,24 5023.27 8276.28
9.20 1097.87 755,32 1021.05 L26 445,79 4737.30 8361.77
DOE FOULING PROBE: TEST 10A
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FOULING PROBE FIELD TEST
RICHMOND POWER & LIGHT
WHITEWATER VALLEY STATION

UNIT 2: PORT E2

HEAT FLUX METER ORIENTATION

TEST 10A - 31 JANUARY 1989

BOILER LOAD:

64

PROBE TEMPERATURE: 1100 F
GAS TEMPERATURE: 1439
DATA TINE: 30 SECONDS

o s e A8 e

AVE-HF AVE-FF  LOC-FF

TEST  PROBE AIR-IN AIR-OUT AIR-FLOW HF-METER METER-HF
TIME TeP  TEMP TEMP RATE  OUTPUT  CALC CALC  CALC
HR [F tF IF LB/HR W B/FT2-HR  B/FT2-R
9.81 1098.39 754,67 1019.51 76,71 401.01 4272.48 8971.13
9.81 1098.13 753,98 1019.26  68.99 410.6] 4372.13 8081.69
9.81 10961 755,34 1018.97  67.10 387.03 4127.37 7811.40
9.81 1099.43 758.23 1020.47 72,33 488,78 G5183.54 8375.85
9.81 1099.63 750.66 101é6.41 90,30 501,93 5320.03 10596.75
9.81 1097.17 745,45 1013.4  83.41 490.23 O5198.09 9869.24
9.81 1098.89 745.41 1012.25  82.08 467.64 4764.10 10378.63
9.82 1097.2 744.71 1011.15  79.13  465.37 4940.54 9310.06
9.82 1097.14 747,25 1011.44  71.97 M45.02 4936.91 @396.14
9.82 1096.67 752,62 1013.84  §7.23 395.18 4211.97 6401.49
9.82 109895 757.15 1013,03 63,49 463.85 4924.76 7229.%4
9.82 1096,92 752,68 1013.41  78.32 421,43 44G4 24 9017,28
9.82 1098.87  752.9 1014.42 75,93 427,92 4551.81 8748,59
9.82 1097.17 75143 101373 74,13 408,29 424B.05 8586.26
9.83 1096.12 756.94 1015.67 59,22 423.46 4505,51 6308.92
9.€3 1097.74 744.42 1017.36 55,87 358.48 323210 6240,
.83 109%.1 767,13 1018,59 57,05 384.49 4103.02 6%34,85
.83 1097.48 745,36 1018,24  59.49 473.34 4504.48 6643,0%
9.83 1097.81  761.89 1017.37 74,04 442,83 4707.09 8333.51
9.83 1058.08 706,19 1015.49  &3,55 485,27 S51S3.33 994,67
9.83 1098,61 752,24 1013.88 82,51 447.26 4752.56 9532.84
7.83 1097.52  748.7 1012.05 92,69 448.34 4976.56 10778.99
9.84 1095,86  750.2 1012,62 68,90 435.60 4631.53 7984,13
9.24  1097,2  758.1 1015.09  59.31 384.19 4097.89 6730.63
9.684 1097.75 738,08 1014.47 84,36 440.6) 4483.53 9551,01
9.84 1097.53 756,06 1014.56 74,99 432.59 4400.28 8540,04
9.84  1097.6 758,09 1015.76  63.67 430.63 4579.94 7244,53
9.34 1097.84 741,57 101671 b1.61 A39.62 4673.26 6941.31
9.84 1099.13  759.45 1015.66 75,97 484,94 S144.44 8595,08
9.85 1096.64 733,16 1013.05  81.14 407.52 4340.06 9311.86
9.23 1096.39 753,01 1015.,65 - 2,60 372.66 3978.21 7121.96
9.85 1100.83  761.58 1016.72  78.80 4b0.66 4891.45 &278,03
SUMMARY (F 180 DEGREE PROBE ORIENTATION
AVERAGE 1097.84 785.65 1016.36  71.39 434.22 4417.22 82%.71
MINIMM  1095.86  744.71 1011.15  S53.69 398.68 3833.10 6240.33
MAXIMUM 1100.83  767.13 1027.56 92,69 501.93 $5320.03 10778.99
STD DeV 1.08 9,52 370 10,71 37,23 386.45 1287.97
7.83 107894 839.07 1120.17 2,59 240.64 3645.84 321,49
9.8 1099.4 854.05 1137.0¢4 2,91 348,06 3722.86 363,47
9.88 1099.54 847.12 1131.67 10,21 400,01 4262,10 11%2.74
9,88 1098,26 871.35 11230.04 16,25 365,25 3901.30 1856.29
9.87 1098.63 874.31 1132.59  17.42 391.54 4174.19 1984,78
7.87 1092.63  &74.3 113398 21,61  397.23 4239.48 473,25
OE FOULING PROBES TEST 10A



FOULING PROBE FIELD TEST TEST 100 - 31 JANUARY 1989

RICHMOND POWER & LIGHT BOILER LOAD: 64 MW
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 1100 F
UNIT 2: PORT E2 GAS TEMPERATURE: 1439

DATA TIME: 30 SECONDS
HEAT FLUX METER ORIENTATION

— ey s s

TEST  PROBE AIR-IN AIR-OUT AIR-FLOW HF-METER METER-HF AVE-HF AVE-FF  LOC-FF
TIME TeP  TEMP TEMP RATE  OUTPUT  CALC CALC  CALC CALC

HR IF [F [F LB/IR W B/FT2-HR B/FT2-R
9.89 1099.16 671,43 1134.77 27,12 423,24 4503.23 3153,68
9.89 1098.6 843,79 1134.66 34,91 485.09 5145.23 £175.63
9.89 1098.15 851.94 1132.62 46,44 459,13 4875.77 57%5.93
9.89 1097.07 844,41 1131.9  40.84 492,10 5218.00 5148,59
9.89 1097.58 48,83 1133.0z 38,39 481.92 5112.33 4817.69
9.90 1098.15 849.68 1133.56  38.02 464,31 4934.73 474,05
9.90 1098.7 849,42 1130.98 41,49 481.49 5107.87 5158,53
9.90 1096.48 842,88 1123.63  45.35b 441,73 M95.16 5623.47
9.9%0 1098.57  846.7 1123.09 36,82 515,49 S5460.79 4493.84
9.90 1098.67 846,45 1121.18 41,11 479.16 $083.48 4987,30
9.90 1097.23 844.34 11144 42,11 474,53 $035.62 021,77
9.%0 1098.57 843.17 1117.8 42,39 462,75 4913.35 5140,71
9.91 1099.21 842,25 1116.8  43.34 497,83 5277.48 525439

9.91 1098.2 836,15 1110.09 52,30 479.89 5091.26 326,58
7.91 1096.21 832,79 1105.15  45.91 492,57 5222.8 5501.29
7.91 1097.17 839.57 1108.96  38.00 484,78 5142.02 4720,40
9.91 1097.7¢ 845,87 1112.32 34,78 501.58 5316.40 4092,20
2,91 1099.49 849,01 1115.28 34,61 469.97 4988.29 4304,61
9.91 1094.89 843.36  1108.7 44,67 487.44 S5171.70 5233,96
9.91 1097.11 B43.81 1107.65  39.01 464,31 4929.54 4544,94
7.92 109699 830.37 1110.96  32.33 444,91 4728.17 372,02
7.92 1098.14 §398.31 1114.84 27,59 478,33 $075.07 3125,37
9.92 1098.89 841,73 1116.55 31,18 465,50 4741.89 3508,50
1097.38  892.05 1112.97 35,98 441,079 4¢88.51 4050.20
1097.55 836,12 1114.97 36,97 454,47 4850.23 4225.90
1097.74 836,62 1115.63 34,17 451,94 4801.14 3908.17
1099.87  839.45 1117.24  35.20 556,32 58384.60 4007,01
1098.13 846,22 1108.3 54,01 494,44 5242,29 6262.0
1096.6 840.08 1105.53 44,40 494,35 5241.35 543%,92
1096.88  847.52 1109.68 34,65 449.45 4982.89 4011,27

1010101030 0 0
388338388

SUMMARY OF 270 DEGREE PROBE ORIENTATION

AVERAGE 1098.07 851.50 1120.26 34,70 459.34 4077.93 4124,43
MINIMUM  1096.21 833,79 1105.15 2.59 340.64 3645.84 321,49
MAXIMM 1099.87 874,80 1137.06 54,01 556,32 5384.40 632,52
STD DEV 0.95 10,69 10,03 12,08 45,54 472,96 1479.20

OB FOULING PROBE: TEST 10A
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FOULING PROBE FIELD TEST TEST 12A1 - 2 FEBRURRY 1989

RICHMOND POWER & LIGHT BOILER LOAD: 60 MW
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 800 F
UNIT 2: PORT F2 , GAS TEMPERATURE: 1125 J

DATA TIME: 5 SECONDS
HEAT FLUX ME“FR ORIENTATION: PROBE |

TEST  FRCBE  AIR-IN  AIR-OUT AIR-FLOW HF-METER METER-HF  AVE-HF AVE-FF  LOC-FF
TIME TEN  TEMP TEMP  RATE  OURUT  CALC CALC  CALC CALC
HR (F [F [F LB/HR W B/FT2-HR B/FT2-HR

B Y en—

8.96  798.8 442,3  654.3 39,56 458,59 3641.91 3702.73
8.%  79%.1  A446  635.0 39,52 466,35 3699.64 3672,28
8.96  79%.6 4465  635.8  39.97 467.90 3711.18 3685,97
8.%6  799.2  448.2 56,8 39.87 473,33 3791,58 3671.71
8,97 800.0  449.8 . £37.8 41,84 484,98 38,25 3843,52
8.97  798.9  450.1  458.0 43,27 474,96 3763,70 3972,78
8.97  799.3  451.3  658.4 43,33 483,02 3823.47 3962,40
8.97 7983 4517 638.3  44.99 487,77 3859.01 4288,81
8.97 7968  452.2  637.7 47,43 480,26 3803.13 - 4302.86
8.97 799.8 435,99  &38.7 40,29 474,08 3772.04 3608,62
8.97  800.4  459.0  660.4  40.64 461,80 3665.79 3414,48
98 798.7  459.2  660.9 44,50 457,72 3635.44 3962,%0
B 797.5 460.2 661,27 84,61 477,65 3783.72 2759.10

