Brigham Young University

BYU ScholarsArchive

Theses and Dissertations

2008-12-17

Characterization of the Thermal Transport Through a Temporally-
Varying Ash Layer

Darron Palmer Cundick
Brigham Young University - Provo

Follow this and additional works at: https://scholarsarchive.byu.edu/etd

6‘ Part of the Mechanical Engineering Commons

BYU ScholarsArchive Citation

Cundick, Darron Palmer, "Characterization of the Thermal Transport Through a Temporally-Varying Ash
Layer" (2008). Theses and Dissertations. 16009.

https://scholarsarchive.byu.edu/etd/1609

This Thesis is brought to you for free and open access by BYU ScholarsArchive. It has been accepted for inclusion
in Theses and Dissertations by an authorized administrator of BYU ScholarsArchive. For more information, please
contact scholarsarchive@byu.edu, ellen_amatangelo@byu.edu.


http://home.byu.edu/home/
http://home.byu.edu/home/
https://scholarsarchive.byu.edu/
https://scholarsarchive.byu.edu/etd
https://scholarsarchive.byu.edu/etd?utm_source=scholarsarchive.byu.edu%2Fetd%2F1609&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/293?utm_source=scholarsarchive.byu.edu%2Fetd%2F1609&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu/etd/1609?utm_source=scholarsarchive.byu.edu%2Fetd%2F1609&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsarchive@byu.edu,%20ellen_amatangelo@byu.edu

CHARACTERIZATION OF THE THERMAL TRANSPORT

THROUGH A TEMPORALLY-VARYING ASH LAYER

by

Darron Palmer Cundick

A thesis submitted to the faculty of
Brigham Young University

in partial fulfilment of the requirements for thegree of

Master of Science

Department of Mechanical Engineering
Brigham Young University

April 2009






Copyright © 2008 Darron P. Cundick

All Rights Reserved






BRIGHAM YOUNG UNIVERSITY

GRADUATE COMMITTEE APPROVAL

of a thesis submitted by

Darron Palmer Cundick

This thesis has been read by each member of tloevin graduate committee and by
majority vote has been found to be satisfactory.

Date R. Daniel Maynes, Chair

Date Dale R. Tree

Date Matthew R. Jones






BRIGHAM YOUNG UNIVERSITY

As chair of the candidate’s graduate committe@vielread the thesis of Darron P.
Cundick in its final form and have found that (tk) format, citations, and
bibliographical style are consistent and acceptabtefulfill university and
department style requirements; (2) its illustrativaterials including figures, tables,
and charts are in place; and (3) the final manps@isatisfactory to the graduate
committee and is ready for submission to the usitefibrary.

Date R. Daniel Maynes
Chair, Graduate Committee

Accepted for the Department

Larry L. Howell
Graduate Coordinator

Accepted for the College

Alan R. Parkinson
Dean, Ira A. Fulton College of Engineering
and Technology






ABSTRACT

CHARACTERIZATION OF THE THERMAL TRANSPORT

THROUGH A TEMPORALLY-VARYING ASH LAYER

Darron Palmer Cundick
Department of Mechanical Engineering

Master of Science

Ash deposits in commercial coal-fired boilers freqlly pose serious
maintenance challenges and decrease thermal afficieA better understanding of
fundamental thermal transport properties in astosiép can help mitigate their negative
effects. In order to characterize the thermal progs of boiler-side deposits, this work
presents a thermal transport model and in-situ ureagents of effective thermal
conductivity in coal ash deposits.

A simple model of the thermal transport throughaah deposit, with and with out
slagging, was developed. The model approximatesd#posit by dividing it into four
regimes: particulate, sintered, solidified slagd amolten slag. The development of this
model was auxiliary to the primary focus of thisidst: the in-situ measurement of

effective thermal conductivity of ash deposits.






Deposits of loosely-bound particulate ash were inbth experimentally using a
down-fired drop tube reactor. Pulverized coal wigesd and deposits were collected on
an instrumented deposition probe. An approach ressgmted for making in-situ
measurements of the temperature difference achesash deposits, the thickness of the
deposits, and the total heat transfer rate thrahghash deposits. Using this approach,
the effective thermal conductivity was determined ¢oal ash deposits formed under
oxidizing and reducing conditions. Three coalseMasted under oxidizing conditions:
IL #6 Crown Il coal, IL #6 Patiki coal and WY Caterro coal. The WY coal exhibited
the lowest range of effective thermal conductigitfe =0.05 to 0.175 W/nK) while the
IL #6 coals showed higher effective thermal conthiteés (k. =0.2 to 0.5 W/nK). The
IL #6 Crown Ill coal and the WY Corederro coal weakso tested under reducing
conditions. A comparison of the ash deposits fritmase two coals, formed under
oxidizing or reducing conditions, showed largereefive thermal conductivities in
deposits formed under reducing conditions. The#@ Crown IIl coal exhibited the
greatest increase (as high as 50%&jrunder reducing conditions, over that measured in
oxidizing conditions. For all of the experimentsnducted, an increase in effective
thermal conductivity with deposit thickness wasealied, with sintering likely causing

the increase ike.
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1 Background

Beginning with the Industrial Revolution, coal hasen an important source of
raw energy, literally fueling the progress of naiand technologies. It continues to be a
dominant and very valuable source of energy inntleglern world. Widely distributed
and abundant, coal provides a significant portibrihe total energy consumed in the
United States. In 2007 coal-fired power plantsdpeed approximately 48.2% of the
nation’s electrical power [1]. Electricity is praced when burning coal releases heat
which is then transferred to water, generatingrstea high temperature and pressure.
This steam then drives turbines to generate etattpower. During the combustion
process, inorganic constituents present in the fayah ash. A critical part of power
plant operation and design depends upon the asbhwimavoidably adheres to heat
exchanging-surfaces, forming undesirable deposiish build-up results in substantial
increases in the overall thermal resistance of dusdt exchangers, and it decreases
efficiency and poses additional problems and chglls in power plant maintenance and
design. An improved fundamental understandindhefthermal transport characteristics
of ash deposits is necessary to advance the iélalfficiency, and flexibility of this
critically important energy resource. This workraduces a simplified model of the

thermal transport through an ash deposit on acatrfurface. Further, it presents an



experimental method and the results of in-siturttarconductivity measurements of coal

ash deposits formed under both oxidizing and reduconditions.

1.1 Coal as an Energy Source

Coal is mined throughout the United States. Thastitwents and properties of
coal may vary significantly from mine to mine: tetare, the type of coal supplied to a
power plant must be considered. Coal is commotdgsdied by its relative heating
value. The four major types, ranked highest toelstwin heating value, are anthracite,
bituminous, sub-bituminous, and lignite. In gehenggh-rank coals are common in the
eastern United States, particularly throughout Alppalachian Mountains, while low-
rank coals are found more commonly in the westemtdd States. Typically,
bituminous and sub-bituminous coals are fired iwgoplants which generate electricity.
Different advantages and challenges are associatiediring either type.

To produce electrical energy a power plant burmgelaguantities of coal in a
boiler to heat water and generate steam, which potuebines. Before being fired inside
a power plant, coal usually must be prepared. fRahis commonly pulverized (average
size is on the order of 4am) and fed into the boiler either dry or mixed witiater as a
slurry.

Commercial boilers (also known as combustors) dpenander oxidizing
conditions, meaning the coal is completely burnetio the combustion process. Large
coal combustors will typically fire up to severalrdred tons of coal an hour and follow

a construction layout similar to Figure 1-1. Pregacoal is injected into a cavernous



boiler section through ports located in the lowetlsvor bottom. Here the coal rapidly

mixes and reacts with air and burns, creating eregf intense heat or a “fireball.”

tube banks

Figure 1-1. The Boiler of a Typical Coal Combustof2]

In a combustor the boiler is made up of two majectiens, distinguished by their
dominant modes of heat transfer to the boiler tubBse radiant section of the boiler is
where the coal and air are injected and whereithbdll resides. Here, the majority of
heat energy is transferred, by radiation, fromftheball to tube banks along the walls.
Combustion products are then routed through therexdive pass section of the boiler
where additional energy is transferred, primar§yclnvection, to steam flowing through
multiple tube banks. The products of combustioentipass through re-heaters and
economizers. Subsequently, the exhaust gases thioough fly ash collectors and

scrubbers, before venting to the atmosphere. impbéete combustion, the carbon and

3



hydrogen in the coal react with oxygen to produaeben dioxide and water vapor.
Various oxides, fine particulate material, and sdreavy metals are also present in the
exhaust gases. These pollutants can be removaagthwarious control devices prior to
venting. Non-combustible elements including siicaluminum, iron, and calcium, will
condense or coalesce into “ash.”

Much less common are power plants which run anghated Gasification
Combined Cycle (IGCC). These power plants usepa tf boiler known as a gasifier
and are an emergent technology. They are designidt pyrolyze the coal under fuel-
rich conditions in order to produce a mixture ofbman monoxide and hydrogen gases,
generally referred to as synthesis gas or “syngksggure 1-2 shows the cylindrical boiler
portion of a typical gasifier. Coal is typicallgd from the top into the main boiler
section where it reacts with oxygen in a fuel-ridgh-pressure environment (reducing
conditions). As with combustors, heat is colleclsdtube banks in the boiler (or in
additional downstream sections) and the resulttegus is fed to turbines for power
generation. The syngas must be cleaned of asiclparbefore it enters a turbine
combustor which operates a Brayton thermodynamitedp produce additional energy.
With rising energy prices and renewed vigor theewnelopment of “greener” energy, the
IGCC is of particular interest as it lends itsekélinto the capture and sequestration of
carbon dioxide [3]. The radiant section of gasffies usually designed to operate at
temperatures above the melting point of the accatadlash. As a result, molten ash can
form viscous slag layers that flow down the intemalls of the gasifier. This slag must

be removed from the bottom of the gasifier.



oxygen coal slurry

water

Steam tubes

syngas

Figure 1-2. The Geometry of a Typical Boiler Sectio of a Gasifier [4]

1.2 Ash Deposits

In coal-fired power plants the non-combustible tibments of the fuel are a
principle factor determining the boiler size, corstion reactants-to-steam heat transfer
characteristics, and boiler-side surface corrobgmavior [5]. Inorganic solids in the fuel
may be converted to a gas or liquid when burnetitH®imajority of the mass remains in
the solid phase. The combination of all condereadl solid phase material remaining
unburned is classified as ash. These depositsatah refractory surfaces and on boiler

tubes (see Figure 3-1). The radiant and convegiags sections of a combustor are



particularly sensitive to the build up of ash de{so6]. Accumulated ash on boiler tubes
and walls creates a variety of problems includiegluced heat transfer, increased
corrosion, and flow blockage. Several methodsacessarily employed in reducing and
removing ash deposits within coal-fired power ptantn combustors, deposits may be
forcefully removed by “soot blowing” (the forceftdmoval of ash by pressurized air or
steam) or they may be made to detach by metholiangithermal shock. If removal by
soot blowing or by other methods is unsuccesstug, tesulting large deposits can
increase the frequency of planned shut-downs on @veduce catastrophic failures if
they suddenly detach and fall, causing damage a@ansttubes or boiler walls [6].
Gasifiers are typically designed to slag, with thelten ash flowing out the bottom.
Excess slag, however, hastens corrosion, incrdasekage, and decreases efficiency
[5]. To better understand and control ash andffects within boilers, the properties and
behaviors of ash deposits have been studied by mesgarchers in industry and
academia. In the continuing effort to improve higahsport and decrease maintenance
costs, understanding the thermal properties ofdegiosits is of acute interest. These

properties include thermal conductivity and surfaoettance.

1.3 Motivation

Characterizing the thermal transport through call deposits is a major step
toward mitigating their effects through better boilmaintenance and design. Coal
combustors and gasifiers are capable of operathrgughout a wide range of
temperatures and fouling and slagging conditioMdaximum efficiency, however, is

obtained only over a narrow band of conditions.acBcal boiler operation inevitably



deviates from this narrow peak-efficiency rangedose of necessary maintenance and
limitations in both thermal transport and material¥hermal transport in boilers is
directly influenced by the surface emittance anefrttal conductivity of ash deposits.
Consequently, boiler size and design is signifigamfluenced by the effects of these
deposits [5, 7, 8]. The ability to model the thatntransport through ash deposits is
essential for boiler design optimization and fofods aimed at improving boiler
reliability, flexibility, and overall efficiency.

Experimental measurements can provide fundamemalerstanding of the
thermal conductivity of ash deposits. The formatiof deposits in combustors and
gasifiers is thought to be sensitive to their sumndings, including differences respective
of oxidizing and reducing conditions [7, 9, 10]nsequently, experimental data for both
conditions are needed to accurately characterigeddposits. Further, because of the
sensitivity of ash deposits to their environmemt;situ measurements made under
oxidizing and reducing conditions are necessabetter understand the effective thermal

conductivity of these deposits.

1.4 Research Objectives and Contributions

The objectives of this work are to: 1) develop acaptual and numerical model
of the thermal transport in a growing ash depad)t;exercise the model with the
commercial modeling package FLUENT for a typicaintmstion scenario; 3) develop an
experiment to measure in-situ effective thermal dumtivity; and 4) obtain in-situ
measurements of effective thermal conductivity ddferent coals under oxidizing and

reducing conditions.



The thermal transport model characterizes an agbsiteby multiple regimes (or
sections), upon which effective thermal conduggivahd other properties are dependent.
By casting the model as a User Defined FunctionK)J0it may be integrated with the
commercial modeling package FLUENT and used toipreétde heat flux and surface
temperature profiles in a scenario simulating acglpcoal boiler. The experimental
work focuses on collecting ash deposits to maksitin-measurements of temperature,
heat flux, and thickness in order to obtain thedff/e thermal conductivity. Three types
of coal are utilized.

This work presents three primary contributions e tunderstanding of the
thermal transport through ash deposits:

1. A thermal transport model of the vertical wall bétradiant section of a boiler
with a developing ash deposit, including a moltag sayer.
2. Anin-situ experimental approach to measure thecéffe thermal conductivity of

a growing ash deposit. The approach is employableoth oxidizing and

reducing conditions.

3. Effective thermal conductivity data acquired byngsihe in-situ experimental
approach (2) for three coals in oxidizing condii@nd two coals in reducing

conditions.

1.5 Delimitations

The limitations in the scope of this work are hekescribed. The thermal
transport model does not develop an expressiothéoash deposit thermal conductivity;

rather, this property depends on ash morphologyesmers into the model as an input.



While it does account for energy transfer by cotieacand radiation (required as
inputs), the model does not specifically developsthmodes of transport. The model
also does not calculate the actual deposition preansion of the ash. In its present state,
the model must run in conjunction with FLUENT ascdbt a stand-alone program.
Experiments conducted are of ash deposits obtdnoea firing pulverized coal
only. Further, the experimental portion of thigdst involves only rigid “particulate” ash
deposits with no slag layers. Lastly, all of thatad were collected for fairly thin

horizontal deposits collected on a cylindrical ggob

1.6 Overview

This document explains a model of thermal transgfodugh an ash deposit. It
also provides the experimental approach and measmts of the thermal conductivity
of deposits, formed in both oxidizing and reducicmnditions. First, Chapter Two
reviews relevant prior work and summarizes previgasearch on the modeling,
prediction, and the experimental measurement afrtkeconductivity. Chapter Three
comprises the analytical and computational workt ttmodels the thermal transport
through a temporally-varying ash deposit. An asiglpf thermal transport is provided,
followed by the method for constructing the modé&letails of the development of the
model as a User Defined Function and its integnatiith FLUENT are discussed. An
illustrative scenario, in which the model is implemed, and the results from the UDF
are presented. Chapter Four addresses the expéainpertion of this work, giving an
overview of experimental facilities and equipmenithis chapter details the set-up and

instrumentation, and it explains the experimentacpdure. The method of analysis of



the raw data and the calculations of effective rttedrconductivity are also provided.
Chapter Five presents the experimental result:alllyi conclusions are discussed in

Chapter Six.
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2 Prior Work

A review of prior work draws attention to the comwty of ash deposit thermal
transport properties and the limited ability of éalale models to adequately characterize
ash deposits, including slag layers. Additionalbgcause of the sensitivity of ash
deposits to their environments, there is a neednf@itu data of the thermal transport
properties for each type of fuel to be better zedi. The literature review focuses on
previous studies of thermal transport models andegperimental measurements of

effective thermal conductivity.

2.1 Modeling of Thermal Transport through Coal Ash Depaits

A significant amount of work has previously beennéoin modeling and
predicting thermal transport through ash deposifypically, a deposit with known
properties is layered on top of a substrate of knda@mperature. Given appropriate
boundary conditions and the effective ash therroabtlactivity, the net heat flux through
the deposit may be determined.

Central in a thermal transport model is the deteation of the ash deposit
properties, in particular, the thermal conductiatyd surface emittance. These thermal
properties are dependent upon ash deposit morpholdgemical composition, and

temperature. A larger ash deposit can exhibitifsoggmt variations in morphology (i.e.
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varying degrees of sintering and slagging) and tatpre; therefore, the changes in the
properties of the deposit need to be accounted feully comprehensive ash deposit
models, combining deposition mechanisms, morpho&gvariations, and complete
thermal transport, are notably complex due to thgbing of the governing equations for
the balance of mass, momentum, and energy. Thiplexity has been worked around
somewhat by considering only thinner, or at leaatfcally uniform, deposits (of all one
morphology) and also by dividing the ash layer ietiective sections or “regimes,” each
with distinct properties. Robinson and coworker§&andia National Labs developed a
two-layer model consisting of unsintered and sederegimes [11]. By using constant
properties in two distinct structures of ash, thewdeled the effective thermal
conductivity of sintered ash deposits and also ubedmodel to set bounds on the
effective thermal conductivities expected. Redeane at Reaction Engineering
International have addressed the challenges ofrdeteg ash slag characteristics and
boiler performance by creating a computational rhadat utilizes a two-layered ash
deposit, including a slagging layer [8, 12, 13heTmodel consists of solidified slag and
molten slag layers over a refractory lining. Thalmonductivities and other properties
for the two layers are obtained from experimenghdind input to the model.

