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ABSTRACT

A survey of measuring devices or probes, which have been used to

investigate gas-side fouling, has been carried out. Five different types of

measurinq devices are identified and discussed including: heat flux meters,

mass accumulation probes, optical devices, deposition probes, and acid

condensation probes. A total of 32 different probes are described in detail

and summarized in matrix or tabular form. The important considerations of

corbustion gas characterization and deposit analysis are also given a

significant amount of attention. The results of this study show that

considerable work has been done in the development of qas-side fouling probes.

However, it is clear that the design, cor.;truction, and testinq of a durable,

versatile probe -- capable of monitoring on-line fouling resistances -- remains

a formidable task.
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NOMENCLATURE

A
	

surface area

Cp	 specific heat

d
	

probe diameter

D
	

disc diameter

h
	

convective heat transfer coefficient

k
	

thermal conductivity of gas

k 
	

thermal conductivity of fouling layer

L
	

length

Nu
	

Nusselt number

Pr
	

Prandtl number

q
	

heat transfer

qw
	 wall heat flux

Re
	

Reynolds number

R 
	

fouling factor or resistance

t 
	

fouling layer thickness

T9	 gas temperature

T1
	

inlet coolant temperature

T2
	

outlet coolant temperature

Vg	 gas velocity

W
	

mass flowrate

Acronyms

L.
AA Atomic Absorption

BC Bomb Calorimetry

CA Chemical	 Analysis

CCM Controlled Condensation Method
u

Cl Cascade Impactor

s CM Chemiluminescence Methods

CS Cone Slumping

CT Chromatographic Techniques

DPM Dew-Point Meter
cam-°
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k

A

t

DTA

ECM

EDAX

EDS

EM

EPA Method 5

EPA Method 6

EPA ST

FID

FP

FS

FSS

GA

GC

GLC

HPLGPC

ISP

IR

MS

NA

NDIR

0

OA

DES

OM

PT

SDA

SEM

TGA

XPS

XRD

XRF

Differential Thermal Analysis

Electrochemical Cell Method

Energy Dispersive X-Ray Analysis

Energy Dispersive Spectrometry

Electron Microprobe

Environmental Protection Agency Method 5

Environmental Protection Agency Method 6

Environmental Protection Agency Sampling Train

Flame Ionization Detector

Flame Photometry

Fluid Spectrometry

Float Sink Separation

Gravimetric Analysis

Gas Chromatography

Standard Gas and Liquid Chromatography

High Pressure Liquid and Gel Permeation Chromatography

Isokinetic Sampling Probe

Infrared Spectroscopy

Mass Spectrometry

Neutron Activation

Non-Dispersive Infrared Method

Optical

Orsat Analysis

Optical Emission Spectrochemical Analysis

Optical Microscopy

Paramagnetic Techniques

Sulfur Dioxide Analyzer

Scanning Electron Microscopy

Thermoqravimetric Analysis

X-Ray Photoelectron Spectrometry

X-Ray Diffraction

X-Ray Fluorescence

vi
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SECT1 1N 1

INTRODUCTION

Gas-side fouling is a subject which has been of interest for a number of

years. Most of the earlier work in this area was directed toward coal-fired

boilers where most of the problems occurred. In recent years, however,

additional attention has been focused on heat-recovery systems because risinq

energy costs have provided significant incentives to recover energy from

exhaust gas streams in a wide spectrum of industries which use a variety of

fuels.

Fouling may be defined as the deposition of an insulating layer of

material onto a heat-transfer surface which retards the flow of heat. When the

deposition results as a consequence of a dirty gas stream corning in contact

with a surface, the fouling process is referred to as gas-side fouling. In

many cases the combustion gases, including those from clean burning fuels, can

become badly contaminated with particulate matter and condensable gaseous

species becaus ,` specific industrial processes which the gases undergo. Such

proces e cor,t,-:.nation -- which tends to increase the gas-side fouling and

corrosion potential -- occurs widely in the foodstuffs, petrochemical, cement,

glass, iron and steel, aluminum, and copper industries. Finally, it should be

pointed out that gas-side fouling can be a problem in direct heating

applications, such as those in industrial boilers, as well as in heat recovery

systems.

The following classification scheme for fouling has become widely

accepted:

(a) Precipitation Fouling - the precipitation of dissolved substances

onto the heat transfer surface. Where the dissolved substances have

inverse rather than normal solubility versus temperature

characteristics, the precipitation occurs on superheated rather than

subcooled surfaces and the process is often referred to as scaling.

1-1

e,

t



(c)

s . : .,_ ^, ^,,.: -,:. T rl r...^._vy^_:.mn^{.eSHNS.`^•Y1^..'/l*

Particulate Fouling - the accumulation of finely divided solids

suspended in the process fluid onto the heat transfer surface. In a

minority of instances settling by gravity prevails, and the process

may then be referred to as sedimentation fouling.

Chemical Reaction Fouling - deposits formed at the heat transfer

surface by chemical reactions in which the surface material itself is

not a reactant.

(d) Corrosion Fouling - the heat transfer surface itself reacts to

produce corrosion products which foul the surface and may promote the

attachment of oth-r foularts.

(e) Biological Fouling - the attachment of macro-organisms

(macro-fouling) and/or micro-organisms (micro-biofouling or microbial

Zouling) to a heat transfer surface, along with the adherent slimes

often generated by the latter.

(f) Solidification Fouling - freezing of a liquid or some of its higher

melting constituents onto a subcooled heat transfer surface.

Of these six categories, all but crystallization fouling can occur in gas-side

fouling. Particulate fouling is most likely to be associated with nas-side

fouling but chemical reaction fouling, corrosion fouling, and solidification

can also be important.

w
`	 Under sponsorship of the U.S. Department of Energy (DOE) Assistant

Secretary for Conservation and Renewable Energy, particularly the Energy

Conversion and Utilization Technology (ECUT) Program, several studies in the

area of gas-side fouling have been conducted. This effort includes:

characterization of Diesel exhaust gases and experimental studies of gas-side

fouling and corrosion in Diesel exhausts (References 1-8), an assessment of

i&.a	 gas-side fouling in glass plants (References 9-11), an assessment of gas-side

OKI fouling in cement plants (Reference 12), gas-side fouling and corrosion

operating experience with an organic Rankine cycle bottoming system (References

^+	
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13-15), the use of fluidized bed heat recovery systems to mitigate the effects

of qas-side fouling (References 16-19), an assessment of plastic heat

exchangers for use where acid and water condensation are serious problems

(Reference 20), and a workshop on the assessment of gas-side fouling in a

variety of fossil fuel exhaust environments (References 21-22) including the

formulation of a categorized bibliography on gas-side fouling (Reference 23).

At the Gas-Side Fouling Workshop (References 21-22), forty-one

participants made several recommendations for R&D p rojects in the area of

gas-side fouling. Their high-priority recommendations include the following

seven items:

o Characterization of Fossil Fuel Exhaust Gases

o Development of a Gas-Side Fouling Measuring Device

o A Study of Attachment and Removal Mechanisms and Formulation of

Gas-Side Fouling Predictive Methods

o Collection of Empirical Gas-Side Fouling Data for Specific

Geometries

o Effectiveness of Various Cleaning Devices for Gas-Side Fouling

Service

o The Mechanism of Wet Wall Fouling in Fossil Fuel Exhaust Gases

o Alternative Types of Heat Exchange Equipment to Enhance Heat Transfer

and to Mitigate the Effects of Gas-Side Fouling

The first three recommendations are closely related; in fact, the

development of a suitable gas-side fouling measuring device is a prerequisite

to carrying out basic studies of attachment and removal mechanisms and,

ultimately, the formulation of methods to predict gas-side fouling processes.

Specifically, among the workshop participants (Reference 21)

...there was a strong feeling that a fouling

measuring device is needed. The objective of

this research program would be to develop a

standard measuring device to study gas-side

fouling...

L
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Based on: (a) the recommendations made at the workshop, (b) the importance

of such a device in carrying out additional workshop recommendations, and (c)

the available ECUT Program financial resources, the DOE ECUT Program sponsored

a survey to aefine the state-of-the-art for gas-side fouling measuring

devices.

This survey was undertaken jointly by the Jet Propulsion Laboratory,

California Institute of Technology (JPL) and EG&G Idaho, Inc.	 In order to

obtain the required information, an extensive computerized literature search was

carried out. Additional information was also obtained through personal

contacts, telephone calls, letters, plant visits including a trip to the United

Kingdom by one of the authors (S.P.H), and attendance at professional meetings.

Finally, the Battelle bibliography on "Corrosion and Deposits from Combustion

Gases" (Reference 24), proved to be a valuable source of information.

=,+rte
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SECTION 2

CLASSIFICATION OF GAS-SIDE FOULING MEASURING DEVICES

Fischer, Suitor, and Ritter (Reference 25) and Knudsen (Reference 26) have

presented review articles which discuss foul inq measuring devices suitable for

use in liquid systems.	 However, many of these devices utilize electrical

heating to provide a heat flux to the fluid and hence are not suitable for use

iu making gas-side foulin g measurements.	 In applications involving combustion

gases, which are of principle interest here, heat is transferred from the hot

gases to a process fluid and hence the gas is always cooled, either in a direct

heating application or in a heat recovery system. Gas-side fouling measuring

devices, or probes, have been used in a number of industrial applications

including:	 industrial and utility boilers, municipal incinerators, gas turbine

applications, and heat recovery systems in a broad range of industries. 	 In

addition, a number of studies utilizing gas-side fouling probes have been

carried out in laboratory settings.

A variety of devices have been used to obtain and analyze gas-side fouling

deposits.	 These devices range from a small cylindrical disc to a full-size

heat exchanger, with a number of intermediate varieties. For purposes of the

present study, test sections with more than a single probe were excluded from

consideration unless at least one of the tubes was individually instrumented.

However, U-tube modules and devices using more than one tube in order to

simulate the maximum gas velocities obtained in a tube bundle are included,

provided that the criterion established above is satisfied. As might be

expected, most of the probes are single, circular cylinders which utilize a

controlled surface temperature maintained by air or water flowing through the

inner portion of the devices. Although all of the probes are capable of

collecting gas-side fouling deposits, it is quite surprising that very few of

them are capable of measuring gas-side fouling resistances.

Although gas-side fouling measuring devices come in a variety of sizes and

shapes, each of them may be grouped in one of the five following categories:

2-1
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(a) Heat Flux Meters

(b) Mass Accumulation Probes

n	 (c) Optical Devices

`-	 (d) Deposition Probes

(e) Acid Condensation Probes.

The essential features of each of these types of probes will be considered

briefly.

As the name implies, a heat flux meter measures the local heat transfer

per unit area to monitor the fouling resistance. The decrease in heat flux as

a function of time is thus a measure of the fouling buildup on the heat

transfer surface. Most of the heat flux work to date has been related to

furnace applications where radiation is the dominant mode of heat transfer.

However, there is no conceptual reason why this approach could not also be used

in those applications, such as heat recovery systems, where heat is transferred

primarily by convection.

A mass accumulation measuring device is a probe which has been designed so

that the deposit sample mass may be determined quantitatively, generally under

controlled conditions of the surface temperature, gas temperature, and other

parameters of interest. In a number of cases where the interaction of fouling

and corrosion occurs simultaneously, this type of probe has been used to

measure corrosion rates as well. In the case of the corrosion-type mass

deposition probe, it has been common practice to use cylinders consisting of

many segments joined together by threads, tension, or some other means.

Optical	 fouling measuring devices	 are those used to determine deposition

Y
rates using optical	 methods.	 Such	 devices	 have been used on a very limited

basis	 and to date have been restricted to relatively simple laboratory studies

i; under very controlled conditions.

Deposition measuring devices are probes which	 are used to collect

deposits,	 generally under controlled conditions, 	 on	 a qualitative	 basis.	 In

this	 type of device,	 the actual	 mass of the deposit	 is not determined; however,

2-2
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quantitative analyses of the deposit itself -- irrespective of the magnitude of

the mass -- are frequently carried out. In many cases multi-segmented

corrosion probes are of the deposition type.

Finally, acid condensation probes are used to collect liquid acid which

accumulates on a surface which is at a temperature below the acid dew-point of

the gas stream. Such probes are frequently used to measure dew-point

temperatures as well as acid deposition rates. A number of probes of this type

are available commercially and therefore, since a solid fouling deposit does

not occur when acid alone is being condensed on the heat transfer surface,

secondary importance has been given to this type of probe. However, because of

the importance of the water and acid dew-point condensation problem in low

temperature heat recovery applications, the acid condensation probe is also

included here.

Thus, although five types of gas-side fouling measuring devices, or

probes, have been identified -- and although each of these will be discussed in

some detail -- the major emphasis in this report is placed on mass accumulation

and deposition type probes. Of those gas-side fouling probes suitable for

insertion into industrial gas streams, including those which are process

contaminated, it is apparent that the present state of the art is focused on

these two types of measuring devices.

2-3
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SECTION 3

STATE-OF-THE-ART REVIEW OF EXISTING GAS-SIDE FOULING MEASURING DEVICES

The purpose of the present section is to review the current state of the

art for measurinq devices used in gas-side fouling ap p lications. Each of the

five types of devices defined in Section 2 will be reviewed with appropriate

details, including references, on the probes which have been developed to date.

Figures are included wherever possible to help describe these instruments. The

major emphasis is placed on the actual operating experience which the various

probes have undergone. This section will conclude with a special consideration

of the information obtained during a visit to the United Kingdom, where a

considerable amount of qas-side fouling work, including the development and use

of fouling probes, has been carried out.

For a specific type of device, the probe geometry, the material(s) of

construction, and the conditions under which the probe was tested are all of

interest. In many cases the wall temperature of the probe is maintained at a

specified level by varying the mass flowrate of a secondary fluid such as air

or water which is used to cool the probe. The control system used to achieve

this objective is discussed where appropriate. The measurement of heat flux,

on both the primary and secondary sides of the probe, is an important

consideration. Gas-side velocity, turbulence intensity, and temperature -- as

well as the probe wall temperature -- are all important parameters in gas-side

fouling and consideration is given to these topics. The maximum sampling

period, or time which the probe is exposed to the combustion gases, gives some

indication as to the robustness of the device. Finally, a device may have

unique capabilities and these attributes are discussed where applicable.

In addition to the probe per se, some attention is also devoted to two

related aspects. The first of these is the characterization of the gases to

which the probe is exposed. Such items as fuel analysis, gaseous components,

dew-point temperatures of the condensible com ponents, particle size

distribution, particle composition, particle concentration and excess air are

a

r
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all important parameters in the gas-side fouling process. Therefore, a

knowledge of these parameters is almost indispensable in analyzing the results

obtained from the gas-side fouling probes. The second topic which is also of

interest is that of deposit analysis. This category includes such items as:

deposit constituents, deposit morphology (structure and characteristics),

deposit melting temperature, corrosion analysis, and the magnitude of the

deposit mass. The accuracy of the deposit mass is an important consideration

in establishing fouling deposition rates. Finally, the diagnostic techniques

used to determine the gas characterization and deposit analysis parameters are

also of some interest.

3.1	 HEAT FLUX METERS

Heat flux meters are discussed in this section. These devices have been

used primarily in furnaces where radiation is the dominant mode of heat

transfer. However, in principle this type of instrument could also be adapted

for use where the dominant mode of heat transfer is convection. The design

details and operating experience of several heat flux meters are presented.

Central Electricity Research Laboratories, United Kingdom

Northover and Hitchcock (Reference 27) developed a heat flux meter which

employs the radial disc principle as shown in Fig. 3-1. Heat flowing into the

disc is distributed radially and then conducted to the boiler tube through the

meter body. The finite thermal resistance of the disc gives rise to a

temperature difference between the disc center and its periphery which is

attached to the meter body. The connecting wires attached at these two

locations sense the emf produced which is proportional to the radial

temperature difference and hence the heat flux. Initial boiler trials

indicated that the most satisfactory body material was British Driver Harris D2

and Corronel 230 for the disc material. It was also found that the meter

cavity should be filled with an inert gas to minimize corrosion of the two

connecting wires. Prototype meters of the type shown in Fig. 3-2 were

constructed, with the heat flux meter mounted on the boiler tube as shown. The

cable shield was curved to fit around the outside of the boiler tube and welded
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1	 to the edge of the body to form a qas-tight seal. Argon was the inert gas

cho sen to fill the meter cavity which was then sealed around the cable shield

entry point with silver solder. The integrity of the meter was finally proved

by a pressure test. This type of mater was tested satisfactorily under severe

conditions in an oil-fired boiler for ov.rr 200 days without any deterioration

in performance.

Central Electricity Research Laloratories, United Kingdom

In order to have heat flux meters which operate at heat fluxes up to

222,000 Btu/hr-ft ? , Neal et al. (References 28-29) developed two permanently

installed devices to measure heat flux under ash-fouling conditions. The basis

for these devices is the guarded cylinder techni q ue. This method makes use of

the temperature gradient generated alon g a cylinder of known thermal

conductivity when heat is applied to one end while the other end is connected

to a heat sink. The axial temperature gradient is measured using thermocouples

at a known spacing along the cylinder. The wall heat flux is then calculated

using Fourier's law, q" = - k dT/dz, where z is the spatial coordinate along

the axis of the cylinder, k is the thermal conductivity, and T is the

temperature. To ensure that the heat flow in the measuring cylinder is

essentially axial, it must be surrounded by a thermal guard which exhibits a

temperature gradient similar to that along the measuring cylinder. Two

possibilities are:	 (a) the thermal guard for a surface mounted device will be

some form of concentric cylinder, and (b) the measuring cylinder may be

incorporated into the boiler tubewall which itself then acts as the guard.

These two types of flux meters are shown in Fig. 3-3. In the thickened tube

approach, additional wall thickness may be obtained to incorporate the

measuring cylinder by locally deforming the tube by "cranking " or "dimpling"

and then restoring the original external profile by a weld deposition,followed

by a smoothing of the surface through machining. The guarded cylinder concept

has the advantage that its calibration is unaffected by modest amounts of

surface corrosion. The two types of meters developed by Neal et al.

(References 28-29) are based on these two concepts and are called,

respectively:	 (a) the Fluxtube, and (b) the Dometer. Each of these devices

will be discussed briefly.

Ik
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The Fluxtube is shown in Fig. 3-4 and is based on the thickened tube

concept.	 In addition to the heat flux, this instrument is also designed to

measure tubewall temperature and the tubeside fluid (water/steam) temperature.