78 7RG 4416 G41.8 AZ.8L 482,08 2024,12 874,83

¥8  800.0  464,1  663.5 42,13 478,06 2704.77 3710.54

"8 799.6 4643 6AALT 49,32 48121 2610.20 4363.17
8.98  797.5  463.8  bk4.1 SL.Z9 475,29 376L.16 453,09

P4 7979 845,9 664,00 45,93 482,55 1327.41 4017.t4

75 7992 A68.7  bEA.S 43,90 445,63 369466 3795.29

97 799.8 471.0  665.6 42,41 477,19 3780.29 3722,%

¥9 0 797.8  472.5 6663 45,94 457,71 3435.3 3931.49
859 7993 A73.0  bbb.E 46,89 473,98 754,11 4007.81
8,99  797.9  472.7  bbb.2 52,70 484,72 2E36.22 4503,94
899 7917 472.4 &5.7 51,36 483.96 3820.44 4383.30
8.99  798.2  475.2 6.5 46,24 445,96 346,74 3905,50
2,99 799.4 478,46  6A8.0 43,73 463,45 3478,07 3457.78
7.00  799.9 4310  &69.3 42,30 448,99 3718.%9 360116
.00 799.8  4BL.6  670.5 47,74 450,67 /62,98 3981,40
9.00  799.1  482,0  670.8 48,77 470,52 3730.67 4067.07
.00 799.3  482.7  670.9  49.71 449,27 3721.37 4130,75
7,00  792.7  483.4  671.3  S0.21 471,68 3739.30 4164.53
.00 T¢4.1 4845 671.6 50,03 477.41 3781.93 4134,27
9.00  799.2  485.7  671.8 45,92 ALS.37 269250 4103.89
9,01 798.7  4gb.6 672,84 50,99 449,80 3725.31 4185.10
9.01  798.9  487.6  672.% 50,94 420,19 380Z.41 4167.29
9,00 79,8 4EA7 0 672,84 50,91 472,48 3745.25 A4150.66
9,01 799.3  48%.9  4£73.8  G0.67 478,05 3734.69 411521
201 7987 490.6  674.0  §2,97 491,63 327,73 42%0.07
2.0 79%.1  491,2  A74.4 53,34 481,22 3%10.2% 4320,51

™~
«

2,00 798.2 491,05 75,0 §5,78 471,20 3735.73 4521.10
7,02 797.8  491.9  674.7 56,10 477,46 3782.30 4528.46
02 797.6  493.5  ¢74.9 52,09 462,80 3673.25 4173,95

9.0z 798.8  495.9  ¢75.9 49,52 472,41 3752.17 3935.45
.02 799.9  497.9  477.4 48,97 449,42 3722.93 3851,78
79.3 4990  478B.3 52,48  4t4.46 3A85.5% 4154,48

9.02 799.3 4989 473.4  S4,24 478,27 3787.96 A303.1%
3 A%9.4 473,88 SA79 477.55 3782.97 43%9.01

CE FOULING FROBE: TEST 17A1 B-21
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FOULING PROBE FIELD TEST TEST 12A1 - 2 FEBRUARY 1989

RICHMOND POWER & LIGHT BOILER LOAD: 60 M
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 800 F
UNIT 2: PORT F2 GAS TEMPERATURE: 1125

DATA TIME: 5 SECONDS
HEAT FLUX METER ORIENTATION: PROBE 1|

.

TEST  PROBE AIR-IN AIR-OUT AIR-FLOW HF-METER METER-HF AVE-HF AVE-FF  LOC-FF
TIME TEW TEWP TEMP RATE  OUTPUT  CALC CALC  CALC CALC
HR [F (F (F LB/HR uv  B/FT2-HR B/FT2—R

9.03  799.1  500.0  678.7 55,31 441,60 3515.90 4364.55
9.03  797.¢  00.& 679,195,280 422,05 3370.05 4349.2
9.03 797,46  501.7  679.3 54,87 468,58 3714.24 4303.47
2.03 7924 T03.3  680.2 52,87 451,90 3592.14 4129.29
9.03  793.8  504.7  681.1 52,43 448.48 3563,18 4084.50
9.03  799.2  §05.9  681.7 52,21 461.57 3464.08 4051,00
9.03  79%.6  N07.2  682.4 52,01 450,83 3584.18 4024.00
.04 799.7 3077 6831  §5.79 456,08 362,94 4322,36
9.04 798.8 507.2  683.0  59.23 451,47 359%0.42 4597.25
9.04  798,2  506.8  &82.8 60,45 468,52 3715.79 4696.75
9.04  798.5  507.1  &82.6 40,41 470,38 3729.83 4682,17
2.04 797,86 W7.6  682.6  60.08 455,87 321,67 4642.27
9.04 7987  509.3  683.0  5h.04 45,71 3694.83 4299.42

SUMMARY OF O DEGREE PROBE ORIENTATION

AVERAGE  798.28 480.45 670,18 49,21  449.32 3721.77 4107.8%
HINIMUM - 764,11 442,29 54,25 39,92 422,05 2370.05 3t01.16
MAXIMUM 200,41 509,29 683,13  &0,45 491,63 3887.73 449L.75
STL DEV 4,51 19.90 8.6%5 5.59 1238 9.8 28977

9.08  799.5  509.9 455, TI.61 862,27 3669.29 4982.35
9.08  799.2  509.3 655, 82,15 469.91 3726.13 5207.59
9.03  799.6  508.8 454, 86,12 476,35 3774.04 3542.36

92,95 474,14 3757.40 5993.81
86,33 474,14 3757.60 5562.35
79.52 462,63 3471.97 5087.41

9.08 7986  507.3
9.09  797.4  506.9
¥.09  797.9  9508.8

o~ o~

N TN ¢(p (n
¢ AR R
BN WO WNTDmO O DO O JOO D O —
o
W
~J
~J

9.09 798,92  G510.2 454, 76,97 469.16 3720.55 4907.61
%.09  800.1 511.,4 655, 76,22 469,34 3721.89 4856.43
9.09 798,29  G10.8 ¢35, BA. 12 474,60 37561.02 S5362.0%

B4.91 480,65 3806.04 5420.62
84.66 475.5¢ 3768.17 5405.78
84.24 471,28 3736.32 5384.40
866,05 3697.41 5350.80
82,15 467,01 3704.55 5238.42
76,86 470.88 3 .0.35 4875.14
76.07 465,78 3491.48 4B08.24
82.55 469.28 3721.44 95230.22
87,73 448,26 3713.95 S5566.55
£8.13 474,18 3757.90 S605.94
<19 472,56 3745.85 5337.10
1 468,50 3715.44 5173.58
2 470,33 3729.26 5375.37
8,99 465,15 3690.72 5506.54
87.76 471,18 3735.58 568%.8%

17 479.68 2379R.82 G649.26

9.09  798.7  510.4
.09 799.3  910.5
9.10 793,88  tl0.8
210 798.5  Si1L1
L1000 797.9  G11.4
£100 798,53 S13.0
L1000 800.2 514.3
00 799,60 G140
10 798.7 5129
1079800 51204
g.11  798.1  S12.8
9.11  799.6  513.8
.11 799.8 54,3
.11 799.6 5138
Y1l 7%7.Y Sz
AL T3 S130

o~
o
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FOULING PROBE FIELD TEST TEST 1261 ~ 2 FEBRUARY 1989

RICHMOND POMER & LIGHT BOILER LOAD: 60 MW
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 800 F
UNIT 2t PORT F2 GRS TEMPERATURE: 1125

DATA TIME: 5 SECONIS
HEAT FLUX METER ORIENTATION: PROBE 1

TEST  PROBE AIR-IN  AIR-OUT AIR-FLOW HF-METER METER-HF AVE-WF AVE-FF  LOC-FF
TIME TEWP  TEW TEMP RATE  QUTAUT  CALC CALC  CAlLC CALC
HR (F (F {F LB/HR W B/FT2-R B/FT2-MR

9.11 V9.7 S48 457.4  79.48 446,92 3703.88 5002.72
9,12 7989  516.3 6582  77.98 459.28 36A47.04 4687.65
9.12 79,9 517.2  639.1 77,26 454.24 3609.55 483,08
9.12  799.5 5169  658.8 84,72 458.80 3442.47 35310.85
9,12 799.0  516,2  ASELS  B87.63 466.18 398,38 5506,03
9,12  798.0  515.%  457.8 89,92 471.80 3740.19 5447,94
9,12 798.7  515.3  657.6  B9.95 479.84 3800.01 5630,¢é1
9.12  798.8 3153 657.2  89.77 470.18 372B.14 5625.43
13 7989 5154 637.0  89.26 464.21 3683.72 5580.07
13 798.2  SI8.D 656,99 88,80 444,53 3BL.10 5543.47
9.13  797.8 5157  &36.7 88,45  449.18 3720.70 5509.12
9.13  797.4 517.6  &57.9  78.16 469.81 3725.39 484371

9,13 7982 520,00  459.5  73.00  455.89 3b621.82 4496.53
9.13  799.3 SR.0 661,01 70,20 445.64 394,51 4311.97
9,13 799.8  D¥3.6  6L2.5  TRZL 460,40 3656.85 4489.75
9.14 799,83 S22.8 662,83 80,22 449.90 3726.06 494141
9.14  7¥9.6 S22 662,27 B4.2B  A479.67 3798.71 5211.43
.14 798.8  G21.2  &ALB BL.S0  475.06 3764.45 S5370.86
9.14  79%.1  520.9 817 8674 477.28 3780.96 S5392.78
.14 7989 20,3 613 E9.58  478.%6 3793.46 55797
9.14  798.0  519.9  &60.6  B9.94 482.35 3818.68 5588.02
%14 7980  520.0  680.6 86,57 477.91 3785.65 S5377.12
9.15  798.2  520.9 460,97  82.91 476,44 3776.20 512672
915 799.6 5219 6bL.6 RO,99 467.17 3705.74 4995.12
9,15 800.1 5221  461.8 84,88 472.06 3742.13 5234.47
.18 799.2 820,85 660.9  95.32  475.27 376,01 5910,09
9.15 798,85 5187  659.6  97.92 483,59 3817.91 6090.75
9.15 797,85  517.9  ¢58.4  97.92 478.11 3787.14 6074.75
9.15 798,01 G18.6  &58.6  £9.88 477.12 3779.77 S5N4.92
9.16  799.2  519.4  638.7  8B.47 445.75 %9.18 544239
9.1 798.2 519,88  658.8  87.84 470.27 3728.81 5389.47
9.16  797.4  520.4  £58.9 85,78 471.54 3738.26 95249.26
Y16 798,86  0822.0  680.1 79,27 472,16 3742,87 4332.68
9.16 7989 ST 6612 TC.L6 A75.29 376b.16 4755,
9.16  799.9  524.4  662.1  78.98 465,34 3499.57 4300.71