In an effort to characterize the morphological #metmal changes throughout an
ash deposit, many studies have focused on developodels for inter-particle thermal
conductivity by examining the deposit microstruet{t4]. Such particle-level modeling
has been researched extensively by examining pamesl and considering the structure

and the extent of porosity in two-phase or two-matesystems [15]. However, these
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systems are limited in their ability to approximateash deposit with varying degrees of
sintering and slagging.

Indeed a more elegant model of a deposit would re that exhibits variable
thermal properties throughout the ash deposit. &peoach toward accomplishing this
is to correlate variations in the deposit to expental data, rather than dividing the ash
deposit into different regimes with constant propst In his work, Anderson has
developed a model incorporating a variable effectitermal conductivity for non-
slagging deposits. Within his model, the thernwadductivity is a function (correlated to
experimental data) of temperature and thereforenation of the degree of sintering in
the deposit as a whole [5].

A detailed model for the effective thermal condutyi throughout an entire ash
deposit, which includes layers ranging from ungedeto molten slag, is currently not
practical. This is because purely analytical meaek limited by the complexity of the
continuous variation in morphology and thermal pmties throughout the ash deposit.
Models of ash deposits utilizing experimental data inhibited by the lack of sufficient
property data available for the full range of thepdsit's characteristics, including the
transition from stationary to molten ash layers.hisTwork proposes a method of
approximating ash deposits by incorporating addé@iagegimes. Specifically, the deposit
is characterized into four regimes: particulataetesied, solidified slag, and molten slag.
This simple model accommodates stationary and slgggsh deposits by extending the
idea of using multiple regimes. By approximatistp aanging from stationary particulate
layers to flowing molten slag layers, this appro&cla step toward better modeling the

conductive thermal transport in morphologically gdex ash deposits.
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The usability of a model is important for any preatimplementation. A thermal
transport model that can be integrated with adagidhermodynamic or hydrodynamic
models within a CFD or other multi-physics modelipgckage will prove more useful
than one which is stand-alone. Kaer has integratewdel for the thermal conductivity
of ash deposits with combustion models in FLUENMe developed a model of the
thermal resistance due to a homogeneous ash dgpesifrowth of which is governed by
an additional deposition model [2]. The model dide predicting the heat flux and
temperature distributions in a combustor boiler.dd®onal work by Kaer similarly
integrated a model for sintered deposits using lawers (regimes). Engineers at
Reaction Engineering International have producestiayer models for steady-state slag
deposits integrated within commercial CFD codellWENT [2, 8].

This work presents a thermal transport model forghologically complex ash
deposits that is executed by FLUENT. This modeistsis of four regimes. Integration
with FLUENT facilitates the model's ease of useddaionally, integration allows the
thermal transport model to couple with other moaéisch govern ash deposit properties.
This model is intended as a framework for the fitategration of more rigorous models

of ash deposit deposition, thermal conductivityj amittance.

2.2 Experimental Measurements of Thermal Conductivity

The effective thermal conductivity of ash depossthighly dependent upon the
composition, morphology, and temperature of the. astConsequently, several
experimental studies have been conducted to clesizetthese properties in deposits

formed by firing coal. Deposited ash will geneyainter and become denser with time,
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depending heavily upon temperature, and it has tsw®wn that internal radiation

becomes significant at higher temperatures and brusiccounted for in determining the
overall effective thermal conductivity [7, 16]. Aerson et al. and Rezaei et al.
extensively investigated the influence of tempemtand consequent sintering on ash
deposits [10, 17]. Measured values for thermaldoativity have been observed to
increase by more than an order of magnitude dusiritering behavior and elevated
temperatures [7, 10, 11, 16]. Additionally, theitamce of ash layers can vary widely,
also depending on the deposit properties. Duéhdoldrge range of variation in ash
deposits, experimental measurements are necessargbserve coal-specific and

condition-specific behaviors. The characterizatbthe thermal properties of additional

types of coal would therefore extend the knowleolgee to those specific coals.

The majority of previous experiments have involtbd ex-situ examination of
changes in effective thermal conductivity, with sitd experimentation on deposits
uncommon. Hwang et al. and Butler et al. [18, b@)ye studied heat fluxes and surface
temperatures, shedding light on trends and praodigesnight be found in typical coal-fired
boilers. Accurate characterization of the thermpedperties of ash deposits is quite
complex due to the strong and coupled dependenai¢isermal and physical properties.
Robinson et al. have presented cases for the iarpmet of in-situ examination to
determine accurate deposit properties under opgrabiler conditions [11]. Ash
deposit morphology, in particular, is very compbmd strongly influences the effective
thermal conductivity. Morphologic behavior itseis highly dependant upon
thermodynamic, hydrodynamic, and geometric conaiéio As a result, ex-situ samples

exhibit subtle yet influential differences from tha-situ counterparts [9]. Researchers
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at Sandia National Laboratories have successfuigsured in-situ thermal conductivity
for a handful of coal and biomass blends in oxiizconditions [9, 11]. However, in-
situ experiments are relatively few. Additionalllgere is very little experimental data for
deposits formed and measured in-situ under redumanglitions. A better fundamental
understanding of thermal conductivity will resuibin further studies of in-situ deposits.
This work contributes an experimental approachhtaio in-situ measurements, and it
presents the results of effective thermal condugtifor ash deposits obtained under

oxidizing and reducing conditions for three diffetré/pes of coal.
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3 Modeling the Thermal Transport through a Growing Ash
Deposit

A model was developed in a parallel effort with gv@nary focus of this work,
the experimental measurement of effective thermoaldactivity of ash deposits. This
chapter presents a simplified model for the thertnahsport through a growing ash
deposit on a boiler wall. The model utilizes a tiatdgime ash structure to better capture
changes in the ash morphological and thermal ptieger It is developed as a User
Defined Function, compatible with FLUENT, to aid #he prediction of surface
temperature and heat flux profiles typical of chiaded boilers.

A simplified one-dimensional conduction model hasem developed to
characterize the heat transport through a growsigdeposit (conjugate heat transfer is
neglected in the model). The model may aid in diesign of power plants and in
understanding how ash deposits influence the dvératmal transport. The thermal
transport from the fireball to an array of closejyaced water tubes was modeled by one-
dimensional heat transfer through a composite thermesistance. This thermal
resistance path consisted of conduction throughtube wall and layers of ash, and it
included convective and radiative transport ata$ie deposit surface.

Figure 3-1 illustrates an array of tubes positioctasely to one another. This

configuration, common in coal-fired power plants, dalled a tube “bank” and its

17



geometry is such that it may be modeled effectivaedya wall or flat surface. This
approximation was made by considering that thedutzelii are much smaller than their
lengths and their collective width. Therefore, theansfer to this surface was considered

one-dimensional in this model.

tube bank
along the wall jig

Figure 3-1. Tube Banks with Ash Deposits Inside addler; Pictured from the Bottom Looking Up
along the Wall. Photo by Lars Fenger [2]

An initially clean surface will collect ash and lbete increasingly thermally insulated.
The model considered the ash build-up and predidtexl temporal behavior of
temperature and total heat flux. Deposits on heatsfer surfaces begin with very
porous layers of loosely-bound particulate materids the deposits grow, the layers of
ash nearest the deposit surface will increasempéeature and begin to sinter. While
sintering can increase thermal conductivity locatlhe net thermal resistance through the

growing ash deposits will generally increase. Hé tdeposits continue to grow, the
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deposit surface can eventually reach an effectiedtimg point of the ash constituents,
and a molten slag layer will form [7]. Further dsftion and thickening of the molten
slag layer can insulate deeper levels of molteg, glausing these deeper slag layers to re-
solidify. In this model, the gradation of depasibrphology (and consequently thermal
properties) was approximated by dividing the depasio four primary “regimes”
particulate, sintered, solidified slag, and mokéag. Figure 3-2 illustrates these regimes

schematically.

\\
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Twall Teirt Y mass flux
\‘ /‘//
\
\
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particulate sintered solidified | slag >
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layer “ i —
I
T Deposit growt - lmslag

Figure 3-2. Ash Deposit 4-Layer Model

The transition between regimes in the model wasneddf by an effective
temperature at each regime boundary (i.e. effectismtering” and “slagging”
temperatures). Ash in each regime was charactebyeaveraged properties typical of
that layer. Values for these properties, includiubgnsity, emittance, and thermal
conductivity, were obtained from the literature agbplied as inputs; they were treated
as constants throughout each regime. The modelresgother inputs and assumptions

including a specified wall (tube bank) temperat@especified uniform mass deposition
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rate for each regime, and specified boundary teatpess of the surrounding domain (i.e.
the top, bottom, and center of the boiler). Alltbé required inputs are given in Table

A-1 in Appendix A.

3.1 Analysis of Ash Deposit Thermal Transport

Consider an ash deposit growing on the verticad-gidll of a boiler as illustrated
in Figure 3-2 and described previously. The theda)Axi(y), of the ash layer that forms
in a time stepAt, is determined by the local mass flux reachingsiwgace and the ash

deposit density:

m'G(At
AXi(y) :# (3-1)

a

Pa is the ash deposit densitg is the captured mass fraction, amd is the local
deposition mass flux. At any instant the totaltHea through a growing ash deposit is
governed by both radiation and convection on thebside of the ash deposit surface
and by conduction through the deposit to the wdlhe ash will exhibit variations in
morphology throughout the entire deposit. Therttarconductivity, which is strongly
dependent upon morphology and temperature, wiltuim exhibit spatial variations.
Assuming a quasi-steady thermal transport and otgée conjugate heat transfer (i.e.
heat conduction in the transverse direction) thd-m@mal heat flux through the ash

layer may be expressed by Eqg. (3-2).
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CY) =t (T, =T (y)= T

v AT, _
R..(Y) ~ AX,(y) (3-2)

RL (y) = ZAXi (y)/k, is the total thermal resistance to heat transfehe x-direction,

and Ax, AT;, andk are the respective thickness, temperature diféerescross, and
thermal conductivity of th&" layer of the ash deposit. Summation of the reststs of
each layer, over the entire thickness of the agiosle yields the local total thermal
resistance. In the present model the thermal adinvily, k;, is assumed to be constant

for eachAx; layer. T, is the temperature of the vertical wall, ahg{(y) is the surface

temperature of the deposit. The heat flux to teh deposit surface consists of a

convective portion and a radiative portion:
s = Oconv * Orad (3-3)

This flux depends upon the combustion and local fbbharacteristics. Provided
that a wall temperature is specified, the heat #Budetermined by FLUENT’s solution to
the Energy Equation. The total surface-normal Reatderived from FLUENT,q. , and

the conductive heat flux described by Eq. (3-2) inngésequal, under the assumption of a

quasi-steady state condition with negligible coafiegheat conduction.

3.2 Analysis of Steady-State Slagging

An ash deposit grows due to entrained ash adhéoitige wall. A constant and
spatially uniform ash mass fluxit', will produce a deposit thickness which increases
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linearly with time, as expressed by Eq. (3-1). sTimodel is valid for an ash deposit in
the solid phase. However, under slagging condtienmolten surface layer will form
and flow due to gravity as illustrated in Figuré&3and the layer will eventually reach a

steady-state.

I

R

ash

wall

Figure 3-3. Ash Deposit Mass Balance Control Volume

Due to the high viscosity and low velocities of tlag, the Reynolds number is small
and the flow is in the creeping regime. Consedyethie nonlinear convective terms
from the differential equations of motion exert lgigle influence. Further, for steady-
state conditions the unsteady terms may be nedlecténder these conditions tlye

component (direction parallel to the wall) of thevier-Stokes equations reduces to:

Of ) -
6X :uax pslg (3-4)
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u is the local slag velocity in thg-direction, p, is the slag density, and is the

gravitational constant. The average viscosityhef slag layery, was determined using
an Urbain viscosity model, where the viscosity wasluated at the average slag

temperature [20].

(bmo?)

y=aTe "/ (35)

The constanta andb are determined from the chemical composition efdbal.
Assuming, at any y-location, that the slag visgoaitd density are constant at the

average slag temperature, Eq. (3-4) can be inegjtatice to obtain

_pPe9(_1
u= A'I (—EXZ + Xls(y)j (3-6)

wherel4y) is the height-dependeng-direction) steady-state thickness of the slagrlaye
Assuming that all further deposited ash on a mottkag layer will also melt, a mass
balance requires that the total ash deposited ®sl#yging layer be balanced by the total
mass flow of slag downward. For a constant dejwositate over the control volume

region of interest (see Figure 3-3), this balaneg tre expressed by Eq. (3-7).

Is(y)
j pyudx=m"y (3-7)
0
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Upon substitution of the parabolic velocity distiiion (Eq. (3-6)) into equation (3-7) and

integrating, the height-dependent steady-stat&iless of the slag may be expressed as

(3-8)

3,um"y\]/3
-0)= L(ps.) gJ

Substitutingls(y) from Eg. (3-8) into Eq. (3-6) and then evaluattg. (3-6) atx = I«(y)

(at the surface) yields the maximum slag velocgyadunction o, 4, oy, andm” :

(3m" y 2/3
3-9
2o )" &9
Also, the average slag velocity may be expressedfidgoy3-10).
(3m"y)2/3
u= 3-10
3(up./g)” (340

These equations allow a steady-state molten slekniiss to be determined as a function
of temperature and vertical position. The modetsuthis slag thickness profile to
calculate the time-of-formation and temperaturérithstion of the molten and solidified

slag layers.
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3.3 Thermal Transport UDF Development and Implementation

A commercial CFD program (FLUENT) was used to masimplified scenario
exhibiting an ash layer with slagging, where higbathtransfer rates are achieved
primarily through radiation. The thermal transpoxidel was embodied as a UDF which
can be “hooked” to FLUENT. The Thermal TranspoBFRJwas written to model the
effects of a developing ash deposit on a surfacevall. A properly compiled and

integrated UDF may be called and run within FLUESBI®ivn solver.

3.3.1 Overview of the Thermal Transport UDF

Within the computational model, the ash layers dbdirectly exist in FLUENT.
Rather, they exist in the Thermal Transport UDF,iclwhconveys their cumulative
thermal effects to FLUENT via surface temperataferiation. The Thermal Transport
UDF solves the steady-state thermal transport tirdayers of ash. The model adds
layers to simulate the growth of an ash deposihwitne. Using the ash surface
temperature as a boundary condition, FLUENT iterdteough its own steady-state
energy solver at each time step and returns aisolt the net heat flux to the same
boundary. The heat flux calculated by FLUENT iertlpassed back to the UDF and used
to calculate a surface temperature of the devedpagh deposit (Eqg. (3-2)). This newly-
calculated surface temperature is compared to uhiace temperature provided as an
input to FLUENT, and if needed, the surface temjoeeais updated and again passed to
FLUENT as a boundary condition for successive fiens. In this way, by the exchange

of surface temperature and net heat flux, the Thefmansport UDF and FLUENT are
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coupled. Figure 3-4 diagrams the overall flow oformation and the coupling of

FLUENT and the Thermal Transport UDF required ttaoba solution.

FLUENT
Toal (iteration)
T
surface Thermal Transport

o) UDF
g |
'
E g steady state solution to
n "
+— q Tsurface and q
Li Thin layer added '

Ax

Figure 3-4. Schematic lllustration of the Numericallteration of the Thermal Transport
Model with FLUENT

3.3.2 Operation of the Thermal Transport UDF

Before the Thermal Transport UDF begins, requiraduis must be made
available in FLUENT. This is done by executingeparate UDF which reads the input
constants from a text file and then stores themser-defined memory within FLUENT.
These constants include the emittance, density, edfedtive thermal conductivity for
each of the four ash deposit regimes (see Tableil\-Appendix A). The Thermal
Transport UDF begins by first computing the heakdls and deposit thicknesses at the
particulate/sintered regime transition and at theesed/slag regime transition. To
accomplish this, the Thermal Transport UDF sim@ate complete particulate layer
which has just reached the sintering transitiompoilhe effective sintering temperature

is assigned to the boundary. FLUENT uses the bayngmperature to compute a total
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heat flux, based on solution to the Energy Equatidrhis heat flux is the heat flux
through the entire particulate regime, and it ieduso compute the thickness of the
deposit at this point (when a complete particullatger exists) by Eq. (3-2). This
thickness represents the maximum particulate ltyekness. Similar steps are followed
using the transition temperature, from a sintersu deposit to a slagging ash deposit, to
determine the maximum thickness of the sinterethmeg The Thermal Transport UDF
assigns the effective slagging temperature to tbhendlary, simulating complete
particulate and sintered layers of ash. A solutmthe heat flux through the complete
particulate and sintered ash layers is obtaineddiytion to the Energy Equation in
FLUENT. The heat flux through and temperatureeléhce across the layers are used to
compute their cumulative thickness by using Eq2).3-The time required to form the
particulate and sintered layers is subsequentlypcoed from their thicknesses by using
Eqg. (3-1) and an input mass deposition flux raite,

Next, the steady-state slag surface temperaturetlamdcheat flux for a fully
developed molten slag layer (on top of particukatd sintered layers) are computed by
iteration. While the particulate and sintered fayare considered static, the slag layer is
molten and will run down a vertical or inclined mary. Consequently a mass balance
must be used in addition to an energy balance deroto determine the surface
temperature and heat flux. A surface temperat@ite slag layer is initially guessed,
and a heat flux will be returned by FLUENT. Usiagnodified Urbain viscosity model
(Eq. (3-5)) an average viscosity for the slag lajgrcalculated using the average
temperature of the slag layer. A mass balancelmeaysed to yield the layer’s thickness,

by Eq.(3-8), and the slag surface temperatureas tlecalculated. Comparison of the
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previously input and recalculated surface tempeesatwrives successive iterations to
convergence. The result is a known surface tenyserand a known net heat flux (both
functions of vertical position) of the steady-stakeg layer. At this point the full deposit
is characterized piece-wise, with known regime di@on temperatures and known heat
fluxes and thicknesses of complete particulateesd, and molten slag regimes, with
the exception of the solidified slag layer.