It is made from a short length of boiler tube containing a locally thickened

wall section incorporating a measuring cylinder created by either "cranking" or

by "dimpling", followed by a weld deposition and then machining of the

surface. Both the measuring cylinder and weld deposit are made of 1.0 percent

chromium and 0.5 percent molybdenum steel. The thermocouples are

nickel-chromium/copper-nickel and the hot junction ends are secured in the

holes with a copper-based cement. Additional constructional details of the

Fluxtube may be noted in Fig. 3-4. Neal et al. (Reference 29) claim an

accuracy in heat flux measurements within + 5 percent.

The Dometer, so-called because of its dome-shaoed profile in its

installed position, is a boiler tube surface-mounted device. The basic design

of this instrument is shown in Fig. 3-5. 	 It is fabricated from stainless steel

with the same type of thermocouples as used in the Fluxtube. The Dometer is

welded to the boiler surface as indicated and the junctions are spaced

approximately 0.12 in. apart. The core cylinder, separated by an air gap, is

0.24 in. in diameter. A theoretical study was carried out to investigate the

effects of core, air gap, and guard configurations and the calibration of the

device when covered with ash.

A total of five Fluxtubes and 21 Dometers were installed in a localized

high-flux region of an oil-fired power station boiler and an additional nine

Dometers were installed in a coal-fired boiler in a region of appreciable

slagging. Measured heat fluxes ranged from about 12,700 to slightly over

190,000 Btu/hr-ft 2 . The oil-fired boiler trial was terminated after 10,000

hr of firing but there were periods of intermixtent stoppage. As might ke

expected, fluctuations in the coal-fired boilers were much greater (typically

+ 10 percent). The agreement between the Dometer and Fluxtube measurements was

generally within + 10 percent.
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Universit y of Waterloo. Waterloo. Ontario. Canada

Chambers, Wynnyckyj, and Rhodes (References 30- 31) used a commercially

available disc-type meter of the type described by Northover and Hitchcock

(Reference ?7) previously. A second disc-type meter was attached to a copper

heat sink which in turn was attached to a 518-in.-diameter heat pipe. A small

finned tube heat exchanger mounted to the condenser end of the heat pipe was

used to cool the heat pipe with air. An envelope of air flowing in the annular

region between the copper heat sink and the outer housing of the probe previdPd

	

•	 an air Jet which continually prevented ash from depositing onto the heat flux

	

^	 meter surface. Calibrations showed that the air jet reduced the heat flux by
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less than five percent. The surface temperature of the heat flux meter was

maintained at about 392 F. Thus, a comparison of the heat flux as measured by

the clean and fouled devices gave a relative indication as to the amount of ash

deposition on the boiler surfaces.

Ash deposition in three different utility boilers was studied rather

extensively. Several heat flux meters were installed on the water walls in the

combustion chamber in areas where heavy ash buildups were anticipated. Air-

cleaned heat flux probes were installed in inspection ports adjacent to the

wail-mounted heat flux meters. The output of the meters was monitored over a

period of several months. A radiation pyrometer was used to monitor changes in

the flame ra!iating power which is a term used to denote the combined effects

of flame temperature and gas emissivity on the radiative heat flux to the water

walls. Heat fluxes ranged from 159,000 Btu/hr-ft 2 to less than 15,900

Btu/hr-ft 2 , i.e., after sootblowing the heat flux increased significantly but

then fell sharply as the ash was deposited. Changes in the clean meter heat

fluxes were due to sudden variations in the flame radiating power. Thus, if

the fouled meter signal were to be used as a measure of ash deposition only,

there was a need for a direct measurement of flame radiating power which could

be affected by many variables such as coal composition, excess air, burner

setting, and ash cleaning in other areas of the boiler. Initially a radiation

pyrometer was used to monitor changes in the flame-radiating power. However,

because of the ease of signal conditioning, an air-cleaned heat flux meter

probe was found preferable for this purpose. However, the signals from the

clean and fouled heat flux meters were in general not equal because of the fact

that the two meters were in different locations. Also, in subtracting the

signals from the two meters electrically, there was a relatively large common

mode voltage (apparently due to a thermal emf generated by the jet of the heat

flux meter and the boiler tube). By means of an adjustable amplifier gain, the

"F" factor applied to the clean meter was adjusted to give a zero system output

when both flux meters were in a clean state.

It should be emphasized that the ash monitoring system described does not

give a direct measure of ash thickness even though it does give an indication

of the heat flux. At the time the paper was published, additional mathematical
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modeling was being undertaken to predict the deposit thickness from the

measured heat flux and physical properties of the ash deposits. Although

additional work is needed to clarify this method, it is evident that this

approach will be useful in monitoring the buildup of ash deposits in coal and

oil-fired boilers where radiation is the dominant mode of heat transfer. What is

not clear is how applicable this approach is to those situations in which

convection is the controlling heat transfer mode.

3.2	 MASS ACCUMULATION PROBES

The next category of devices to be considered is the mass accumulation

probe. One of the major objectives of this type of instrument is the

measurement of the deposit mass collected on the probe. In turn, the mass

deposition rate as a function of surface temperature and other parameters of

interest may be determined. A variety of devices of this type have been

designed, constructed, and tested in a wide range of environments.

University of Sheffield, United Kingdom

Brown, et al. (References 32-33) studied the deposition of sodium sulfate

and vanadium pentoxide using a pilot scale furnace. This work was carried out

in the Department of Fuel Technology and Chemical Engineering at the University

of Sheffield in the United Kingdom. The probe used in these studies is shown in

Fig. 3-6 and was nominally 3 ft long and 1 in. in diameter. It consisted of

several specimens or segments, each with a Pyrotenax thermocouple embedded in

the segment to measure the wall temperature. By varying the air flow down the

center of the probe, the surface temperature was controlled in the range of 752

to 1364 F during the tests. Deposits were produced by exposing clean, weighed

segments of stainless steel in the combustion gases for up to 10 hr. The fuel

used was kerosene doped with sodium napthenate and carbon disulfide to obtain

sodium sulfate, and kerosene doped with vanadium ethyl hexoate to obtain vanadium

pentoxide. In addition to gas temperature, velocity, and composition, Brown

et al. also measured the turbulence intensity of the gas in these studies.

Deposits were obtained at two excess air levels -- less than 1.0 percent and

25 percent. By weighing the segments before and after deposition (there was no

corrosion), the amount of mass deposited was readily determined. In these tests

the amount of mass deposited was quite small, ranging from 0.0097 to 0.0224 g. 	 4
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Figure 3-6. Air-Cooled Mass Accumulation Probe Developed by Brown, et al,

at the University of Sheff i eld (References 32-33)

In addition to the Na2SO4 and V20 5 dew-point temperatures, Brown,

et al. also determined the deposition rates as a function of surface

temperature and compared their results with those obtained using a vapor

diffusion model. They found very qood agreement between the experimental

results and theoretical predictions near the dew-point temperature; however, as

the probe surface temperature was reduced, the experimental deposition rates

were found to fall far below the predicted values. Brown, et al. explained

this lack of agreement by noting that the condensed liquid droplets would tend

to solidify near a cold surface, thus reducing the tendency of the particles to

adhere to the surface,

Rheinisch-Westfallisches Elektrizitatswerk AG, West Germany

I
AIR

Hein (Reference 34) reported on gas-side fouling studies using Rheinisch

brown coals at the Rheinisch-Westfallisches Elektrizitatswerk AG (RWE)'in the

Federal Republic of Germany. The research rig consisted of a roof-fired,

steam-cooled, 3.94-ft diameter combustion chamber designed for a maximum brown

coal throughput of 1100 lbm/hr. The probe used in this study is shown in

Fig. 3-7. It consists of a water-cooled extension and an air-cooled probe

head. The probe head includes both a 1.97-in. long air-cooled surface and a

1.97-in. long uncooled surface made of ceramic, the latter to simulate a tube

which had already been fouled. The probe head is 1.34 in. in diameter. The

temperature of the air-cooled surface was measured by means of a wall

thermocouple and controlled by varying the air flowrate through that portion of 16
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Figure 3-7. RWE Mass Accumulation Probe, Hein (Reference 34)

the probe head. Auxiliary equipment available to analyze the deposits included

a laboratory for wet chemical analysis of the coal, fly ash, and deposit

samples, an X-ray fluorescence analyzer, and an X-ray diffraction analyzer.

Parameters studied, at least to some extent, included excess air (0 to 50

percent), mixing of fuel and combustion air, particle size distribution of the

incoming coal, and combustion air temperature. Results were reported for tests

up to durations of 60 hr. Gas temperatures during the tests conducted were

about 1650 F with wall temperatures ranging from 1112 to 1472 F.

David W. Taylor Naval Ship R&D Center, Bethesda, Maryland

Rogalski (References 35-36) reported test results involving the insertion

of a cooled cylindrical fouling probe in a shipboard LM 2500 gas turbine

exhaust stream and a land-based Solar Saturn gas turbine exhaust. This work

was carried out by the David W. Taylor Naval Ship Research and Development

Center through support provided by the Naval Sea Systems Command. The test

unit probe was a heat pipe device cooled by ambient air and instrumented to

measure the heat flux and also the gas-side fouling resistance. The unit was

designed so that the evaporator end of the heat pipe, which had a 4-in. active

probe length, was exposed to gas turbine exhaust gases while the condenser end

was cooled by air flowing through a calibrated orifice. A schematic drawing of

the cylindrical fouling probe test unit is shown in Fig. 3-8.
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Figure 3-8. David Taylor R&D Center Heat Pipe Mass Accumulation Probe
(References 35-36)

A stainless steel heat pipe was used for rapid heat transfer from the

exhaust gases at the bare cylindrical hot end to the finned condenser end

cooled by air from a blower. The blower, which supplied cooling air to the

probe, was regulated so that for ,a given exhaust gas temperature, a range of

probe wall temperatures was achieved on the fouled portion of the probe. The

heat transfer was determined by measuring the inlet and outlet air temperatures

of the cooling air as well as the mass flowrate of the cooling air. A

deterioration of the overall heat transfer coefficient with time was thus used

as an indication of the magnitude of the gas-side fouling resistance, Exhaust

gas velocity was determined using a pitot tube in the vicinity of the fouling

probe. Thermocouples were used to measure both the exhaust gas and probe

3-12
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wall temperatures. Exhaust gas particulate measurements were made near the

fouling probe location by using an EPA Method 5 sampling train which was

designed to allo y isokinetic sampling. Following each test, the accumulated
	

.1

fouling deposit thickness was measured using an optical comparator. Deposit

samples, taken following each foulinq test, and filtered particulate samples

were analyzed using X-ray fluorescence which produces an elemental analysis of

the sample. Test fuel samples were analyzed for metals using a fluid analysis

spectrometer. Tests of up to 114 hr duration were carried out with gas

temperatures of 522 to 922 F, probe surface temperatures of 145 to 715 F, and

gas velocities of 43 to 450 ft/sec. For the shipboard tests the gas-side

fouling resistances reached maximum values of four times the Tubular Exchanger

Manufactures Association (TEMA) recommended values during time periods of 70 to

90 hr (References 35-36).

Boris Kidrich Institute for Nuclear Sciences, Vinca, Yugoslavia

Oka, Kostic, and Repic (Reference 37) developed a probe (referred to as a

sonde in their paper) for determining the ash deposit formation from low-rank

coals. This work represents a portion of the ongoing effort at the Institute

for Thermal Engineering and Energy Research at the Boris Kidrich Institute for

Nuclear Sciences in Vinca, Yugoslavia. The studies were carried out using an

experimental furnace and auxiliary systems which included a tubular furnace,

pulverized coal preparation and feeding line, air preparation and feeding line,

and a flue gas line. The cylindrical gas-side fouling probe is shown in Fig.

3-9. Both ends of the probe are water cooled with the section exposed to the
4	

combustion gases held at a constant surface temperature ranging from 842 to
,l

	

	 1040 F by cooling air. This portion of the probe is equipped with a wall

thermocouple and a heat flux meter so that both the surface temperature and

heat flux can be measured at the location where the ash deposit takes place.

The probe length and diameter were not given in the paper. Additional

instrumentation was avai'!,able for taking particle and gas samples, measuring

gas velocity and gas temperature, analyzing the coal and the ash, analyzing the

deposits, and measuring the melting temperature of the deposits. Initial

experimental results have included: (a) investigation of the pulverized coal

combustion, and (b) investigation of the ash formation process. Further

6
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Fiqure 3-9. Mass Accumulation Probe Developed at the Boris Kidrich Institute,
Yugoslavia (Reference 37)

experiments are planned to determine the effect of the following parameters:

coal composition, temperature of primary air, excess air, coal moisture, and

volumetric heat release. Results obtained and included in graphical form in

the paper include granulometric composition of the coal, surface temperature of

the probe, and the amount of excess air (20 to 50 percent).

Exxon Research and Development Company, Baytown, Texas

Lin and Winegartner (Reference 38) reported on efforts to carry out

the fouling of probes in the combustion products of a variety of coals. These

studies were carried out at the Exxon R&D Company in Baytown, Texas, in their

Solid Fuel Evaluation Unit (SFEU). The coals tested included several ranks of

coal from various parts of the world. Hot combustion products leave the

furnace through a refractory-lined spool which simulates the superheater and

reheater sections of a utility boiler. Two gas-side fouling probes are

inserted separately into the refractory-lined spool section underneath the

combustor. Each cylindrical probe is 0.75-in. OD with 304 stainless steel as

the wall material. A Chrome]-Alumel thermocouple is welded to the inner tube

in order to measure the probe wall temperature. To prevent cooling air from

entering the unit, the end of the probe tube is closed. A 0.25-in.-OD

stainless steel tube is inserted into the open end of the probe and an air flow

is passed through this tube and out through the annular space between the two

tubes. The upper probe was maintained at a metal temperature of about 1000 F

and the lower probe was not cooled. The gas temperatures ranged from about

1300 to 2000 F during the tests conducted. Coals from Canada, Australia, 	 6

3-14
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Poland, and South Africa -- as well as 11 different coals from the U.S. -- were

tested in a 16-percent excess-air environment with flue gas velocities of about

15 ft/sec. The deposits collected were quite small, ranging from about 0.2 -

5.0 g. Extensive fuel analyses were carried out for each type of coal tested.

The deposits collected on the probes were analyzed and the results compared

favorably with those obtained at the Grand Forks Energy Research Center (GFERC)

`	 in North Dakota, which in turn were known to agree favorably with results from

commercial experience,

Centra l Electricity Research Laboratories, United Kingdom

Jackson and Raask (Reference 39) and Jackson (Reference (40) reported on

the use of relatively large probes for use in oil and coal-fired boilers. In

developing a probe they imposed the following criteria:

(a) The probe must have a reasonably long life under arduous operating

conditions.

(b) The temperature of the target should be easily controlled over a

wide range with simultaneous investigations at several temperatures

highly desirable.

(c) Contamination of the deposits by the target material should be

minimized.

(d) The temperature of the target must be constant and accurately known

during each exposure,

(e) The target area should be large enough to permit the collection of

adequate quantities of deposit.

(f) The methods of analyzing the deposits must be sufficiently accurate

to obtain results of adequate precision with small samples obtained

during short exposure times.

Subject to these constraints the development of a mass accumulation type probe

was undertaken at the Central Electricity Research Laboratories (CERL) in the

United Kingdom.

A schematic diagram of a representative probe is shown in Fig. 3-10. The

probe is constructed of austenitic steel (18 percent chromium, 10 percent
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Figure 3-10. Central Electricity Research Laboratories Mass Accumulation Probe
(Reference 39-40)

nickel, and 3 percent molybdenum) tubing with 1-in. OD and 0.75-in. ID. Probes

ranging in length from about 6 ft (as shown in Fig. 3-10) to 13 ft have been

used with the 11-ft length being the best for most boilers. Good thermal

contact in the welds between the sheaths of the thermocouples and the tubewall,

as indicated in Fig. 3-10, is essential to obtain accurate wall temperature

measurements. The cooling medium was compressed air at 80 to 100 psig and was

controlled automatically. Four Chromel-Alumel thermocouples are normally

installed in any given probe. A safety device is included in the thermocouple

circuit so that if the control fails, the cooling air control valve opens fully

so that damage to the probe by overheating is prevented. The wall temperature

of the probe was easily and accurately controlled in the range of 300 to 1500 F

in the superheater region for flue gas temperatures between 1000 and 2100 F.

The results showed that the axial surface temperature gradient was essentially

linear. Most test runs lasted between 30 and 120 min, but at least one test

was carried out for 350 hr. Before each exposure, the probe surface was washed

with deionized water, rubbed vigorously with a cotton cloth, and rinsed

thoroughly with deionized water once again. The surface was allowed to dry

before the probe was inserted into the flue gas. The probe temperature was

allowed to rise near the desired value as quickly as possible, avoiding a

temperature overshoot, and the cooling air supply controlled to maintain the

local probe temperatures within ± 9 F of the desired values. In Reference 40,

3-16
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deposits were analyzed using flame photometry (sodium), atomic absorption

(vanadium and magnesium), and gravimetric analysis (sulfate). Three types of

magnesium additives -- designated by X, Y, and Z -- were also investigated,

Tests were carried out with flue gas velocities of 3.5 - 10.2 ft/sec and excess

air of 0.5 to 3,0 percent, with resulting deposits having a mass of at least

0.05 g•

Central Electricity Research Laboratories, United Kingdom

Dalmon, Tidy, and Toweil (Reference 41) reported on the description and

use of a sampler such that the deposition surface forms a small section which

is flush to the flue or duct wall. The gold-plated deposition surface is in

the form of a 5.32-in. disc as shown in Fig. 3-11. As may be seen, the disc is

carried by an inner cylinder along with a gas seal plate and heater. The

cylinder can slide and rotate in another outer cylinder. An 0-ring provides a

qas-tight seal as well as a thermal impedance between the cylinders in order to

prevent aerodynamic interference and excessive temperature variations around

the deposition disc. The disc is fastened to the cylinder using countersunk

screws with an insulating gasket between the metal surfaces. Three thin
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Figure 3-11. Central Electricity Research Laboratories Mass Accumulation

Sampler Mk I1 (Reference 41)	 w

3-17



_
J

support pins 3.94 in. long are also screwed into the disc to support the gas

seal plate as shown in Fig. 3-11. In the normal working position the seal

plate is parallel to the gas flow and far enough from the deposition disc such

that interference effects are essentially negligible. When the inner cylinder

is fully retracted, the peripheral surface of the seal plate butts against the

end of the outer cylinder thus sealing the disc in an atmosphere of stationary

flue gas. Thus, the disc may be withdrawn from the duct with the boiler FL111y

operational and with no disturbance to the collected deposit and acid layer.