SUMMARY OF 90 DEGREE PROBE ORIENTATION

AVERAGE  798.79 516,00 458,01 84,34 470,63 3731.50 §6289,28
MINIMUM 797,35 506.87 cD2.78 70,20 454.24 3609.55 4311,97
MAXIMUM  800.21 524.44 662,45  97.92 483,59 3827.91 40%0.75
STD DEV 0.73 4,62 2,51 5.80 6,37 41,37 376,49

9.21  799.9  S23.7 52,9 91,39 256,73 2140.07 5459.%8

2.21 799.0  922.4  658,7  95.67 256,25 213650 5715.91

9.21 7984 2.9 38,2 94,68 259.24 215€.75 772,39
DOE FOULING PROBE: TEST 17A1 B-23



FOULING PROBE FIELD TEST ~ TEST 12A1 - 2 FEBRUARY 1989

RICHMOND POWER & LIGHT BOILER LOAD: 40 M4
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 800 F
WNIT 2: PORT F2 " GRS TEMPERATURE: 1125

DATA TIME: 5 SECONDS
HEAT FLUX METER ORIENTATION: PROBE !

TEST  PROBE  AIR-IN  AIR-QUT AIR-FLOW F-METER METER-HF AVE-HF AVE-FF  LOC-FF
TIME TEMP  TEWP TEMP RATE  OUTPUT  (ALC CALC  CALC CALC

HR P IF (F LB/HR W B/FT2-HR B/FT2-R
9.21 798.3 S23Z 658.5 978 Z51.22 2099.08 5483.90
9.2 799.4 524.0  659.0 90,11 250.42 2093.12 5372.58
9.22 799.4  524.b  659.4 90,52 250,34 2092.53 3538R.63
9.22  799.4 S24.2  699.4 94,37 250.30 2092.23 5631.99
9.2 799.3 523.9  659.2  96.29 249.06 2083.01 5755,08
9.2 7987 5237  ¢59.0 96,35 244.53 2049.30 35756, 11
9.22 799.0 523.7 638.9 95,88 263.28 2114.40 5720.41
9.2 7987 523.Y 658,9 99,54 256.61 2139.18 S5694.64
9.23» 798.8  524.1  659.0 94,92 254.88 2124.31 D5433.49
9.23 798,3 T24.3  459.0 94,50 252.06 2105.33 5622.22
9.23  798.7  524.6  699.3 93,95 Z54.75 2125.34 95587.64
9.23  799.2 825.0 &59.9  93.35 243.99 2045.29 $5540.40
9.23 7991  §25.2  &60.0  92.89 251.27 2099.45 S5528.48
9.23  799.6  S25.6  &60.4 94,91 246,26 2062.17 5449,55
9.23  799.2 524.8  &39.% 99,51 255.84 2133.45 5938.74
9.24  798.6  t24.1  639.2 1077 267.56 2220.65 4007.7!
9.28  797.7  524.0  6%8.7 98,57 264,78 2214.84 5564.%0
9.24 799,z G243 637.2  99.22 Z5R.73 2154.95 5440.85
9.24  798.7  S24.9  699.3 9441 255.15 2128.32 902,27
2.2 799.1  5825.2  659.6 94,05 254.93 2126.68 5578.00
9.24 799.0  525.5  659.7  93.48 254,29 2121.9z 5552,34
9.2 798.9  525.7  659.9  93.77 247.76 2073.33 S5%4.77
y.24  798.7  §25.6  €59.8 96,02 260.20 2165.89 %5691,87
9.20 798.8 525.4  659.6 96,23 262,07 2179.80 5703.05
9,25 799.2 5.1 659,95 98,29 259.54 2160.98 5832.08
9.23  791,9  524.8  699.0  98.68 268.92 2230.76 500,43
9.25  798.1 520,01  659.1 93,49 267,90 2223.18 ©543.83
9,25  798.9  S26.0  639.8 91,15 283,26 2114,25 53%6.49
9.25  799.3  526.5  660.1 90,49 244,38 2063.07 5336.50
9.25  799.2 527.0  &&0.5 90,34 242,80 2036.43 5326,85
9,26 798.7 526,82  680.5  93.56 243.65 2042,76 5521,
9.26  799.0  S26.8  660.5  93.76 244.39 2051.98 5536.79
9,26 798.6  526.9  4b0.83 92,53 243,89 2081.74 S5528.58
9.26  798.8  T27.1  660.9 93,06  259.23 2158.47 S49A.6%
9.26  799.2  527.3  4bL.O 9z.66 254,44 2139.40 5470.%0
.26 799.2  §27.3 G110 94,56 256.77 2140.37 558529
9.26 793.8 526.8  £80.9 97,95 258.27 151,33 §797.43
9.27  797.8  G6.3 6604 98,31 255,39 2130.10 S5819.61
9.27  798.6  926.6 806 9411 Z45.31 Z05%.11 5548.24
9.27  799.0 S27.1 60,8 92,65 253,81 2118.35 9471.24
9,27 79%.2  S77.3 bl 94,77 284,85 2066.56 559560
9,27 799,46  827.0 kAL 96,87 Z53.42 2115.44 S732.42
9,21 79,6  526.5  480.5 98,96  250.09 2090.47 533,10
?.21 7985 26,2 660.2 98,40 Z57.41 2145.13 583121
9.28  798.4  G26.2 480,27 97,14 254,55 Z138.73 5742.37
9.28  798.9  G26.5 60,2 76,27 245.54 2056.92 568331
F.e8 0 T¥B.e AT BEOLG FR0sE Z6LLFR 179071 SeSe,u/

[0E FOULING PROBE: TEST 1281



FOULING PROBE FIELD TEST
RICHMOND PCWER & LIGHT

WHITEWATER VALLEY STATION
INIT 2¢ PORT F2

HEAT FLUX METER ORIENTATION: PROBE !

TEST 12R1 - 2 FEBRUARY 1989
BOILER LOAD:

60 ™

PROBE TEMPERATURE: 800 F
(AS TEMPERATURE: 1125
DATA TIME: 5 SECONDS

TEST  PROBE AIR-IN  AIR-OUT AIR-FLOW HF-METER METER-HF  AVE-HF AVE-FF  LOC-FF
TIME TEMP  TEWP TEMP RATE  OUTPUT  CALC CALC  CALC CaLC
HR (F {F [F LB/HR W B/FT2-HR  B/FT2-HR
9.28  792.7 5269  460.5  94,3% 251,73 2102.87 ©5564.82
9.28 7987 S27.4  660.9  93.47 246.47 2063.74 509,76
9.28 79%.3  521.7 4611 94,54  247.80 2073.63 557283
2.28  799.0 527.4 © 660.9  97.34 243,99 2045.29 5737,02
9.29  799.6 526,88  660.6 102,20 257.05 2142.45 6040.61
2.29 799,01  526.7  659.8 105,48 259.11 2157.78 6246.12
9.29  797.7  524.9 - 658.9 106,02 256,49 218.29 6272.95
9.29 7987  920.2  &59.0  99.90 251,03 2097.66 5902.90
9.29 798.2 525.7  659.0° 98,63 233,41 2115,37 5804.78
9.9 799.2  526.0  659.2 97,78 2539.58 2161.28 5751.30
SUMMARY OF 180 DEGREE PROBE GRIENTATION
AVERAGE 798,85 525.56 659.92 95,61 253,74 2117.86 S4t8,09
MINIMUM  797.¢9  522.80 638.20 90,11 242.80 2036.43 5326.65
MAXIMUM 799,86  527.65 661,14 106,02 268,92 2220.76 6272.95
57D DEV 0.4¢ 1,28 0.79 3,25 6,20 46,88 193,02
2.40  799.0  T46.2  4€9.3 87,17 220.41 1869.85 5505, 62
9.40  798.6 G463 4B9.1 86,91 212.86 1313.68 5483,0S
7,40 798,86 D46.3  689.2  8b.62 218,41 1854.97 9464.32
9.40  798.5  S46.4  689.1  &,17 220.10 1867.54 5428,00
9.4] 798.5  DA6.6 687.2  B5.81  217.69 1849.61 5402,67
9.41  799.0  D46.7  689.4 85,33 213.70 1819.93 ©374.21
2.41  798,7  U4A.9  689.5  B4.95 211,63 1804.53 5347,02
y.41 792,347,101  A8%.c 84,59  210.79 1798.28 532399
9.41  799.%  T47.3  689.9 84,13 212,28 1809.36 5298.0!
9.41 797.0  547.5 90,0 85,97 217.41 1B47.53 ©5284.59
9.41  7%9.2  547.2  689.9 8,34 213.83 1833.54 5440,61
2,42 798.7  S47.0 48397 BL.60 208,33 1779.98 G455, 85
9.42 798,83 T46.9  687.¢6 G622 207,51 1773.87 O432.4%
9.42  798.3  G47.0  £89.7 85,95 209.48 1783.53 549,45
9.42 792,83 B47.1 4900 85,57 204.85 1794.08 §398.7¢
¥.42  798.&  SA7.Z  690.1 85,23 204,02 1747.91 15379.¢4
2,42 798.5  GS47.4  690.1 04,89 198.3p 1705.80 S5349,24
Y.42  799.4  S47.5 690,384,311 200,92 1724.84 D314,55
7.43  799.%  S47.7  £%0.6 24,13 211,37 180259 S308.41
.43 799.5 G47.6  6%0.5  €7,30 208,97 17%4.74 G502.81
7,43 798.7  G4&.T 6837 29,25 212,22 180€.92 5635.20
9,42 798.4 5464 4393 R7.68 214,57 1826.40 5532,41
9,42 7%.3  G47.7  629.8 §215 0 212,39 1813.40 5235.93
“.83  799.1  548.2 690.5 80,73 203.42 1780.64 072,13
9.43  793.3 48,9 691.2  B0.16 207,21 1771.64 041,98
9,43 799.2 549.0 6915 82,42 213,30 1816.95 518,48
744 799.4 G480 6%0.7  £7.93 210,07 1792.92 S541.%97
F.46 0 7%R4 0 CAT7.00 0 630,2 C0,09  07.% 1772,74 SA%ELAL