After determining the heat flux, surface tempemtuahickness, and elapsed time
for the regime transition points and the steadiestéagging layer, the Thermal Transport
UDF starts with a clean wall (boundary) and alloavs ash deposit to develop. The
Thermal Transport UDF monitors and records the aserftemperature, heat flux,
thickness, and elapsed time data as the depostapss To grow the deposit and obtain
this data within the regimes themselves, small steps are specified and corresponding
layers of ash are deposited, as described by Ed). (3Individual layers of ash are
considered “thin”, meaning that the thermal massaifh added layer is negligible. An
analysis of the Fourier number shows a rate ofmtétransport much greater than the
rate of energy storage for layers of ash addedhenmiodel. Therefore, the solution to
energy transport by steady-state analysis is apjptepin the model. The steady-state
heat transfer is solved for each added layer bynaggsuming a surface temperature and
iterating on Eq. (3-2), with FLUENT’s solver. Dng the iteration process, the surface
temperature is recalculated and compared to th@dmture of the previous iteration.
Adjustments are made to the surface temperaturesuocessive iterations until

convergence is reached, and then another layeslbisaadded to the deposit and the
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process repeated. In this manner, the Thermalspaah UDF “marches” through time
and data is recorded, upon convergence in surépdrature, for each layer.

The process of adding layers (time steps) and #swdving for the steady-state
conditions continues until the surface reachesstagging temperature, when transition
to the molten slag regime occurs. For simplifieatof the required calculations, the slag
layer is computed similar to the particulate anmdesed layers in that the molten slag is
treated as a rigid layer; accumulating ash remsiasonary in the “molten” slag layer
although it is given the thermal properties of raoltslag. The slag layer grows
uniformly until it reaches a steady-state thicknésscribed by Eq. (3-8).

Importantly, the addition of slag can further iregel the previously deposited
layers of ash beneath it, including previous moktay layers, and some of this molten
slag will cool below the effective slagging tempara and solidify. In the model, when
the deposit surface transitions to molten slag, Hudidified slag layer grows
simultaneously with the molten slag layer. Upowating one time step, all of the
added mass is modeled as a molten slag layer.titteran Eq. (3-2) results in a
converged solution to the surface temperature aaad thux for the added molten slag
layer.

The extent of the frozen slag layer is then deteechi First, all of the mass added
in a time step is considered molten slag, accordingqg. (3-1). Assuming that the
density of the solidified slag and molten slag layes equal, a mass (per unit area)

balance was written as
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m" = psolidtsolid + pslagtslag (3-11)

where p andt are the density and thickness of the respectigenes. The thickness of

the solidified slag layer was then computed by g12) which utilizes the solidified

slag thickness known from the previous time step.

t = m" + psolidtsolid
slag ,0 (3'12)
slag

The newly deposited molten slag layer will insulatane of the deeper layers of the
molten slag regime, resulting in unknown thicknessethe solidified slag and molten

slag regimes for the current time step. The daddislag regime thickness can also be
determined by equating the heat flux through tlg shyer and the heat flux through the

composite sintered, solidified slag, and moltely gers:

1

(T, )= (T, = Tan)
e

slag Lol + Lint (3-13)

slag solid sint

Solving Eqg. (3-13) fortgag yields the solidified slag regime thickness innmsrof the
temperature difference across the sintered regihee thickness and effective thermal
conductivity of the sintered regime, and the h&at through the deposit for the current

time step:
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Tsla _Tsin tsin
tsolid = ksolid( gq" - - Kk : j (3-14)
sint

The heat flux for the current time step, in Eq.1@3; is obtained from FLUENT’s
solution to the Energy Equation, which in turn ismputed from a deposit surface
temperature. The molten slag regime thickness abadpusing Eq. (3-12) is used with

the heat flux obtained by FLUENT to re-calculate tfeposit surface temperature:

q"t slag

T =

S

+ Tslag (3-15)

slag

The new deposit surface temperature obtained byE@5) is passed to FLUENT and
an updated heat flux computed. The updated heatislused in Eq. (3-14) to compute
an updated solidified slag regime thicknessi. The updated solidified slag regime
thickness is then inserted into Eq. (3-12) to obtan updated molten slag regime
thickness. Iterations on EQs.(3-12), (3-14), a&dj) continue until a converged molten
slag regime thickness is obtained. This convergetten slag regime thickness will be
smaller than the molten slag regime thickness @fpifevious time step plus the thickness
of the molten slag layer added for the current tgtep. The difference between the two
thicknesses is equivalent to the solidified slagetahickness added for the current time
step. This additional thickness of the solidifiskhg layer is added to the existing
solidified slag layer regime thickness. A resulttbe simultaneous growth of the
solidified slag and molten slag regimes is that pigsical location of the interface

between the slag regimes moves. The process ahgddolten slag layers and
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determining the thickness of the frozen slag lay@rtinues until the molten slag layer
reaches the full steady-state thickness deternpnedously in the UDF (see Eg. (3-8)).
When the steady-state slag layer thickness is eshdhe ash deposit is considered fully
developed and the model is complete. Final resultswritten to a file. Details of how
to execute the Thermal Transport UDF in FLUENT, arendetailed flow chart of the

UDF, and the source code are provided in Appendix C

3.4 Assumptions and Limitations of the Thermal Transpot UDF

In the development of the ash deposit, it is assuthat the particulate and
sintered portions of the deposit are rigid and thrate formed, a layer will not change
morphological state (regime) except in the cassatitlifying slag layers. Also, the ash
deposit is not created directly in FLUENT; it esiginly in the Thermal Transport UDF.
This means that the ash deposit cannot influenedakv characteristics in the domain in
FLUENT. Among the required inputs for the Therriahnsport UDF are known (and
constant) deposition rates for each of the regimidee UDF uses these values to initially
compute the steady-state regime layer thicknessiEsebgrowing the ash deposit. This
was done to facilitate the ease of convergencaefhieat flux and thickness for each
regime transition. This requirement, of known d&pon rates, could be problematic if
the UDF is coupled to a model of the depositior.rathe Thermal Transport UDF could
be modified to compute the regime transitions asd#posit grows, thus eliminating this
particular limitation.

Several important conditions are required in emipigythe Thermal Transport

UDF. The operator may exercise the Thermal Tramsp®F on any straight one-
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dimensional boundary; the UDF will not function cmrved surfaces or on two or three-
dimensional surfaces. The boundary may lie in@mntation within the x-y plane. The
boundary must also be stationary.

It is important to note that in many real-world easa slagging deposit is not
reached. The Thermal Transport UDF is designetbtdinue iterating until stead-state
slagging condition exists. Early termination oé throgram may be required when no
slag layer is desired. In cases where slaggimgpiswanted, other conditions, such as
deposit thickness or surface temperature, may beitared to determine how long the

UDF is allowed to run.

3.5 lllustration of the Thermal Transport UDF

A simple scenario was created to exercise the Talefmansport UDF and to
illustrate its functionality. A rectangular domaivas considered which represents the
radiant boiler portion of a gasifier. Figure 3ikustrates the geometry and boundary
conditions of the scenario considered. The dont@undaries were set to fixed
temperatures, with the centerline boundary exmbita linearly varying temperature
distribution [Tcenteriine= 7.9y + 1700) (Kelvin), approximating a large firebatiusce near
the bottom of the gasifier. A quad mesh (3200sc#@dtal) was constructed over the

domain with greater refinement near the wall boupedhereon the UDF operates.
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Figure 3-5. The Domain for the lllustrative Scenard in FLUENT

For this simple case, the domain is consideredsqgaig (convection is turned off), and
heat transfer to the deposit occurs dominantly dgiation. Consequently, only the
energy equation is solved in FLUENT. The gas & domain is set to be air. Other
inputs to the UDF are supplied by a text file anel lssted in Table A-1. Details of how
to execute the Thermal Transport UDF in FLUENT diseussed in Appendix C.

The UDF successfully produced spatial and temppreafiles for the deposit
surface temperature and deposit thickness on thideinwall of a gasifier. Data were
generated for the deposit thickness, temperature, reet heat flux. The ash surface
temperature distribution along the wall, at foustances in time, is shown in Figure 3-6

as a function of vertical position
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Figure 3-6. Ash Surface Temperature Profiles at=70s, 1210 s, 6010 s, and at steady-state

As expected, the ash surface temperature increaseagnitude with time. At steady
state, significant thermal resistance is evidehge maximum surface temperature
increasing approximately 1220 K from the clean waldition. Local temperatures are a
maximum nearer the simulated “fireball” (locatedtire bottom fourth of the domain)
within the boiler. This maximum temperature igktly above the bottom of the domain
(abouty = 31 m) due to the imposed cooler wall temperatdithe bottom boundary &
40 m). Also, the temperature variation along tredl Wwecomes more pronounced with
time (and deposit thickness).
Spatially resolved heat flux profiles, correspomyio the same times illustrated in
Figure 3-6, are shown in Figure 3-7. The peak Haatmagnitudes decrease with time,

from nominally 700 kW/m, and eventually reach steady-state values of ard@50
KW/m?.

This behavior is in good accordance with theperature profiles shown in
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Figure 3-6. The total radiative transport changgstive to the difference between the
radiation source and surface temperatures. Addpesit grows, the surface temperature
increases and the net heat flux through the depesiteases. The large decrease in the
maximum heat flux (about 450 kWnillustrates the highly insulating properties bét

ash. Maximum heat fluxes are also observed toraoear the bottom of the wall, closer

to the fireball.
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Figure 3-7. Wall Heat Flux Profiles att=70s, 210 s, 6010 s, and at Steady State

Figure 3-8 shows the deposit surface temperatutesarface heat flux plotted as
functions of elapsed time, at the positign= 31 m. This vertical location is
approximately whereq” is a maximum along the wall throughout the depgsiwth.
Note the different regimes indicated. At an elapsene of about 550 seconds, the

depositing ash layer transitions to a sinteredcstre. The deposit continues to develop
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until the effective slagging temperature (1600 K)réached at 7100 seconds or after
approximately two hours. A steady state slaggirmpddion was reached after
approximately 8.5 hours. It can be seen that thitase temperature rises very rapidly
with the formation of the particulate and sinteredime layers. Most of the temperature
increase and the heat flux decrease occur while dineloping deposit is in the
particulate and sintered regimes. This is duéécsmaller effective thermal conductivity

of these layers.

LT N it
\ PP
600 | L — 1600
\ .
\’
500 — /
A -- Ty (y=31m) — 1400
/N = - a(y=31m)
- 400+ N
S ! h N 1200 g
s " \ /%
o 300 | S . <
. ~ -
! T~ < L
200 | -~ ____ 1000
<®—particulate regime
100 ‘ ‘ ' 800
sintered regime frozen/molten slag regime
ol | | | | | |
5 10 15 20 25 30x10°
time (sec)

Figure 3-8. Heat Flux (left axis) and Ash Surface @mperature (right axis) as a Function of Time,
at Positiony = 31 m.

Figure 3-9 shows the total ash deposit thicknesg @me of 8400 seconds,
plotted versus vertical position. Note that theizemtal axis represents vertical position,

with y = 0 corresponding to the top of the boiler (seguf@ 3-5). Specific thicknesses
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(L) are shown for the particulate layer, the sintdeser, the solidified slag layer, and

finally the molten slag layer.
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Figure 3-9. As Regime Layers and Thicknesses at 846 vs. Vertical Wall Position

At this time, slag is only present over the loweird of the wall. In the area where
slagging exists, the deposit surface temperatue ihereased beyond the slagging
temperature, while accumulating ash is still forghansintered deposit farther up the wall
(y < 20 m). This behavior is consistent with theiaton in the fireball temperatures
imposed at the centerline, as illustrated in Fig+fe

Figure 3-10 illustrates the thickness of a fullweleped ash deposit when the
entire surface has reached a steady-state slagnéisis. For this scenario, the total

deposit thickness ranges from 12 mmy(atl m) to 20 mm (af = 12 m) thick.
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Figure 3-10. Ash Regime Layers and Thicknesses ate8dy-State Conditions vs. Vertical Position

Large variations in the size of the sintered lagser evident, with the sintered layer near
the bottom of the wall being nearly twice the stfethe layer near the top. At steady
state, the solidified slag layer (a&= 30 m) has increased significantly from its poes
thickness, at 8400 seconds (shown in Figure 3-9his increase is due to the
simultaneous growth of both the slag and solidifstalg layers. At steady state the
solidified slag layer makes up a majority of theat along the wall. The slag layer
grows consistently thicker with position down thalwaccording to the steady-state
solution. (Eqg. (3-8)). However the solidified sléyer grows proportionately more
rapidly from the top to positioy = 14 m. This behavior results from the increasing
thermal resistance due to the slag layer and thaspariations in energy transport from

the fireball source.
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3.6 Summary

A model describing the thermal transport througlyrawing ash deposit was
developed and implemented in a user defined functiothin FLUENT. Variations in
deposit morphology and thermal properties were read®dy approximating the ash
deposit using four regimes. By accepting inputs deposit properties (based upon
regime), the Thermal Transport UDF iterated in falravith FLUENT’s steady-state
energy solver and computed the surface temperatugienet heat flux for successive
layers of ash. Boundary conditions were chosenetmahstrate the model’s ability to
produce transient results for a fully developed @sposit with slag. Deposit thickness,
surface temperature, and heat flux were calculate spatially along the boiler wall and
temporally. The deposit was shown to grow to adyestate thickness of 15 mm to 20
mm. The deposit layer produced a 70% reductiothénheat flux at steady-state (from
that att = 70 s), with approximately 50% of the reducti@twarring within the formation
of the particulate and sintered layers. A significancrease in surface temperatures, to

above 1700 K, accompanied the decrease in thesagflhx.
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4 Experimental Method

To gain a better understanding of the behaviorffeiceéve thermal conductivity,
ash deposits from three different coals were ctdibcand measurements made to
determine the effective thermal conductivity. Bhtaining in-situ measurements, the
thermal conductivity was determined for particulaeh deposits formed under both
oxidizing and reducing conditions, for three coalkable 4-1 shows a summary of the

equivalence ratios for each of the coals and cmmdittested.

Table 4-1. Summary of Stoichiometry Equivalence Réos
for the Experiments of Three Coals

coal oxidizing reducing
IL #6 Patiki 0.92 n/a
IL #6 Crown llI 0.73 2.33
WY Corederro 0.71 3.10

4.1 Experimental Equipment

Experimental work was primarily conducted using ipment and resources
housed in building B-41, on campus at Brigham YouWhgiversity in Provo, UT.
Experiments were carried out using a multi-fuectea(MFR). This reactor is designed
as a down-fired drop tube and can accept a vaokftyels which can be fed into it at
different axial locations. The reactor tube is maaf silicon carbide ceramic and
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measures six inches in diameter (inside) by 14 ifeé&ngth. The tube is composed of
seven sections, each 24 inches in length, and tedehsection is supported by two Y-
inch-thick plates also made of silicon carbide oeca The plates are in turn held in
place by an octagonal steel frame. The octagdeal §ames of all of the sections are
supported by a large central steel I-beam. Evetdged around each section are four
electrical heating elements (Micropyretics Inteioadl resistance heaters). The heating
elements are enclosed by 3 inches of stiff insuhatarranged in an octagonal form along
the steel supporting frame. The tube section, supplates, octagonal steel frame,
heating elements, and insulation enclosure makeng section (or module) of the

reactor, as shown in Figure 4-1.

side port
octagonal steel
frame
heater elemen
layers of
insulation

reactor tube

ceramic plates

Figure 4-1. View of the Inside of a Reactor Module
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Coal was injected vertically at an axial locationcboice in the drop tube. The coal
mixed with an additional air stream and combustamturred inside the tube. All
combustion products and gasses were exhausteddvya the exit of the reactor. The
thermal conductivity experimental set-up, at thecter exit, is pictured in Figure 4-2. A
12-inch gap exists between the reactor exit andiaust fan intake (at the level of the
optical table). The reactor exit is open to tHedad this gap allows access to the reactor

exhaust flow.

module g : . slip ring
exterior g
cooling-air
profilomete supply
volume
reactor ex flow meter
d . steppr motol
eposit
probe

exhaust fan
inlet

e

exhaust e
“shield”

thermocouple
bundle

Figure 4-2. View of the Experimental Set-up at thé&keactor Exit

A cylindrical “shield” of aluminum was used to appriately direct the exhaust fan
intake and ensure that reactor exhaust producte vegnoved from the lab. There is
approximately a 3-inch gap between the top of thmdrical exhaust shield and the exit

of the reactor to allow optical access to the dijjoosprobe.
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The four heating elements of each section, usedntrol the wall temperature of
each tube section, are jointly controlled by a @iwtox control unit. Each of the reactor
sections’ seven control units is in an electri@aiteol panel in the lab. Each section may
be independently heated, the temperature beingalleut by a percentage of signal or
“power” to the heaters, or a temperature set-paméred using the section’s control unit.
Each heating element has two electrical leads, eanohected to a large braided wire.
This braided wire then junctions with 00 gage iagedl compound copper wire. The
junction between each braided wire and the coppez was made by an aluminum
connector (see Figure 4-3). Each reactor sectiqgmowered by a transformer, supplied

by a 400 VAC source.

heating
element leads

copper wire

braided wire

Figure 4-3. Detail of Heating Element Wiring

Additional support equipment includes a Horriba elddG-250 gas analyzer, an

Omega FMA 5544 gas mass flow meter, and a Compunstépper motor, used to
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control rotation of the ash deposition probe. Alswo desktop computers with DAQ
equipment (National Instruments) and LabVIEW vers&?2.1 software were used for

data acquisition.