The disc is made of either a gold-plated brass or mild steel and is heated or

cooled by a stream of air at a controlled temperature impinging on the back

face of the disc. A temperature controller compares the signal from a

Chromel-Alumel thermocouple embedded in the disc with a set temperature and

modulates the heater power, thus maintaining the disc at a constant

temperature. The entire device, which weighs about 36 lbm, may be used to

collect either acid or solids, usually over a time interval of 6 to 24 hr. At

the end of the exposure period the sampling disc is carefully withdrawn into

its holder and the entire assembly is transported to a convenient location for

sample removal.

The mass accumulation sampler has been used in units at three Central

Electricity Generation Board (CEGB) power stations in the United Kingdom. In

fact, the sampler is manufactured commercially and has been adopted as a

standard instrument in one CEGB region. in these applications the apparatus

has been quite reliable and routine maintenance includes the occasional

replacement of 0-rings, gaskets, and thermocouples. The major problem is that

of the need to replate the discs with a film of gold. Discs exposed at

temperatures above the acid dew-point temperature suffer from erosion and

require replating after about 24 hr of operation. Reported tests have been

carried out with gas temperatures of about 295 F and surface temperatures

ranging from 158 to 320 F.

National Engineering Laboratory, Glasgow, Scotland

The National Engineering Laboratory (NEL) in Glasgow, Scotland has

recently developed a mass accumulation fouling probe (References 42-43). The

A

fk
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test section is cooled by either air or water and both the pressure and

flowrate are monitored. The sample pieces are thin cylindrical shells, 1.0 to

4.0 in. lonq and 1.0 in. diameter, and at present are made of mild steel,

stainless steel, and copper. The pieces consist of two half-shells for easy

removal as shown in Fig. 3-12 with the entire probe assembly shown in

Fig. 3-13.	 Instrumentation for the probe consists of thermocouples to measure

the exhaust gas temperature, the cool inq fluid inlet and outlet temperatures,

and the sample section temperature; a differential pressure gage used with a

pitot tube (shown in Fig. 3-13) for the determination of the exhaust qas

velocity; and a flowmeter for the cooling fluid flowrate. A Standard Land	 I

Dew-Point Meter, chemical analysis, a BCURA dust sampling kit, and gas and 	 I

liquid chroonatography are used to analyze the exhaust gas, fouling deposits and

the fuel. Based on earlier tests, a modified version of the NEL probe has been

developed and a schematic drawing of the probe head is shown in Fig. 3-14.

Additional details on the NEL probe may be found in Section 3.6 which deals

with recent developments in the United Kingdom.

Figure 3-12. National Enqineering Laboratory Mass Accumulation Probe Head

(Reference 42)

3-19
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Figure 3-13. National Engineering Laboratory Mass Accumulation Probe Assembly

(Reference 42)

Central Electricity Generating Board, United Kingdom

Holland, et al. (Reference 44) reported on corrosion and deposition

studies carried out at the Marchwood Power Station in the United Kingdom. This

effort was actually carried out under the joint sponsorship of CEGB, Esso

Petroleum Company, Ltd., and John Thompson Water-Tube Boilers, Ltd. The

objective of this study was to obtain information on high-temperature

deposition and corrosion in oil-fired power plants. A portion of the study was

carried out using mass accumulation probes of the type described by Jackson and

Raask (References 39-40) which have already been considered, Of particular

interest as far as the present study is concerned is their use of single hair-

pin corrosion probes (which also collected deposits) as shown in Fig. 3-15.

Each probe was made entirely of a single material. In this study four

different materials were used, namely AISI 347, 321, 316, and 420. The first

three types are austenitic stainless steels while the latter is a ferritic

stainless steel. Although the overall length of these probes was about 124

in., the test section was 72 in. in length. Over the test section length a

total of 10 Pyrotenax thermocouples were installed to measure the wall

temperature and were mounted in the tubewall as shown in Figure 3-15. Each
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Figure 3-15. CEGB Steam-Cooled U .-Tube Mass Accumulation Probe (Reference 44)

probe was 0.75 in. in diameter with two probes assembled into a common mounting

head as shown. One assembly was fixed to a rigid automatically retractable

rail system, while the second assembly was fitted to a flexible but

non-automatic withdrawal carriage. The surface temperature of each probe was

controlled by regulating the amount of cooling steam flowing through the inside

of the tube. Each probe was fitted with an independent saturated steam supply

(200 psi at 392 F) controlled with a motorized valve through an electronic

proportional controller/recorder which was connected to one of the highest-

temperature thermocouples. Each probe was fitted with an excess temperature

audible and visual alarm system. An air control system automatically took over

from the steam cooling in the event of an excess temperature owing to steam

failure. The testing (up to 2000 hr) was carried out using a fuel oil

specially blended to control the amounts of vanadium and sodium. Gas

temperatures of 1940-2084 F with gas velocities of 22-24 ft/sec resulted in

probe wall temperatures ranging from 212-1291 F with a nonlinear temperature

gradient along the probe test length. The excess air was approximately

2.5 percent during these tests. Extensive deposit and corrosion analyses were

w
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carried out by employing paramagnetic techniques, chromatographic techniques,

chemical analyses, X-ray diffraction, and electron microprobe techniques. The

deposit mass ranged from 0.57-0.63 g for these tests; however, the major 	 1 I

emphasis was on corrosion rather than deposition analysis.

NASA-Lewis Research Center, Cleveland, Ohio

Kohl, et al. (Reference 45) carried out experiments at atmospheric

pressure in which a small collector was exposed to the gaseous products of a

liquid fuel/air combustor. This work was carried out at NASA-Lewis Research

Center as a part of hot corrosion studies on gas turbine components. The Mach

0.3 burner rig is shown in Figure 3-16. Deposits were collected on a 0.01-in.-

thick 90 percent Pt - 10 percent Rh cylinder mounted on an Inconel support as

shown. The collector assembly, made in the form of a slightly tapered

cylinder, consisted of a collector, a collector support including a stem, and a

base. The collector height was 0.50 in. and the base diameter 0.50 in. with

r I NCONEL SUPPORT BURNER NOZZLE

PLATINUM
COLLECTOR (—^

"FLAME

`,lisJMINA SHIELD

THERMOCOUPLE

STAINLESS STEEL
HOLDER

ROTATION	
1' ►I

COMBUSTION

CHAMBER

Figure 3-16. NASA-Lewis Rotating Cylinder Mass Accumulation
Collector (Reference 45)
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a collector area of 0.786 in. 2 . The small collector size was chosen so that

the surface temperature could be maintained at a constant temperature when

the collector is placed in the burner flame. The support and its stem were

made of Inconel (IN-600). The alumina shield acted as a thermal barrier and

thus prevented hot corrosion of the stem. A Chromel-Alumel thermocouple

junction, peened in a hole in the wall of the collector support, was used to

measure the collector surface temperature. The collector base, which was made

of stainless steel, rotated the entire collector assembly at 600 rpm to ensure

a uniform collector temperature. The collector temperature was varied by

adjusting the fuel flowrate into the burner. Most runs were six hr in length

to ensure that sufficiently large deposits could be obtained for analysis. The

`uel was Jet Fuel A-1 with typical air/fuel ratios of 25 (on a mass basis). The

burner flame was doped with sea salt, sodium sulfate, or sodium chloride.

Deposition rates of Na2SO4 and CaSO4 were studied as a function of

collector temperature. Experimental dew-point temperatures of Na2SO 4 and

CaSO4 were compared with predicted values and showed good agr:-^+ent. X-ray

diffraction analysis was used to analyze the deposits which consisted primarily

of sodium sulfate with some calcium sulfate. Tests were carried out with gas

temperatures of 2520-2780 F, and collector temperatures of 1250-1880 F. The

deposits collected were quite small, ranging from 0.002 to 0.018 g.

Solar Turbines Incorp or ated, San Diego, California

White (Reference 46) reported the results of a study carried out at Solar

Turbines International in San Diego, California. This work was directed toward

is
	

a study of the effects of soot deposition as related to heat recovery

C

	

	

applications in marine gas turbine exhausts. The major objective of the study

was to determine combustor operating conditions which would prevent the

i
	 formation of soot, using JP-5 as the fuel. Experiments were carried out using
W

	

	
a combustor apparatus equipped with a short extension section on the combustor

outlet. A cylindrical water-cooled probe made of Hastelloy-X was approximately

V

	

	
1/2 in. in diameter and eight in. long. A water-cooled sample probe was used

for obtaining gas and particulate samples. Outlet combustion gas temperatures
40	

were designed for 1740 F. A thermocouple was attached to the rear portion of

Ar
	

the probe to measure the outside wall temperature of the probe which ranged
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from 172 to 230 F during the soot producing runs. The unburned hydrocarbons in

the exhaust were determined using the flame detector method. Carbon monoxide and

carbon dioxide were both determined by the nondispersive infrared method. The

oxides of nitrogen were determined by the chemiluminescence method which is a

chemical method based on the reaction of nitric oxide and ozone yielding nitrogen

dioxide and oxygen. The smoke probe sample was conveyed to a Von Brand Smokemeter

which indicated the suspended particulate matter in the gas stream. The soot

which was deposited on the fouling probe was subjected to a variety of analyses

including: pyrolysis gas chromatography, infrared absorption, scanning electron

microscopy, and energy dispersive X-ray analysis. The test results showed that

the rate of soot deposition was quite low, ranging from 4.4 x 10- 8 to 6.6 x

10-8 lbm/sec, with the stoichiometric ratio (0.816 to 1.473) a very

important parameter. However, the most significant conclusion reached in the

study was that it is difficult to produce soot or smoke when the fuel-air charge

to the combustor is partially premixed.

Central Electricity Generating Board, United Kingdom

Horn and Street (References 47-49) in a series of three papers reported

results obtained using both corrosion and mass accumulation probes. The latter

air-cooled probe, of the type by Jackson and Raask (References 39-40) described

earlier, was 11 ft long and 1 in. in diameter. Testing was carried out in both

oil and coal fired boilers with probe temperatures ranging from 1004 to 1652 F

for tests up to 20 hr in duration. Excess air ranged from 12 to 17 percent

during the tests. Chemical analysis and X-ray diffraction were used to analyze

the deposits.

Grand Forks Energy Research Center, Grand Forks, North Dakota

Tufte, et al., (Reference 50-53) developed a test procedure for use with a

series of probes at the Grand Forks Energy Research Center (GFERC) in Grano

Forks, North Dakota. The studies there have been concentrated in the area of

low-rank Western United States coals, primarily because of the large lignite

deposits in North Dakota. Research on fouling at the GFERC has primarily
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41

addressed the evaluation of qas-side fouling characteristics using a

pulverized, coal-fired, pilot-plant combustor. The bottom-fired combustion

chamber is 30 in, in diameter by 8 ft hiqh and is refractory lined. The

volumetric heat release rate is about 13,500 Rtu/hr-ft 3 which is about the

same as in a commercial boiler. The test coal was pulverized to a fineness of

approximately 80 percent throuah 200 mesh in a hammermill and charged to a

volumetric feeder at a nominal flowrate of 75 lb./hr. The combustion air,

including nominally 30 percent excess air, is preheated to 700-900 F.

The total air used as primary, secondary, and tertiary are about 10, 30,

and 60 percent respectively. Flue qases at about 2000 F leave the furnace and

enter a 10-in.-square duct which is refractory lined. Three probe banks are

located in this furnace exit duct and are desiqned to simulate superheater or

t^^

Figure 3-17. Fouled Probes in Grand Forks Energy Research

Center Combustor (Reference 52)
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reheater surfaces in a commercial boiler. The first probe bank is orianted

vertically while the second and third are horizontal. Typical probes in fouled

condition are shown in Fig. 3-17. The probes in each of the three test banks

are 1.66 in. in diameter, made of 304 stainless steel, and cooled using

compressed air. The normal wall temperatures for probe banks 1, 2, and 3 are

controlled at 1000 F, 1000 F, and 800 F, respectively. The maximum gas velocity

between the tubes at the first probe bank is about 25 ft/sec. The normal gas

temperatures entering the first, second, and third banks are 2000 F, 1800 F, and

1600 F, respectively. The standard test procedure used to evaluate the fouling

rates of test coals include a 1-1/2-hr preheat using natural gas, a 1-hr

transition period burning both gas and coal, and a 5-1/4-hr test period burning

coal only. This schedule permits completion of an entire test in one 8-hr

shift. Steady-state conditions are maintained for the last three hr of each

test. After cooling, the ash deposits are removed from the test probes,

weighed, and analyzed. To date, approximately 100 coal samples in 380 different

tests have been carried out with the greatest emphasis on North Dakota lignites,

followed by Montana and Wyoming sub-bituminous coals and Texas lignite. Deposit

samples of up to 800 g have indicated the predominant influence of sodium

content on the gas-side deposition processes. The authors of these articles

feel that continuing efforts in the area of fouling will "inevitably lead in the

direction of more 'basic' research, since most of the empirical studies have

already been performed."

Westinghouse Research and Development Center, Pittsburgh, Pennsylvania

€	 In order to obtain a better understanding of the problems associated with

t_.

	

	 burning low-grade fuels, Westinghouse (References 54-57), under sponsorship by

the Electric Power Research Institute (EPRI), has undertaken a program to
X

	

	
obtain deposition and corrosion data for combustion turbine materials. The

objectives of this effort were to: (a) optimize metal component temperature

based on corrosion/ deposition considerations, (b) establish trade-offs between

metal temperature, performance, maintenance, and reliability, and (c) develop a

i.

predictive model for deposition rates in combustion turbines burning low-grade,

_	 ash-bearing fuels that is capable of integrating laboratory and field

r	 experience. Tests were carried out in the Westinghouse R&D Center pressurized
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turbine test passage (3 atm). Downstream of the test section the flow area is

reduced such that the combustion gases attain a velocity of apiroximately 600

ft/sec. At this location cylindrical test specimens are exposed to the

combustion gases. Multiple specimens (up to six per test) were either 2-in.

long by 1-in. diameter or 2.5-in. long by 0.5-in diameter and were cooled by

compressed air. The specimen holder could admit up to six cylindrical samples

placed in two rows in a staggered arrangement having sufficient spacing to

prevent contact of the thermal boundary layers and aerodynamic wakes of the

cylinders. Several thermocouples were embedded in the wall of each specimen to

r

	

	 measure the wall temperature. Although a temperature gradient occurred along

the specimen length, the overall average metal temperature was maintained

constant by adjusting the air mass flowrate. During the course of this work

s	 several fuels were tested including simulated and actual residual oils, washed

r	 and treated residual oil with and without additives, and SRC-II with heavy

4
distillate. Materials tested included IN-738, IN-738 with LDC-2E coating,

U-520, ECY-768, IN-713C, IN 617, HA-188, X-45, IN 617/LDC-2C, X-45/ATD-2, and

Udimet 500. Gas temperatures varied between 1650 and 2300 F while wall0
r

F	 temperatures ranged from 931 to 1710 F. A variety of diagnostic techniques

were utilized including: 	 an isokinetic sampling probe, scanning electron

r

	

	
microscopy, energy dispersive X-ray analysis, X-ray diffraction, emission

spectroscopy, atomic absorption techniques, and electron beam microanalysis.

Sample periods varied up to 300 hr.

Department of Physical Sciences, The Polytechnic, Wolverhampton,

United Kingdom

4.	 Bishop and Cliffe (Reference 58) studied the deposition of sodium chloride

'r

	

	 from the products of combustion leaving a propane-fired combustor. An aqueous

solution containing a known concentration of NaCl provided the sodium chloride

in the combustion gases. The combustion chamber was 15.75 in. in (internal)

diameter and operated at a positive pressure of 8 mm water. The core of hot

turbulent gases had essentially uniform velocity and temperature profiles just

J"	 upstream of the test section which consisted of a 2.01-in.-diameter cylinder

about 1.0 in. in length with spiqotted support tubes as shown in Fig. 3-18.r
The target tube was machined from 12 percent chromium steel tubing. The

I^r
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Figure 3-18. Test Section of Mass Accumulation Probe Located at
The Polytechnic, Wolverhampton (Reference 58)

assembly was seated in Sindan,yo cups of low thermal conductivity, as indicated,

to reduct the longitudinal heat conduction. Pairs of clearance holes for

1.05-mm-diameter thermocouples were drilled along the tubewall parallel to the

axis of the target tube as shown. Coil springs allowed for expansion of the

assembly and prevented distortion of the spigot joints. The entire tube

assembly could be rotated through 30 degree increments and firmly pegged in

each position. This rotation enabled the temperature distribution around the

periphery of the central test ring to be determined from the readings of a

single pair of thermocouples. The upstream and downstream deposits were

microscopically examined and weighed separately. The flue gas temperature was

maintained at about 2012 F, with the surface temperature varying from 1022 to

1472 F for qas velocities of 34.4 to 98.4 ft/sec. Tests were conducted for

relatively short times of 10 to 15 min.
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3.3 OPTICAL DEVICES

Very limited use has been made of optical devices to date as a tool for

studying gas-side fouling deposition rates. These studies have heen carried

out using doped fuels in a laboratory setting, but it is not clear that the

methods developed to date are suitable for field studies.

Yale University, New Haven, Connecticut

Rosner et al. (References 59-61) developed and used optical methods for

real-time measurements of the growth rate of deposits under laboratory

conditions. Rosner and Seshadri (Reference 60) demonstrated these techniques

by adding BC13(g) to a premixed C 3 1-18 -air flat flame and the 6203

deposition rate on an electrically heated platinum ribbon was measured

using interference and ellipsometric methods over a range ol fuel/air ratios

and seed levels. This study focused on the experimental determination of vapor

and small-particle, i.e., non-inertial, deposition. In the interference

method, use is made of the fact that when a well-collimated beam of light from

a laser is incident upon the substrate on which condensate growth is occurring,

a fraction of the beam is reflected from its front surface, and the remaining

fraction is reflected from the substrate-deposit interface after being

transmitted through the layer. These reflected beams constructively or

destructively interfere, depending upon the instantaneous deposit thickness.

Therefore, by recording the reflected intensity versus time, the growth rate of

the deposit can be obtained accurately in real time. In the ellipsometric

(polarization) method, the change in the state of polarization (intensity

ratios and phase lags) of the reflected light as the thickness grows is

exploited. The apparatus is shown in Fig. 3-19 and consists of: (a) an

optical system for measuring dew-point and growth rates, (b) an electrical

system for heating the platinum ribbon and measuring its temperature, (c) the

flat flame burner assembly, and (d) the gas feed system (not shown). A He/Ne

laser was used as the source of well-collimated, monochromatic (0.6328 pm)

light. A 0.24 in. wide, 0.005 in. thick Pt ribbon spanning two copper rods was

positioned 1.50 in. above the burner where the flow was laminar and undiluted.