[
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FOULING PROBE FIELD TEST
RICHMOND POWER & LIGHT
WHITEWATER VALLEY STATION
UNIT 2: PORT F2

HEAT FLUX METER ORIENTATION: PROBE |

TEST 12A1 - 2 FEBRUARY 1989
BOILER LOAD: 60 MW

PROBE TEMPERATURE: 800 F
GAS TEMPERATURE: 1125

DATA TIME: 5 SECONDS

s

= e o o e s e

e o o v

AVE-HF AVE-FF  LOC-FF

TEST  PROBE  AIR-IN  AIR-OUT AIR-FLOW HFETER METER-HF
1M TEMP  TEWP TEMP RATE  OUTPUT  CALC CALC  CALC CALC
HR IF [F [F LB/HR W B/FT2-HR B/FT2-HR
?.44  798.9  D45.7  689.3 94,64 207.83 1776.26 5999.57
9.44 7921 G446 688.4 96,51 216,14 183,08 6124,51
9.44  797.7  SA4.2  4681.7 92,25 215,35 1832.20 5B45,.61
9.44  798.1  G45.3  488.2 87,47 207,22 1771.72 5518.77
9.44  793.5 DA5,9  688.6 86,23 209.85 1791.28 5432.54
9.45  798.9  546.6  689.1 82,77 214,3% 1824.84 5203,7f
9.45  799.5  O47.1  689.7 84,33 214,34 1824,69 543,17
9.45  799.1 G464 689.2  89.52 21535 18%2.20 5647.95
9.45  798.1  045.9  688.8  90.87 217,21 1844.04 5734,09
7.43  798.3  O45.3  688.2 91,90 220,93 1873.72 5798.27
9.45 797.8 545,46  ¢88.2 87,91 218,38 18,75 5537.40
9.45  798.2  546.0  688.6 84,34 217,13 1045,45 543564
9.46  798,7  S4b.7  489.0 85,01 207.89 1776.70 5342,91
7.86  797.8  D46.9  687.0 85,49 212,03 1807.50 5364.78
9.4 798.5  B47.1  489.2 85,31 204,04 1748,06 5352.73
9.46  7¥8.4  T47.3  689.5 8373 207.36 1772.76 5254.33
9,46 799.0  S47.7  689.9  83.92 12,43 1810.48 5270.33
7.46 799,37 S47.7  490.1 84,81 208,28 1779.60 S5333.71
9,46 798.9  547.6  £90.2 84,13 712,03 1807.50 S424.34
7.47  798.4 G466 63%.4  90.85 211,34 1802.37 §730.02
9.47  797.7  S46.1  688.7  87.79 215.85 1835.92 5530.04
%.47  798.7  CA7.0  489.4 84,98 206,09 1763.31 5342.50
9.47  798.9  G47.2  ¢89.7  84.B4 212,64 1812.04 5338.97
9.47  799.1  UAT.Z  689.7  87.63 212,13 1808.25 S515.32
9.47  798.9 5466  689.3 88,92 213,09 1815.39 505,94
9.47 7987 D463 43R.8 88,93  217.14 1845.67 5594.29
7.48  798.5 5463 688.5  88.37 219.53 1863.30 5551.75
7.43  798.Z  G46.6  683.6  §6.34 220,81 1872.83 5414.%7
9.48  799.6 547.4  489.2 83,28 211,10 1800.58 5213.22
9.48  799.2 48,0  689.9  €3.48 210.98 1799.49 5229.0%
9.48  799.4  547.8  689.5 86,21 217.1¢ 1845.67 5394.35
9.48  798.2  S47.0  489.0 90,22 219.54 183,38 5658.01
SUMMARY OF 270 DEGREE PROBE ORIENTATION
AVERAGE  798.74 546,84 89,47 86,54 212,27 1809.29 5450.81
MINIMM  797.65  S44.20 667,70 80,16 198,36 1705.80 S041.98
MAKIMUM  799.55 548,99  671.50  96.51 220.93 1873.72 &124,51
STD DEV 0.49 0.87 0.74 2.98 4,96  3b.94 197,48
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FOULING PROBE FIELD TEST TEST 11C ~ 1 FEBRUARY 1989

RICHMOND POWER & LIGHT BOILER LOAD: 40 MW
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 400 F
UNIT 2¢ PORT Gt GAS TEMPERATURE: 823

DATA TIME: 5 SECONDS
HEAT FLUX METER ORIENTATICN: PROBE §

TEST  PROBE AIR-IN  AIR-OUT AIR-FLOW HF-M:TER METER-HF
TIME TEMP  TEMP TEMP RATE  QUTRUT  CALC
HR {F [F {F LB/HR W B/FT2-HR

RVE-HF AVEFF  LOC-FF
CALC CALC  CALC
B/FT2-R

e et s e g0 o e

18,52  596.9  362.9  44t.5 132,37 408.95 2652.34
18,52  S97.1 3436 - 4k6. T 127.40 410,12 2659.%2
18,52  597.8  364.1 467,01 125,38 405.33 2630.77
18,52 598.3 64,5  467.5 125.41  407.44 2643,34
18,53  598.5 ' 3¢4.6  4b7.4 127,01  407.81 2645,55
18,53 598,964, 467,5 128,49 404,86 2539,89
18,53 5987 3645 - 467.7 130.39  409.30 2454.43
18,93 5984  364.4  467.6 132,07 408.47 264948
18,52 S98,0 34,3 447.5 133.94 409.27 2654.25
16,53 598,1  364.0  467.3 135.09 408,11 247,24
18.53 5977  3b4.0  467.1 133.37 410.49 261,52
18,54  597.9  364.5 47,3 130,22 407.44 2643, 74
19.54  597,9  264.8. 4675 128,55 406,70 2.28.93
18,54 998,1  365.1  447.8  127.18 404,40 2626,42
18,94  598.4  365.3 447,99  127.34 409,47 2655,
12,54 598,954 467.9 128,78  405.17 2629.81
12,54 599,101 3S.4 47,9 129.92  404.27 2424.45
12.54  573,4  245.3  467.8  120.95 406,57 262,14
12,55 598.5 3AS.4  447.8  130.54 406,78 26%7.41
18,95 598,5  265.4 48,1 179.72 404,99 2640,4b
12,95 987,9 365,99  469.1 126,76 406,77 2639.35
18,55  579.0  345.9  468.3 127.86 405,42 263130
18,55  598.5 3440 4684 128,23 406,99 264064
18,59 0998.8  36h.1  448,5 129.74 409,20 2653.83
18,55  598,9  366,0  468.4 131.33 406,55 2638.04
18,55 98,3  366.0  468.6 13%0.83 404,45 2637,44
16,5 598,1 36,2 4685 129.93  407.15 2641.41
19,5  598.0  366,5  448.8 126,80 406,69 2638,87
18,85 598,4  36L.8  4A9.0 125.56 407.82 2645.61
18,5 599.1 37,0  AL%.1 126,60 407.74 2645,13
18,56  600.1  366.6  468.8 134,10 411,47 2667.3
18,56 999,23 345.9  44R.4 139,22 413,80 2681,25
12,56 592.3  365.6  468.1  139.91  415.74 2692,81
18,57 594.0  245.4  4L7.8  139.37  416.01 2694,42
19,57 992.5  F66.2 4481 131,03 410.14 2659.43
16,57 S598,7  34b, 468.1 132,12 414,35 2696,45
12,57 598,79 244, 42,1 131,73 412,91 2675.94
18,57 598.9  36é. 463,1 132,68 414,97 2688,22
14,57  598.§ b4, 46,0  133.56 417.62 270402
18,57 5987 366, 467.7 134,88  417.47 2703,12
18,93 598,43,
18.5¢  598.0 346,
18,58  592.4  3bh,

L B ]

n

PN

[ PO AN

467.8 133,96 422,49 2733.04
468.0 133,02 424,11 2742.70

—_ OO N W

18,09 598,46 36,2 468.0 132,21 428.26 2767.43
18,32 5399.1 3643 4682 131,47 426,26 2755.51
18,53 598.9 6.3 48,4 132,89  A4z8.48 2768,74
19,57 5%.8 24,3 4483 133,74 429.68 2775.¢9

467,6 134,49  421.84 2729.17

6055, 07
5810, 39
5700, 44

'5701.81

S777.33
9846. 95
9940, 31
6020, 93
6107.96
6162.19
£073.13
5911.29
9830, 94
5765.43
97¢7.62
5827.43
9879.89
5924.77
5904, 49
9874, 28
w81e, 29
5777.63
579¢6.61
3868.£8
9940, 22
5928.01
S971.74
5731.66
S647.60
5708, 37
€054, 8¢
6300, 17
6333.25
6303.27
9695, 99
5945, 04
5930. 64
9963.20
T99R. 63
6051.36
6026.24
6017.18
5987.30
9943, 25
9925. 95
3792.01
£024,15

DOE FOULING PROBE! TEST 11C B-32



FOULING PROBE FIELD TEST TEST 11C - | FEBRUARY 1969

RICHMOND POWER & LIGHT BOILER LOAD: 60 MW
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 600 F
UNIT 2¢ PORT GI ' GAS TEMPERATURE: 823

‘ DATA TIME: 5 SECONDS
HEAT FLUX METER ORIENTATION: PROBE 1

-

o o o o o o oo

TEST  PROBE  AIR-IN  AIR-OUT AIR-FLOW HF-METER METER-HF AVE-HF AVE-FF  LOC-FF
TIME TEMP . TEMP TEMP RATE  OQUTPUT  CALC CALC  CALC CALC
HR (F [F [F LB/HR uV  B/FTZ4R  B/FT2-HR