4.2 Fuel Feed System

Pulverized coal was entrained in an air streamthed injected into the reactor.
A fuel feed system was employed to control the tevhich coal was fed into the
reactor. This system is an Acrison loss-in-weigbhtrolled feeder, consisting of a
hopper and a motor-driven auger, mounted on top sfale. The hopper feeds coal by
an auger, and the scale provides feedback to a coasl unit. The hopper itself was
pressurized by the entrainment-air supply. Care taken to equalize pressures seen on
either side of the auger to avoid irregular baclougischarge of coal. Figure 4-4 shows
the configuration of the coal feed hopper systef@oal dispensed by the auger was
immediately entrained into an air stream flowingtpthe end of the auger feed. This
entrainment set up is shown in detail in Figure 4&ampressed air flowed past the auger
exit, entrained the dispensed pulverized coal, @minued to the fuel lance which was
placed through one of the several side ports irr¢haetor tube wall. The fuel lance was
designed to inject the air-coal mixture verticallgpwnward. This reduced the overall
turbulence and consequent impaction of coal albeg¢actor walls. The desired effect
was to reduce the collection of ash on the walty #merefore, increase the ash flux at the

reactor exit.
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Figure 4-4. Fuel Feed System
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Figure 4-5. Detail of the Auger and Entrainment-Air Box for the Fuel Feed System
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It is important to note that the current fuel feydtem is the result of much work
and experimentation as some major challenges wanéanted. The basic difficulty
encountered with feeding coal into the reactor wasbtaining a steady and consistent
flow of fuel. It was found that some positive mee will exist inside the reactor, and
this pressure fluctuated rapidly with variationst@mperatures and in fuel and air feed
rates. These fluctuations were readily seen ugistref the fuel lance where coal was
entrained, and they adversely affected the coabrflaw rates. It proved challenging to
maintain the coal sufficiently entrained in the atream while maintaining the
entrainment-air flow as low as possible, to redusdulence inside the reactor and
ensure the proper air-fuel ratio inside the reactéssues of clogging, sticking, and
adequate cooling (of the lance inside the reattad)to be addressed. In addition, due to
the nature of finely pulverized coal, problems wsticking and clumping had to be
solved at the interface of the auger exit and titeaenment-air supply. Adhesion of coal
to surfaces at the auger and entrainment-air exterllso caused adverse feedback to the
mass control system of the hopper. Several “opmmd “closed” (to atmospheric
pressure) systems were developed and tested. diitiyn a closed pressurized system,
including pressurization of the hopper, was fouadmork the best, and this was the
system utilized. Some adhesion of coal immediaiabide the interface box still
occurred and affected the mass feed rate conHolvever, these effects were relatively
minimal. For this work, coal was pulverized to $ad00% through a # 200 mesh

(nominally 75um) using a Mikro-Pulverizer 1SH 9600 max pulverizer
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4.3 Coal Combustion

The MFR is a laboratory-scale unit with a drop-tudesign. Compressed air
enters the reactor from the top and through theféesl lance. The fuel lance is inserted
in the upper part of the reactor, usually througle of the ports in the top one or two
sections of the reactor. Air and pulverized cadkethrough the lance and are injected
downward in the center of the reactor. The codl@nrapidly mix and burn in the upper
portions of the reactor and complete “burn-out’olstained before the particles exit
through the bottom. To produce reducing conditionthe reactor further downstream,
an additional lance may be inserted through a pole. Methane may be injected,
creating an overall rich stoichiometry. It wastiduhat sooting, produced by insufficient
oxygen and the addition of methane, could be elteith by premixing the methane with
a small amount of air. This process allowed sigfitadditional oxygen to react with the
carbon, producing carbon monoxide and reducingaredarbon bonding. When the
reactor is operating under reducing conditions|aané “sheet” will form at the exit,

where the exhaust gases and room air mix befoeziegtthe exhaust fan intake.

4.4 Instrumentation

In addition to the MFR, other equipment and insteamation hardware were
required to make in-situ measurements for detenginithe effective thermal
conductivity. An instrumented deposition probe wasstructed to collect ash deposits,
and other equipment was used to control and me&somgeratures, flow rates, pressures,

etc.
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4.4.1 Deposition Probe

A smooth drawn tube of high-carbon steel was usecbtlect the ash deposits.
The tube has an outside diameter of 19.05 mm (®)/and a wall thickness of 2.108
mm. It is 1.067 meters long and is mounted in @lasing two high-temperature self-
aligning pillow block bearings. Each bearing atiexto an adjustable mount which can
be secured to the optical bench that surroundsxthaust inlet. Figure 4-6 is a picture of

the assembled probe, mounted at the edge of tieablpénch.

ash on
probe ¥

deposition
probe

adjustable
support

Figure 4-6. Assembled Deposition Probe, Mounted iBearings on Adjustable Supports

4.4.2 Temperature Measurements

An array of K-type thermocouples provided numertamsperature measurements
required for both the operation of the MFR and ¢hkulation of thermal conductivity.
Each section of the reactor contained one K-typentlocouple, the value of each being

displayed on the main reactor control panel. Th#srmocouples measured the
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temperature of the air gap, between the centrahaoertube and the surrounding layers of
insulation, of each section (see Figure 4-1). Addally, each section was instrumented
with one thermocouple placed at the outer edg&@fsupporting silicon carbide plates.
The temperature of the plate edges was monitoredracorded in order to track the
temperature gradient across the plates. (The iadge temperature was assumed to be
approximately that of the air gap, as measuredbyttiermocouple in the air gap of each
section.) These temperature measurements weresaggean order to safely operate the
reactor. The temperature gradient across the stipg@lates had to be controlled to
ensure it did not exceed 200° C, thus avoiding damage due to excessive thermal
stresses.
The deposit probe was instrumented with eight tleouples, four on the inside

and four on the outside. All of the thermocouple=e placed in a 0.0762-meter-long
“test section,” located in the middle of the proldegure 4-7 shows a picture of the test

section in more detail.

~ thermocouples

, P embedded in
reactor exit L : ; : ,4_‘_ deposit probe

surface

profilometer
spot

| deposit probe test sectiorl—I

Figure 4-7. Test Section of Instrumented DepositioRrobe
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The four outside thermocouples were evenly spagediyaalong the outside surface of
the deposit probe at positiors= 0,x = L/3,x =L-2/3, andx = L. They were embedded
in grooves machined into the probe’s surface. Mouar(0.8-mm diameter) bands of wire
secured the thermocouples, one placed near eachdbeuple bead. These wire bands
did not affect the temperature measurements oftihkemocouples. In addition, the
thermocouples were placed tangentially at 90 deigteevals around the probe. This can
be seen clearly in Figure 4-8, which illustrates plositions of the thermocouples as they
would appear by looking down the axis of the testisn, from the upstream end of the

deposit probe.

Figure 4-8. Schematic of Thermocouple Positions ithhe Deposit Probe Test Section: View Looking
Down the Axis from the Upstream End of the Probe

This arrangement of the four outside probe thermples provided axial and radial
temperature distribution data along the probe. mHutal positions of the four internal
thermocouples are also detailed in Figure 4-8. tWoethermocouples placed at %2 of the
inner radius i = R/2) were located axially at the upstream and doreast ends of the
probe test section (one at= 0 and one ax = L). Likewise, the two thermocouples
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positioned at the axis of the prole= 0) were placed at the upstream and downstream
ends of the probe test section, to sample the deetd¢emperature of the cooling-air.
The inner thermocouples provided data on the cgdadin temperatures. The inside
cooling-air temperatures were used to determinadtad heat transfer through the probe

and ash deposit in the test section.

4.4.3 Additional Equipment

Surface temperature measurements of the ash deymsitobtained by analyzing
spectral data taken using a Fourier Transform tafta(FTIR) spectrometer. Also,
several pressure transducers were employed, irnucipn with thermocouples and
appropriate orifices, to obtain the flow rates atural gas and air. These transducers
were monitored by multiple data acquisition systems

The rotation of the deposit probe was controlledgis stepper motor connected
to a desktop computer. The motor was controlledh®y computer using commands
entered through a hyper-terminal connection.

A profilometer (Schmitt Measurement Systems, moAelity AR600) was
employed to measure the ash thickness on the dgposie surface. The profilometer
measures distance by emitting a laser beam andunegthe angle of reflection via a
detection array. By determining the changes inaihgle of reflection, the distance to a
surface may be measured. The profilometer was @strolled by commands entered
via a hyper-terminal connection. Data was fed bacthe hyper-terminal and recorded
as a simple text output file.

The flow of cooling-air through the deposition peolvas regulated by an

automatic mass flow controller. Equipped with gesoid valve, the Omega FMA5544
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mass flow controller has a local set point potangter which may be adjusted to provide

the desired mass flow.

4.5 Experimental Set Up

Located in the B41 Lab, an experimental set up designed to collect ash
deposits and make all the necessary measurementbtéan the effective thermal
conductivity in-situ. Pulverized coal was burnadhe reactor and the stoichiometry was
monitored and controlled by adjusting air, methamral coal mass flow rates. The use of
an auxiliary methane lance created a local fudl-region around the deposit probe when
reducing conditions were desired. The deposit @rojiated (%2 rpm) about its axis
beneath the exit of the reactor and above the etHaun inlet. Metered cooling-air
entered one end of the probe and exited the othdr eThe FTIR spectrometer,
thermocouples, and profilometer provided measurésnen probe temperatures, ash
deposit temperatures, cooling-air temperatures daposit thickness.

The deposit probe test section was positioned tapipeoximately in the center of
the reactor exit opening and about 1.5 cm bendeottom of the octagonal support
steel frame. Because the FTIR required precigmm@éent, its target spot on the deposit
probe was located using two intersecting visibketa. The deposit probe was finely
positioned, using the lasers to locate the desargkt point. On the opposite side of the

probe from the FTIR, the profilometer was used akenmeasurements.
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Figure 4-9. FTIR Aiming Laser and Target Spot on tle Deposit Probe with a Thin Ash Deposit

The profilometer was mounted on an adjustable igid stand, about 13 inches
from the probe. It was positioned with the measyiaser perpendicular to the probe
axis, and measurements were taken at the verticapaint of the probe (equator) and at
the same axial position as that of the target spahe FTIR spectrometer. The visible
laser spot in Figure 4-7 depicts the position that profilometer typically saw on the

deposit probe.

4.6 Experimental Procedure

Each experiment required about 14 to 18 hours nopbete. Consequently, all of
the experiments were performed on separate days.experiment began by carefully
warming up the MFR; then, coal was burned and theessary measurements were

taken. Afterward, the reactor had to be cooledrdow
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4.6.1 MFR Warm up and Preparation

The MFR was first heated electrically before bughooal and collecting ash. The
reactor wall (tube wall) of each section was hedtedpproximately 1100° C. It was
found that maintaining the walls at this tempemattacilitated good combustion and
burnout of the coal. However, the first, or topctoon of the reactor lost heat to the
surroundings considerably faster than the othetigex This loss caused it to warm up
slower; therefore, it was typically heated to ohB50° C before burning coal. Once coal
was burning, energy released from the coal continiaédheat the first section, which was
maintained at the same temperature as the othBorsec Due to the sensitivity of the
silicon carbide material to thermal shock, specate was exercised to control the
thermal gradients created by electrical heatinge fate of temperature change (heating
and cooling) of the tube walls was limited to a imaxm of 300° C per hour and was
monitored by noting the section wall temperatuiliepldyed by each section controller on
the control panel. Additionally, the temperatutearmge across the support plates was
monitored by thermocouples plugged into a DAQ swsteThe difference was not
allowed to exceed 200° C. Particular diligence wasded when initially heating the
tube walls so that they did not heat up too f&are was also required when heating the
walls to the upper extreme temperatures (around°100to 1100° C) to insure that the
temperature gradient across the plates did notrbedoo large. Proper heating of the
entire reactor required about five hours.

While the reactor heated up, several other taske wempleted in preparing to
burn coal. The exhaust filter was changed (typioahce per run), the coal hopper was

refilled, the probe cleaned off and positioned laéimehe reactor exit, and the various
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instruments turned on and positioned. The fuetdamas usually left installed in one of
the reactor ports. Air to the fuel lance was galherdeft on the entire time to keep it
cool, helping to extend its life. Before the MF&ached operating temperature, the air
supplies to both the fuel lance and to the tophef reactor (necessary for burning the
coal) were turned on and set at their approximperaiing flow rates for when coal was

burning.

4.6.2 Coal Combustion and Deposit Collection

To begin burning coal, the coal feed system wasetiron using the solid fuel
hopper controls. The feed rate was set, and ttantaneous readout of the coal mass
feed rate monitored. It was the nature of the éeadler to grossly over-shoot the target
feed rate when initially starting. This problenpigally only occurred for several
seconds; then, the actual feed rate adjustedrsatréipidly and then more slowly, to the
target feed rate. About five minutes was usuadiguired to reach a steady feed rate.
Changes were made to the feed set-point whileysters was running. The gas analyzer
was used to monitor the combustion products ang éxe$ure that the desired conditions
were met. For all of the experiments, completenbut of the pulverized coal was
desired. Experiments conducted previously on timadut of coals in the MFR were
performed by a fellow student in collaboration withis work. This investigation
examined fly ash collected at various axial loaadiovithin the MFR and provided
information about the appropriate ranges of tentpegaand about mass flow rates for air
and fuel required to achieve burnout [21]. Forcd¢beent study, burnout of the coal was
ensured by monitoring the oxygen and carbon momoledels measured at the reactor

exit by the gas analyzer. For experiments perfdromeer reducing conditions, the coal
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was fired in the same way as under oxidizing comwlé, using the gas analyzer to
monitor the stoichiometry. Then, by adding methaaducing conditions were obtained
around the ash deposit at the exit of the reactor.

Collecting ash on the deposit probe was straigiwdod when proper conditions
were created and maintained. Much time and efi@$ spent in determining which
conditions produced a more uniform and thicker dépa less time. Several variables
were directly modified to produce better qualitypdsits and provide better data: the
probe diameter and material, probe positioninggldhjeometry and positioning, exhaust
and reactant flow rates, and the way the coal wgsted and burned inside the reactor.
The deposit probe was constructed of high-carbeel,stvhich resisted corrosion and was
more easily machined than stainless steel. Itdetsrmined that smaller diameter probes
result in greater capture efficiencies (depositiate) [21]. A 19.05-mm (34-inch) outer
diameter tube was chosen as the smallest size vdhiklprovided enough space for
placing all of the thermocouples. The deposit pralas placed as close to the reactor
exit as possible. This minimized the effects of #itmospheric air entrained by the
exhaust fan on the probe and it minimized the teatpee difference observed across the
diameter of the probe, from top to bottom. Theaadt fan “shield” was made of a sheet
metal cylinder centered around the exhaust fart ame placed about eight centimeters
below the exit of the reactor (see Figure 4-2)soAto minimize the effects of entrained
atmospheric air, the speed of the exhaust fan veastained as low as possible. The fuel
lance was constructed of ¥-inch inside diametenlstss steel tubing. A stainless steel
diffuser was attached to the end, to direct theaan pulverized coal downward and

reduced the turbulence.
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Deposition rates on the probe were typically fro70mm to 0.2 mm per hour.
Consequently, a deposit of sufficient thicknessntake good measurements of thermal
conductivity (typically on the order of 1.0 mm) teed five to ten hours of burn time.
Because the hopper will hold only about eight kitags of coal, periodic interruptions to
the flow of coal had to be made in order to re¢fik hopper. Throughout each experiment
all aspects and conditions of the reactor werefgllyanonitored while collecting an ash

deposit.

4.6.3 Experimental Measurements

To make the measurements necessary for determthiageffective thermal
conductivity, coal was burned in the drop-tube t@aand ash collected on the deposit
probe. With the reactor at operating temperatine cleaned deposit probe was mounted
beneath the reactor exit and positioned using weevisible lasers. This was done to
determine where the FTIR spectrometer would be ivigithe probe. The second surface
thermocouple (from up stream, at axial locatkon L/3), on the probe was positioned at
the same location as the FTIR spectrometer tapget SCooling-air was turned on to the
probe and then, using the FITR spectrometer, skewatdration measurements were
taken of the clean deposit probe at various tenipess.  The coal feed was then turned
on and allowed to stabilize for about 5 minutegy additional measurements with the
FTIR spectrometer were taken. This process provitte calibration data needed for
making surface temperature measurements using datkected by the FTIR
spectrometer.

Next, the air and coal flow rates were adjusted atthieve the desired

stoichiometry and the stepper motor started. Thaposit probe temperatures were
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recorded from this point onward. Also the profileter was turned on. The exact start
times of the motor, deposit probe temperature teamnd profilometer record were noted
so that all three could be synchronized later atingrto time. Coal was burned and
temperature and profilometer data were recordedireavusly at sample rates of ¥4 Hz
and %2 Hz respectively. The stepper motor wascsgitate the probe continuously at ¥
rpm.