The ribbon was slightly less than 3.74 in. long as indicated. The ribbon was

f
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Figure 3-19. Optical Mass Accumulation Setup at Yale University;
L = Laser, C1 = 1/4 Wave Plate, P = Polarizer,
C2 = Compensator, A = Analyzer, I = Filter,
D = Detector, and LI, L2, L3 = Focusing Lenses
(Reference 61)

heated electrically to temperatures in the 1700-1880 F range using a 50-amp

d.c. power supply and the temperatures of its 0.158-in.-long central section

were obtained from its resistance. The premixed gaseous stream of CA

fuel and seed vapor BC13 were determined using rotameters. The duration of

the tests ranged up to three min, but some were as brief as 15 sec. The

composition of a typical film was analyzed using an X-ray photoelectron

spectrometer. For further details regarding optical methods, the reader is

referred to those references which have been cited.

3.4 DEPOSITION PROBES

The deposition probe is the next type of device to be considered. No

attempt is made to quantitatively determine the mass of the collected deposit

with a deposition probe. However, the deposit is usually analyzed to determine
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its chemical composition. Many corrosion probes which have been developed,

i.e., devices for which the corrosion analysis is of greater importance than

the fouling deposit, are of the deposition probe variety.

University of Toronto, Toronto, Canada

In the pulp and paper industry gas-side fouling occurs in kraft recovery

boilers which use kraft liquor as the fuel. Deposits in kraft recovery furnace

superheaters and boilers originate in the lower furnace as a result of large

concentrations of inorganic material in the black liquor. The deposits consist

primarily of sodium sulfate, carbonate, and chloride with smaller amounts of

potassium compounds. The two principle deposition mechanisms are due to

inertial impaction of molten or partially molten particles and the condensation

of vapors of the more volatile inorganic material including sodium sulfate,

sodium carbonate, sodium hydroxide, and sodium chloride. Reeve, Tran, and

Barham (References 62-64) have reported on the use of a probe to study

superheater deposits and corrosion in kraft recovery boilers. These

investigations were carried out under the direction of the Department of

Chemical Engineering and Applied Science at the University of Toronto. A

schematic view of the probe used in the studies is shown in Fig. 3-20,

including sketches of typical deposit tendencies which show that the heaviest

deposits formed on the cold end of the probe. The probe material and probe

diameter were not specified in the papers. However, the probes extended about

5.25 ft into the flow and were located near the superheater at both a lower and

a higher elevation in the furnace. The wall temperature varied in a nonlinear

manner along the length of the probe from about 430-1070 F as measured by eight

thermocouples located at four places along the probe. Flue gas temperatures

near the probe varied from 950 to 1460 F. The probe temperature was controlled

by cooling air which was then exhausted into the furnace as shown in Fig. 3-20.

Sampling periods ranged up to 70 hr at the upper location and 900 hr at the

lower location. The deposits were investigated using chemical analysis,

scanning electron microscopy, cone slumping techniques, atomic absorption

spectroscopy, neutron activation, and differential thermal analysis.
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Figure 3-20. Deposit Formation on an Air-Cooled Probe in a Kraft
Recovery Boiler (Reference 63)

Department of the Interior, Washington, D.C.

Barkley, Burdick, and Berk (Reference 65) reported on the use of large

probes to study deposits obtained in three coal-fired boilers located at the

Naval Gun Factory in Washington, D.C. The cylindrical probe was 6-ft, 4-in.

long and was made of 1.5-in.-diameter steel pipe. The probe was designed so

that either saturated steam or water at various temperatures could be used to

maintain the probe at a desired surface temperature. A wide range of operating

conditions was investigated. Flue gas temperatures varied from 500 to 1250 F

with surface temperatures ranging from 150 to 877 F, the higher temperature

occurring when the probe was not cooled. An ASME Power Test Code method was

used to analyze S02 and S03 in the combustion products, and a number of fly

ash samples were also collected at the boiler outlet as part of the effort to

characterize the combustion gases. Extensive chemical analyses were made on

the deposits in order to obtaina better understanding of the various deposition

and corrosion mechanisms which were taking place in the coal-fired boilers. In

addition to the deposits collected on the cooled probe, much smaller deposits

were also collected on an uncooled probe as mentioned above.
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CSIRO, Division of Process Technology, North Ryde, Australia

Durie, Milne, and Smith (Reference 66) used a probe to study the

composition of deposits formed on a probe inserted in premixed hydrocarbon-air

flames containing both sodium and sulfur. These studies were carried out in a

laboratory at the CSIRO Division of Process Technology in North Ryde,

Australia. The fuel was primarily propane, its analysis being 86 percent

C308 , 14 percent CA , and a trace of n-CA0. Sulfur in the form of

502, and sodium in the form of fine particles of oxalate, were added to the

flame. Deposits were collected on the bottom of a cylindrical stainless steel

probe suspended horizontally in the flame as shown in Fig. 3-21. The portion

of the cylindrical probe exposed to the flame is about 0.60-in, in diameter and

4.0 in. in length. The surface temperature of the probe was maintained at 840 F

by means of air, which entered and exhausted from each side of the probe, and

was controlled by adjusting the internal cooling air using a solenoid valve

linked to a temperature controller. A Chromel-Alumel thermocouple embedded in

the wall of the probe midway along the length was used to determine the surface

temperature. Gas velocities during these tests varied from 3.9 to 4.6 ft/sec.
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Run times were quite short, typically lasting from 17 to 25 min with resulting

deposits on th order of 0.05 g. The deposits contained primarily NO2CO3,

Na2S03, and Na2SO4, and were analyzed using infrared spectroscopy and using

wet chemistry methods. Other parameters included excess air (-40 to +10

percent) and probe height above the burner. Special precautions were taken to

protect the deposits from contact with the atmosphere because it was found that

some of the finely divided solids deposited from the flames could be unusually

reactive. Therefore, at the end of each run the fuel and air supply to the burner

were stopped and the nitrogen flow through the burner annulus was maintained while

the probe was withdrawn rapidly into a cylindrical sheath as shown in Fig. 3-21.

Although Durie et al. used this probe as a deposition device, it could also be used

as a mass accumulation probe.

University of Tennessee Space Institute, Tullahoma, Tennessee

In an open-cycle magnetohydrodynamic (MHD) plant, electrical power is

generated by the movement of ionized, high-velocity gase, passing through a

magnetic field which in turn induces an electric field. Making the fluid in a

MHD generator an electrical conductor requires 5000 F gas temperatures and the

addition of an easily ionizable material called seed. One of the most commonly

used seed materials is potassium in the form of potassium carbonate with about

one percent by weight required in the combustion gases which are generally

produced by burning coal. Thus, in downstream heat recovery systems, gas-side

fouling may occur because of ash deposition as well as seed-related deposition.

White and Attig (Reference 67) described the results from two series of

tests (Series TP 37 and TP 41) carried out at the University of Tennessee Space

Institute (UTSI) in Tullahoma, Tennessee. Both of these series of tests were

performed in the UTSI coal-fired 7.5 MW facility. A mixture of pulverized coal

and K2CO3 seed was injected into the primary combustor, resulting in

particulates of 0.3 - 2.5 um in diameter. Two air-cooled deposition probes

were used during the Series TP 41 tests in order to simulate boiler and

superheater surfaces. The superheater probe had 12 different alloy samples as

indicated in Fig. 3-22. The probe length and diameter (probably about 0.5-in.
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diameter) were not given in the paper. For gas temperatures of about 1385 F,

the superheater probe metal temperatures ranged from 1000-1187 F in an

oxidizing environment (stoichiometric ratio of 1,15). Exposure time was

70 min for the superheater probe. A similar boiler probe, consisting only of

carbon steel segments, was subjected to metal temperatures of 525-834 F in a

reducing environment (stoichiometric ratio of 0.85) with the flue gases at

about 1475 F. Total exposure times for the boiler probe were about 240 min.

Analysis of the boiler probe deposits and associated corrosion was carried out

using EDAX and chemical analysis.

Part No.	 Description	 Material
	

Mid-Point Temperature

1 End Cap 316L	 S.S. —
2 Spacer 1	 304	 S.S. 912 K (1182	 F
3 Sample 1	 1030 carbon steel 908 K (1175 F
4 Sample 2	 1/2 Croloy 898 K (1157	 F
5 Sample 3	 2-1/4 Croloy 888 K (1139 F
6 Sample 4	 304	 S.S. 878 K (1121	 F
7 Spacer 2	 304	 S.S. 866 K (1100 F
8 Sample 5	 9 Croloy 849 K (1069 F
9 Sample 6	 310	 S.S. 844 K (1060 F

10 Sample 7	 316	 S.S. 840 K (1053 F
11 Sample 8	 446	 S.S. 835 K (1044 F
12 Spacer 3	 304	 S.S. 815 K (1007 F

Figure 3-22. Superheater Deposition Probe at the University of Tennessee
Space Institute MHD Facility (Reference 67)

3-36

I
O./ i



Battelle Columbus Laboratories, Columbus Ohio

Since about 1970, Battelle Columbus Laboratories (References 68-76) has

been engaged in a study of ash deposits and corrosion using various waste

materials. Fuels have included solid waste, refuse, combined refuse and coal,

refuse and sewage sludge, and simulated fuels. These studies have been carried

out in a laboratory settinq as well as in municipal incinerators and municipal

electric plants. Although the Battelle studies have been focused on corrosion,

their investigations have clearly shown the intimate relationship between

gas-side deposits and corrosion when burning wastes. One of the early

objectives of this effort was focused on the design of a suitable probe for

deposition and corrosion studies. Two objectives had to be satisfied: (a) to

provide a means for simultaneously exposing a number of specimens (or segments)

for extended periods of time in an operating incinerator while maintaining the

segments at temperatures in the range of 400 to 1100 F, and (b) to provide a

control system to maintain the temperature of the segments above the dew-point

of the incinerator gases when the unit was not being fired.

The probe was designed to include 34 cylindrical segments as shown in

Fig. 3-23 nested together end-to-end and then inserted into the incinerator

through a side wall. The section of the probe extending through the wall was

water cooled while the segments exposed within the furnace were cooled by air

flowing inside the tubular seqments. A computer analysis was used to ascertain

the geometry of the internal support tube required to give a linear temperature

gradient from about 350 to 1300 F along the probe. Each segment was about

1.25-in. OD and 1.5 in. long. The portion of the probe length inside the

incinerator was approximately 70 in. long with the air-cooled test section

51 in. in length. The segments were nested together with lap joints as shown

in Fig. 3-23 and were constrained axially at the cooling air outlet by a

retainer which was fixed to the internal support tube with webs as shown. The

axial restraining force in the internal support tube was obtained by

compressing the spring on the air inlet end of the probe which also compensated

for differential thermal expansion between the 34 different segments and the

internal support tube. Temperatures of the segments were measured at four

stations with Type K (Chromel-Alumel) thermocouples, either welded into the

Q
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Deposition Probe (Reference 75)

wall of the segments or inserted into recesses drilled lengthwise into one end

of the segment as shown in Fig. 3-23. The thermocouple lead wires were brought

out of the probe through the center of the internal support tube as indicated.

Temperatures of the intermediate segments were obtained by linear interpolation

of the measured temperatures. The temperatures of the segments were controlled

by regulating the amount of cooling air admit`ed to the probe. The output from

a control thermocouple attached to one of the segments was monitored by a

proportional temperature controller. The secondary control system shown in

Fig. 3-23 was installed to maintain the segment temperatures above the

dew-point when the incinerator was not being fired. This objective was

accomplished by venting the cooling water from the water jacket upstream of the

segments with the solenoid valves and by heating the cooling air flow with a

resistance heater.

+..

Previous experience with fireside corrosion in municipal incinerators had

 shown a decreasing corrosion rate with increasing time; therefore, ther
f1i	 magnitude of attack in short exposure periods was expected to be sufficient to
OPP
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reveal differences as a function of fuel composition. Hence, a short (less

than 10 hr) exposure time was selected for the investigation of corrosion rate

as a function of the system parameters. In the course of the multi-year

effort, a number of different materials and coatings were tested including

among others: Carbon Steel A106-Grade B; Carbon Steel A213-1`11; Stainless

Steels 304, 321, 310, 405, 416, 316,and 431; Incoloy 825; and Inconel 600 and

601 as well as several coatings. As discussed previously, the major emphasis

in this effort was on corrosion rather than on fouling. However, systematic

studies included flue gas analysis, fuel analysis, corrosion analysis, and

deposit analysis. A variety of measurement techniques were used including:

emission spectrography, wet chemistry, X-ray diffraction, optical microscopy,

mass spectrometry, Orsat analysis, chemical analysis, Sop analysis, standard

combustion train, and optical emission spectroscopy. Finally, in the tests

carried out probe wall temperatures ranged from 250-1250 F and gas temperatures

from 1100-1700 F.

CombustionCombustion Engineering, Inc., Windsor, ConnecticutInc., Windsor, Connecticut

Plumley, Accortt, and Roczniak (References 77-78) reported on the

development of probes to study both deposition and corrosion in coal-fired

combustion systems in laboratory as well as field settings. The major purpose

of these studies was to investigate selected commercial and advanced

experimental materials and coatings for advanced power cycles.

The laboratory test program utilized the Combustion Engineering Solid Fuel

Burning Test Facility (SFBTF). The test furnace consisted of a

refractory-lined, 30-in.-ID cylinder 12.5 ft high. Flue gases leave the

combustion zone, travel up the furnace, and are discharged at a right angle

into a 144-in. 2 horizontal superheater duct. This duct was designed to

simulate the superh eater-reh eater section of a commercial boiler. Several

air-cooled probes, each 8 in. long and 1.5 in. in diameter, were used to

simulate superheater tubes. The probes were inserted vertically into the duct

and were located between 18 and 92 in. downstream from the furnace outlet.

Each probe consisted of 11 coupons or segments made in the form of threaded

rings which were screwed together to form the probe. The spacing between
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probes in any of the duct sections was kept at an 8-in. center-to-center

distance throughout the tests. Probe metal temperatures were maintained in the

1200 to 1800°F range by controlling the air flowrate through the probe using

the temperature control system shown in Fig. 3-24. Of the 11 segments, one was

made in the shape of an end cap. Several of the remaining rings were drilled

with 1/16-in. holes outward through the inside diameter. Thermocouples were

inserted in these holes with the leads extending out the back upper end of the

probes. The center thermocouple on each probe was used to regulate the air

flow which controlled the probe surface at the desired temperature. The first

segment of each probe was screwed into a holder. A 5/8-in. OD air line ran

through both the shank and coupons distributing cooling air to the inside of

the probe. The air passed through 1/16-in. OD holes located around the

periphery of the air line, turned through 180 degrees, and then exited through

the top of the probe. Each probe was maintained at a prescribed surface

temperature through on/off operation of two solenoid valves on each air circuit

which were connected to the controller set at the desired temperature.

Feedback from the control thermocouple actuated the solenoid valves and allowed

air to enter the probe or to interrupt the flow, depending on whether the probe

temperature was above or below the set point. Manual bypass on the air circuit

was also available for operation during an electrical failure or solenoid

burnout.

Field tests we l°e carried out in actual operating utility steam generators

conducted in the superheater-reheater zone of the boiler. However, the four

test probes used for the field tests were somewhat larger than those used in

the laboratory investigations. A schematic drawing of the field test probe,

including an enlarged drawing of an individual segment, is shown in Fig. 3-25.

Each probe consisted of a total of 28 such segments of selected alloys threaded

together (or held in tension) to form an 8-ft. probe which had a 2-in. OD. For

the field tests, exposure of the probes was carried out in pairs (1150-1450 F,

1400-1700 F) to cover the temperature range of interest. The high-temperature

field probes consisted of two sections as shown in Fig. 3-25: (a) the

air-cooled test section, and (b) the water-cooled section. The water-cooled

section served to hold and extend the test-section end of the probe into the

boiler and to supply cooling water up to the sample section. The flow of water
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was fixed to prevent sagging of the supporting section of the probe. The

control and monitoring equipment used in the laboratory tests was also used to

modulate the desired surface temperature in the field tests.

Tests were carried out usinq several different alloys including Alloys 316

SS, 310 SS, Sandvik 12872, 802, Inconel 617, T-22, Inconel 671, 188, Incoloy

800 H, Inconel 690, TP-310H, and TP-316H. The range of variables covered in

the laboratory/field tests included: gas velocities of 56.8 to 63.8 ft/sec,

gas temperatures of 1100 to 2260 F. and surface temperatures of 995 to 1900 F.

Electron microprobe, X-ray diffraction, X-ray fluorescence, and chemical

analysis were used to study the ash deposits and corrosion.

Electric Energy, Inc., Joppa, Illinois

Koopman, et al. (Reference 79) reported on the development of a probe to

study corrosion and deposition in the superheater and reheater region of a

coal-fired boiler. These tests were carried out in the Joppa, Illinois,Station

of Electric Energy, Inc. which burns a mixture of Southern Illinois and Western

Kentucky coals. Small metal specimens or segments were developed which could

be bolted to the probe, removed, and weighed after exposure to the combustion

stream. The segments were machined from ?-in. ID tubular sections,

semicircular in shape, and 0.25 in. thick and 1 in. wide as shown in Fig. 3-26.

'^- Al

Figure 3-26. Electric Energy, Inc. Deposition Probe Before and After
Exposure (Reference 79)
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The segments were bolted to a 2-in. OD probe by means of small lugs which had

been welded to the probe. Chromel-Alumel thermocouples were placed in several

of the segments in order to determine the metal temperature. A schematic

diagram of the experimental setup is shown in Fig. 3-27. The apparatus

consisted of three parts: (a) the probe to which the test segments were

	

a	
attached, (b) a mechanism for regulating the air flow to the probe in order to

•4

control the segment temperature, and (c) a temperature controller. The probe

consisted of two sections as shown in Fig. 3-27, one of which was water cooled

and also served as an arm to support the second section of the probe which was

air cooled. The test segments were attached to the air-cooled section in three

groups, each group containing either three or four segments (see Fig. 3-26).

	

x	 Thus, the axial temperature gradient along the probe permitted the testing of a

given alloy at several different temperatures during the course of a single

	

L	 test. Control of the air .. p ac"i-ved using a manually operated valve plus two

bypass solenoid valves, a	 v t	 ,y a temperature change of the centrally

located thermocouple usin. 3 t^ , pr , ^,Wre controller for this purpose as shown

	

'	 in Fig. 3-27. Tests were c !nd,cted with probes located at the rear of the

secondary superheater and :t the rear of the finishing reheater. Three

stainless steel alloys -- Tyl, .S T-11, T-22, and 321 SS -- were tested using

metal temperature, exposure Lime, coal composition, gas temperature, and coal

Figure 3-27. Schematic of Electric Energy, Inc. Deposition Probe Including

Temperature Controller (Reference 79)
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fineness as parameters. In the tests carried out the gas temperature was about

1800 F with surface temperatures ranging from 650 to 1350 F for tests lasting

up to 1000 hr.