== - o o 2 32 s e e o o e

18,39  39%.0 G643 468.4 134,30 428,45 Z768.56 4053.80
18,99 999.2 L Bb.S 46,4 134,85 430,16 2778.75 &074.81
12,89 098.8 342 448.4 134,70 428,84 2770.89 6078.38
16,99 §98.6  366.T  46B.4 134,29 429,46 2774,58 4074.54
18,59 3%8,7 345 44B.S 123,81 432,97 2795.%0 408,17
18,59 §99.0 364 468.4 135,06 428,39 2768.20 4082.10
18,99 998.5  366.4  468.5 135,72 428,80 2770.45 6119.01
18,60 392.5  366.0  468.4 135,33 430.34 2779.83 6083.68
12,60 998.6  366.5  468.4 134,70 429,25 2773.33 4056.96
18,60 99,2 3667 4684 133,32 427.46 276266 59%0,79
12,60 %L1 365.9  448.7 132,01 429,21 2773.09 5931.92
12.60  5%8.4  247.1  A468.8 130,90 423.56 2739.47 5880.31
12,40 598.8 7.2 46%.0 120,11 426,72 798,25 GBAZ.47

o

SUMMARY GFVO [EGREE PROBE ORIENTATION

AVERAGE  G%8.33 365,73 448,06 121,67 415,37 260,460 594949
PINIMUM 227,86 362,86 446,45 125,78 404,27 2624.45 S467.40
MAXIMUM 400,10 267,23 469,07 139,91  4¥2.57 2795.50 333,25
STD DEV 1,45 0.74 0.54 R 2,37 55,84 145,12

b I%8,2 0 2724 48206 121,67 140.23  1080,77 5920.75
1Ees T80 8726 485 120,44 141,29 1057.09 G855.18
12,66 59,9 Q72,7 4327 119.47 137,97 1021.94 SE01,03
bl 99,20 73,00 A02.8  11E.SR 134,46 102,30 5767.13
167 W 373 4831 119,57 137,66 1035.45 9211,70
18,47 5%9,0  372.9 4831 122,87 141,00 1035.3% 5980,23
18,67 9L TG 432,0 124,22 139.84 1042,45 6047.03
18,67 39901 72,5 482,88 125,08 140.15 1050.29 4090.96
18,47 59604 37206 A%2.6 124.84 142,34 1069.31 606509
18,67 SN0 ET7I1 4830 124097 143,58 1070.74 6065.89
18,67 98,5 72,7 £2,4 124,20 141,75 1059.83 6025.13
1e el %3, 72,8 ABZ.6 122,62 141,50 105%.%4 5995.81
18068 TMLT 0 72,9 A482.4 122,90 141,25 10&0.43 G942,42
12,68 9992 E73.1 4BL6 122,22 140,92 1054,%3 5909.20
18,68 399.2 ST 4829 12235 137,33 1033.49 §97%.09
18,63 53,5 2730 4824 125,77 142,43 1065.07 6065.¢3
18,68 WA 372, 432.6 125,79 141,87 1060.55 60%0.13
18,68 U985 7.9 482.5 126,09 142,40 1063.70 6102,43
19,69 T3 7Y 4825 125,66 14,39 1063.44 6081.62
12,69 3%8.3 3730 482,27 125,05 142,12 1062.04 032,56
16,65 0902 27301 482.4 123,42 140.81 1054,23 5956.8b
LAY 9.2 373.4 0 4824 121,54 138,24 1038.91 585%,24
e &7 564 E73.6 0 AB2L6 120,67 138,41 1029.72 S€09.74
18,60 592.9  273.% 482,86  120.11 135,93 1025.44 5781.1%
12,5 99,2 Z74.0 4837 120,51 136,50 1028.54 S€11.62

DOE FOULING FROBE: TEST 111 B~37
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FULLING PROBE FIELD TEST
RICHMOND POWER & LIGHT
WHITEWATER VALLEY STATI(N
UNIT 2 PORT G

HEAT FLUX METER ORIENTATION: FROBE |

o e o

~l

TEST 11C - 1 FEBRUARY 1989
BOILER LOAD: 40 MW
PROBE TEMPERATURE: 600 F
GAS TEMPERATURE: 823
DATA TIME: 5 SECONDS

- .

TEST  PROBE  AIR-IN  AIR-OUT AIR-FLOW HF-METER METER-HF

AVE-HF AVE-FF  LOC-FF

a=

TINE TEWP  TEMP TEMP RATE  OUTPUT CALC  CALC  CALC CALC
“HR {F [F [F LB/HR uwV  B/FT2-HR B/FT2-HR
C 18,69 §98,9  373.9  483.2 122,77 139,56 10446,73 5928.74
18,70 999.0 3737 Jd 0 124,28 139,31 1045,29  6004,95
18,70 T¥B.6 73,7 483,01 124,44 139.00 1042,44 601Z2,¢8
18.70  598.4  373.6 4825 124,04 138,46 1040,227 5967.41
18,70 598,7  373.6  482.6 1ZR.58 139,71 1047.47 5944,03
18,70 998,5  373.7  482,5 124,00 138.46 1041.41 5959.05
18,70 598.7  373.7  482.5 124,39 ' 140.88 1054.44 5981.16
18,70 998,95  373.7  482.6 124,356 141,22 1057.27 5932.44
18.71 598.3  373.7  482,6 122,30 138,20 1038.67 5927.1t
18.71 9991 33,8 482,7 123,45 137.32 1033.43 5937.05
18.71 998,97 373.7  482.8 124,33 138,13 1038,25 - 5989,25
18.71 999.1 373.6 482.8 125,08  140.15 1050.29 6023.49
18.71 999.5 73,7 4827 125,90 133,78 1042.13 4041.1%
18,71 S92, 73,5 482,71 126,20 137.82 1026.41 4084.35
18.71 999.0 3735 482,06 126,22 137.94 1037,12 4082.53
18,72 998.7  ¥7.S A82.6 126,32 138,03 1037.46 6087.35
12,72 59,9 3735 482.6 12710 139,16 1044,79 4122.49
16,72 ' 598.4 373.% 4824 129.24 143,33 1069,54 4257.55
18,72 098,2 3729  ABZ.0 132,30 142.77 1065.91 4377.277
18,72 997.2  372.5%  481.7 133.31 145.70 1084,56 $425.37
18,72 S96.9 3726 4814 130,15 144,62 1076.94 4255.25
18,72 397.5 3729  481.4 127,54 141,25 10%%.85 &112.91
12,73 597.¢  373.1 451.7 125,70 140,30 1051.19 &027.49
186,73 598.2  E73.3  481.7 124,94 138,73 1041.6€3 5980.57
12,73 5%8.4 3735  481.8 123,13 139,57 1044.84 5890.47
18.73  598,4  373.8  482,0 122.05 139.79 1048.15 5833.07
18,73 598.3  373.9 4821 122,27 139.97 1049.72 5839.2
18,73 598,7  374.0 4825 121,62 135.93 1025.14 5822.72
18,73 5%8.8  374.1  482.5 122.9¢ 128,07 1037.40 5883.08
18,74 ©98.2  373.9  482.4 124.49 140,44 1052.02 5966.17
18,74 S98.2 37,1 482.4 123.78 136.35 1027.465 5922.%1
18.74 598,64  374.0  AB2.,4 124,98  137.37 1033.77 5993.04
18,74 9986 2039  482.5 126,5t 137,87 1036,71  6070,97
18.74 398,86 373.9  882,4  127.96  139.37 1045.45 5148.%
18.74 5Y2.3  373.5  482.3 127,89 141,00 1005.36 143,24
SUMMARY 0OF 90 DEGREE PROBE ORIENTATION
AVERAGE  598.55 373,32 482,51 124,40 139.64 1048.44 5997.94
MINIMUM 596,87 372,35 481.%9  112.88 135,93 1075.14 S767.13
MAXIMUN  S99.52 374,12 483,21 133.31 145,90 1084.56 6425.37
STD [EV 0.4% 0.47 0.40 2,80 2.2 13,16 132,91
18,77 598.7 I3 4953 92,28 282,73 1500.07 4370.08
18,77 S98.7  3289.8 4960 93,75 287.42 1929.22 4396.50
18.77  998.8  ZE9.9 49,6 94,50  239.28  1939.70 4451,29
DOE FOULING PROBE: TEST {10 B-34