The surface temperature of the ash deposit wasnebtdrom low-resolution
scans made with the FTIR spectrometer. These dtaws a resolution of 32 wave
numbers and required about five seconds to compettails of the scans and how the
surface temperature was determined using the Fpéetometer are provided in “Ash
Deposit Surface Temperature” in the following sact{(4.7.1). The scans were taken at
selected times, usually about every 45 minutes.reMcurate measurements from the
FTIR spectrometer were made by turning off the ¢deatl and stopping the rotation of
the probe, thus preventing interference from hbtasd exhaust gasses with the spectral
measurements. Care was taken to stop the proleeactly the same position (with
respect tod) it had been in when calibrating the FTIR specetan This method
resulted in better spectral measurements by deogedlse noise and improving the
calibration accuracy. For measurements made umdleicing conditions, the coal was
necessarily left on and scans by the FTIR spectiemmweere made through a nitrogen-
purged “snorkel.” Figure 4-10 illustrates the exipental set up with the snorkel in use.
Exhaust gasses and ash were removed from the lopaitaof the FTIR spectrometer by
using this snorkel. It was placed a few millimstéiom the deposit probe surface and

extended (perpendicular to the probe) beyond thetoe exit into the atmospheric air.
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nitrogen

purge
reactor exit;
deposit probe adjustable
with ash stand
gas analyzer snorkel

Figure 4-10. Experimental Set-up with the SnorkelReducing Conditions

The time, the temperature of each reactor sectind,the measurements of the
cooling-air meter were recorded each time an Fp&someter scan was made. In this
way the surface temperatures later obtained coelldoborelated to the appropriate probe
temperatures and deposit thicknesses. While rgreninexperiment, the mass flow rates,
temperatures, coal feed rate, and exhaust fan wenaitored to ensure the desired
conditions were maintained and the equipment wastioning properly.

Upon completion of an experiment, the coal wasddroff. The data acquisition
system (for the probe temperatures) and profilometre stopped, again taking note of
the time for reference. However, the stepper metas left on so that the probe
continued to rotate until relatively cool (less tha00° C). The heating element
controllers were then turned down to begin coolihg reactor. Air flowing into the
reactor and through the probe and fuel lance wasieto help the reactor cool faster and

to keep the probe and lance temperatures down.nWieeMFR was sufficiently cooled,
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all of the air flows and the exhaust were turneld &ny equipment remaining on was

also turned off.

4.7 Data Analysis

A successful experimental run resulted in data inbth for these primary
measurements: surface temperature of the ash depothie probe at a single spot (one
temperature), temperatures of the cooling-air epstr and downstream of the deposit
probe test section (four temperatures, two=al and two at = R/2), the thickness of the
ash deposit, surface temperatures of the probe (aperatures, separated axially by
L/3 and tangentially by 90°), and the volume floveraf the cooling-air.

This section discusses how this raw data was psedes order to obtain an
effective thermal conductivity. Data from the FT#Rectrometer, the profilometer, and
the deposit probe, were analyzed to obtain valoethe heat flux, deposit thickness, and
temperature difference across the ash deposit. fmiatbhods for determining the effective

thermal conductivity from the in-situ data are greed.

4.7.1 Ash Deposit Surface Temperature

The surface temperature of the ash deposit wasilagdd from measurements
taken by the FTIR spectrometer. The surface teatper was determined by another
student working in collaboration on this projecThis section summarizes how the
surface temperature measurements were obtained.

Spectral measurements of the ash deposit surface wmade by the FTIR
spectrometer at selected sample times, usually tabeery 45 minutes during an

experiment. These spectra were recorded usingatedi software. In order to make
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accurate measurements with the FTIR spectrometgpgeeific response function had to
be determined for each experimental run. The anu# of the probe surface, coated
with a high-temperature black paint, was previowsyermined by measurements using
the FTIR spectrometer and also a black body souBxfore each run, a section of the
probe was cleaned and painted. The FTIR specteymes aimed to sample a point
very close to (but not directly on top of) one lbé tsurface thermocouples in the deposit
probe. Several spectra were then taken of theepadldifferent known temperatures
(from the thermocouple measurement), and theseurerasnts were used to create the
response function. The data obtained directly ftbenFTIR spectrometer was a spectral
signal. The signal had to be processed usingdlpgonse function to obtain a spectral
emissive power. The emissive power at several wanabers (more than 10) along a
“gray” band of the spectra were examined. Theses®we powers were ratioed to a
reference value. The emissive power at correspgnaiave numbers on a black body
curve (from Planck’s Function, based on a guessddce temperature) was also ratioed
to a corresponding reference value. A least-sguarethod was used to minimize (by
varying the temperature) the difference betweenstira of the ratios of the measured
emissive powers and the Planck’s Function emigsoxgers. The temperature resulting
in the least error was the surface temperaturé@fash deposit. By this procedure the
surface temperature was determined from measursmeade by the FTIR spectrometer.
Importantly, several preliminary experiments werenducted on how to
accurately obtain the probe surface temperatuna fspectral measurements. It was
determined that spectra obtained with ash and etlgasses present in the optical path

could not be adequately filtered. Additionallyetbxhaust products were found to add
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significant emission within many of the spectralnde measured by the FTIR

spectrometer, and these emission bands had tddmiwdly removed in order to obtain

an accurate temperature. Although the probe wasedrelatively slowly, measuring the
probe while it rotated resulted in more noisy antregeous spectra. It is believed that
some of this error resulted from the slight ecaeityr of the probe which caused the
probe’s surface to move in and out of “focus” witle FTIR spectrometer. Finally, much
better accuracy and consistency was obtained [@futlyr stopping the probe at the same

tangential point (with respect &) each time to make measurements.

4.7.2 Cooling-air Mass Flow Rate

Measurements from the volumetric flow meter wereiqoically recorded by
hand throughout each experimental run: the floweme&alue and the time were usually
noted at least every 40 to 60 minutes. The vol@lme rate was typically set to 320
standard liters per minute. Little fluctuation15 %) in the metered value was observed
over the course of each experimental run.

The volumetric flow meter measures the flow ofiaiunits of Standard Liters per
minute (SLM). The recorded flow rates were inputbidata processing software and
then converted to mass flow rates. The flow metes calibrated for nitrogen at
“standard” temperature and pressure of 21.1°C &ti325 kPa, respectively. The
cooling-air temperature was found to be nominal®C however, the atmospheric
pressure was an average of 85.5 kPa, and this ehbad to be accounted for. A
coefficient, C, for pressure correction was multiplied by the enetalue and was

obtained by a simple ratio of the calibration pueedo the actual pressure:
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P, 101325
cal — =1.185
P 855 (4-1)

act

C=

A corrected volumetric flow measurement (ActuaklLst per minute, ALM) was obtained

by Eq. (4-2).
ALM =C(SLM) (4-2)

Multiplying the ALM by the density of air (at 21°C and 85.5 kPa) aivitlshg by 1,000
(liters per cubic meter) and also by 60 (secondsyprute) yielded a mass flow rate in

(kgls), given by Eqg. (4-3):
{20 2
1000 \ 60 (43

4.7.3 Ash Deposit Thickness

Measurements made by the profilometer were recamedext file. Controls for
the profilometer were set to take a measuremeniydwe® seconds (Y2 Hz) continuously
throughout each experiment. With the deposit pnatating at a constant % rpm, this
sample rate resulted in 120 measurements peraojadr one for every 3 degrees of
rotation. Upon completion of an experimental rtme recorded data file from the
profilometer was imported into data processingvgafe. The noted start and stop times

of the recording of the profilometer were then usedorrelate each data point to a time.
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The data was then graphed and analyzed as a formaftibme. Figure 4-11 shows the
data recorded using the profilometer over a peoiotl>5 minutes and is representative of

the plots obtained for each experimental run.
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Figure 4-11. Profilometer Raw Data Plot for IL #6 Ratiki Coal (Distance to the Probe
Surface, L, is Shown vs. Time)

The data shown are the measured distance, in infrbes a zero-point to the surface of
the probe. Note the cyclic behavior of the dataus to the deposit probe tube being
slightly eccentric about its axis as it rotateshdrent imperfections in the tube and the
effects of thermal expansion, combined with thebpi® rotation, were believed to
contribute to the observed eccentricity. At sedddimes, when surface temperature was
obtained using the FTIR spectrometer, the data frimenprofilometer was analyzed to
determine the deposit thickness. The profilomelata was averaged over two full

revolutions (240 data points or eight minutes) irdrately prior to each surface
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temperature sample time. This averaging accommedtte cyclic behavior of the

rotating probe and any non-uniformity of the ashasit surface. For each experiment, a
“baseline” measurement was also determined, reptiagethe average distance from the
profilometer to the probe with no ash on it. Thmeasurement was accomplished by
averaging two full revolutions of the probe befooe,immediately after, the coal was

burned in the reactor. For the desired timesatlerage value of the profilometer data
was then subtracted from the established baseéhe\o yield the thickness of the ash

deposit.

4.7.4 Probe Surface Temperatures

Temperatures from the four surface thermocoupleshefdeposit probe were
recorded continuously throughout every experimer@bVIEW was used to record each
of the temperatures once every four seconds (Y4dlDne measurement every 6 degrees
of rotation. The temperatures were written to #t tle. Deposit probe surface
temperatures, recorded using LabVIEW for each exyartal run, were imported into
data processing software and correlated with tin@alculation of the effective thermal
conductivity of the ash deposit required measurésmehthe probe surface temperature
at the location of the FTIR spectrometer target.spo

For experiments with the IL #6 Crown Ill and WY @derro coals, this
temperature was obtained by stopping the rotatibnthe probe at the time of
measurement, with one of the probe thermocouplgsae to the target spot (the same
position used in calibration of the FTIR spectroenget This alignment allowed the probe
surface temperature at the desired location to éasored directly by the thermocouple.

For experiments of the IL #6 Patiki coal, the rimigtprobe was not stopped to perform
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measurements; therefore, the probe surface teroperat the FTIR spectrometer target
spot had to be calculated The probe surface teaatyperwas found as a function@énd

X, and then evaluated at the corresponding locatidhe FTIR spectrometer target spot.
This was accomplished using the data from severautes immediately before the

desired sample time had to be analyzed. Figur2 ghbws an interrogation period of 15
minutes. The four surface temperatures are idedtify their positions along the deposit

probe test section axix/[), where x is measured from the upstream starheftést

section.
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Figure 4-12. Representative Variation in Probe Sudce Temperature vs. Time for IL #6
Crown Il Coal.

The data, for eight minutes (two revolutions) poex to the time (14:46) a
measurement of the deposit surface was taken tt#ngTIR spectrometer, was analyzed

to obtain the necessary information to determiree distribution of the probe surface
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temperature. Because of the location of the theouples on the deposit probe, the four
surface temperatures have different phases. lardolcompare these temperatures to
each other and to the temperatures of the coolmgth of the recorded temperatures
were then correlated by tangential positi@n,This was done by shifting the data sets (in
time, with the thermocouple &t= 0 as a reference) so that the tangential positod the

four thermocouples on the deposit probe matchedpace. Figure 4-13 shows the
equivalent 15-minute interrogation window of thenfeeratures correlated by tangential

position,6.

—(x=0)
- - (x=L/3)
—-e-(x=L-213)

T(©)

0° 180° 0° 180°
theta

Figure 4-13. Representative Probe Surface Temperates vs. Tangential Positiong, for IL #6
Crown Il Coal.

Consequently, the temperatures no longer corregmbnwlith each other in time;
however, the shift in space was made to minimieediscrepancy of the temperatures in
time. The temporal offsets for the four thermodespositioned ax = 0,x = L/3,x =
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L(2/3) andx = L were 0 s, -60 s, -120 s, and -180 s respectivEhe average
temperature Tayg) Of each probe surface thermocouple, at a timetefest, was then
characterized by analyzing the data during a peoiodight minutes (two revolutions)
prior to the desired sample time. Figure 4-13 alsows that the probe temperatures vary
in the axial direction, across the deposit prols¢ $ection. Approximation of this axial
variation as a function ok, was obtained using a central difference betwden t
thermocouple measurements made at correspondingpribal positions. The probe
surface temperatures and the deposit surface tatoperwere determined for several
times in each experimental run.

Figure 4-14 shows the probe surface temperafigreand the ash deposit surface
temperature[s, plotted vs. deposit thicknessI, is the probe temperature at the same
location as the target spot of the FTIR spectrometde temperatures are plotted for the
three coals under oxidizing conditions. Becausasuements were made of the deposit
as it grew, data points represent the probe sutéanperature and the ash deposit surface
temperature when the deposit had grown to the rieisk indicated (x-axis). Note that
individual experimental runs are noted in each plpothe date they were performed (i.e.
“10-13"). The temperature difference across thHedeposit can be seen to increase very
rapidly with the formation of the first 0.2 mm oéjpiosit. The WY Corederro coal shows

the greatest temperature spread, at nearly 306f & deposit 0.055 mm thick.
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Figure 4-14. Temperatures of the Ash Deposit Surfacand the Probe Surface vs. Deposit Thickness:
top panel - IL #6 Crown Ill Coal, Oxidizing Conditi ons

middle panel - WY Corederro Coal, Oxidizing Conditions

bottom panel - IL #6 Patiki Coal, Oxidizing Conditions
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Figure 4-15 shows temperature plots of ash depoklts#6 Crown Il and the WY

Corederro coals formed under reducing conditions.

Figure 4-15. Ash Deposit Surface Temperatures andrébe Surface Temperatures vs. Deposit

Thickness:
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The temperature difference shown in the top pahdligure 4-15 is considerably less
than for the corresponding coal under oxidizingdibons. Also, the deposit surface
temperatures shown in Figure 4-15 for the IL #6v@rdll coal decrease with deposit
thickness. This behavior is likely due to the loweat flux into the probe, as compared
with that measured for the same coal under oxidiztonditions. Under reducing

conditions, cooler temperatures result from theaased fuel-to-air ratio. Figure 4-16
shows the heat flux plotted vs. deposit thicknesstlie IL #6 Crown Ill coal under

reducing conditions, which is much less than thatHeix for the same coal under

oxidizing conditions, shown in Figure 4-20.
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Figure 4-16. Heat Flux vs. Deposit Thickness for I#6 Crown Ill Coal, Reducing Conditions

The two upstream and two downstream temperaturéseatooling-air inside the
probe were also recorded by LabVIEW, together witlh four surface temperatures.

They were also correlated with and were then used to calculate a mixed mean
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temperature at the upstream and downstream ertie afeposit probe test section. The
mixed mean temperatures were used to determintothkeenergy transfer rate into the

probe through the test section.

4.7.5 Thermal Conductivity

In order to calculate the effective thermal conduigt of the accumulated ash
deposit, values for the total heat transfer ragpogit thickness, probe temperature, and
ash surface temperature were necessary.

Consider a control volume bound by the inside ef pnobe that is the length of
the probe test section (0.00762 m), as illustrated=igure 4-17. By assuming a
sufficiently thin probe wall and that a uniform adbposit thickness exists across the
length of the test section (one-dimensional), thathransfer through the probe wall by
conduction was considered equal to the heat trangféhe air inside of the probe by

convection.

probe wall Geony = Geond
. e 1 .
mC, T, —E—» control volume N — —— MC,Ty,
. —> _pTdEe_aﬁs___ - -
I: L :I

deposit probe test section

Figure 4-17. Control Volume for Energy Balance on Ah Deposit and Deposit Probe Test Section

The rate of heat transfer into the control volumasviound by computing the change in

the internal energy of air flowing through the aohvolume, and is expressed by
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Q = rnC p (Tm,O - Tm,L ) (4-4)

where the mass flow rate, in kg/s, was determing®&dp. (4-3). Tmoand Ty, are the
mixed-mean temperatures evaluated at the entrarce®) and exitX = L) of the deposit
probe test section. The calculation of a mixedimaia temperatur@,, was not trivial
and is described here:

The rate of energy entering the control volume eggressed as the product of
the fluid’s specific heat, temperature, velocitpdadensity, integrated over the cross-

sectional area of the probe.

Q= {CJWA: mC, T, (4-5)

Noting thatC, remains nearly constant, Eq. (4-5) may be reag@@qmdT, expressed as

j TupdA

m

T (4-6)

m

The mass flux was also defined as a product oWvéhecity and density integrated over

the cross-sectional area of the probe:
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m=UpA= !\ uodA @)

By invoking the ideal gas law (relatively dry aithe density was rewritten in terms of

pressure, the gas constant for air, and temperature

'0 ) RairT (4-8)

Substituting Egs. (4-7) and (4-8) into Eqg. (4-6¢lged a mixed-mean temperature

written as

(4-9)

Over the cross-sectional area of the probe, thespre and the gas constant for air were

constant and could be canceled out of the expressigg. (4-9):

J'(R::)TjTudA judA

ir

(o T

Ir

(4-10)
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The mixed-mean temperature was thus expresse@ astdigral over andé:

[udA Tfurdrde
Tn =0 Tm, (+-11)
[7da ] ~rarde
A 00

EqQ. (4-11) can be evaluatedxat 0 andx =L to determin€l,,pand Ty, .. Subsequently,
the total heat rate into the prot@, may be determined from Eq. (4-4).

The cooling-air flow through the probe was turbajemith Reynolds numbers
(Re) in the range of 25000 to 30000. Buoyancy effegtthin the flow, due to
asymmetric heating, can be quantified by compatiegcomputed Grashof and Reynolds
numbers of the fluid. The Grashof humbéir,, based on a characteristic length,is

defined in Eq. (4-12) [22].

T, -T, )L
GrL :M (4-12)

Ts is the surface temperatuik, is the free stream fluid temperature, and the dynamic

viscosity of the fluid. For this case, the chagastic length was the diameter of the

probe. The expansion coefficiefit,is defined for an ideal gas in Eq. (4-13).

__1(op) _1
B= Slar) 7T (4-13)

76



The ratio given by Eq. (4-14) provides an apprdprigomparison of the
buoyancy force to the viscous force. A ratio muebs than 1.0 indicates that the

buoyancy effects within the flow may be considemnedligible [22].

Gr,
Re,’

<< 10 (4-14)

The ratio calculated by Eq. (4-14) was determiredye O(.0001). Consequently, the
velocity distribution used in Eq. (4-11) is consil a function of radiusr) only and

follows an assumed 176ower law profile with respect to radius:

)Y
u(r) =u, (1_Ej (4-15)

This profile is for turbulent flow and was determined from the empirical relation [23]:
n=-17+18logRe, (4-16)

For the typical Reynolds numbers computBé;(= 20000 to 30000), Eq. (4-16) yielded
values forn of approximately 6.0. (Calculations ®f, using the profile in Eq. (4-15),
resulted in a 2% to 3% change wittvarying from 5 to 7.) In Eq. (4-15) the centeglin
velocity, ug, was obtained using the known total mass flow, e average density, the

inner diameter of the tube, and the profile giveizq. (4-15).