Battelle Memorial Institute, Columbus, Ohio

Krause, et al. (Reference 80) evaluated the performance of fuel oil

additives on simulated superheater surfaces in a laboratory scale combustor.

The rectangular-shaped, stainless steel test section -- located in a duct

downs*.ream from the furnace -- was 24 in. long, 4 in. high, and 9 in. wide.

Eight probes in the test section were mounted vertically in three rows on a

3-in. staggered layout. Each of the air-cooled probes was 2 in. long, 1 in. in

diameter, and fitted with lap joints for easy removal. A temperature control

system, which used a thermocouple embedded in the tubewall to measure the probe

surface temperature, was utilized to maintain the constant wall temperature

boundary condition.

For the tests conducted, the gas temperature ranged from 1673 to 1947 F,

for a gas velocity of 22.7 ft/sec, with the surface temperature of each probe

maintained at 1100 F. Thermocouples were used to measure both gas and surface

temperatures. The probes -- analyzed for both corrosion and deposition after

the 50-hr tests -- were made of several materials including Alloys T-11 and

T-22, Type 347 stainless steel, and Inconel 600. High sulfur, high vanadium

No. 6 oil was used as the fuel. The sodium content of the oil, normally at

35 ppm, was increased to 325 ppm in some runs by adding a NaCl emulsion to the

oil in order to study the importance of sodium on the gas-side fouling process.

In addition, several commercial additives were investigated including

preparations with magnesium, manganese, aluminum, and silicon. However, most

of the experiments were carried out using magnesium-based additives. The

additives were blended with the fuel oil prior to combustion using a high-speed

mixer. In all cases with the 35 ppm sodium oil, the addition of a M90 additive

reduced the bond strength. However, when the sodium concentration was

increased to 235 ppm, the deposit strength was actually increased with the

addition of M90-based additives.

4
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	 Gaseous species monitored included 02, CO2, S02, and S03 using the

electrochemical cell method, EPA Method 6, and chemical analysis. A unique

device was constructed to obtain a relative measure of the deposit bond 	
;1

strength. This device consisted of a knife-edged blade attached to a counter-

,

	

	 balanced lever arm. A probe sample with its oil ash deposit was held in place

below the knife-edge so that the blade could be brought to bear against the

deposit along a tangent to the specimen. Force was applied above the knife-

„

	

	 edge by successive addition of water to a container mounted on the lever arm.

Thus, the weight of the water required to chip the deposit from the sample

surface provided a semi-quantitative measure of the deposit bond strength.

Solar Turbines Incorporated

Solar Turbines Incorporated recently completed a study of the gas-side

fouling and corrosion tendencies of exhaust qases in an aluminum meltinq

furnace, Russell, et al. (Reference 81). The exhaust gases from the aluminum

reclamation furnace resulted from the combustion products of natural gas or

Diesel fuel and excess air, along with those additives to the melt required to

flux or otherwise dissipate the surface aluminum oxide, Al203. Such a gas

stream can cause severe deposition and corrosion problems.

A test chamber -- 60 in.	 high,	 with	 a 3.5-in.	 by 9.0-in.	 test section -- i

was attached to the side of the exhaust stack 	 in the melting furnace.	 The test

' section was sufficiently large to allow the simultaneous testing of up to eight

0.75-in.-diameter metal	 probes and two 1.00-in.-diameter ceramic probes.

Twenty-one different materials were tested including superalloys,	 stainless

t steels,	 and ceramics.	 The stainless steels	 included Types SA-28,	 20CB3, 310,

321,	 and 317L.	 The superalloys tested	 included Hastelloy G and H, 	 INCO 625,
r

" 800, 690,	 and 825,	 and INCO 671/800H Clad.	 Finally,	 the ceramics tested were
i

NC-430,	 Hexaloy SA(A),	 SA(B),	 and KX-01,	 Coors SIC,	 TiB2"MSRN-T",	 TiB2"MSCM-TA",

_ and Cryston.	 Except for two single material	 probes,	 all	 metal	 probes consisted

of five or six different	 alloys	 as indicated	 in Fig.	 3-28.	 The metallic

F» materials were butt-welded to form probes about 30 in.	 long which were mounted

vertically in the test section.	 The hot gases from the stack entered the test

section,	 flowed across the assembled probes, 	 turned through 90 degrees, 	 flowed

Fly
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Cooling	 Hastelloy XAir Inlet HastelloyG	 I	 INCO 625

INCO 671 Clad

INCO 825

Superalloy Probes	
690

Cooling	
SA 28Air Inlet 20CB3	 1	 310 321	 1	 317L

Stainless Probes

NC430 Sleeves

Cooling	 NC 430	 PEEq_PKSA q^
 Coors SicAir Inlet

Ceramic Probes

Figure 3-28. Typical Arrangemene of Materials in Solar Turbines
Incorporated Study (Reference 81)

longitudinally along the probes, exited from the test section, and then

returned to the stack. The metal tubes were pre-oxidized for 100 hr at 177 F

in air to preform an initial Cr0 protective oxide film to resist corrosion.

Several tests were conducted ranging from 315 to 2448 hr. Two

thermocouples were installed on each probe and used to set the cooling air

flowrate and hence the desired surface temperature of each probe. Desired

probe wall temperatures ranged from 1200 to 2100 F, the latter for ceramics

which were not cooled during the tests. However, owing to the cyclic nature of

the furnace firinq, the probe surface temperatures cycled significantly. For

example, it was desired to test the probe with the stainless steel materials at

approximately 1700 F.	 However, the surface temperature for this probe varied

/ between about 1400 and 1800 F, with one excursion reducing the surface

'"	 I temperature to just below 1000 F. Deposit	 and corrosion analyses were carried

Zvi
out using scanningg	 g electron microscopy, energy dispersive X-ray analysis,	 Y,-ray

erg flurescence,	 atomic absorption, and chemical	 analysis.

fk
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3.5 ACID CONDENSATION PROBES

When a fuel containing sulfur is burned with excessive air, not all of the

sulfur is converted to sulfur dioxide. Some of it is converted to sulfur

trioxide which combines with water vapor in the gas to produce sulfuric acid

vapor. The reactions of interest include

S + 02 --> S0 2	(3-1)

S02 + 1/202 --> S0 3	(3-2)

S03 + H2O --> H2SO4	 (3-3)

If chlorine is present, hydrochloric acid, HCl, may also be formed. In either

case, the acid may condense on the heat exchanger in the heat recovery system

if the surface temperature is be'iow the acid dew-point temperature. On the

surface it can mix with soot and other particulate matter to form acid smut.

In addition to fouling the heat exchanger, the condensed acid can also cause

severe corrosion of the metal surfaces. A number of instruments have been

developed to measure acid condensation rates, some of which are available

commercially. Pure acid condensation is, strictly speaking, not a type of

fouling because an insulating layer of material is not actually deposited onto

the heat-transfer surface. Nevertheless, because of the significant importance

of acid condensation and its tendency to produce acid-smut-type deposits in

low-temperature heat recovery systems, four acid condensation probes are

discussed in this section. However, it should be emphasized that the treatment

here is limited to four typical devices and does not represent a comprehensive

review of acid condensation probes.

Central Electricity Research Laboratories, Leatherhead, United Kingdom

Alexander, et al. (Reference 82) used an air-cooled probe to measure the

acid deposition in oil-fired-boiler flue gases. The air-cooled probe, similar

to that described in References 39-40, was 8 ft long and 1 in. in diameter. In

order to minimize corrosion of the probe, it was constructed of austenitic

stainless steel. The cooling air passed through the inside of the probe and,

for design simplicity, was discharged directly into the flue gases. The wall
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temperature was essentially linear alonq the length of the probe, with surface

temperatures ranging from 175 to 332 F for the results reported. Below 200 F,

especially for high-deposition rates, the probe surface was observed to be damp

with particles of dust adhering to it. Although the tests ranged from 15 to 120

min. in length, tests of 30 min. were found to be of sufficient duration to

minimize errors due to the initial warm-up period. Within the limits of

experimental error, the acid deposited at a given probe-wall temperature was

directly proportional to the sample period and to the 503 concentration in the

P
flue gases. Detailed chemical analyses of the deposits showed that the material

collected at wall temperatures below the acid dewpoint temperature consisted

primarily of iron, chromium, and nickel sulfates -- the products of corrosion of

the metal surface by the sulfuric acid. In general, only small quantities of

sodium and vanadium oxides, derived from the fuel oil ash, were present.

Shell Research Limite d, Thornton Research C en tre, Chester, United Kingdom

Ross (Reference 83) discusses a cylindrical probe developed by Shell

Research at the Thornton Research Centre in the United Kingdom to measure

sulfuric acid deposition rates. The cylinder on which the acid was collected

consisted of a gold-plated copper tube as shown in Fig. 3 . 29. The test section

was taken to be the 2-in. portion of the cylindrical surface between the two

1IIERM000UPIE WIRES 	 COLLAR	 COLIAR

COPPER SPHERICAL
	 COPPER TURF	 'M 51011°N	 COLD run

BALL JOINE

Figure 3-29. Acid Condensation Probe Developed by Ross (Reference 83)

k
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collars as shown. The cylinder was 0.0669 in, in diameter with the open end

connected to a water-cooled condenser. The surface temperature of the probe was

measured using a Chromel-Alumel thermocouple soldered in the surface at the

mid-point of the test section, Tests were carried out using an experimental

combustion rig utilizing flue gases obtained by combusting a mixture of propane,

air, and sulfur dioxide. The sulfuric acid content of the flue gases was varied

by changing the relative portions of the three constituents. For a fixed gas

composition the flue gas temperature, flue gas velocity, and surface temperature

were all varied during the experiments. Prior to testing, the cylinder was

degreased in acetone and allowed to dry. Inspection periods ranged from 6 to

20 min, after which the cylinder was quickly removed and allowed to cool. The

test section was washed free from acid with an aqueous solution, and the amount

of acid was determined via chemical analysis. Experiments were carried out with

a gas temperature of 536 F, a mass velocity of 3442 lbm/hr-ft 2 , and surface

temperatures of 185 to 298 F. With the exception of surface temperatures below

212 F, the acid condensation rates were predicted within ± 15 percent.

Land Pyrometers Limited, Dronfield, Sheffield, United Kingdom

More recently, Land (Reference 84) developed a theory for acid deposition

and compared his predictions with experimental results obtained using the

well-known British Coal Utilization Research Association (BCURA) dew-point

meter developed in the United Kingdom around 1950. A brief description of the

BCURA meter will be given here.

The essential features of BCURA dew-point meter are shown in Fig. 3-30.

It consists of a glass thimble set in the end of a stainless steel probe. The

outer surface of the thimble is exposed to the flue gases and the inner surface

is cooled by a jet of air, whose velocity can be regulated and which flows as

indicated. The outer surface temperature is measured using a Platinum -

Rhodium thermocouple whose junction is fused into the glass and then ground to

expose both the jet and a short length of wire on either side. The junction

also forms one electrode of a conduction cell whose other electrode is a

concentric platinum ring, also fused flush with the surface. A potential of

10 volts at a frequency of 10 Hz is applied to the electrodes and the meter in
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Figure 3-30. Essential Features of the BCURA Acid Condensation Probe
(Reference 84)

the modern electronic unit can be switched to measure either the current

between the electrodes or the rate of change of current, which is usually

called the rate of buildup. Another meter reads the surface temperature. The

probe is inserted into the flue gas and the cooling air flowrate is increased

until acid deposition is initiated on the glass surface. The air flowrate is

regulated to maintain a constant current of about 100 amperes across the

electrodes. When the current has attained a steady-state value, the

temperature measured by the thermocouple is the acid dew-point temperature of

the gas. Once the dew-point temperature is known, the rate of acid deposition

can be calculated provided that the gas velocity and surface temperature are

also known. It should be pointed out that the BCURA meter cannot be used to

determine the deposition rate of water vapor condensation. The reason for this

limitation is that whereas the acid forms a thin film on the glass, water is

deposited in dropwise condensation which can run across the conductivity cell

without forming a continuous conduction path. Results were reported for the

deposition of sulfuric acid from the combustion gases in an industrial boiler.

The f,el burned was oil with 30 percent excess air. For these tests, the probe

wall temperature ranged from 176 to 302 F for flue qas temperatures of 320 to

554 F.
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Technical Center of Industries Aerauliques at Thermiques, Villeurbanne

Laboratory, France

Dietz and Marchal (Reference 85) carried out an investigation of the

deposition of H2O, H2SO4, and particulate matter from the combustion

products of a heavy fuel oil. Tests were made in a small-scale laboratory

setup. The 0.787-in. diameter collection tube, or probe, was made of stainless

steel and was installed inside a vertical tube of 7.87-in.-diameter. The probe

was cooled by passing compressed air inside the stainless steel tube with the

combustion gases flowing in a counterflow direction through the annular portion

of the assembly. The major parameters of interest in this study included the:

(a) concentration of H2O (9.5 to 10.7 percent), H2SO4 (4.2 to 5.9 ppm), and

particulate matter -- primarily soot (0.00287 to 0.632 grains/ft 3 ) in the gas

stream, (b) gas temperature (342 to 410 F), (c) surface temperature (113 to

293 F), and (d) gas velocity (26.3 to 78.7 ft/sec). The experimental

deposition rates were in reasonably good agreement with the predicted values

For low-particle concentrations. However, at high-particle loadings the

measured deposition rates exceeded the predicted values. Finally, the probe

surface temperature was found to be a far more important parameter than the gas

temperature in this study.

3.6	 RECENT DEVELOPMENTS IN THE UNITED KINGDOM

A significant amount of work related to gas-side fouling measuring

t;	 devices has been carried out in the United Kingdom as discussed in Section 3.5.

Y'
Additional heat-recovery-related applications were identified by

W.H. Thielbahr, Technical Monitor for the present study, through contacts with

i`

	

	 participating members of the International Energy Agency (IEA). Some of this

work, which involves both the academic and industrial sectors in the United

Kingdom, has recently been completed while some is still in progress.

The major United Kingdom effort in gas-side fouling in heat-recovery

applications is composed of three tasks: (a) the fouling of finned-tube heat

exchangers, (b) the removal of particulate matter from dirty gas streams, and
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(c) foulant characterization. These tasks are being performed by personnel at

Harwell AERE and the University of Birmingham, Ricardo Consulting Engineers,

and the National Engineering Laboratory (NEL), respectively. The following

description of the gas-side fouling effort in the United Kingdom is based on

meetings and discussions with those technical personnel directly responsible

for that research (Reference 86). General information, as well as specific

details on gas-side fouling probe design and operational experience, is

presented in this section.

Fouling of Finned Tube Heat Exchangers

The first task to be described, the fouling of finned tube heat

exchangers, was designed to address the problem of gas-side fouling on a

mechanistic level, and is divided into three subtasks. These subtasks are:

(a) fouling by submicron particulates less than 1 um in diameter, (b) fouling

by supermicron particulates, 1 to 30 um in diameter, and (c) fouling by

frosting. The fouling-by-frosting subtask will not be discussed here because

it does not result from a combustion gas stream.

The submicron fouling subtask being performed at Harwell will address

thermophoresis, i.e., thermal transport mechanisms, and electrophoresis, i.e.,

the effect of electrostatic charge on particle migration. The experimental

work relating specifically to this effort had not been initiated at the time of

this writing. However, as part of this task, a small fouling probe was

constructed at Harwell for testing in Diesel exhaust gases which contain

submicron particulates. The Harwell fouling probe (HFP) was designed to gather

data complementary to that being obtained using the NEL fouling probe, which

was discussed in Section 3.5 and which will be dealt with further in this

section, in short duration tests at the Ricardo installation. The HFP

configuration is a simple U-tube supported by a single central rod running the

length of the device. The air-cooled probe was constructed from tubing having

eight fins per inch with exhaust gas temperatures determined by means of

thermocouples mounted in the support rod. This probe was operated adjacent to

the NEL probe in the exhaust of a stationary Diesel engine for approximately

50 hr on a variety of Diesel fuels. Several lessons were learned about fouling

A
r
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probe design, operation, and usefulness of the test results obtained. For

example, to determine the overall heat transfer coefficient -- from which the

fouling factor, or resistance, may be determined -- the free-stream gas

velocity near the probe is required. However, in the case of the HFP, the

probe blocked a portion of the flow but did not extend across tj^- entire duct.

Therefore, the gas velocity near the probe was undoubtedly lowe ;I ,n the

average gas velocity upstream of the probe because of gas bypassing around the

probe. However, since the gas velocity was not measured during the tests,

subsequent wind tunnel flow measurements must be carried out to obtain this

information. Another problem with this probe was the lack of knowledge of fin

and tubewall temperatures. This experience emphasizes the fact that a

consistent set of measurements -- including gas velocity, gas temperature,

surface temperature, and heat flux are required if gas-side fouling resistances

are to be determined.

The second subtask, fouling by particulates 1 to 20 um in diameter, is

being performed at the University of Birmingham and is designed to evaluate the

mechanisms by which deposition and the subsequent fouling buildup occur in this

particle size range. The experimental apparatus being used at the University

of Birmingham consists of a two-row, water-cooled finned tube heat exchanger

which is installed in a one-foot-square vertical wind tunnel. The air velocity

and temperatures are variable from 2.5 to 5.5 ft/sec, and ambient to 122 F,

respectively. The air flowing through the wind tunnel is loaded with

predetermined quantities of calcium carbonate dust, 1 to 30 um in diameter.

This work is closely related to a parallel effort where University of

Birmingham personnel are modeling variations in the flaw field through a heat

exchanger. In this study, the optinteii placement of tubes is being investigated

to minimize flow field variations within the heat exchanger. This effort is

supported by a means of a physical model which is instrumented for very precise

flow measurements, Gas-side fouling is clearly a very complex phenomena and

involves interactions among the various parameters including those related to

the geometry. Work on other heat exchanger geometries is planned with the

objective of establishing some of these relationships.

s
c
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articulate Removal

In the second task, performed by Ricardo Consulting Engineers, the

removal of particulates contained in Diesel engine exhausts -- prior to

encountering any heat exchange equipment -- was addressed. Two methods of

particulate removal were investigated; electrostatic precipitation and

filtration. Conventional electrostatic precipitation techniques removed

approximately 70 percent of the particulate matter present. Filtration by a

ceramic felt material (95 percent Al203 and 5 percent Si02 by weight)

proved to be approximately 90 percent efficient. These filters were operated

continuously and cleaned in situ by a reverse pressure pulse.