FOULING PROBE FIELD TEST
RICHMOND POWER & LIGHT
WHITEWATER VALLEY STATION
UNIT 2: PORT 61

HEAT FLUX METER ORIENTATION: FROBE |

e o am

. TESY 11C - 1 FEBRUARY 1989

BOILER LOAD: 60 MW
PROBE TEMPERATURE: 600 F
GAS TEMPERATURE: 823
DATA TIME: 5 SECONDS

=

= o o v 0 oo o o

TEST  PROBE  AIR-IN  AIR-QUT AIR-FLOW HF-METER METER-HF  AVE-HF AVE-FF  LOC-FF
TIME TEMNP  TEWP TEMP RATE  OUTPUT  CALC CALC  CALC CALC
HR 13 - [F {F LB/HR W B/FT2-HR  B/FTZ-HR
18,77 5%8.4  3%0.2  497.0  95.55 Z93.54 1%¢4.50 4503.70
18,78 9¥8.5 0.4 490,05 %686 292,19 1957.05 4961.08
18,73  398.6  390.5  497.9 98,17 294,80 1972.01 A44%4.07
18,78 398.6  390.5  497.9  99.54 297.46 1909.05 4722.10
18,76 598.8  290.4  498,2  101.11 298,85 1996.15 480%.52
18.78  598.5  ¥¥0.3  498.4 103.38 297,12 1985.84 4933,%4
18,78 593.4  390.2 49,4 103.71 299.6Z 2000.74 4953.3%5
18,76 - 99%8.1  390.4  498.7 103.27 300,89 2008.30 4940.%4
12,79 - 9%8.2  5¥0.6 495.8 102,04 301,48 2011.82 4879,00
18,79 S%8.1 3910  49%.4 100,25 300,06 2003.36 4798.72
12,79 32,8 914 4%9.8  99.22 298,96 1996.80 4752.09
18,779 §79.0 3918 00,2 98.45 298,10 1991.48 4714.47
18,79 . 599.3  391.8  500.4 100,55 298,64 1994.89 4821.07
18,79 We 7 3917 M0.4 0 103,50 301,37 2011.17 4967.54
18,79 3%8.6 3915 900,23 104,72 302,27 2016.53 5028.87
18,20 3989 3714 S00.7 104,90 303,48 2023.74 S061.60
&80 3%.8 39146 501.0° 104,40 304,57 2030.24 5050.%
16,50 398.9 2916 011 104,82 302,73 2019.21 5070.70
18,80 998.8  I%L6  901.2 105,55 303,93 2024.34 5107.90
18,80 5967  39LT 1.3 105.58 304,03 2027..0 Siil.éb
18,80  998.5 3917  501.3 106,55 305,04 2033.04 5:58.43
18,80 398.4 3516 S0L7 106,33 306,04 2039.00 5166,76
18,80  598.3  391.8 5022 105.83 302.48 2018.97 5163.1%
18,81 5982  39L.9  502.8 105.08 304,65 202071 5146,39
le.gl 596.3 292.2  $03,3 102,11 305.68 203.85 5058.10
1e.81 598.5 3926  T02.8 102,18 302,77 2019.51 5018.80
18.81 398,86  3%2.9 504,32 10171 301,32 2010.87 500339
18.81 9.1 3931 049 102,93 303.31 2025.71 5082.%0
16,81 9%9.0 3727 5049 106,58 200.23 2004.27 5270.48
18,21 596.8 3525  905.4 107.33 303,52 2023.98 5352.79
18,32 5%8.2 3925  505.7 107.12 302,40 2017.%0 5353.20
18.82 9981 ¥H2.5  W08.9 106,76 300.73 2007.35 5346.05
18,82 3%8.1 397 S06.4  10%.46  301.14 2009.79 5297.25
18,82 9986  I93.0 . 5068 104,21 301.83 201391 5237.¢9
18,82 3%.5 %1 S07.1 10344 298.28 1992.75 5203.56
18.82  5%@.4  393.4  507.5 102,85 2%6.41 1981.40 5183.41
13,22 5%8.3 &% N07.6 102,52 297.51 1988.16 512,75
18,83 598.3  ¥93.6  H08.4 10118 296.18 1920.23 5119.20
18,83 5%.3 2942 5089 99,97 294.84 1972.25 5065.20
18,63 399.2  3%4.4  509.6  99.26 298.92 19%6.56 5047.19
18.83  3%9.4  294.7  S10.1  99.49 297.21 1984.37 504943
18,83 599.3  394.5  510.2 102.87 272.78 1995.73 5252.5
18.83  599.0  E%4,1  909.9 105,45 300015 2003.%9 540420
18,83 398.3 2938 W9.5 107.45 300.17 2004.01 5492.58
18.84  592.3  3%3.5  S0%.1 107.44 301.38 2011.22 5492.79
18.84  598.5  393.5  S07.2 107.27 304.45 2029.52 5486.22
12,84 5785 3935 S09.2 10682 799.11 197,70 S459.91

[OE FOULING PROBE: TEST 11C
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FOULING PROBE FIELD TEST TEST 11C - | FEBRUARY 1989

RICHMOND POWER & LIGHT BOILER LOAD: 40 MW
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 600 F
UNIT 2t PORT GI GRS TEMPERATURE: 823

DATA TIME: 5 SECONDS
HEAT FLUX METER ORIENTATION: PROBE 1

TEST  PROBE AIR-IN ARIR-OUT AIR-FLOW HF-METER METER-HF AVE-HF AVE-FF  L(C-FF
TIME TEMP  TEW TEWP RATE  QUTPUT  CALC CALC  CALC CALC

HR {F (F {F LB/HR W B/FT2-R  B/FT2-HR
‘2.64  998.1 33,6  509.3 106,39 304.14 2027.67 G435.11
15,84 598.2  IF3.6 0 §09.2 105,83 303.11 2021.54 ©5403.23
12,84 598.2  393.@  509.4 105,27 202,04 2015.16 H373.:4
18,84  598.5  394,0  509.5 104.89 300.57 200¢.40 $5352.00 -
18,85  998.7 94,0 509.7 104.21 201,63 2012.71 S5322.82
18,89  §98.7 74,2 509.8 104,37 300.18 2004.07 5329.15
18,85  598.3 3941  509.5 105,69 201.28 2010,63 5388.15
18,25 §98,3  ¥73.9 W94 106,90 304,91 2032.26 5455.03
15,85 598.1 3927  509.3 107,45 302.50 2017.90 ©5483.57
18,88 597.9 3937 509.3 106,92 301.49 2011,88 455,10

SUMMARY [ 180 DEGREE PROBE ORIENTATION
73

AVERAGE 598,54 392,36 S04.11 103,21 300.01 2003.08 509¢.04
MINIMUM - 597.85  3B9.34 495,32 933 282,73 1900,07 4370.08
MAXIMUM  599.38  3%4.70 510,16 107,64 306,04 2039.00 5492.79
STD DEV 0.34 1.42 4,48 KN 43 25,85 790.81

18.87 59,9 92,9  S07.7 108,73 474,31 3041,8% ©512.88
18.87  599.3  392.8  507.4 109.9%  473.85 3037.15 555,57
18,87 S%e.6  392.%  S506.9 115,63 481,59 3085,28 5852.52
18.87  598.7  291.9  S05.4 117.70 484,91 3105.06 589%.08
18,88 598,46  391.5  505.0 119.41 ASR.64 3127.29 5983,73
12,83 598.0  391.2  504,3 119.45 492,85 3092.79 5962,52
18,88 597,79  371.4  503.4  114,8% 481,26 3063.31 S5483.47
18,88 598.1 392.1 N6 109,48 476,83 3034.91 5387.9%
18,88 9%2.4  392,7  503.5 107.15 474,33 3042.01 5239.72
18,83 5937  393.3  S0%.2 105,42 472,52 3037.18 S112.7%
18,88 599.2  393.6 03,2  104.62 472.06 3028.48 5061.02
18,89 599.4 293,64 5022 108,60 476,47 2054.74 5236.7¢
18,89 598,28 3930 2.5 112,32 477.38 3060.16 5420.52
18,89 §99,1 92,6 502.1 113,72 479,42 3072.34 5494,72
18,8 598.6 392,95 - S01.8 114,31 474,67 3055.95 512,483
12,89 598.3  3%2.2  501.2 {1298 477,51 3060.%6 S5483,12
18,29 5%8.1 32,2 500,99 112,99 479.9¢ 075,56 S9421.03
12,89 598,27 392.4  S01.1 111,77 481,27 3083,97 5363.5%
18,90 598,7 3%t S01.2  109.46 483,28 3095.35 §250,70
12,90 5991 392,99 S01.6 108,36 483,39 096,00 5201.7¢6
18,90 599.4 2.9 S501.7  109.51 479.%6 3075.5% 5257.93
18,90 §%8.9  2%2.4  500.& 111,70 475.34 3042.03 S5337,92
18,90 598.5  392.5  500.3 111,61 474,41 304242 5325.90
18.90  598.%  392,4 499,85 (11,14 477,34 059,95 S263.96
18.%0 598.4  392.5  A9.A 110,70 877.19 3059.0% 5237.83
18.90  598.4 92,5  499.6 110.14 474,79 044,75 9211,31
18,91 598.7  392.7  499.7 109.38  477.37 2060.13 51431
12.%1 39,9 392.2  499.7  16E.72 472.9% 3034,02 S1E1.18

DOE FOULING PROBE: TEST 11¢ B-36



"FOULING PROBE FIELD TEST " TEST 11C - 1 FEBRUARY 1989

RICHHOND POWER & LIGHT BOILER LOAD: 60 MW
WHITEWATER VALLEY STATION PROBE TEMPERATURE: 400 F
UNIT 2¢ PORT 61 GRS TEMPERATURE: 823

DATA TIME: 5 SECONDS
HEAT FLUY METER ORIENTATION: PROBE 1

TEST  PROBE AIR-IN AIR-OUT AIR-FLOW HF-METER METER-HF
TIME TEMP  TEWP TEMP RATE  OUTPUT  CALC
HR (F {F (F LE/HR W  B/FTZHR

AVE-HF AVE-FF  LOC-FF
CALC  CALC CALC
B/FT2-HR '

- e s e g : som o g e oo som i o e e e

18,91 596.4  392.8  499.5 108.33 472,71 3032.35

18,71 5%8.9 392,88  499.1 109.94 472,26 029.47
18,91 598,55  392.7  499.8 110.04 473,81 303%.91
18,91 998.8  392.5  49%.8 111,12 476,15 3052.85
18,91  5%8.5  3%2.3  499.7 112,03 475.91 3051.42
18,92 98,8 392.2  S00.0 11273  483.17 3094.69
18,92 098.9 3921  499.9 113.74 486,29 3113.88
18.92  998.,6  392,0  498.4 113,95 480.57 3079.20
18,92  598.2  391.9 4977 113,36 477.50 3060.9
16,92 998.5  391.9  498.4 112,15 461.45 2085.4%2
18,92 5¥8.5  392.1  498.4 111.02 482,58 3091.18
18,92 598.4 392,10  498.1 110,47 477.92 3063.40
12,93 598.4  392,3  497.5 109.98 474,52 3055.0¢
18.93  998.4  392.,4  497.0 109.36 477.95 3063.58
18,92 598.7  3%2.5  497.2 108.8 475.77 3050.59
18,92 599.0  392.4  496.5 107.96 475.82 30%0.87
18,93 598,85 3%2.3 496,46 110,72 475.49 3050.11
12,95 0%.3  ¥92.4  497.6 110,90  480.07 3076.22
18,93 §%.8  392,2  497.3 112,92 479.68 3073.89
16,94 998.7  371.9 4966 113,27 478,45 3047.75
18,94  098.4 3919 4942 112,93 476,01 3052,02
18,94 997.9  391.8  496.2 112,32 478.32 308,77
18,94  598.0  392,0  4%.4 110,04 474,43 3042,40
18.94  598.4  392.3 49,9 108,65 477.23 3099.29
18,94  098.7 3925  497,0 107.64 474,51 2042,09
12,94 ©99.4 92,6 478.0 107.30 474.41 23042.48
12,95 §99.2  392.9  498.7 108.16 480.78 3080.45
18,95 999.5 39,5  4%2.9 11177 483.11 3094.34
18,95 9598.9 3921 497.8 114,21 484,04 3099.83
18.%0  598.7  391.8  496,7 115,21 482,99 20%93.62
18.95  §9%.4 3916 495.6 115,10 4R0.37 3077.71
18,95 998.4  291.6  494.7 114,72 479.05 3070.14