77



The temperature of the cooling air, as a functibmadius, was characterized by
fitting a power-law profile through plotted dataims of temperature vs. radial location
across the inner diameter of the deposit probgurEi4-18 shows a plot of the measured

temperature as a function of normalized radiugat theta locations.
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Figure 4-18. Cooling-Air Temperature vs. NormalizedRadial Position at Tangential Locations§ = 0°
and 180°, 45° and 225°, 90° and 270°, 135° and 31& #6 Crown Il Coal:

top panel — Upstream Locationx =0

bottom panel — Downstream Locationx = L
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Recall that three temperature measurements ofctinding-air were obtained with
tangential position: at the inner probe surface R), at ¥z of the inner radius € R/2),
and at the axis of the probe< 0). By aligning the temperatures recorded agj¢atial
positions 180° apart from each other, the tempezatlistribution across the probe
diameter was obtained, with known temperature nreasents at five points. The
corresponding measurements taken at 180° are #st®d to show the temperature
distribution across the probe’s internal diamet@he temperatures in the top panel of
Figure 4-18 were measured at the upstream edde afaposit probe test section<0),
and the temperatures shown in the bottom panel Yeerthe downstream edge of the
deposit probe test sectior € L). Notice that the temperature distributions igufe
4-18 are asymmetric. This is due to the tempegatariation across the probe, with the
top of the probe being hotter than the bottom effifobe. The power-law, defined by Eq.

(4-17), was fitted to the temperature data in FegiH18.

Yn
T() =T, +(Ter ~Tieo )(1-@ (4-17)

Ti=o is the axial temperaturé;-r is the inner wall temperature of the probes the radial
location, andR is the inner radius of the deposit probe [22].guFé 4-19 shows a
comparison between the temperatures measured aanbential locations of = 45°,
225° and the fitted power-law profiles, with= 2.15 andh = 3.8 for the upstream and

downstream axial locations, respectively.

79



O T (theta = 45, 225) ®

400 + ® (power-law profile; n = 2.15)
300 +
®
3
= 2004+ *
[ J
[ ]
L]
L]
[
100 + ° .
° . ° @)
O e .
L] ° L[]
L]
] ] ° @ ] ]
T T T T 1
-1.0 -0.5 0.0 0.5 1.0
r/R
A T (theta = 45, 225) A
A (power-law profile; n = 3.8)
400 +
A
A
300 +
3 A ‘
'_
A
200 + ‘
A
A
A AA
AA A
100 + . 4
A A
A
A A
f f @ f i
-1.0 -0.5 0.0 0.5 1.0
r/iR

Figure 4-19. Cooling-Air Temperatures vs. Normalizd Radial Position for Tangential Location
0 =45°, 225°; IL #6 Crown Ill Coal:

top panel - Upstream Locationx = 0

bottom panel - Downstream Locationx =L.

Power-law curves were fit to profiles across thebgr diameter at fou# locations (as
indicated in Figure 4-18) = 0° and 180°¢ = 45° and 135°¢ =90° and 270°, and
=135° and 315°. Fit power-law profiles to at théser tangential locations resulted in
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the same values far, indicating little tangential variation and thhetfitted power-law is
adequately determined using data from the fourdatigl locations. The examination of
a fit power-law profile to the data from separatperiments showed values wBfwhich
ranged from 2.0 to 2.2 for the upstream locativnr=(0) and from 3.6 to 3.9 for the
downstream locatiorx(= L). Eq. (4-11) was numerically integrated using iteasured
temperatures and fitted power-law profile of Eq1®.

The effective thermal conductivity was calculatesing the computed heat
transfer rateQ), the probe temperatures, the ash surface tempesatfrom the FTIR

spectrometer) and the deposit thickness. Two @gpes to determine the effective
thermal conductivity are presented. The first apph utilizes Eq. (4-18). Written, using

cylindrical coordinatesk, was defined as

q"(R+t)In(R+tj
K, = R

(@19
) (Ts - Tp )

whereR is theouter radius of the probe andis the deposit thickness. The surface
temperature of the ash depo3ii, and the surface temperature of the prdheare both
evaluated at the FTIR spectrometer target spotis Talculation of effective thermal
conductivity assumed a uniform heat flux through deposit over the probe test section,

defined by Eq. (4-19).
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(4-19

This approach is a first approximation of the Heat and the resulting effective thermal

conductivity. The heat flux, obtained using Eg1®) and the recorded data for the IL #6

Crown Il coal, is illustrated as a function of aejtt thickness in Figure 4-20.
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Figure 4-20. Average Heat Flux (calculated by Eq4€19)) vs. Deposit Thickness for IL #6 Crown |l

Coal, Oxidizing Conditions

The decrease in average heat flux shown in Figt#@ ¥ consistent with the increase in

thermal resistance due to a growing ash depogits fdlot is representative of the trends

observed throughout experiments of the three coals.

A second approach to determine the effective themoaductivity utilizes a

better approximation of the heat flux. First, theat transfer rate was equated to the total

heat transfer by convection, within the probe sestion:
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AR(T, (6, %) ~T,, () biexix (4-20)

L
Q = me(Tm,L _Tm,O)zj
00

In Eq. (4-20)Tp(0, X) is a function of theta and axial position ahdX) is the local
mixed-mean temperature calculated by Egs. (4-4) &hdl). The mixed-mean
temperature was assumed to be a linear functioax@ position,x. In reality, the
mixed-mean temperature does not vary linearly &iial position; however, analysis of
flow through a pipe with a linearly-varying surfatmperature (section 8.3 in Inrcopera
and DeWitt [22]) showed linear behavior iy, for the ranges of temperatures and
convection coefficients in this study . The obgerprobe surface temperatures generally
showed a linear relationship with axial positiofihe average convection coefficieft,

was assumed to be constant and moved out of thgraitof Eq. (4-20):

ﬁ: rﬁCp(Tm,L _Tm,O)

2r

I R(Tp (6,%) ‘Tm(X))iéﬁX (4-21)

Ot

A value for the average convection coefficient waen obtained by solving Eq. (4-21),

numerically integrating the denominator. Assumangonstant value for the convection

coefficienth , around the probe, the local heat flux was defiaed function of andx:

' =h(T (6,9 -T,(x) (4-22)
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In actuality the convection coefficient is not anstant over the probe test section area;
however, it arguably varies less than the locat flea. Therefore, the assumption of a
constant convection coefficient in Eq. (4-20) isimprovement over the assumption of a
constant heat flux utilized in Eq. (4-18) of thestiapproach. In the absence of conjugate
heat transfer, the heat transferred to the codindgpy convection (Eq. (4-22)) must equal

the heat transferred by conduction through theoumfash layer:

" =h(T, (6,9 -T,(x)= ke(T, T, (6.9)

(Rﬂ)m(RR“j (4-23)

In order to determine the effective thermal conuhitgt using Eq. (4-23), the deposit
probe temperatur&,(0, Xx) was computed for the specific tangential locatsoml axial

location which corresponded to the measured ashcautemperature (obtained from the
FTIR spectrometer). The effective thermal condutstiat that point could then be

solved for, as expressed by Eq. (4-24):

(4-24)

H(R+t)ln(mj(n(ept.xm)—Tm(xpt)
k. = R

T, =T,(0,%,)

T,(6,,%,) and T (x, ) are the probe surface temperature and the mixeghme

temperature each evaluated at the location of THR Bpectrometer target spot (whéie

is determined). Values for the measured surfacepéeature, Ts, the computed
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convection coefficienth, the deposit thickness, and the probe temperature were used

in EQ. (4-24) to yield an effective thermal conduty at a particular point on the probe.

4.8 Uncertainty Analysis

The experimental uncertainty in the measurement effective thermal
conductivity was examined. The uncertainty in #ffective thermal conductivity was

computed by Eq. (4-25):

o = |9, 2(&.}(& ]Z
k aqn q’ at t aAT AT (' )

The primary components of the uncertainty in effecthermal conductivity (Eq. (4-25)

were the uncertainty in the heat fluxq,,, in the deposit thicknesg;, and in the

temperature difference across the ash depgsit Each of these components was further

computed from other sources of uncertainty. Addaiodetails and equations for the
uncertainty calculations are provided in Appendix BAIl of the components of
uncertainty are summarized in Table 4-2. Note hHe table that uncertainties are
expressed as a percentage except for the instrumnesttainties. Also, the wide range
of uncertainties reported for measurements suc¢heasffective thermal conductivity and
the heat transfer rate result from the range obsdiepghicknesses measured: the lower
uncertainty was computed for deposits on the oadet.0 mm thick while the higher

uncertainty was for deposits on the order of 0.1 tiick.
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Table 4-2. Components of Uncertainty in the Meas@ment of Effective Thermal Conductivity

Component Uncertainties
% uncertainty in
measurement units measurement
effective thermal conductivity
for constant " W/m-K 19 to 50
for constant h W/m-K 1310 50
heat transfer rate into probe test section
for constant " kW 15.5t0 16.3
for constant h kW 6.7t0 8.8
mass flow kg/s 3.5t03.7
specific heat of cooling-air kJ/kg-K 2.0
mixed mean temp. diff. across probe test section K 3to5
measurement of internal area of the probe m’ 0.05
measurement of the internal radius of the probe m 0.03
cooling-air inlet density kg/m® 7.6
correction factor for pressure calibration kPa 25
atmospheric pressure meas. kPa 2.5
temperature of cooling-air inlet K 9.5
velocity of cooling-air through probe m/s 11.6
temperature of cooling air inside probe K 451t05.0
centerline velocity of cooling-air in probe m/s 11.4
radial position inside probe m 0.07
average cooling-air velocity inside probe m/s 11.2
ash deposit thickness m 9to 50
uniformity of ash deposit thickness 7to 33
Temperature difference across the ash deposit
(from probe thermocouples and FTIR instrument)
oxidizing C 410 10
reducing with snorkel C 11to 42
oxidizing with coal on and probe rotation C 17to 33
Instrument Uncertainties
instrument units value
standard
cooling-air meter volume flow rate liters/minute 7 (SLM)
profilometer instrument m 0.0000609 (m)
position of the probe surface m 0.0000381 (m)
thermocouple instrument C 1.5(C)

The analysis of error, due both to the instruméimésnselves and to the measurements,
showed that uncertainty in the deposit thickness thia primary contributor to error in

the measurements of effective thermal conductifatydeposits less than about 0.4 mm.
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The majority of error in measuring the depositkhiess came from the uncertainty in the
uniformity of the deposit thickness over the prdbst section. For thicker deposits,
uncertainty in the overall heat transfer rate bex#ime greatest contributor of error in the
effective thermal conductivity. (Uncertainty inettheat transfer rate stemmed mostly
from uncertainty in the mixed-mean temperatureeddhce across the deposit probe test
section and uncertainty in the mass flow rate efdboling-air). For deposits which were
on the order of 1.0 mm thick, uncertainty ka ranged from 13% to about 20%.
Similarly, the ranges presented in Table 4-2 réftbe lower uncertainty in thicker
deposits and the higher uncertainty in thinner d&po Importantly, the analysis showed
that deposits thinner than about 0.10 mm generedlyld not be measured with a

reasonable degree of uncertainty (less than +50%).
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5 Results

In-situ experimental measurements of the effecttvermal conductivity were
obtained for three different coals: lllinois #6 td@m the Patiki mine, lllinois #6 coal
from the Crown Il mine, and Wyoming coal from t@erederro mine. The two IL coals
are bituminous while the WY coal is sub-bituminousnalyses of each are included in
Tables A-3, A-4, and A-5 in Appendix A. The asmtmt (% mass) is similar for the
three coals. However, ash from the IL #6 coalstaios significantly more silica and
ferric oxide. The WY coal, in turn, has much moedcium oxide. A typical deposit is

pictured in Figure 5-1.

wire bands for
securing |
thermocouples

0.75 mm thick
ash deposit o
probe knobs of
ash on wire
band knots

Figure 5-1. Photo of an Approximately 0.75-mm ThickAsh Deposit Collected on the Instrumented
Deposit Probe: IL #6 Patiki Coal, Oxidizing Conditions
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The large “knobs” on the deposit in the picture asé collected on the knots of
twisted wire where the wire bands secured the tbheouples around the deposit probe
test section. Ash deposits from all three coalseweharacterized under oxidizing
conditions, and deposits from the IL #6 Crown IhdaWyY Corederro coals were

measured under reducing conditions.

5.1 Effective Thermal Conductivity: Oxidizing Condition s

The effective thermal conductivity of ash depositsated under oxidizing conditions was
determined for three coals. They were analyzedguttie two approaches outlined in
“Data Analysis” in Chapter 4. The effective thetnsanductivity was computed from
measurements of the deposition probe temperatthesdeposit surface temperatures
acquired from the FTIR spectrometer, the coolingt@mperatures, and the cooling-air
mass flow rates. Two experimental runs of the 6L.Gtown Il and WY Corederro coals
were conducted using the experimental procedurénedtpreviously. (See the section
“Experimental Procedure” in Chapter 3.) The stmoketry for each experiment was
calculated using the %0Oneasurement from the gas analyzer and the maggdles of
air and coal. The stoichiometry was characterizgdn equivalence ratio, defined by
Eq. (5-1), as the stoichiometric air-to-fuel rativided by the actual air-to-fuel ratio.

Thus, for fuel-lean condition® < 1 and for fuel-rich condition® > 1.

o= (;)stom (5_1)
[ F]act
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Figure 5-2 plots the results for the measured g¥fechermal conductivityke vs.

deposit thickness for the two coals.
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Figure 5-2. Effective Thermal Conductivity (Eq. (448) ) vs. Deposit Thickness:
top panel - IL #6 Crown Il Coal, Oxidizing Conditi ons @ = 0.73)
bottom panel - WY Corederro Coal, Oxidizing Conditions @ = 0.71)
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The IL #6 Crown Ill and WY Corederro coals wereedr fuel-lean, with
equivalence ratios of 0.73 and 0.71 respectiva@lyo experiments using the IL#6 Patiki
coal were also conducted under oxidizing conditigeguivalence ratio of 0.92);
however, the surface temperature measurements yaithe FTIR spectrometer differed
in two important ways. First, the measurementseweade with the probe rotating, and
second, they were made with the coal being firethénreactor. No snorkel was used to
view the probe through the ash and gas. Theseréiftes produced a slight increase in

the uncertainty of the measured effective therroabactivity of this coal.
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Figure 5-3. Effective Thermal Conductivity (Eq. (448)) vs. Deposit Thickness: IL #6 Patiki Coal,
Oxidizing Conditions (@ = 0.92)
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The effective thermal conductivity, calculated b tsecond approach (using the

heat flux derived as a function 8fandx; see Eq. (4-24)), was also determined from the

same data for the six experiments (three coals). cémparison of the effective thermal

conductivity computed using both approaches, the flam the two experimental runs of

IL #6 Crown Il coal are presented in Figure 5-4.
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Figure 5-4. Comparison of Effective Thermal Condudvity Calculated using Both Approaches (Egs.

(4-18) and (4-24)): IL #6 Crown Il Coal, Oxidizing Conditions (@ = 0.73)

Comparison of the trends ka vs.t shows good agreement between the effective thermal

conductivity obtained using both approaches. Tlagmitude of the effective thermal

conductivities calculated by the second approaahm(iy” as a function of) andXx) is

observed to average 14% less than that calculatedebfirst approach (from a constant
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). This behavior is consistent for the IL #6 coalbile for the WY Corederro coal,
under oxidizing conditions, the average decreasechmser to 18%. The differencekn
between the two approaches exists because thedseppmnoach utilizes the local heat
flux at the point on the probe where the FTIR speueter measures the deposit surface
temperature. This point is below the center ofghebe. The heat flux and temperature
difference across the ash deposit at this pointthegefore, less than their average values
(which are used in the first approach). This sdcapproach results in a more robust
characterization because variations in the locakt hidux are more appropriately
accounted for.

Figure 5-5 shows the results of effective thermahductivity for the WY
Corederro and IL #6 Patiki coals, computed usirggdbicond approach. Note in Figure
5-5 that the thickness range (x axis) is smalletlie WY Corederro coal compared with
that of the IL #6 Crown Ill coal. The WY Corederoal exhibited different deposition
characteristics, including ash patrticle size (semglifrom those of the IL #6 coals. While
differences in the ash particles and deposit miawogire among the coals were not
directly measured, they were clearly observed m é¢Rperimental runs, and they are
thought to account for the discrepancy in depdsitkhnesses obtained in comparable
amounts of time for the IL #6 and WY coals. Thewsdr deposition rate for the WY
Corederro coal can be seen clearly, compared Wwehlt #6 Crown Il coal, in Figure

5-6.
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Figure 5-5. Effective Thermal Conductivity (Eq. (424)) vs. Deposit Thickness:
top panel - WY Corederro Coal, Oxidizing Conditions(® = 0.71),
bottom panel - IL #6 Patiki Coal, Oxidizing Conditions @ = 0.92)
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Figure 5-6. Deposit Thickness vs. Elapsed Time:
top panel - IL #6 Crown Il Coal, Oxidizing Conditi ons
bottom panel - WY Corederro Coal, Oxidizing Conditions

Due to limitations in the time required to perforam experiment, generally
thinner deposits were collected for the WY Coredlecoal. Over the range of
thicknesses measured, the WY Corederro coal hawex leffective thermal conductivity

(0.05 to 0.20), measuring an average of 60% loteem that of the IL #6 Crown IlI coal.
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The behaviors of thk. vs.t data for the IL #6 Patiki and the IL #6 Crowndbal
follow each other relatively well, with the IL #6atki coal showing a slightly lower
effective thermal conductivity for thinner depositsThis close correlation can be
expected since these two coals are both bitumirangthey share more in common with
each other than with the sub-bituminous WY Corezleaal.