Foulant Characterization

The final, and most pertinent task with respect to this report, is the

foulant characterization work being performed at the National Engineerinq

Laboratory (NEL), East Kilbride, Glasgow, Scotland. The NEL probe was designed

as a mass accumulation device, and has been successfully used to determine

gas-side fouling deposition rates as a function of temperature with a minimum

disruption of the operation of the system being investigated. The NEL probe

has been employed in installations where heat-transfer equipment is already in

place, i.e., Diesel engine power generating stations, as well as in systems

where a potential application for heat recovery equipment exists.

The NEL probe -- shown in Figs. 3-12, 3-13, and 3-14 and described

R

	

	 briefly in Section 3.5 (References 42-43) -- is a coaxial device, approximately

6 ft in length and 1.0 in. in diameter, with a split cylindrical mass

accumulation specimen, or segment, located at the end of the probe. The

coaxial probe consists of two concentric tubes which allow the coolant to flow

axially down the center tube to the specimen, provide cooling for the specimen,

and then return through the annular portion of the concentric tubes. The

coolant can be either air or water,depending on the amount of heat removal

"

	

	 required. The specimen, where the gas-side fouling deposit actually occurs, is

a two-piece axially split cylinder, about 2 in. in length. These two half-

cylinders are connected to the probe to form a complete cylinder via

s
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compression by nuts threaded on the probe. Each half cylinder is drilled to

accept a sheathed thermocouple for measuring the surface temperature which is

also used to facilitate manual adjustment of the coolant flowrate. Both the

inlet and outlet coolant temperatures are measured. During a typical operation

of the probe, several pieces of auxiliary equipment are also used. These

devices include a pitot tube, acid dew-point meter, gas sample unit, and

particulate samplers. All of the experimental data are collected by a

computerized system for tabulation and analysis. The NEL probe is usually

operated at a specified surface temperature for a predetermined period of time

and then withdrawn from the exhaust gas stream. The mass accumulation portion

of the probe is then removed for measurement of the deposit weight and

thickness, and for subsequent chemical analysis of the deposit. A new, pre-

weighed specimen is then installed and the probe is reinserted for further

testing.

The first step in the data reduction procedure is to determine the mass

of the deposit which is collected for a specific length of time and surface

temperature. Holding the surface temperature constant and varying the duration

of the tests yields a plot of deposit mass per unit area versus time at a

constant surface temperature. A series of experiments of this type will thus

generate a family of curves, each identified by the surface temperature of the

probe. By plotting the slope of each constant-surface-temperature curve versus

surface temperature, it is possible to determine the rate of deposition as a

function of surface temperature. In addition to this data reduction procedure,

post-test analyses are carried out on samples of the exhaust gases, fouling

deposits, and in the case of Diesel engine applications the fuel being used.

Analytical methods currently being employed include standard gas and liquid

chromatography, high pressure liquid and gel permeation chromatography, and

chemical analysis. These methods have been used to analyze and compare the

chemical components of the fouling deposit to those of the fuel and, in Diesel

applications, to those of the crankcase oils as well.

The design of the NEL probe, specifically the split cylindrical test

specimen, lends itself to the collection of gas-side fouling deposits. In

addition, this configuration makes it easy to interchange and test a variety of
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different materials. The following list summarizes the experience gained by

NEL personnel during the design and initial operation of the NEL fouling

probe:

(a) The successful design and operation of a gas-side fouling probe must

be simple to facilitate use in the field under non-optimum

conditions.

(b) The determination of the deposition rate and the gas-side fouling

factor, Rf, in situ would be advantageous. However, the NEL mass-

accumulation-type probe is not designed for such measurements. In

order to determine Rf, the heat flux, qw, must be known.

Unfortunately, in order to measure qw, the change in coolant

temperature across the specimen must be greater than that achieved

in the current design.

(c) The NEL cooling scheme could be improved. In the current design,

depending on the gas and surface temperatures, water tends to

overcool while air tends to undercool. This problem could possibly

be overcome through the use of a temperature controller.

(d) The split specimen is easy to remove in the field, even at elevated

temperatures. This geometry also allows for separation of the

upstream and downstream fouling effects.

(e) Automatic data acquisition equipment is essential for the successful

long-term operation of the probe.

(f) The ability to perform visual observations while the probe is in

place would be beneficial but such inspections are difficult in

dirty gas environments, especially at elevated operating

temperatures.

(g) Additional measurements of surface and coolant temperatures should

be made to provide greater reliability and accuracy in the

determination of these quantities.

f
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(h) In some rases the use of some variable other than the overall heat

transfer coefficient to detect the buildup of gas-side fouling

deposits -- for example, the pressure drop -- may be advantageous.

(i) The collection of gas-side fouling deposits cannot stand alone.

Measurement of gas velocity, gas temperature, surface temperature,

and gas composition -- including particle concentration,

composition, and oize distribution -- must accompany the use of the

probe.
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SECTION 4

GAS-SIDE• FOULING PROBE SURVEY MATRIX

The information presented in Section 3 in descriptive form -- plus

additional details if available -- is summarized and presented in Tables 4-1

through 4-32. The probe-related information is given in as much detail as

possible. Gas characterization and deposit characterization information is

also reported, but generally in less detail. Emphasis is placed on actual

experimental data reported in the pertinent references.

The uniform format for each measuring device used in Tables 4-1 through

4-32 includes first the organization which was primarily responsible for the

work. Next, the probe type, the type of fuel(s) tested, and the secondary

fluid (if any) used to cool the probe are listed. The probe geometry is

specified along with the materials tested, whether the materials are

interchangeable, and the location(s) where the testing took place is

identified. A "Yes" beside heat flux indicates that either the primary or

secondary side heat flux was measured, while a "Yes" beside heat balance

indicates that both the gas-side and cooling-side heat flux were measured.

Next, the range of gas and probe wall or surface temperatures to which the

probe was subjected is indicated as well as whether the probe wall temperature

was controlled, either manually or automatically. The type of thermal boundary

condition, i.e., constant wall temperature, variable heat flux, etc. is

specified. It should be pointed out that in many cases where the surface

temperature varied along the probe, the local wall temperature was constant

with time. The maximum sampling period, or time during which the probe was

actually exposed to the combustion gas stream, is indicated next. This

parameter gives a good indication as to the robustness of the probe. Finally,

the gas-side velocity, turbulence intensity, and fouling factor are indicated,

the latter two with a "Yes" or "No." A "--" beside any item indicates that the

parameter listed was not measured.
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	 Gas characterization and deposit characterization information is

presented as the last two major items in Tables 4-1 through 4-32. Gas

characterization includes fuel analyses, gaseous components, dew-point

temperatures, particle size distribution, particle composition, particle

concentration, and excess air. Deposit characterization includes deposit

constituents, morphology, and melting temperature; an indication as to whether

corrosion analysis were carried out; and the maqnitude of the deposit mass.

Finally the measurement techniques employed to carry out the gas and deposit

characterization are given, with the abbreviations or acronyms defined in the
4

Nomenclature.
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Table 4-1. Gas-Side Fouling Probe Survey Matrix:
Central Electricity Research Laboratories, Leatherhead, Surrey, United Kingdom

Reference(s) Northover and Hitchcock	 27

Type of Probe Heat Flux

Fuel Oil

Secondary Fluid Not Applicable

Probe:
o	 Geometry Radial	 Disc
o	 Wall	 Material/ Corronel 230 Disc, T2 Body/Yes

Interchangeable
o	 Location Boiler

Heat Flux Yes	 Not Reported)

Heat Balance --

Temperature:
o	 Gas ti2800 F
o	 Probe Wall 570-1200 F
o	 Probe Wall,	 Control No

Thermal	 Boundary Condition Variable Heat Flux

Maximum Sampling Period 200 days

Gas-Side:
o	 Velocity --
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis --
o	 Gaseous Components --
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air --
o	 Measurement Techniques --

Deposit Characterization
o	 Constituents --
o	 Deposit Morphology --
o	 Deposit Melting Temperature --
o	 Corrosion Analysis --
o	 Deposit Mass --
o	 Measurement Techniques -- w
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Table 4-2. Gas-Side Fouling Probe Survey Matrix:
Central Electricity Research Laboratories, Leatherhead, Surrey, United Kingdom

References  Neai, et al.	 (28-29)__^	 ®^	 _

Heat FluxT2pe of Probe n_	 _ _ __

Fuel Coal,	 Oi l

SecondaryFluid  ._ Not A .. licable

Probe:
o	 Geometry Guarded Cylinder (Fluxtube, 	 Dometer)
o	 Wall Material/ 1% Chrome and 0.5% Molybdenum Steel,

Interchangeable Stainless Steel/Yes
o	 Location Boiler

Heat Flux Yes

Heat Bal ance --

Temperature:
o	 Gas ti2500 F
o	 Probe Wall Up to 932 F
o	 Probe Wall,	 Control No

Thermal Boundary Condition Variable Heat Flux

Maximum Sampling Period 2000 hr

Gas-Side:
o	 Velocity --
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis --
o	 Gaseous Components --
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air --
o	 Measurement Techniques --

Deposit Characterization
o	 Constituents --
o	 Deposit Morphology --
o	 Deposit Melting Temperature -
o	 Corrosion Analysis -
o	 Deposit Mass --
o	 Measurement Techniques --

4-4
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Table 4-3. Gas-Side Fouling Probe Survey Matrix,
University of Waterloo, Waterloo, Ontario, Canada

Reference(s) Chambers,	 et al.	 (30-31)

Type of Probe Heat Flux

Fuel Coal

Secondary Fluid Not Applicable

Probe:
o	 Geometry Radial	 Disc
o	 Wall Material/ Not Specified/Yes

Interchangeable
o	 Location Boiler

Heat Flux Yes

Heat Balance --

Temperature:
o	 Gas ti2500 F
o	 Probe Wall 392-1022 F
o	 Probe Wall, Control No

Thermal	 Boundary Condition Variable Heat Flux

Maximum Sampling Period 22 hr

Gas-Side:
o	 Velocity --
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components --
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air --
o	 Measurement Techniques Not Specified

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature Yes
o	 Corrosion Analysis --
o	 Deposit Mass --
o	 Measurement Techniques	 I Not Specified

4-5
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Table 4-4. Gas-Side Fouling Probe Survey Matrix:
University of Sheffield, United Kingdom

References  Brown,et	 al.(32-33)

Mass Accumulation_Type  of Probe	 _ 

Fuel  	 -_e Kerosene_ doped with Na. S,	 V

AirSecondary Fluid

Probe:
o	 Geometry Cylinder:	 d=	 1 in.,	 L= 3 ft
o	 Wall	 Material/ Stainless Steel/Yes

Interchangeable
o	 Location Laboratory Pilot-Scale Furnace

Heat Flux --

Heat Balance --

Temperature:
o	 Gas --
o	 Probe Wall 752-1364 F
o	 Probe Wall, Control Yes

Thermal	 Boundary Condition Constant Wall	 Temperature (Locally)

Maximum Sampling Period _ 10 hr

Gas-Side:
o	 Velocity ti20 ft/sec
o	 Turbulence Intensity Six percent
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes	 (Not Reported)
o	 Gaseous Components 02
o	 Dew-Point Temperatures Na2SO4, V205
o	 Particle Size Distribution 1-2 lam
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air Less than 1.0 percent to 25 percent
o	 Measurement Techniques Not Specified

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis No corrosion
o	 Deposit Mass 0.0097-0.0224 g
o	 Measurement Techniques IR,	 FP,	 CA

4-6
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Table 4-5. Gas-Side Fouling Probe Survey Matrix:
Rheinisch-Westfalisches Elektrizatswerk AG, Federal Republic of Germany

References Hein	 34)

Ty pe of Probe	 _-_ Mass Accumulation____	 W	 ^_

Brown CoalFuel 

Secondary Fluid Air/Water

Probe:
o	 Geometry Cylinder:	 d	 =	 1.34	 in.,	 L =	 1.97	 in.
o	 Wall Material/ Unspecified Metal, Ceramic/Yes

Interchangeable
o	 Location Research Rig

Heat Flux -

Heat Balance --

Temperature:
o	 Gas 1652 F

o	 Probe Wall 1112-1472 F
o	 Probe Wall, Control Yes

Thermal Boundary Condition Constant Wall	 Temperature(Locall y)

Maximum Sampling Period 60 hr

Gas-Side:
o	 Velocity --
o	 Turbulence Intensity --
o	 Fouling Factor -

Gas Characterization
o	 Fuel Analysis Yes	 (Not Reported)
o	 Gaseous Components --
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition Yes
o	 Particle Concentration --
o	 Excess Air 0 to 50 percent
o	 Measurement Techniques CA

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature Yes
o	 Corrosion Analysis --
o	 Deposit Mass Yes	 (Mass	 Deposition Rate Reported)
o	 Measurement Techniques CA,	 XRF, XRD
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Table 4-6. Gas-Side Fouling Probe Survey Matrix:
David W, Taylor Naval Ship R&D Center, Bethesda, Maryland

Reference(s) Rogalski	 (35-36)

Type of Probe Mass Accumulation

Fuel No.	 2 Diesel	 Fuel

Secondary Fluid Air

Probe:

o	 Geometry Cylinder:	 d=	 1	 in.,	 L=	 4	 in.

o	 Wall	 Material/ Stainless Steel/No
Interchangeable

o	 Location Ship and	 Land-Based Gas Turbine Exhaust

Heat Flux Yes	 Secondary Fluid)

Heat Balance --

Temperature:
o	 Gas 522-922 F

o	 Probe Wall 145-715 F

o	 Probe Wall,	 Control Yes

Thermal	 Boundary Condition Constant Wall Temperature

Max'	 imum Sampling Period 114 hr

Gas-Side:

o	 Velocity 43-450 ft/sec
o	 Turbulence Intensity --

o	 Fouling Factor Yes

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components --
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition Yes
o	 Particle Concentration Yes
o	 Excess Air --
o	 Measurement Techniques XRF,	 EPA Method 5, FS

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes

o	 Deposit Melting Temperature -•-

o	 Corrosion Analysis --

o	 Deposit Mass 45-225 g
o	 Measurement Techniques XRF

i.
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Table 4-7. Gas-Side Fouling Probe Survey Matrix:
Institute for Thermal Engineering and Energy Research, Vinca, Yugoslavia

Refervence(s) Oka,	 et	 al.	 (37)

Type of Probe Mass Accumulation

Fuel Coal

Secondary Fluid Air/Water

Probe:
o	 Geometry Cylinder
o	 Wall	 Material/ Not Specified/Not Specified

Interchangeable
o	 Location Laboratory

Heat Flux Yes_

Heat Balance --

Temperature:
o	 Gas 1650-1740 F
o	 Probe Wall 842-1040 F
o	 Probe Wall,	 Control Yes

Thermal BoundaryCondition Constant Wall Temperature

Maximum Sampling Period 1 hr

Gas-Side:
o	 Velocity 13.1-16.4 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes	 (Not Reported)
o	 Gaseous Components Yes	 (Not Reported)
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air 20 to 50 percent
o	 Measurement Techni • ueq	 s DTA, TGA

Deposit Characterization
o	 Constituents Yes	 (Not Reported)
o	 Deposit Morphology --
o	 Deposit Melting Temperature Yes	 (Not Reported)
o	 Corrosion Analysis
o	 Deposit Mass 200-2800 mg

Io	 Measurement Techniques DTA, TGA

4-9
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Table 4-8, Gas-Side Fouling Probe Survey Matrix:
Exxon Research and Engineering Company, Baytown, Texas

References Lin and Wine artner	 38)

Type of Probe Mass Accumulation

Fuel Coal

Secondary Fluid Air

Probe:
o	 Geometry Cylinder:	 d = 0.75	 in.
o	 Wall	 Material/ 304 Stainless Steel/No

Interchangeable
o	 Location Solid Fuel	 Evaluation Unit

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 1300-2000 F
o	 Probe Wall 800-1200 F
o	 Probe Wall, Control Yes

Thermal	 Boundary Condition Constant Wall Temperature

Not SpecifiedMaximum Sampling Period

Gas-Side:
o	 Velocity 15 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components Yes
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition Yes
o	 Particle Concentration --
o	 Excess Air u 16 percent
o	 Measurement Techniques Not Specified

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis --
o	 Deposit Mass Up to 5.0 g
o	 Measurement Techniques Not Specified

m
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Table 4-9. Gas-Side Fouling Probe Survey Matrix:
Central Electricity Generating Board, United Kingdom

Reference(s) Jackson and Raask (39-40

Type of Probe Mass Accumulation

Fuel Coal,	 Residual	 Oil

Secondary Fluid Air

Probe:
o	 Geometry Cylinder:	 d =	 1.00	 in., L = 6 to 13 ft
o	 Wall Material/ Austenitic Steel/No

Interchangeable
o	 Location Boiler

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 950-2100 F
o	 Probe Wall 150-1800 F
o	 Probe Wall, Control Yes

Thermal	 Boundary Condition Constant Wall Temperature (Locally)

Maximum Sampling Period 350 hr

Gas-Side:
o	 Velocity 3.5-10.2 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis --
o	 Gaseous Components Partial
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle	 Concentration --
o	 Excess Air 0.5 to 3.0 percent
o	 Measurement Techniques --

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
u	 Deposit Melting Temperature --
o	 Corrusion Analysis Yes	 (Separate Probe for Corrosion)
o	 Deposit Mass Yes	 (Mass Deposition Rate Reported)
o	 Measurement Techniques CA, AA, GA	 FP
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Table 4-10. Gas-Side Fouling Probe Survey Matrix:
Central Electricity Research Laboratories, Leatherhead, Surrey, United Kingdom

Reference Dalmon,	 et	 al.	 (41

Type of Probe Mass Accumulation

Fuel Oil

Secondary Fluid Air

Probe:
o	 Geometry Thin Disc:	 D =	 5.32	 in.
o	 Wall	 Material/ Gold Plated Brass/Yes

Interchangeable
o	 Location Boiler

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 293 F
o	 Probe Wall 158-320 F
o	 Probe Wall,	 Control Yes

Thermal Boundary Condition Constant Wall Temperature

Maximum Sampling Period 24 hr

Gas-Side:
o	 Velocity --
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis --
o	 Gaseous Components Partial
o	 Dew-Point Temperatures Predicted
o	 Particle Size Distribution --
o	 Particle Composition Yes
o	 Particle Concentration --
o	 Excess Air --
o	 Measurement Techniques Not Specified