SUMMARY OF 270 DEGREE PRUBE DRIENTATION

5104.17
9163.03
9204, 66
52635, 06
9312.13
5364.74
5417.83
5353.36
5298.42
9275, 73
$209.83
9167.92
5103.93
5049, 35
030,59
$057.15
S099.75
9151.e0
924115
5233.37
9199.73
5177.%9
74,87
5028. &9
4970,22
4994, 51
054,13
5253,%1
5326.24
N
o282.87
5225.86

AVERAGE  998.43 392,37  49%,9% 111,41  478.76 3065.42 5293.98
NINIMUM  557.87  391.23 494,72 104,62 472,06 308,45 4%73.22
MAXIMUM 599,49 293.60 S07.74 119.45 4€8.¢4 3127,29 5963.73
STD DEV 0.37 0.43 3,01 2,96 .74 2.8 223.48
B-37

OCE FOULING PROBE: TEST 11C
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APPENDIX C
TEST 13 TEST DATA
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FOULING PROBE FIELD TEST
RICHMOKD POWER & LIGHT
WHITEWATER VALLEY STATION
NIT 2: PORT E2

TEST 13 - 3 FEBRUARY 1989
BOILER LOAD: 60 ¥
PROBE TEMPERATURE: 950 F
GAS TEMPERATURE: 1439
DATA TINE: 5 MINUTES

PROBE 41 @ 180 DEGREE ORIENTATION
NEW HEAT FLUX METER CALIBRATION

TEST  PROBE  AIR-IN  AIR-OUT AIR-FLOW HE-NETER METER-HF  AVE-WF AVE-FF  LOC-FF
TIME  TENP TENP  TEMP  RATE  OUTPUT  CALC  CALC  CALC  CALC
HR (F (F (F LB/HR v  B/FT2-HR B/FT2-HR

9.40  949.6  557.9  728.7  71.08 620.44 2784.01 5360.34  0.0056  0.0020
9.48  946.9  551.9  723.7 631.25 2808.88 0.0019  0.0013
9.57  949.9  553.2  725.0 . 72.61 667.52 2892.30 5510.30  0.0005 -0.0008
9.65  949.3  553.8  726.2 661.48 2878.40 0.0000 -0.0005
9.73  949.5  560.7  729.3  66.12 716.05 3003.92 4924.18  0.0087 -0.0034
9.82  948.3  560.3  729.1 615.44 2772.51 00102 0.0023
9.90  946.7  557.4  729.0  57.41 657.90 2870.17 4350.29 0.0028 -0.0003
9.98  948.8  558.1  727.6 597,96 2732.31 0.0069  0.0035
10.07  949.9 5518 724.0  62.70 676.96 2914.01 4769.38 -0.0020 -0.0013
10.15  946.6  545.0  715.8 651,79 2856.12 -0.0040  0.0001
10.23  948.4 5457  716.1  63.5 664.91 2886.29 4782.72 -0.0004 -0.0007
10,32 949.9  544.5  718.1 665.65 2888.00 -0.0048 -0,0007
10.40 9485 5436  716.5  72.61 678.20 2916.86 5546.21 -0.0057 -0.0014
10.48  948.5  S41.6  714.7 687.33 2937.86 -0,0082 -0.0019
10.57  950.2  547.0  717.0  67.32  666.58 2890.13 5053.97 -0.0017 -0.0008
10.65  948.9  542.8  716.7 663.48 2863.00 -0.0068 -0.0006
10,73 948.9 5405 711.5  80.98 676.31 2912.51 6114.85 -0.0036 -0.0013
10,82 948.3 5407  7I1.4  ©  662.79 2881.42 -0.0032 -0.0006
10.90  950.7  534.3  706.4  €0.47 752.63 3088.05 6114.88 -0.0112 -0.0051
10.98  946.9  534.6  705.3 710.09 2990.21 -0,0084 -0.,0031
11.07  945.7  540.1  708.6  77.40 641,11 2831.55 5756.44 -0.0032 0.0007
1115 947.4  546.6  712.7 664.84 2886.13 0.0013 -0.0007
11.23  949.1  547.0  712.8  71.08 641.93 2833.44 5205.30 -0.0019 0.0007
11,32 948.2  546.0  711.5 639.36 2827.53 -0.0043  0.0008
11.40  949.2  544.7  709.3  73.30 652.48 2857.70 5327.50 -0.0037  0.0000
11.48  940.2  537.3  703.6 718.91 3010.49 -0.0089  -0.0035
11.57  949.9  553.2  715.9  73.81 651.64 2855.77 5301.20 0.0065 0.0001
11.65  948.0  549.4  714.9 670.45 2899.04 -0.0025 -0.0010
11,73 950.7 5470  711.2  68.51 645.04 2840.59 4968.29 -0.0048 0.0005
11,82 947.6  549.3  714.6 648.57 2848.71 -0.0034  0,0003
11.90  949.2 5506  716.3  68.68 659,12 2872.98 5026.18 -0.0022 -G.0004
11,98 948.2  551.8  718.1 632,08 2810.78 0.0054  0.0013
12.07  948.8  548.3  713.7  68.85 676.08 2911.98 5030.16 -0.0011 ~-0.0013
12,15 952.0  559.3  721.7 600.36 2737.83 0.0084  0.0033
12.23  949.7  550.5  714.2  65.95 698.96 2064.61 4766.72 -0.0036 -0.0025
12.32  948.4  555.9  719.9 620,26 2783.60 0.0054  0.0020
12.40 9480  553.9  719.1  65.95 626.81 279B.66 4810.69 -0.0010 0.0016
12.48  951.5  553.4  717.7 650.60 2853.38 -0.0017  0.0001
12.57  947.6  S43.1  709.6  70.22 660.29 2875.67 5163.82 -0.0046 -0.0004
12.65  950.3  543.4  709.0 628,78 2803.19 -0.0027  0.0015
12.73 952.3 5395 703.4  75.50 692.12 2948.88 5466.27 -0.0065 -0.0021
12.82  947.5  529.8  §92.5 737.33 3052.86 -0.0100 -0.0044
13.00  951.8 5357  702.1  70.56 735.05 3047.62 5182.71 -0.0110 -0.0043
13.08  947.9  S41.5  708.9 672.96 2904.81 -0.0054 -0.0011
13.17  948.6  542.4  709.6  71.08  675.31 2910.21 5249.24 -0.0031 -0.0013
13.25 9512 536.6  701.8 715.78  3003.29 -0.0128 -0.0034
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FOULING-PROBE FIELD TEST
RICHMOND POWER & LIGHT

. WHITEWATER VALLEY STATION

NIT 2: PORT E2

" TEST 13 - 3 FEBRUARY 1989

" PROBE 41 @ 180 DEGREE ORIENTATION

NEV HEAT FLUX METER CALIBRATION

i
............................................................................
B R R R - - R A R R P RS- R3S S5-3I S P PR 54 3 522

AIR-OUT A'R-FLOW HF-METER METER-HF

TEST ~ PROBE  AIR-IN
TIME TEMP  TEMP
HR (F (F

TEMP
(F

BOILER LOAD:

60 M¥

PROBE TEMPERATURE: 950 F
GAS TEMPERATURE: 1439
DATA TIME: 5 MINUTES

BATE
LB/HR

OUTPUT
uv

CALC
B/FT2-HR

CALC
B/FT2-HR

CALC

---------

CALC

............................................................................................
R I I R R R R A e - A e A R S A S L S SR IS A P S T P R A E R A 1

DOE FOULING PROBE: TEST 13

592.0
604.9
608.9
641.6
709.7
702.2
716.7
717.6
669.8
741.6
747.7
747.8
751.6
747.4
748.2
748.2
747.6
742.4
744.8
740.2
732.9
738.3
735.5

72,10
- 91,92
145,23
151.89

84.57

38.78

53.14

58.26

57.24

61.34

70.05

65.10

67.15

728.4

728.8
736.7
737.6
736.3
736.3
730.1

71.59

72.61

66.12
66.80

665.66
677.67
687.00
1649.30
823.58
1506.02
1440.,10
1526.61
988.67
547.35
581.51
536.76
579.09
887.06
416.10
433.62
418.55
436.93
466.98
460.01
447.99
479.47
461.75
481.12
516.16
553.07
529.54
505.21
515.40
548.05
492.24
482.79
490.64
549.86
559.01

2888.85
3024.04
2929.12
2888.02
2915.64
2937.10
5150.39
3251.23
4020.85
4669.23
4868.20
3630.94
2615.90
2694.47
2591.55
2688.91
3397.24
2314.03
2354.33
2319.67
2361.94
2431.05
2415.02
2367.38
2459.78
2419.03
2463.58
2544.17
2629.06
2574.94
2518.98
2542.42
2617.52
2489.15
2467.42
2485.47
2621.68
2642.72

5780.88
5609. 34
5524.50
5256.61
7109.34

12228.15

13242.61
6493.32
284519
4016.99
4419.15
4379.81
476157
5514.72
5153.97
519295
5592.15
527,29

5041.85
5133.19

(]
1
(@)

-0.0065
~0.0285
-0.0183
-0.0303
~0.0286
-0.0284
-0.0141
-0.0078
=0.0040

-0.0071

-0.0141
-0.0257
0.0194
0.0122
0.0177
0.0126
0.002¢
0.0089
0.0177
0.0007
0.0046
0.0001
-0.0040
-0.0051
-0.0048
-0.0018
-0.0019
-0.0081
0.0040
0.0008
-0.0006
-0.0029
-0.0062

-0.0007
'0-0036
~0.0017
-0.0007
-0.0014
-0.0019
-0.0240
-0.0081
-0.0226
-0.0219
-0.0232
-0.0134
0.0072
0.0046
0.0081
0.00486
-0.0104
0.0203
0.0183
0.0200
0.0178
0.0145
0.0153
0.0166
0.0133
0.0151
0.0130
0.0098
0.0067
0.0087
0.0107
0.0099
0.0072
0.0220
0.0129
0.0121
0.0070
0.0063
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FOULING PROBE FIELD TEST TEST 15 - | MARCH 1939
RICHMIND POWER & LIGHT BOILER LOAD: 60 MW
NHITEMATER VALLEY STATION PROBE TEMFERATURE: 200" F
~ UNIT 2t PORT F2 (A5 TEMFERATURE: 1149°F
DATA TIME: & MINUTES