Each of the three coals exhibited an upward trendeffective thermal
conductivity with thickness. This behavior is piogdly realistic, since it is likely that
some degree of sintering occurred as the ash dsmgpsw. Sintering could occur due to
both the increase in temperature of the depos#rémnethe surface) and the increased
length of time the deposit had been subject thigh-temperature surroundings. In his
work with ash deposits obtained from IL #6 coatediin the same laboratory reactor,
Blanchard performed experiments on particle sizk ggposition rates. He reported ash
particle distributions (for ash collected on a dg@pprobe similar to the one used in this
study) and for fly ash. The distribution data skdvarger ash particles on the probe than
in the sampled fly ash, indicating that sintering dccur [21]. Also, Anderson reported
light sintering in deposits of fly ash, subjecttéonperatures similar to those observed in
this work, which resulted in a few percent increasek, [17]. Reasonably, similar
sintering occurred in the ash deposits investigatefiis work. Possibly, settling of the
loose ash particles in the deposit contributechihcrease ik, with time and deposit
thickness. The effective thermal conductivity wasserved to increase with deposit
thickness for all coals and conditions exploredfedive thermal conductivities of the IL
#6 Crown Ill coal ranged from about 0.3 to 0.5 WKnover the range of deposit

thicknesses measured. The IL #6 Patiki coal heahge from 0.2 to 0.4 W/id. The
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effective thermal conductivities of the WY Coredercoal exhibited the smallest
magnitudes and ranged from 0.05 to 0.175 WmNotably, the rate of increase ka

with deposit thickness decreases significantly ado®.4 mm.

5.2 Effective Thermal Conductivity: Reducing Conditions

Experimental data was taken for deposits formedeumelducing conditions for
two of the coals, IL #6 Crown Il and WY Corederr@wo experiments for each coal
were performed. The equivalence ratios obtainddréeadding methane were 0.90 and
0.93 for the IL #6 Crown Ill and WY Corederro cqatespectively. The reducing
equivalence ratios at the reactor exit for the twals were 2.33 and 3.1, respectively.
The results for the effective thermal conductivitigtermined using the first approach
(Eq. (4-18)), are presented in Figure 5-7. Theesdata was again analyzed to determine
the effective thermal conductivity by the secongrapch (Eg. (4-24)), and the results are
displayed in Figure 5-8. Note that these plotsashosimilar average decrease of about
14% in the effective thermal conductivity from theiorresponding values computed
using the first approach. Time restrictions aneé tthallenges of producing (and
maintaining) reducing conditions resulted in feweasurements for both of the coals in
reducing conditions. Note in Figure 5-7 the greatecertainty irke for the reducing data
than for the oxidizing data. The added uncertaiagulted from measurements with the
FITR spectrometer made with the coal burning (nemegsfor maintaining reducing

conditions).
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Figure 5-7. Effective Thermal Conductivity (Eq. (448)) vs. Deposit Thickness:
top panel - IL #6 Crown lll Coal, Reducing Conditions (@ = 2.33)
bottom panel - WY Corederro Coal, Reducing Conditios (@ = 3.10)
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Figure 5-8. Effective Thermal Conductivity (Eq. (424)) vs. Deposit Thickness:
top panel - IL #6 Crown Il Coal, Reducing Conditions (@ = 2.33)
bottom panel - WY Corederro Coal, Reducing Conditios (@ = 3.10)

The use of a snorkel allowed the FTIR spectrometeneasure the ash surface

through the coal. While the snorkel eliminated trafsthe ash and exhaust gases in the
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optical path, some combustion products still flowleaugh the path, between the end of
the snorkel and the deposit. This interferencéhenoptical path contributed additional

error to the measurement of the deposit surfac@desture. In order to quantify the

error in the measured surface temperature undse tbenditions, measurements of the
clean deposit probe where taken using the FTIRtsp®eeter, with one of the surface

thermocouples directly next to the target spot. abMleements of the probe, while coal
was burning (reducing conditions) and with no ceadre compared.

In a comparison of the two coals, the WY Coredewal again exhibited a much
lower effective thermal conductivitkd = 0.05 to 0.14, calculated by the first approach).
For the IL #6 Crown lll in reducing conditions, tdata show a marked increase of 15%
to 60% in effective thermal conductivity comparedthwthat observed in oxidizing
conditions. The WY Corederro coal compared mowsally in both oxidizing and
reducing conditions, but the effective thermal aaettvity was also slightly greater (5%
to 15%) in the reducing case. These data sudgaisthe effective thermal conductivity
of particulate ash deposits is influenced by tlmchiometry, with reducing conditions
producing deposits with higher effective thermalndactivity. Additionally, the
difference inks between oxidizing and reducing conditions was oheskto increase with
thickness. This behavior indicates the possibihigt sintering, and other mechanisms by

which ks increases, are accelerated in deposits underirgdoonditions.

5.3 Experiment Repeatability

The degree of repeatability for the three coalsetesvas found to be good, as the

experimental values of repeat runs fall within threspective error limits. However, due
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to time restraints and to the challenges of in-gieasurements, only two experimental
runs of the IL#6 Crown Il and WY Corederro coalsrer performed under oxidizing and
reducing conditions. Two experiments of the IL#&tild coal were performed under

oxidizing conditions.

5.4 Summary

The effective thermal conductivity was determin@gezimentally for three coals
under oxidizing conditions and for two of the saocoals under reducing conditions. A

summary of the ranges kf for the deposits investigated is presented in g akhl.

Table 5-1. Summary of Ranges of Measured
Effective Thermal Conductivity

oxidizing conditions
coal Ke
IL #6 Crown Il 0.2t0 0.5
IL #6 Patiki 0.2t0 0.45
WY Corederro 0.04t0 0.18
reducing conditions
coal Ke
IL #6 Crown Il 0.1t0 0.5
WY Corederro 0.031t00.15

Under oxidizing conditions, the WY Corederro callowed a much lower
effective thermal conductivityk{ = 0.05 to 0.2) than the two IL #6 coaks € 0.2 to 0.5),
with similar results obtained under reducing candg. This behavior is most likely the
result of differences in the microstructure anthi@ chemical constituents of the ash from
the IL #6 and WY coals. All of the coals exhibited upward trend in effective thermal
conductivity with increasing deposit thickness. eTincrease in magnitude & was
observed to range from 0.125 to 0.3 W/m-K. Thikavéor accords with the sintering
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which likely occurred in the ash deposits. Algoyas found that deposits formed under
reducing conditions had a higher effective therm@hductivity. Data for both coals
showed an increase kg under reducing conditions. The IL #6 Crown llatexhibited
the greater increase, ranging from 15% to 60% aif ttreasured for oxidizing conditions.
Values of effective thermal conductivity obtaindxy using the second approach,
Eq. (4-24)) in this study and values reported teréiture, for comparable ash deposits at

comparable temperatures (300° C to 600° C), arenshio Table 5-2.

Table 5-2. Values of Effective Thermal Conductivity

reported in literature
Ke coal deposit reported by
251t03.0 not specified particulate Wall, T. Fakt[7]
0, 0,
0.10t0 0.25 blend 65% / 35% (by mass) particulate Robinson A. L. et al. [11
IL #6 coal / wheat straw
0, 0,
0.2t0 3.1 blend 65% / 35% (by mass) sintered Robinson A. L. et al. [11
IL #6 coal / wheat straw
0.41t00.5 not specified Rezaei, H. R. et al. [10]
0.1t0 0.25 not specified particulate Andersony\D et al. [17]
0.25t0 0.5 not specified V?.I’IOU.S crusrled Anderson, D. W. [5]
("particulate™)
present work
ke (EQ. (4-24)) coal deposit
0.2t0 0.5 IL #6 particulate
0.04 t0 0.18 WYy particulate

The IL #6 coals compare well with the values foumditerature for particulate
ash deposits. The effective thermal conductiviayednined for the WY Corederro coal

is lower, but it is still comparable to the low ganof values reported by Robinson et al.

and Anderson et al. [11, 17].
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6 Summary and Conclusions

This work included two main objectives: 1) the depenent of a simple thermal
transport model of an ash deposit and 2) experiah@misitu measurements of effective
thermal conductivity in coal ash deposits.

The thermal transport model, which was developgublemmentary to the primary
focus on experimentation, was created to servefiasraework for incorporating separate
existing models of thermal properties of ash ddposiThe thermal transport model is
unique in that it approximates a morphologicallyngbex ash deposit using four regimes
with distinct thermal characteristics. These foagimes were particulate, sintered,
solidified slag, and molten slag. The model wagettged to be exercised in the CFD
package FLUENT, and it requires, as inputs, thentlhé properties of each layer. The
model then computes the heat flux, deposit surfangerature, and deposit thickness
distributions with time, along a vertical boundary.

The main focus of this work was on experimental sneaments of the effective
thermal conductivity in ash deposits. An appro&mhobtaining in-situ experimental
measurements of ash deposits was developed. ppisach was successfully employed
to measure values of effective thermal conductivity deposits of loosely-bound
particulate ash obtained from three different coalkhe approach could be useful in

performing future investigations of in-situ thermaloperties of ash deposits. The
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effective thermal conductivity for the three cotdsted was determined to be quite low.
The two bituminous IL #6 coal ash deposits yielagfictive thermal conductivities
which increased from 0.2 to 0.5 Whnhover deposit thicknesses from 0.1 to 1.1 mm.
The ash deposits of the sub-bituminous coal, WYe@Gerro, exhibited lower effective
thermal conductivities, from about 0.06 to 0.18 VWK A comparison of the effective
thermal conductivity of ash deposits in either @it or reducing conditions revealed a
lower thermal resistance in those formed underaieduconditions. The deposits for IL
#6 Crown lll showed a greater increase (comparatlddNVY Corederro coal) of 15% to
60% in effective thermal conductivity over depostk the same coal made under
oxidizing conditions. This increase iQ indicated that some significant differences
existed in the ash thermal transport charactesistiche two coals — likely a difference in
deposit morphology.

The effective thermal conductivities studied alkowed that they will increase
with time and deposit thickness. Data in eachhefa@xperiments exhibited this increase,
strongly suggesting that the deposits underwenesdegree of sintering. Comparison of
the increase ik, for deposits under oxidizing and reducing cowodi$i, indicates that
sintering, and other mechanisms by whighncreases, had a greater effect on the IL #6
coal than on the WY Corederro coal. Furthermone, éxtent thak. increased with
thickness suggested that reducing conditions eXxat@reater influence on the IL #6
coal.

Significantly, the relatively low thermal conduati of these particulate ash
deposits will dominate the thermal resistance imm@rcial boilers. Even very thin

deposits will have a large insulative impact ontheahanging surfaces. The results for
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the effective thermal conductivity of ash depoditsm these three coals can help
characterize the effects the ash has on thermadpoat in boilers. The results, together
with predictive models, could be used to improve tlesign, economize the operation,
and streamline the maintenance of commercial I®il&ven small gains in the efficiency
of coal-fired boilers, obtained from an increasedierstanding of the thermal transport

behavior of ash, can have a large positive impachis critical energy source.

6.1 Future Work

Future work involving the model for effective theahtonductivity could include
a more complete hydrodynamic model for the moltiexyg $ayer. Accounting for the
mass transport throughout the development of thkemalag layer (not just the steady-
state) would improve the accuracy of predictiongh&f molten slag and solidified slag
behavior. Additionally, the model could be modifi¢o calculate the temperature
throughout the entire deposit when each layer (8tep) is added. This would result in a
more robust model of temperature and heat fluxy bpatially and temporally.
Future experiments of the effective thermal coniditgtof ash deposits could be
improved by reducing the measurement uncertailmyparticular, measurements of the
ash deposit thickness could be improved by obtginimore uniform deposit across the
probe and by reducing the eccentricity of the mtaprobe. Measurements of effective
thermal conductivity would also benefit from thickdeposits. Methods could be
developed to improve deposition rates, producimckér deposits in less time.
Further investigation could focus on the effectstofchiometry by examining more ash

deposits from the same coals under different oxidiand reducing conditions.
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Microstructure and deposition behavior could beestigated to determine their effects
on effective thermal conductivity. Additional wonkight investigate the cause of the
significantly lower effective thermal conductivisi@bserved for the WY Corederro coal.
This investigation could include more experimeptsiétermine the extent of sintering in
deposits of different coals under similar condisioriFuture work might also include
experiments on additional types of coal.

The author would like to especially acknowledge GIBbal Research for their

generous funding of this work.
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Appendix A.

Supplementary Tables

Table A-1. Required Inputs for the Thermal Transport UDF

Variable Value Units Description

Tsint 1000 K effective sintering temperature
Tslag 1600 K effective slagging temperature
Koart 0.5 W/m-K | particulate ash thermal conductivity
Ksint 2 W/m-K sintered ash thermal conductivity
Ksolid 5 W/m-K | solidified slag thermal conductivity
Kslag 5 W/m-K | molten slag thermal conductivity
AT 0.00166 | kg/sm? | ash mass deposition rate

particulate ash mass capture

Ypart 0.5 o fraction

Ysint 0.7 - sintered ash mass capture fraction
Yslag 1 --- molten slag mass capture fraction

Ppart 800 kg/m® particulate ash density

Psint 1500 kg/m3 sintered ash density

Psolid 2000 kg/m3 solidified slag density

Pslag 2200 kg/m® molten slag density

Epart 0.7 --- particulate ash emittance

Esint 0.5 - sintered ash emittance

Eslag 0.95 --- molten slag emittance

o 5.67E-08 | W/m?K* | Boltzmann's constant
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Table A-2. Fuel Analysis for the WY Corederro
Coal: Proximate Analysis (% Mass Fraction),
as Received [24]

Fuel (maf) Corederro
Untreated

C 71.45

H 6.02

N 1.1

S 0.17

O 21.26
Total 100
Ash % (mf) 7.12

Moist. % (ar) 13.64

HV, MJ/kg (maf) 29.89
SiO, 28.7
Al,O3 15.5
Fe,03 10.2
CaO 15.1
MgO 3.6
Na,O 1.5
K20 0.8
TiO, 1.2
MnO, NA
P.Os 1.2
Sro NA
BaO NA
SO; 22
Total 100
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Table A-3. Analysis for the IL #6 Crown Ill Coal (% Mass Fraction): Standard Laboratories

8451 River King Drive, Freeburg, IL 62243
Date Sampled: 6/27/2007

Lab # 2007-01454-001

Moisture 16 SiO2 51.17
Ash 8.52 Al203 17.33
Proximate Volatile 35.16 Fe203 17.73
(As Received) | Fixed Carbon 40.32 cao 4.26
BTU 10655 MgO 0.99
Total Sulfur 3.33 Na20 1.7
Ash 10.14 K20 2.21
) Volatile 41.86 TiO2 0.83
Proximate -
(Dry) Fixed Carbon 48 MnO2 0.07
BTU 12684 P205 0.25
Total Sulfur 3.97 Mineral SrO 0.04
MAF BTU 14115 Analysis BaO 0.04
SO3 4.4
Moisture 16 Undetermined -1.38
Carbon 57.95 Type of Ash Bituminous
Hydrogen 4.27 Silica Value 68.68
Ultimate Nitrogen 1.08 T250 2421
(As Received) | chiorine Base/Acid 0.39
Sulfur 3.33 Ib Ash /mm BTU
Ash 8.52 Ib SO2/mm BTU 6.25
Oxygen (Diff.) 8.85 Fouling Index 0.66
Carbon 68.99 Slagging Index 155
Hydrogen 5.08
Nitrogen 1.29
Ultimate (Dry) | Chlorine I.D. 1954
Sulfur 3.97 Reducing H= 2042
Ash 10.14 Fusion Temp. | H=1/2w 2143
Oxygen (Diff.) 10.53 Fluid 2221
I.D. 2256
Oxidizing H=W 2379
Fusion Temp. H=1/2W 2433
Fluid 2579
Browning T250 2337
B&W T250 2421
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Table A-4. Analysis for IL #6 Patiki Coal (% Mass Faction): Standard Laboratories
8451 River King Drive, Freeburg, IL 62243
Date Sampled: 6/18/2007

Lab # 2007-01334-001

Moisture 11.09 Si02 50.55
Ash 7.17 Al203 18.23
Proximate Volatile 37.46 Fe203 20.6
(As Received) | Fixed Carbon | 44.29 CaO 2.92
BTU 11755 MgO 0.81
Total Sulfur 2.9 Na20 1.01
Ash 8.06 K20 2.17
) Volatile 42.13 TiO2 0.95
Proximate -
(Dry) Fixed Carbon 49.81 MnQ2 0.04
BTU 13221 P205 0.17
Total Sulfur 3.26 Mineral SrO 0.03
MAF BTU 14380 Analysis BaO 0.04
S03 1.85
Moisture 11.09 Undetermined 0.63
Carbon 65.21 Type of Ash Bituminous
Hydrogen 4.59 Silica Value 67.51
Ultimate Nitrogen 1.32 T250 2421
(As Received) | chiorine Base/Acid 0.39
Sulfur 2.9 Ib Ash /mm BTU
Ash 7.17 Ib SO2/mm BTU 4.93
Oxygen (Diff.) 7.72 Fouling Index 0.39
Carbon 73.34 Slagging Index 1.27
Hydrogen 5.16 1.D. 1942
Nitrogen 1.49 Reduc. Fusion | H=W 2049
Ultimate (Dry) | Chlorine Temp. H=1/2wW 2213
Sulfur 3.26 Fluid 2256
Ash 8.06 1.D. 2309
Oxygen (Diff.) 8.69 Oxid. Fusion | H=W 2451
Temp. H=1/2wW 2528
Fluid 2584
Browning T250 2380
B&W T250 2421
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Appendix B.  Uncertainty Analysis