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology --
o	 Deposit Melting Temperature --
o	 Corrosion Analysis No Corrosion
o	 Deposit Mass Yes	 (Mass Deposition Rate Reported)
o	 Measurement Techni ues CA

fk
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Table 4-11, Gas-Side Fouling Probe Survey Matrix:
t,	 National Engineering Laboratory, East Kilbride, Glasgow, Scotland

Reference (s) Isdale,	 et	 al.	 (42-43

Type of Probe Mass Accumulation

Fuel Diesel, Municipal 	 Waste

Secondary Fluid Air/Water

Probe:
o	 Geometry Axially Split	 Cylinder:	 d =	 1.0 in.
o	 Wall	 Material/ 316 SS,	 Copper, Mild Steel/Yes

Interchangeable
o	 Location Diesel	 Engine, Municipal	 Incinerator

Heat Flux y Yes	 Secondary Fluid)

Heat Balance --

Temperature:
o	 Gas 734-932 F
o	 Probe Wall 203-752 F
o	 Probe Wall,	 Control Yes	 (Manual)

Thermal	 Boundary Condition Constant Wall Temperature 	 Locally

Maximum Sampling Period 38.5 hr

Gas-Side:
o	 V?lnr,ity 39-67 ft/sec
,a	 T:!,f, llence	 Intensity --
oF^tp'i r^Factor --

Gas COt rdcterization
o	 Fuel Analysis Yes
o	 Gaseous Components Yes
o	 Dew-Point Temperatures H2SO4,	 HC1
o	 Particle Size Distribution Less than 1 um
o	 Particle Composition --
o	 Particle Concentration ti50 mg/m3
o	 Excess Air --
o	 Measurement Techniques CA,	 DPM

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis --
o	 Deposit Mass 4-708 mg

o	 Measurement Techniques GLC, HPLGPC

4-13
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Table 4-12. Gas-Side Fouling Probe Survey Matrix:
Central Electricity Generating Board, United Kingdom

Reference (s) Holland,	 et	 al.	 44

Tye of Probe Mass Accumulation

Fuel Oil

Secondary Fluid Steam

Probe:
o	 Geometry Multiple Hair Pin Cylinders: 	 d	 0.75	 in.
o	 Wall	 Material/ AISI	 347,	 321,	 316, 420/Yes

Interchangeable
o	 Location Boiler

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 1940-2084 F
o	 Probe Wall 250-1260 F
o	 Probe Wall,	 Control Yes

Thermal	 Boundary Condition Constant Wall	 Temperature (Locally)

Maximum Sampling Period 2000 hr

Gas-Side:
o	 Velocity 22-24 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components Yes
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition Yes
o	 Particle Concentration --
o	 Excess Air ti 2.5 percent
o	 Measurement Techniques PT, CT, CA

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis Yes
o	 Deposit Mass Yes	 (Mass Deposition Rate Reported)
o	 Measurement Techniques EM, XRD, CA
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Table 4 . 13. Gas-Side Fouling Probe Survey Matrix:
NASA-Lewis Research Center, Cleveland, Ohio

Reference s)   Kohl,	 et	 al.	 (45)

Type of Probe Mass Accumulation

Fuel  _	 _ _ _ Doped Jet A-1

Secondary Fluid

_

--

Probe:
o	 Geometry Rotating Cylinder:	 d = L = 0.50 in.
o	 Wall	 Material/ 10% Rh - 90% Pt/Yes

Interchangeable
o	 Location Ex erimental Mach 0.3 Rig

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 2520-2780 F
o	 Probe Wall 1250-1880 F
o	 Probe Wall, Control Yes

Thermal	 Boundary Condition Constant Wall Temperature

Maximum Sampling Period 12 hr

Gas-Side:
o	 Velocity Yes	 (Not Reported)
o	 Turbulence Intensity Estimated
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Partial
o	 Gaseous Components Predicted
o	 Dew-Point Temperatures Na2SO4, CaSO4
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air Yes	 (Fuel-to-Air Ratio)
o	 Measurement Techniques BC

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis Yes
o	 Deposit Mass 2-18 mg
o	 Measurement Techniques EDS,	 XRD, XRF
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Table 4-14. Gas-Side Fouling Probe Survey Matrix:
Solar Turbines International, San Diego, California

— Reference (s) White	 4 6)

Ty a of Probe Mass Accumulation

Fuel JP-5

Secondary Fluid Waterr

Probe:
o	 Geometry Cylinder:	 d = 0.5	 in.,	 L = 8 in.
o	 Wall	 Material/ Hastelloy-X/No

Interchangeable
o	 Location Ex erimentaI	 Combustion Ri g

Heat Flux -

Heat Balance --

Temperature:
o	 Gas 1742 F
o	 Probe Wall 172-230 F
o	 Probe Wa ll,	 Control Yes

Thermal	 Boundary Condition Constant Wall	 Temperature (Locall y)

Maximum Sampling Period Not Reported

Gas-Side:
o	 Velocity Mass Flowrate
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel	 Analysis --
o	 Gaseous Components Yes
o	 Dew-Point Temperatures --
o	 Particle Size Distribution 0.1-0.3 Ism
o	 Particle Composition Yes
o	 Particle Concentration Yes
o	 Excess Air -18.4 to 47.3 percent
o	 Measurement Techniques EDAX,	 FID,	 NDIR, CM,	 GC

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis --
o	 Deposit Mass Yes	 (Mass Deposition Rate Reported)
o	 Measurement Techniques CA,	 SEM,	 IR,	 EDAX, GC
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Table 4-15. Gas-Side Fouling Probe Survey Matrix:
Central Electricity Generating Board, United Kingdom

Reference (s) Horn and Street 	 47-49

T,ype of Probe Mass Accumulation

Fuel Coal,	 Oil

Secondary Fluid Air

Probe:
o	 Geometry Cylinder:	 d=	 1.0 in.,	 L = 11 ft
o	 Wall	 Material/ Austenitic Steel/No

Interchangeable
o	 Location Boiler

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 1652-2372 F
o	 Probe Wall 1004-1652 F
o	 Probe Wall, Control Yes

Thermal Boundary Condition Constant Wall Temperature (Locally)

Maximum Sampling Period 20 hr

Gas-Side:
o	 Velocity 10-45 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components Yes
o	 Dew-Point Temperatures --
o	 Particle Size Distribution Yes
o	 Particle Composition Yes
o	 Particle Concentration --
o	 Excess Air 12 to 17 percent
o	 Measurement Technioues OA

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis Yes (Separate Probes for Corrosion)
o	 Deposit Mass Yes (Mass Deposition Rate Reported)
o	 Measurement Techniques CA, XRD

6
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Table 4-16. Gas-Side Fouling Probe Survey Matrix:
Grand Forks Energy Research Center, Grand Forks, North Dakota

References) Tufte,	 et al.	 (50-53)

Type of Probe Mass Accumulation

Fuel Coal_

Secondary Fluid Air

Probe:
o	 Geometry Multiple Cylinders: 	 d	 1.66	 in.
o	 Wall	 Material/ 304 Stainless Steel/No

Interchangeable
o	 Location GFERC Laboratory

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 1600-2100 F
o	 Probe Wall 800-1200 F
o	 Probe Wall, Control Yes

Thermal	 Boundary Conditions Constant Wall	 Temperature (Locall y)

Maximum Sampling Period 8 hr

Gas-Side:
o	 Velocity 25 ft/sec (Maximum value between tubes)
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components --
o	 Dew-Poin-.	 'emperatures --
o	 Particle Size Distribution --
o	 Particle Composition Yes
o	 Particle Concentration --
o	 Excess Air 5 to 50 percent
o	 Measurement Techniques CA,	 EM,	 FSS,	 XRD

Deposit Characterization

o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Meltinq Temperature Yes
o	 Corrosion Analysis --
o	 Deposit Mass Up to 1800 g

o	 Measurement Techniques CA,	 EM,	 XRD,	 XRF
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Table 4-17. Gas-Side Fouling Probe Survey Matrix:
Westinghouse Research and Development Center, Pittsburgh, Pennsylvania

/

Reference(s) 	 _ Whitlow,	 et	 al.	 (54-57)

Type of Probe	 _	 w Mass Accumulation

Fuel Simulated, Actual	 Residual	 Oil;	 SRC-IIo

Secondary Fluid Air

Probe:
o	 Geometry Multiple Cylinders:d = 0.5-1.0 in.
o	 Wall Material/ Many/Yes

Interchangeable
o	 Location Westinghouse R&D Center Test Passage

--Heat Flux

Heat Balance --

Temperature:
o	 Gas 1650-2300 F
o	 Probe Wall 931-1710 F
o	 Probe Wall, Control Yes

Thermal Boundary Condition Constant Wall Temperature(Locally)

Maximum Sampling Period 300 hr

Gas-Side:
o	 Velocity ti600 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor -

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components --
o	 Dew-Point Temperatures --
o	 Particle Size Distribution 0.1-15 um
o	 Particle Composition Yes
o	 Particle Concentration --
o	 Excess Air --
o	 Measurement Techniques ISP,	 XRD, ES, AA,	 SEM, EDAX,	 EM

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis Yes
o	 Deposit Mass 0.02-12.22 g
o	 Measurement Techniques XRD, SEM, EDAX, CA,	 IR	 EM

t
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Table 4-18. Gas-Side Fouling Probe Survey Matrix:
Department of Physical Sciences, The Polytechnic, Wolverhampton, United Kingdom

Reference(s) 	 _».. bishop and Cliffe	 (58)

Type of probe  Mass Accumulation

Fuel Propane Doped with NaCl

Secondary Fluid Air

Probe:
o	 Geometry Cylinder:	 d	 = 2.0	 in.,	 L =	 1.0	 in.
o	 Wall Material/ 12% chromium steel	 coated with

Interchangeable borosilicate enamel/Yes
o	 Location Laboratory Combustor

Heat Flux --

Heat Balance -

Temperature:
o	 Gas 2012 F
o	 Probe Wall 1022-1472 f"
o	 Probe Wall,	 Control Yes

Thermal	 Boundary Condition Constant Wall Temperature

Maximum Sampling Period 15 min

Gas-Side:
o	 Velocity 34.4-98.4 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis --
o	 Gaseous Components O2, CO2 ,	 NaCl
o	 Dew-Point Temperatures NaCI
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air --
o	 Measurement Techniques Not Specified

Deposit Characterization
o	 Constituents NaCl
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature Yes
o	 Corrosion Analysis No Corrosion Present
o	 Deposit Mass Yes (Mass Deposition Rate Reported)
o	 Measurement Techniques SEM

w
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Table 4-19. Gas-Sidn Fouling Probe Survey Matrix:
Yale University, New Haven, Connecticut

Reference s Rosner, e t al.	 59-61)

—.2p ti calType of Probe

Fuel CgHA seeded with several compounds

Not ApplicableSecondary Fluid - s_--_______

Probe:

a

o	 Geometry Thin Ribbon:	 0.005 x 0.24 x 3.74	 in.
o	 Wall Material/ Platinum/Yes

Interchangeable
o	 Location  Labgrator^

Heat Flux Yes

Heat Balance --

Temperature:
o	 Gas Not Specified
o	 Probe Wall 1628-1880 F
o	 Probe Wall,	 Control Yes

Thermal Boundary Condition Constant Heat Flux

Maximum Sampling Period 3 min_

Gas-Side:
o	 Velocity --
o	 Turbulence Intensity --
o	 Fouling Factor

Gas Characterization
o	 Fuel	 Analysis --
o	 Gaseous Components Yes
o	 Dew-Point Temperatures B03, Na2SO4, Cs2SO4, K2SO4
o	 Particle Size Distribution 2.5 um
o	 Particle Composition Yes
e	 Particle Concentration Yes
o	 Excess Air --
o	 Measurement Techniques 0

D%posit Characterization
o	 Constituents Yes
o	 Deposit Morphology --
o	 Deposit Melting Temperature Yes
o	 Corrosion Analysis --
o	 Deposit Mass Yes	 (Mass Deposition Rate Reported)
o	 Measurement Techniques XPS

ArE+

"ap-•
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Table 4-20. Gas-Side Fouling Probe Survey Matrix:
University of Toronto, Toronto, Ontario, Canada

References Reeve, Tran,	 and Barham (62-64)_

Type of Probe Deposition

Fuel  Black Liquor_

Secondary Fluid Air

Probe:
o	 Geometry Cylinder
o	 Wall	 Material/ Not specified/No

Interchangeable
o	 Location Furnace, Superheater

Heat Flux --

Heat Balance --

Temperature:
o	 Gas S50-1460 F
o	 Probe Wall 430-1070 F
o	 Probe Wall,	 Control Yes

Thermal	 Boundary Condition Constant Wall	 Temperature	 (Locally)

Maximum Sampling Period 900 hr

Gas-Side:
o	 Velocity --
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Partial
o	 Gaseous Components --
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition Partial
o	 Partical Concentration --
o	 Excess Air --
o	 Measurement Techniques Not Specified

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature Yes
o	 Corrosion Analysis --
o	 Deposit Mass --
o	 Measurement Techniques SEM,	 CS,	 DTA,	 NA, AA

9
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Table 4-21. Gas-Side Fouling Probe Survey Matrix:
Bureau of Mines, U.S. Department of the Interior, Washington, D.C.

Reference(s) 	 y  8arkle	 et al.	 (65)

Tye of Probe Deposition

Fuel Coal

Secondary Fluid Water or Steam

Probe:
o	 Geometry Cylinder:	 d =	 1.5	 in.,	 L =	 76 in.
o	 Walt Material/ Steel/No

Interchangeable
o	 Location Naval Gun Factor Boiler

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 500-1250 F
o	 Probe Wall 150-877 F
o	 Probe Wall, Control Yes_

Thermal Boundary Condition Constant Wall	 Temperature (Locally)

Maximum Sampling Period 313 hr

Gas-Side:
o	 Velocity --
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components Partial
o	 Dew-Point Temperatures H2SO4
o	 Particle Size Distribution Yes
o	 Particle Composition Yes
o	 Particle Concentration --
o	 Excess Air --
o	 Measurement Techniques CA

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis --
o	 Deposit Mass --
o	 Measurement Techniques CA

4-23	
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Table 4-22. Gas-Side Fouling Probe Survey Matrix:
CSIRO Division of Process Technology, North Ryde, Australia

s_pp

pF`•

Reference(s) Durie	 et a1.	 66

Type of Probe Deposition

Fuel Pro one (86%) doped with S02 and Na

Secondary Fluid Air

Probe:
o	 Geometry Cylinder:	 d	 =	 0.6	 in.,	 L =	 3.94	 in.
o	 Wall	 Material/ Stainless Steel/Yes

Interchangeable
o	 Location Burner and Probe Laboratory Assembly

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 2960-3680 F
o	 Probe Wall 841 F
o	 Probe Wall, Control Yes

Thermal	 Boundary Condition Constant Wall Temperature (Locally)

Maximum Sampling Period 25 min

Gas-Side:
o	 Velocity 3.9-4.6 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel	 Analysis Yes
o	 Gaseous Components Yes
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition Yes
o	 Particle Concentration --
o	 Excess Air -40 to +10 percent
o	 Measurement Techniques Not Specified

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology --
o	 Deposit Melting Temperature --
o	 Corrosion Analysis --
o	 Deposit Mass ti0.05 g
o	 Measurement Techni ues CA,	 IR

L.
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Table 4-23. Gas-Side Fouling Probe Survey Matrix:
University of Tennessee Space Institute, Tullahoma, Tennessee

Reference (s) White and Atti	 67

Type of Probe De osition

Fuel Coal seeded with K CO

Secondary Fluid Air

Probe:
o	 Geometry Cylinder: d	 0.50 in.,	 11	 Segments
o	 Wall	 Material/ Many/Yes

Interchangeable
o	 Location UTSI MHO Test Facility

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 1385-1475 F
o	 Probe Wall 525-1185 F
o	 Probe Wall, Control Yes

Thermal Boundary Condition Constant Wall Temperature (Locally)

Maximum Sampling Period 4 hr

Gas-Side:
o	 Velocity Mass Flowrate
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis --

o	 Gaseous Components --
o	 Dew-Point Temperatures --
o	 Particle Size Distribution 0.3-2.5 um
o	 Particle Composition Yes
o	 Particle Concentration Yes
o	 Excess Air -15 to +15 percent
o	 Measurement Techniques CI

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corros*on Analysis Yes
o	 Deposit Mass --
o	 Measurement Techniques EDAX, CA
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Table 4-24. Gas-Side Fouling Probe Survey Matrix:
Battelle Columbus Laboratories, Columbus, Ohio

re

•^inzi

4.1

Reference(s)- Krause,	 et al.	 (68-76)

Type of Probe Deposition

Fuel Solid Waste,	 Refuse,	 Coal,	 Slud e

Secondary Fluid Water/Air

Probe:
o	 Geometry Cylinder:	 d = 1.0 in.,	 18-34 Segments
o	 Wall Material/ Many/Yes

Interchangeable
o	 Location Incinerator,	 Electric Plant,	 Laboratory

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 1100-1700 F
o	 Probe Wall 250-1250 F
o	 Probe Wall,	 Control Yes

Thermal	 Boundary Condition Constant Wall Temperature (Locally)

Maximum Sampling Period 1318 hr

Gas-Side:
o	 Velocity 0.2-0.5 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components Yes
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition Yes
o	 Particle Concentration --
o	 Excess Air 25 to 350 percent
o	 Measurement Techniques OES,	 XRD, MS,	 CA, OA,	 SDA

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis Yes
o	 Deposit Mass --
o	 Measurement Techniques DES,	 CA,	 XRD, OM,	 EM,	 EDAX, MS,	 EPA ST

P
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Table 4-25. Gas-Side Fouling Probe Survey Matrix:
Combustion Engineering, Inc., Windsor, Connecticut

Reference (s) 	 v Plumley,	 et al.	 (77-78)

Type of Probe Deposition

Fuel Coal

Secondary Fluid Water/Air

Probe:
o	 Geometry Cylinder: Up to 28 Segments
a	 Wall Material/ Many/Yes

Interchangeable
o	 Location Laboratory,	 Boiler

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 1100-2260 F
o	 Probe Wall 995-1900 F
o	 Probe Wall, Control Yes

Thermal Boundary Condition Constant Wall	 Temperature	 Locally

Maximum Sampling Period 8081 hr

Gas-Side:
o	 Velocity 56.8-63.8 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components --
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air --
o	 Measurement Techniques Not Specified

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature Yes
o	 Corrosion Analysis Yes
o	 Deposit Mass --
o	 Measurement Techniques EM,	 XRD, XRF,	 CA
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04	 Table 4-26. Gas-Side Fouling Probe Survey Matrix:

Electric Energy, Inc., Joppa, Illinois

References Koo man,	 et al. (79)