T e e et e e o e e o e o
e L L e =t e e e et e b 2t S S S S S - - 1

TEST  PROEE  AIR-IN  AIR-OUT AIR-FLOW HF-METER METER-HF  AVE-HF AVE-FF  LOC-FF
TIME TEMF  TEMP TEMF RATE  OUTPUT  CALC CALC  CALC CALC
HR (F [F (F LB/HR WV B/FTI-HR  B/FTZ-HR

T T T o o o o I o o e e 0t T8y o e e 4 D e e S B S et 0 e s v 0w o e ot B e L e O 1 S o e S o et o O et ot g B L B
A e Dt et b Rt e e L A S A S 3 S S P I P L L L L L P ]

8.2%  793.% 4924 b26.2 TELET O 3E0.ES O 1827,000 3319.03 0,002 0.0004
8,44 7930 493 L2604 GRV3L ERLL0E 0 1EZELAT Z2OYLO1Z 00,0025 0,0002
AG3 7958 A9 42404 SRED ERL9R (235,031 2370.40  0,0011 -0,0001
Bl 7997 T00.4 K276 SRVFT O BSLVEEO1801,82 0 T199,946 0,005 0,0019
b7 TYET 49704 4ZAVL SYGEZ 8490 1942,00  3393,08  0,000% -0,0005
£.75 7995 4%.7 4258 5796 92,42 1557,39 304,97 0.003% -0,0014
L.B6 793,90 4955 AZE.0 60,30 24,71 1841,57 287543 -0,0021 -0,0005
.94 7957 A2 A2 4077 BELZE LRI 3SI1S.11 -0.00%3  0,0002
030 7% 497,30 k2b.6 0 SBI1Z ¥34,22 195,76 2318,45  0,0028 -0,0015
T 7984 458 G256 ALL3A 397020 1845,59 314,66 -0.0033 -0,001%
AP 7IRA 4975 KTTZ 0 KOGRE EI9TLES 1847,0% 3473.39 -0.0020 ~0,0020
9.8 7927 4912 2705 60,07 {264,281 349%,24 -0,0015 -0.0012

(222,08 282,25 -0,0017  ,000]
79,4 4953 AIEZ 40,47 S9.57 2894,02 -0,0027  -0,0004
792,82 4937 5.1 ALLOE 191,00 3971,14 -0,004% -0, 0033
799,345 2SS SR 4127006 1E9Y,E5 3419.35  -0,00084 -0,00%8
PE9TIRB AYL0 AZEEAL09 404,54 136,92 GS45,44 -0,008% 0,03
275 7977 4%.E hZEA L2008 S, S 20,49 -0,0063  ~0,0004
5,86 799.0 49,7 da SRS T0.02 200 3445,96 -0.0012  0,001%
9.94 7997 49T 4245 SEGA 3920140 1ES4,29 E3BT.100 0,000k -0,0014
10,03 800.3 4923 4237 59.31 272,76 120942 3442,18 -0,0011  0,0014
W1 7932 4910 K230 K079 377,57 1820.54 2S42,65 -0,0041  0.0007

792.2 4957 bzt 4 0,09

N 00 r) e e
[ o

O
o~
—

10,19 792.4  450,7  4Z2.3 53.99 270,06 120573 3440.54 -0,0010  0.0014
1078 795,46 4240 424,7 57,52 341,31 173454 3320.01  0.002% 0,009
10036 799.5  4%4.¢ 6244 S9.14 257,77 177329 3284010 0.0007  0.0035
W84 798,983 620.2 S9.66 b 14 179446 3409.54 -0.0001  0,0023
10,53 7920 492.2 1.7 55,19 2.9 17%7.47 3326,% 0,002 0.0026

57.92 378,27 121228 33162 0.0030  0.0006
62,02 393.45 1857.46 260404 -0,0057 -0.0014
RLIL 330,07 1349,26 3825.60 -0,00%  —0.0007

10,61 800.0  492.4
10,67 792.3  490.7
10,73 79%.0 4929

XREIRAES

— QN =
o O

2~ s O~ o~ O~

10,86 792.1  491.2 2.7 ALEY 290,73 1251,34 565,96 -0,0042  -0,0011
10,94 798,6 4904 21,1 2obb 39950 1E70,2% 3411,98 -0,0061 -0,0022
1,03 7991 49,3 620.8  57.50 402,43 1872,85 2420,98 -0,0004 -0,0027
1. 773.8 4931 LZ2.6 0 £1.49 0 332,71 1332,41 ISI7.66 -0.0CG3 (L0004
.19 799.5 4947 6232 S2.80 392,94 1295,8% X3W,10 0 0.0022 -0,0013
1L.23 7955 4%,4 4233 59,92 70,5 1822,90 341044 -0,0001  (,0006
1.2 7926 489, 616,399,201 389,25 177668 232349 0.0027 0,003
1144 7990 495.0 24,0 41,00  242,5% 1727,72 2474,54 -0,0021  (.002%
L83 799.0 494,72 423,84 S2.64 337,39 194212 339,45 0.0014 -0,0004
11,61 798,647 KLY 6184 409,47 139749 540,41 -0,0040 ~0,0035
.69 799.9 4942 622.9  59.84  ZRA.72 17,01 402,74 0.0001 ~0,0002
73 7%3.4 4936 k22,6 40,85 270,1% 1B0L A0 444,00 -0,001%  0.0013
1.2 7923 3929 <=0, 24,02 245,63 151249 G832,77 -0.0445 0,022

110.57  327.7¢ 1704.62 795,92 -0.059%  0,0020
155,24 493,61 2097.82 11227.01 -0.0735 -0,0125
100,32 329.4% 1710,53 7478, 44 -0,0402  0,0079
70010 220,34 441,72 S2EL%6 -0.0270 0,0270

J-2

12,00 7971 %97
12,6 pux4 Sy
127 7936 Z75.4
12,85 0.1 ¥

N
e
QNG Ny

LN L) e

n

o~

7.

<n
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FOLLING PROBE FIELD TEST
RICHMOND POWER & LIGHT
. MHITEWATER VALLEY STATION
NIT 2% FORT F2 o

“e

sZZzzsz==es

12,00
12,09
13,17
13,25
13,34
13,42
13,50
13,59
13,47
13,73
12,54

12,92

14,00

14,05
14,17
14,25
14,74
14,42
14,50
14,59
14,47
14,75
14,24
14,92
18,00
15,09
15.17

15,25

15,34

Y -

TEST 15 - 1 MARCH 1989

BOILER LOAL:

60 MW

PROBE TEMFERATURE: 00 F
(GA% TEMFERATURE: 1163
[ATA TIME: S MINUTES

= o ot 8 0 e o e ot s oy 0 0
et i—t=3-3

FROBE
TEMF
{F

ATR-IN
TEMF
{F

AIR-QUT AIR-FLOW HF-METER METER-HF  AVE-HF AVE-FF

TEMF
(F

RATE
LE/HR

QUTFUT
uv

Smsme

795.8
500, ¢
203.7
776.0
79¢.8
793,40
799, 2
79,7
7987
799,%
200,2
7939
798,
799.4
737.9
797.7
773, 4
79%.0
77%.1
797.%
799.2
799.2
778.7
793, 4
799.6
792.9
799.7
7961
793.2
7¢2.1
792.1
79¢.4
797.7
798.2
778.6
7949,k

779.9

249,5
354, 4
4.0
4460.7
420, 2
502.4
a1,
%14.1
514.5
Slelt
517.2
o21.4
21,0
524,95
21,0

s

512.4
911.7
R
08,2
0.6
07,0
09,9
a10.1
9.8
510.2
a13.1

E1n &
\-‘1“! j

on
o oe—

I

L= L xS S B ]

—

—

o~ o~ o~ O n
£ 2
~ v O~ D)

Lo

£45.4
£45,0
£43.7
t41,1
¢42.%
b47.4
41,7
£42.9
641.4
L41,4
640, 1
£39.0
632, €
k39,9
£33, 3
(39,3
§39,7
£40.3
£37.4
LA0,
t41.5

137,35
141,98
107,84
4z,54
43,83
53,89
93,78
sS4, 43
57.10
54, 43

57,35

369,

419,83
339,44
30,93

O oS0 N

i S T

)

.
5=

322,91
09.72
316,50
254,09
294,39
271,84
299,44
297.3%
307.50
202,45
298,42
K
217,22
314,72
217,52
337,17
229.53
221,11
200,54
283,34
202.74
281,93
299,44
203,08
307,64
21,74
202,06

o - - . > L

LOC-FF

CALC CALC  CALC  CALC

B/FT2-HR  B/FTZ-HR

1802,52 113€2,01 =0,0755  0.001%
1917,41 10445, 76 =0,0715  =0,0047
1347,62 9233,94  -0,0418  =0,0007
1713,83 341,84 0,0021  0,0075
1676,82 2079,92  0.011%  0.0087
1738,56 2208,5% 0,004 0,0059
170975 3104,10  0,0104  0,007%
1745,52 082,74  0.0112  0,0052
1704,67 221524 0,0064 0,008
168%,81 0 30%2.93  0,0106  0,0091
1695, 46 2222,85  0,0057  0.0087
1645,26  2949,42  0,0158  0.0107
1680,79 29340971 0.0172 0,009
1606,57  2915.76  0.0180  0,0152
1620,15 3024,12  0,0134  0,0135
157%,5 3163.92  0,0075  0.0175
164:,72 30152  0.0129  0,0124
LA34,59 263977 0,0213 0,0129
1440.40 2028,54  0.0110  0.0112
1450,90 #325,50 0,002 0,011
1629,3% 309342 0.0108  0,0127
1448,77 2104,87  0.0104  0,0120
1682,42 3194,13  0.0071  0.0057
1676.71  3146,11 0,008% 0,000
162314 2189.12  0,007%  0,00%
172612 3244,11  0,0054 00,0045
1710,67 3116,10  0.0100  0,0077
1691.34 2308,49  0.0032  0.0091
1644,24 3280,13  0.0041  0.0124
1404,55 7243,75  0,0054  0.0154
1651,56 230%.84  0.0031 0,011
1601,39 2095.41 0,010 0,015
1642,18 3292,40  0,0037 0,012t
1450,05 327677 0.004%  0,0{20
1660,50 3257.49  0.004% 0,011
170,39 30&0,20 00121 0,0108

1661, 8¢

3092, 44

0.0102

00111
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