Type of Probe Deposition

Fuel Coal

Secondary Flui d Air/W ater

Probe:
o	 Geometry Cylinder: d=2.0 in., Attached Segments
o	 Wall	 Material/ T-11, T-22, 321 SS/Yes

Interchangeable
o	 Location Boiler

Heat Flux --

Heat Balance --

Temperature:
o	 Gas ti1800 F
o	 Probe Wall 850-1350 F
o	 Probe Wall, Control Yes

Thermal	 Boundary Conditions Constant Wall Temperature (Locally

Maximum Sampling Period 1000 hr

Gas-Side:
o	 Velocity --
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components --
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air --
o	 Measurement Techniques Not Specified

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature Yes
o	 Corrosion Analysis Yes
o	 Deposit Mass --
o	 Measurement Techniques Not Specified

t
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Table 4-27. Gas-Side Fouling Probe Survey Matrix:
Battelle Memorial Institute, Columbus, Ohio

OPP*

T M^

Reference(s) _ Krause, et al.	 (80)_

Type of Probe Deposition

Fuel Residual	 Oil

Secondary Fluid Air

Probe:
o	 Geometry Multiple Cylinders:	 d=1.0	 in.,	 L=2,0 in,
o	 Wall	 Material/ T-11, T-22, 347 SS, 	 Inconel 600/Yes

Interchangeable
o	 Location Laboratory Scale Combustor

Heat Flux --

Heat Balance --

Temperature:
o	 Gas 1673-1947 F
o	 Probe Wall 1100 F
o	 Probe Wall, Control

Thermal	 Boundary Condition Constant Wall Temperature

Maximum Sampling Period 50 hr

Gas-Side:
o	 Velocity 22.7 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis Yes
o	 Gaseous Components Yes
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air 1 to 5 percent
o	 Measurement Techniques CA, EPA Method 6, CCM, ECM

Deposit Characterization
o	 Constituents --
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis Yes
o	 Deposit Mass --
o	 Measurement Techniques Special Apparatus for Deposit Strength
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Table 4-28. Gas-Side Fouling Probe Survey Matrix:
Solar Turbines Incorporated, San Diego, California

Reference(s) Russell,	 et	 al.	 (81)

Type of Probe Deposition

Fuel No.	 6 Fuel	 Oil,	 Natural	 Gas

Secondary Fluid Air

Probe:
o	 Geometry Multiple Cylinders, Multiple Sections
o	 Wall Material/ Six Stainless Steels, 	 Seven Superalloys,

Interchangeable Eight Ceramics/Yes
o	 Location Aluminum Melting Furnace

Heat Flux --

Heat Bal ance --

Temperature:
o	 Gas 2000-2100 F
o	 Probe Wall 1200-2100 F
o	 Probe Wall, Control Yes

Thermal	 Boundary Condition Cons tant Wall Temperature (Locall y)

Maximum Sampling Period 2448 hr

Gas-Side:
o	 Velocity --
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis --
o	 Gaseous Components Yes
o	 Dew-Point Temperatures --
o	 Particle Size Distribution --
o	 Particle Composition Yes
o	 Particle Concentration --
o	 Excess Air ti5 percent
o	 Measurement Techniques Not Specified

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis Yes
o	 Deposit Mass --
o	 Measurement Techniques SEM,	 EDS, CA,	 XRF, AA



Reference(s)	 _____________p Alexander,	 et	 al.	 (82)

T pee of Probe Acid Condensation

Fuel  Fuel	 Oil

Secondary Fluid

^

Air

Prube:
o	 Geometry Cylinder:	 d = 1.00 in.,	 L = 8 ft
o	 'Wall	 Material/ Austenitic Stainless Steel/No

Interchangeable
o	 Location Boiler

Heat Flux --

Heat Balance --

Temperature:
o	 Gas --
o	 Probe Wall 175-332 F
o	 Probe Wall	 Control Yes

Thermal Boundary Condition Constant Wall Temperature (Locall y)

Maximum Sampling Period 2 hr

Gas-Side.
o	 Velocity --
o	 Turbulence Intensity --
o	 Foulin g Factor --

Gas Characterization
o	 Fuel Analysis --
o	 Gaseous Components --
o	 Dew-Point Temperatures H2SO4
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air --
o	 Measurement Techniques CA

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology Yes
o	 Deposit Melting Temperature --
o	 Corrosion Analysis --
o	 Deposit Mass 18.6-358.2 mg
o	 Measurement Techniques CA

6
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Table 4-29. Gas-Side Fouling Probe Survey Matrix:
Central Electricity Research Laboratories, United Kingdom



Table 4-30, Gas-Side Fouling Probe Survey Matrix:
Shell Research, Limited, Thornton Research Centre, Chester, United Kingdom

Acid CondensationTye of Probe

Fuel	 - Pro.ane-Air-Sulfur Dioxide	 _	 r^

Boiling CoolantSecondarX Fluid

Probe:
o	 Geometry Cylinder:	 d = 0.669	 in.,	 L	 2.00 in.
o	 Wall	 Material/ Gold-Plated Copperifrc,

Interchangeable
o	 Locat ion Laboratory Combustio n Rig-------

Heat Flux --

Heat Balance --

Temperature:
a	 Gas 536 F
o	 Probe ball 185-298 F
o	 Probe Wall,	 Control Yes

Therm°l Boundary Condition Constant Wall Temperature

Maximum Sampling Period 20 min

Gas-Side:
o	 Velocity 16 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --

Gas Characterization
o	 Fuel Analysis --
o	 Gaseous Components Yes
o	 Dew-Point Temperatures H2SO4
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air --
o	 Measurement Techniques OA, GA, CA

Deposit Characterization
o	 Constituents 112504
o	 Deposit Morphology --
o	 Deposit Melting Temperature --
o	 Corrosion Analysis --
o	 Deposit Mass Yes	 (Mass Deposition Rate Reported)
o	 Measurement Techniques Not Specified
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Table 4-31, Gas-Side Fouling Probe Survey Matrix:
Land Pyrometers Limited, Dronfield, Sheffield, United Kingdom

References) Land	 (64)

Type of Probe Acid Condensation

Fuel Oil

Secondary Fluid Air

Probe:
o	 Geometry Thimble:	 d	 1.0 in.
o	 Wall Material/ Glass/Yes

Interchangeable
o	 Location Industrial	 Boiler_ _

Heat Flux -

Heat Balance -

Temperature:
o	 Gas 320-554 F
o	 Probe Wall 176-302 F
a	 Probe Wall, Lontrol Yes

Thermal Boundary Condition Constant Wall Temperature

Maximum Sampling Period Yes	 Not Reported)

Gas-Side:
o	 Velocity --
o	 Turbulence Intensity --
o	 Fouling Factor	 _	 _ --

Gas Characterization
o	 Fuel Analysis --
o	 Gaseous Components Partial
o	 Dew-Point Temperatures H2SO4
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration --
o	 Excess Air 30 percent
o	 Measurement Techni ques	 _ Not S ecified 

Deposit Characterization
o	 Constituents H2SO4
o	 Deposit Morphology --
o	 Deposit Melting Temperature --
o	 Corrosion Analysis --
o	 Deposit Mass Yes (Not Reported)
o	 Measurement Techniques Not Specified
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Table 4-32. Gas-Side Fouling Probe Survey Matrix:
Technical Center of Industries Aerauliques, Villourbanne, France

Reference(s)   Dietz dnd Marchal	 (85)

Acid CondensationType of Probe   

Fuel Head Fuel Oil

Secondary Fluid Air

Probe:
o	 Geometry Cylinder:	 d = 0.787 in.
o	 Wall Material/ Stainless Steel/Yes

Interchangeable
o	 Loca;Ion  Laboratory

Heat Flux -

Heat Balance

Temperature:
o	 Gas 342-410 F
o	 Probe Wall 113-293 F
o	 Probe Wall, Control Yes

Thermal	 Boundary Condition Constant Wall Temperature

Maximum Samplinq Period 1.5 hr

Gas-Side:
o	 Velocity 26.3-78.7 ft/sec
o	 Turbulence Intensity --
o	 Fouling Factor --r

Gas Characterization

M

o	 Fuel Analysis --
o	 Gaseous Components Partial
o	 Dew-Point Temperatures H2O, H2SO
o	 Particle Size Distribution --
o	 Particle Composition --
o	 Particle Concentration 0.00287-0.632 grains/ft3
o	 Excess Air --
o	 Measurement Techniques Not Specified

Deposit Characterization
o	 Constituents Yes
o	 Deposit Morphology --
o	 Deposit Melting Temperature --
o	 Corrosion Analysis --
o	 Deposit Mass Yes (Mass Deposition Rate Reported)
o	 Measurement Techniques CA

6
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SECTION 5

RECOMMENDATIONS FOR THE DESIGN OF A GAS-SIDE FOULING PROBE

The recommendations relating to probe design requirements, along with the

required gas and deposit characterization analyses, are summarized in this

section. Also included is a short, descriptive analysis of the measurements

which must be made, along with some of the problems which are encountered, in

order to experimentally determine gas-side fouling factors, or resistances.

	

5.1	 REQUIREMENTS FOR CHARACTERIZATION OF COMBUSTION GASES

The importance of gas characterization measurements was emphasized in

Section 3. Briefly, the minimum amount of gas characterization which must be

carried out in connection with the collection and analysis of qas-side foulinq

deposits is as follows:

(a) Fuel Analysis

(b) Gaseous Components

(c) Dew-Point Temperatures

(d) Particle Size Distribution

(e) Particle Composition

(f) Particle Concentration

(g) Excess Air.

A variety of techniques is available to carry out the necessary analyses to

determine these quantities.

	

5.2	 GAS-SIDE FOULING PROBE REQUIREMENTS

It is apparent that certain requirements must be satisfied regardless of

the type of gas-side fouling measuring device if a thorough investigation is
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to he carried out. However, it is also apparent that very few of the devices

which have been developed and used to date have the capability of measuring

qas-side fouling factors on-line, or in situ, as a function of time.

Therefore, after listing those requirements which a qas-side fouling probe

should satisfy, a brief consideration of the measurement of gas-side fouling

factors is presented.

Probe Requirements

(a) The measuring device must be sturdy, yet simple in construction, and

easy to install and remove from the gas stream.

(b) The probe must have a reasonably long life under arduous operating

conditions.

(c) The probe should be lightweight and designed so that it can be

installed in a variety of typical industrial gas streams.

(d) The probe test section must be large enough to permit the collection

of adequate quantities of deposit for further analysis.

(e) The local wall temperature of the test section must be maintained at

a constant temperature during any given test.

(f) The wall temperature of the treasuring device should be easily

controlled, preferably by automatic means, over a wide range of

values with simultaneous investigations at several temperatures

highly desirable.

(g) In order to determine on-line fouling factors or resistances, the

wall heat flux, gas temperature near the probe, surface temperature,

and gas velocity must be simultaneously monitored as a function oT

time.

(h) The probe should be equipped with a safety device in the event that

its cooling system becomes inoperative.

5-2
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(i) The ability to easily interchange probe surface materials is

essential.

(,i) Provisions should he made to ensure that none of the deposit falls

off the probe, from the time it is removed from the gas stream until

its mass is determined.

(k) Although difficult, it is highly desirable that the heat flux on

both the gas-side and the secondary side be measured so that a valid

heat balance is confirmed.

(1) Although not absolutely essential, it is highly desirable that the

measuring device be in the shape of a cylinder because of the

practical importance of this geometry.

(m) Automatic data acquisition is essential for successful long-term

operation of the probe.

Measurement of Gas-Side Fouling Factor
,

Consider the situation depicted in Fig. 5-1 showing the flow of a gas with

free steam velocity, Vg, and gas temperature, Tg, over a surface at temperature,

Tw. Initially the surface is clean, but gradually a fouling layer builds up

as indicated. Assuming a fouled layer of thickness tf as shown,

T
9

V9
fouling deposit

— —^	 ^tf

surface	 /	
T

Tw

Figure 5-1. Schematic View of a Fouled Surface
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the heat transfer from the gas to the surface in an environment where

	

e^	
radiation heat transfer is negligible is

qw = q/A = (Tq - Tw)/(1/h + R f )
	

(5-1)

where q'W is the heat flux (heat transfer per unit area, q/A), h is the

convective heat transfer coefficient, and R f is the fouling resistance. The

fouling resistance is given by

Rf = tf/kf
	 (5-2)

where kf is the thermal conductivity of the fouling layer. Although the

processes governing Eqs. 5-1 and 5-2 are clearly unsteady ones, these equations

may be used at any instant of time on a quasi-steady basis if the changes with

time are not too great.

In order to determine the buildup of the fouling resistance as a function of

time, the following quantities must be monitored as a function of time:

(a) Gas Temperature, Tq

(b) Wall Heat Flux, qw

(c) Wall Temperature, Tw

(d) Heat Transfer Coefficient, h.

Unfortunately, there are several problem. First, most qas-side fouling

measuring devices are controlled such that the local wall temperature remains

constant as the fouling layer is deposited, thus resulting in a variable wall

heat flux with time. Therefore, the heat flux must be measured as a transient

quantity, either on the qas-side or the secondary side (or preferably on both

sines in order to have a heat balance). Heat flux meters -- are discussed in

Section 3.1 -- have been used to a limited extent to determine the gas-side

heat flux in fouling applications, primarily in radiation heat transfer

equipment. On the secondary side of the measuring device, application of the

yq	 First Law of Thermodynamics may be used to calculate q by the relation

0

W'	
q = W Cp (T2 - T1)	 (5-3)
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where ld is the coolant mass flowrate, Cp is the coolant constant-pressure

specific heat, and T1 and T2 are the inlet and outlet coolant temperatures, 	
it

respectively. Of course, the difference between T2 and T1 must be

sufficiently large to ensure an accurate determination of q. Second, according

to Eq. 5-1, in order to make an accurate determination of Rf, the convective

heat transfer coefficient must be predicted accurately. In general, the Nusselt

number, Nu, defined by the relation

Nu = h L/k	 (5-4)

is a dimensionless heat transfer coefficient where L is a characteristic length,

usually taken as the diameter, d, for a cylinder. In the application at hand,

the Nusselt number will be a function of the Reynolds number, Prandtl number, and

the geometry of the measuring device

Nu = Nu(Re, Pr, geometry)	 (5-5)

or in terms of dimensional variables

h = h(Vg, fluid properties, geometry) 	 (5-6)

Therefore, a knowledge of the gas-side velocity Vg will required for a

determination of the convective heat transfer coefficient which may be expressed

empirically as

h = a V9	 (5-7)

where a and b are coefficients which depend on the fluid properties and the

geometry. As the deposit builds up, it is possible that either a or b, or both,

will change owing to the roughness of the fouled surface and a change in the

geometry of the surface. Although the area for other than a plane surface will

change as the fouling layer is deposited, it has become customary to base the

calculation of the fouling resistance on the clean surface area, thereby

avoiding that complication.

-
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In summary, in orde)- to monitor the on-line foulinq resistance, the heat

flux, gas temperature, surface temperature, and gas velocity must be measured as

a function of time. In addition, some knowledge of the effect of changes in

geometry and surface roughness on the heat transfer coefficient may be required

depending on the desired accuracy of the results. Finall y , in high temperature

applications the effect of thermal radiation must be taken into consideration.

5.3	 DEPOSIT ANALYSIS REQUIREMENTS

As in the case of gas characterization, the importance of deposit

characterization has also been seen throughout this report. These minimum

requirements are listed below:

(a) Deposit Constituents

(b) Deposit Morphology

(c) Deposit Melting Temperature

(d) Corrosion Analysis

(e) Deposit Mass.

A variety of techniques is available to carry out the necessary analyses to

determine these quantities.
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SECTION 6

CONCLUDING REMARKS

A survey of measuring devices, or probes, which have been used to

Investigate gas-side fouling has been carried out. Gas-side fouling measuring

devices have been used in a number of settings including: utility and

industrial boilers, municipal incinerators, land-based and shipboard gas

turbines, Diesel exhausts, and heat recovery systems in a broad range of

industries. Combustion gases from Diesel fuel, coal, distillate and residual

oils, JP-1, JP-5, SRC-II, black liquor, waste materials of various types, and
several simulated fuels have been tested. These environments have included

gases from modestly doped propane to coal-fired, potassium-seeded MHD

exhausts and other process-contaminated industrial gas streams.

Five types of gas-side fouling measuring devices have been identified and

discussed including: heat flux meters, mass accumulation probes, optical

devices, deposition probes, and acid condensation probes. Of these five

types, the major emphasis has been placed on mass accumulation probes (in which

case the deposit mass is determined quantitatively to establish mass deposition

rates) and on deposition probes (for which the deposit mass is not determined

quantitatively, although the deposit itself may be analyzed quantitatively).

The probes developed to date vary markedly in size and shape. Cylinders as

small as 0.5-in. diameter and 0.5 -in. length have been used as probes, as well

as devices with 1,5 -in. diameter and 13-ft length. The fixed cylinder has

clearly been the most common geometry, but flat discs, ribbons, and rotating

cylinders have also been used.

Many probes have been equipped with a cooling system, most of them

utilizing air, to maintain the wall temperature of the measuring device at a

constant temperature throughout the testing process. Even in those cases where

the size of the probe results in temperature gradients along the length of the

probe, the local wall temperature remains constant. Many of the probes have

been successfully equipped with automatic wall temperature control systems.
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Finally, a number of probes have been designed to accommodate many different

specimens, or, segments, fastened together by threads, tension, or some other

means. Thus, different materials or the same materials at different

temperatures may be tested at the same time. This technique has been very

successful when studying the simultaneous effects of gas-side fouling and

corrosion, a phenomena which occurs very frequently. Up to 34 individual

segments have been used in a single probe.

Perhaps the most surprising result coming from this review is the

determination that very few of the gas-side fouling probes which have been

developed to date are capable of measuring on-line fouling factors as a

function of time. In fact, Rogalski (References 35-36), who made use of a

heat-pipe design which allowed him to measure the wall heat flux, was the only

investigator who actually reported fouling factors as a function of time. As

discussed in Section 5, the wall heat flux, gas temperature, wall temperature,

and gas velocity must all be measured simultaneously as a function of time if

transient fouling factors are to be determined.

Finally, the criteria which a well-designed gas-side fouling probe must

satisfy were discussed in Section 5. In addition to the probe per se, the gas

characterization and deposit characterization are also both very important, and

these requirements were also presented in Section 5. Although a significant

amount of work has been done in the area of gas-side fouling probe development,

it is clear that the design, construction, and testing of a durable, versatile

probe -- capable of monitoring on-line fouling resistances -- remains a

formidable task.
	 I
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