Table B-1. Components of Uncertainty

symbol description units
u, effective thermal conductivity Wim-K
u, deposit thickness m
Upnr temp. difference across ash deposit C
U mass flow rate kgls
UCP specific heat of air kJ/kg-K
Uar, mixed mean temp. difference across probe test section Cc
U, internal cross-sectional area of probe m?
Upobe | Probe position with respect to the profilometer m
U, it uniformity of the ash deposit across the probe test section m
UTp surface temperature of the deposit probe C
Up density of air kg/m3
Uc pressure correction coefficient
quro cooling-air temperature profile
u, cooling-air velocity profile
u, radius of the probe m
Upact actual atmospheric pressure kPa
Upca calibration atmospheric pressure kPa
U, thermocouple measurement C
Ug m cooling-air volume flow rate Is_tandar_d
iters/min
U prof profilometer instrument m
UTS surface temperature of the ash deposit (from FTIR) C
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Uncertainty in the overall effective thermal contivity is expressed by

2 2 2 2 2 2
_ [ ok ok ok _ U |[ YUy u, Upr
U =5 U | Fl oW | HlomUsr | == | | | B
oq ot O0AT k \lq t AT

The primary components af are uncertainty in the heat flux,

2 2 2 2
EE%-: [E#EJ P B O 4—(£Qlj (B-2)
q m C, AT A

uncertainty in the deposit thickness,

2 2 2
& — u prof + u probe + uunif (B-3)
t t t t

THRGENATERY:
UA:\/( THJ +( Tsj (B-4)
AT AT AT

These primary components (Egs. (B-2) through (Ba&p further composed of the

following compound uncertainties:
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the uncertainty iru,,

2 2 2
Un _ Y +(_USLM j +(U_Cj (B-5)
m \|l o SLM C

the uncertainty in the mixed mean temperature wdiffee (through the deposit probe test

section), U,

Unr Ur ’ u ? u ?
m - Pro + _u + _r (B'G)
AT\l AT, u r

and the uncertainty in the internal cross-sectiansa of the probay,

2
Un _ 2u,
a= (2 &

Additional compound uncertainty in the mass flaw,, is the uncertainty of the pressure

correction coefficientu., defined by

u u 2 u 2
_C = ﬁ + ﬁ B_8
C \/[ I:)cal j ( Pact j ( )
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Additional compound uncertainty in the velocity reegement inside the probe,, is the

uncertainty in the average velocity, given by Eq. (B-9).

u u Y (u,) (u Y
- = (_mj +[_"j +(_Aj (B-9)
u m o A
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Appendix C. Thermal Transport UDF Supplemental
Information

Appendix C1 - Execution and Integration of the Themal Transport UDF and
FLUENT

The thermal transport UDF was designed to iterateeofor every iteration
performed by FLUENT. It was also designed to apewith FLUENT’s steady-state
solver. Convergence criteria were set, tested,teantked within the UDF. Because the
UDF has its own built-in convergence criteria ah@é tUDF continually updates the
deposit surface temperature, (which is passed thireo FLUENT as a boundary
condition) convergence monitors should be disalbeBLUENT. The UDF will echo
back information to inform the operator of its pregs. Technically, the UDF is executed
all the way through each time it is called. Howe\sy storing values using FLUENT’s
“user-defined memory,” the UDF keeps track (froraration to iteration) of which
sections have been completed, and only certainopsrare actually executed as needed.
When the UDF has fully completed, a message idajisd on the GUI, and FLUENT
must then be manually stopped.

The Thermal Transport UDF is employed by firsteopg FLUENT and
importing the meshed domain of interest. Next FUEStould be set to use its steady-
state solver with the automatic residual monitorsied off. Continue by selecting the

desired domain and fluid conditions. Set the appate boundary conditions and also
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temporarily set the boundary condition temperatara fixed value (at the boundary on
which the UDF is to operate). The temperature whbe UDF is to operate must be
initially specified or the UDF will not run propgrith FLUENT. The scenario should
then be run, allowing FLUENT to iterate at least@n Now, variables required by the
Thermal Transport UDF must be read into FLUENT frantext file. This is done by
executing a separate UDF named “hard_ inputs.”s THDF is executed only once by
using the “execute on demand” option in FLUTENT arsklecting the
“read_hard_inputs” file. Input values and a messagdicating successful reading of the
input file will be echoed to the GUI terminal. Thé@ermal Transport UDF can now be
hooked to FLUENT by changing the boundary conditmh interest from a fixed
temperature to a temperature controlled by the Uldig the dropdown menu and
choosing the name of the UDF, “calc_surf_temp.”miediately the UDF will be called
and executed one time. The UDF is now hooked,itawill proceed to iterate once for
each of FLUENT's iterations. The residuals and@t#l terminal may be monitored for
progress and completion of the UDF. Two outputsfiwill be created: one contains
recorded data from each converged time step (defaysr) and the second is created
only after successful convergence of the entire @3D#& contains data of the completed

ash deposit.
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Appendix C2 - Detailed Flow Chart of the Thermal Transport UDF

Thermal Transport UDF

(name: “calc_surf_temp”)
FLUENT
Hard Inputs
(read in from file)
regime effective Iterations
transition temperatures
Boundary
| effective thermal conductivity | Temperaturg
Input
| mass capture fraction |
4
| density | | gas velocity | Boundary
Heat Flux
| mass flux to boundary | Output
| “elapsed time” start time |
Calculated Heat Fluxes for 4,-
Fully Developed Layers <
eparticulate layer
esintered layer
Calculate Steady State Slag
Temperature and Heat Flux
—>| guess surface temperature I >
—— =
calculate viscosity and zZ
layer thickness LL
)
| J
| slag layer heat flux |« LL
| re-calculate surface temperature |<—
convergence
test
yes
*heat flux
vV esurface temperature ¢ v v
12 3 4 5
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Calculate Layer Thicknesses
and Formation Times

Complete Layer Thickness
eparticulate <

esintered
eslag/ solidified slag

Time to Form Complete Layer

A 4

eparticulate
esintered

\ 4

Current Absolute Time

Determine Current Regime at Deposit
Surface and Assign Properties

ecurrent regime

A

evarious regime properties assigned

Calculate Current Deposit Layers,

Thickness, Heat Flux, and Temperature

_>| guess surface temperature I

(no slagging present)

—| current surface layer thickness I:

A 4

| current heat flux at surface I:

v
)

q re-calculate surface temperature
I

no

convergence

test

yes

scurrent heat flux
scurrent surface temperature

A 4

esurface layer thickness
etotal deposit thickness and existent layers
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Calculate Current Slag Layer

Thickness and Surface Temperature
(slagging present)

10

_>| guess surfacetemperature I

:I viscosity and thickness I:

I
.

current heat flux at surface I:

'

calculate solidified slag [
layer thickness

'

re-calculate surface temperature

convergence

A

test

yes

ecurrent heat flux
current surface temperature
eslag layer thickness

«solidified slag layer thickness
ototal deposit thickness
and existent layers

Write Data for Current Time Step

A

check for

yes

\ 4

sufficient convergence
of UDF Program

Increment Time Step and

Repeat Calculations for New
Current Layer

UDF Program Complete
and Results Written to Data File
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Appendix C3 — Thermal Transport UDF Source Code

/* Thermal Transport User Defined Function (TTUDF)
deposit.

Darron Cundick

Dr. Daniel Maynes

July 26, 2006

Brigham Young University

This UDF is written for FLUENT 6.2.16 and calcu
surface temperature

using the net heat flux as calculated by FLUENT
for points

along a vertical boundary. The program updates
temperature and iterates

in parallel with FLUENT until converged.

It also models a fully developed ash layer with
set of input

conditions (read in from a file).

*NOTE: this UDF converges in parallel with FLU
operator must ensure

that FLUENT has iterated a sufficient number o
and complete

the UDF program. "SURFACE TEMPERATURE UDF PROG

COMPLETE" will

be printed to the FLUENT user console when the
developing an

ash deposit with steady-state slaging.

Last Modified: Jan, 2007
*
/

#include "udf.h"
#include "math.h"

/* declare program variables */

int regime, num_face, faces_total, casel, case2, ca

flux_count3, flux_countl, flux_count2;

int count_Tsurl, num_faces, count_regime2, count_re

count_regime3a, facelD, facelDa,;
int count_finish, delta_time;
real centroid_array[ND_ND];

real temp_one, temp_sint, temp_slag, temp_inf, k_pa

k frozen, roe_frozen;

real k_sint, k_slag, mass_flux, y_particulate, y_si
roe_particulate;

real roe_sint, roe_slag, sigma, convection_vel, siz
face_size, x_face_size;

real y face_size, xy_face_size, x_vector, y_vector;
real thick_particulate_t, thick_sint_t, thick_slag_
thick_slag_initial_t;

real thick_total_t, temp_sint_new _t, temp_slag_new_

temp_four_initial_t;

real temp_four_modify_t, temp_four_left_t, temp_fou

temp_four_t;
real time_particulate_t, time_sint_t, time_slag t,
g_sint_t, q_slag_t;
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real k_gas, roe_gas, mu_gas, prandtl_num, time_sint
real reynolds_num, nusselt_num, convection_coef, st
store_two;

real thick_particulate, thick_sint, thick_slag, thi

real temp_surface_initial, temp_surface_modify, tem
temp_surface_right;

real temp_surface, q_actual, var_one, var_two, var_
mu_slag_avg, x_size, y_size, xy_size;

real x_direction, y_direction, num_1, num_2;

real num_1x, num_1y, num_2x, num_2y, X_total, y_tot

temp_sint_calc, q_use, T_gradient, ke, a, b;

real mu_slagl, mu_slag2, emissivity particulate, em
emissivity_slag;

real check, fluxfluentl, fluxfluent2, thick_sint_on
temp_four_mu;

real flux_sint, flux_sint_new, flux_slag, flux_slag
Tsur_avg;

real temp_top, temp_bottom, increment, fluxfun, mu_
thick_slag_prime;

real thick_slag_other, thick_frozen_added, thick_fr
thick_frozen_total,

real previous_time, mass_current, check converge, p
flux_normalized;

real Tsur=1200;

int count_all=0, count_initialize=0, current_abs_ti
=0;

/* read in hard inputs from file
**********************************************/

DEFINE_ON_DEMAND(read_hard_inputs)

{

FILE *fpl;
fpl=fopen("hardinputs-qginA.dat", "r");

[* read inputs from file */

fscanf(fpl,"%g %g %g",&temp_one, &temp_sint, &t

fscanf(fpl,"%g %g %g %g %g",&temp_inf, &k_parti
&k_frozen, &k_slag);

fscanf(fpl,"%g %g %g %g",&mass_flux, &y particu
&y_slag);

fscanf(fpl,"%g %g %g %g %g",&roe_particulate, &
&roe_frozen, &roe_slag, &sigma);

fscanf(fpl,"%g %g %g %g",&emissivity particulat
&emissivity_slag, &convection_vel);

* echo back values to FLUENT's console for fee
Message("\nHard inputs read from \"hardinputs-g
Message("\n*Note: current_abs_time has been ini

and will increment with iterations");
Message("\ntemp_one = %g", temp_one);
Message("\ntemp_sint = %g", temp_sint);
Message("\ntemp_slag = %g", temp_slag);
Message("\ntemp_inf = %g", temp_inf);
Message("\nk_particulate = %g", k_particulate);
Message("\nk_sint = %g", k_sint);
Message("\nk_frozen = %g", k_frozen);
Message("\nk_slag = %g", k_slag);
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Message("\nmass_flux = %g", mass_flux);
Message("\ny_particulate = %g", y_particulate);
Message("\ny_sint = %g", y_sint);
Message("\ny_slag = %g", y_slag);
Message("\nroe_particulate = %g", roe_particulate)
Message("\nroe_sint = %g", roe_sint);
Message("\nroe_frozen = %g", roe_frozen);
Message("\nroe_slag = %g", roe_slag);
Message("\nsigma = %g", sigma);
Message("\nemissivity particulate = %g", emissivit
Message("\nemissivity_sint = %g", emissivity_sint)
Message("\nemissivity_slag = %g", emissivity _slag)
Message("\nconvection gas velocity is %g", convect

fclose(fpl);

/* calculate surface temperature and other outputs.
"hooked" to temperature
in the boundary conditions for the ash boundary

*kkkk aam\aaa/

DEFINE_PROFILE(calc_surf_temp,t,i)

{
face tf; /* declare face identifier for FLUENT

y_particulate);

ion_vel);

This UDF is to be

**Note this must be first thing dec lared! */
FILE *fp2; /* pointers should be declared next or FLUENT's
compiler may give errors */
FILE *fp3;
x_size = 0.0;
y_size = 0.0;
Xy_size = 0.0;
x_direction = 0.0;
y_direction = 0.0;
X_vector = 0.0;
y_vector = 0.0;
num_face = 0;
num_1x = 0.0;
num_1y = 0.0;
a = 0.000000000208112;
b = 30.886901;
mu_two = b*1000/temp_slag;
mu_slagl = a*temp_slag*exp(mu_two);
[* initialize user defined memory variables, first time (only)
through the UDF .
These values are for initialization only and wi Il not be used
in calculations */
if(count_initialize == 0)
{
Message("\nnow initializing UDM variables . . . ;
begin_f _loop(f,t)
{
F_UDMI(f,t,0) = 90; /* flux through developed
particulate layer */
F_UDMI(f,t,1) = 90; /* flux through developed

sintered layer */
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F_UDMI(ft,2) =1591; /* T4 of fully developed a
deposit */

F_UDMI(f,t,3) = 0.001; /*thickness of slag laye
fully developed deposit */

F_UDMI(f,t,4) = 90; /* flux through fully
developed deposit */

F_UDMI(ft,5) = 1101; /* surface temperature for
given current time */

F_UDMI(f,t,6) = 1000; /* flux of entire ash laye
formed at given current time */

F_UDMI(ft,7) = 1; [* relative position along
the boundary face, as measured from one end */
F_UDMI(ft,8) = 1; [* absolute position, "y" of

face (FLUENT's coordinates) */

F_UDMI(f,t,9) = 0.001; /* thickness of particual
layer at given current time */

F_UDMI(f,t,10) = 0.001; /* thickness of sintered
layer at given current time */

F_UDMI(f,t,11) = 0.0;  /* thickness of slag layer
given current time */

F_UDMI(f,t,12) = 0.005; /* thickness of entire a
deposit at given current time */

F_UDMI(f,t,13) = 0.001; /* thickness of particul
layer in fully developed deposit model*/
F_UDMI(f,t,14) = 0.001; /* thickness of sintered
layer in fully developed deposit model*/
F_UDMI(f,t,15) = 0.001; /* thicknes of fully
developed sintered layer, before transition to
slagging */

F_UDMI(f,t,16) = 0.005; /* total thickness of fu
developed deposit model*/

F_UDMI(f,t,17) = 200; /* particulate layer
formation time of fully developed model */
F_UDMI(f,t,18) = 5000; /* sintered layer formati
time of fully developed model */

F_UDMI(f,t,19) = 10000; /* entire deposit format
time of fully developed model */

F_UDMI(f,t,20) = 0O; [* current regime for th
face on the boundary */

F_UDMI(ft,21) = 0; /* total mass composed o
frozen slag and slag layers at given current tim

F_UDMI(f,t,22) = 0; /* thickness of frozen
slag layer at given current time */

F_UDMI(f,t,23) = 0; [* iteration counter for eac
layer */

F_UDMI(f,t,24) = 1; /* absolute position, "x" of

face (FLUENT's coordinates)  */

}

end_f loop(f,t)

count_initialize = 1;

Message("\nCheck: UDM variables initialized.");

Message("\nCheck: current time is %i", current_abs
[* determine number of faces and physical domain s
boundary (loop over all faces) */
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begin_f _loop(f,t)
{

fluxfun = BOUNDARY_HEAT_FLUX(f,t);

Message("\nflux = %g", fluxfun); /* echo back

current flux value, calculated by FLUENT */

num_face = num_face + 1; [* counter for faces

along boundary */

num_2x = centroid_array[0];  /* holds previous
centroid_array[0] value */

num_2y = centroid_array[1]; /* holds previous
centroid_array[1] value */

/* centroid_array[0,1,2] (X, y, and z absolute co
gets assigned here */
F_CENTROID(centroid_array,f,t);

if(num_face == 1)

{

begin at zero */

num_1x = centroid_array[0]; /* allows x_size to

num_1y = centroid_array[1l]; /* allowsy_size to

begin at zero */
num_2x = centroid_array[0];
num_2y = centroid_array[1];

}

X_size = x_size + fabs(num_1x - centroid_array[0]

X_size stores the domain size in x direction */

y_size =y _size + fabs(num_1y - centroid_array[1]

y_size stores the domain size in y direction */
Xy_size = xy_size + sqgrt(pow((num_1x -
centroid_array[0]),2) + pow((num_1y -
centroid_array[1]),2));

num_1x = centroid_array[0];

num_1y = centroid_array[1];

x_direction = x_direction + (centroid_array[0] -
/* Message("\nCheck: x_direction value is %g",
x_direction); */

y_direction = y_direction + (centroid_array[1] -
X_vector = x_vector + F_U(f,t);

y_vector =y _vector + F_V(f,t);

}
end_f_loop(f,t)

X_total = x_size;

y total =y_size;

Xy_total = xy_size;

x_face_size = fabs(num_1x - centroid_array[0]);
y_face_size = fabs(hum_1y - centroid_array[1]);
xy_face_size = sqrt(pow((num_1x - centroid_array[O
pow((num_1y - centroid_array[1]),2));

faces_total = num_face; /* total number of faces a
*/

/* determine FLUENT calculation sequence and bound
orientation.

This is used for calculating length_x and length_y
if(x_direction != 0)
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case3 =1,

Message("\nBoundary orientation is horizontal,
x_direction value is %g", x_direction);
if(x_direction > 0)

{
casel = 1; /* face calculations in
positive x order */
Message("\nFluent calculations (within surface
temp UDF) are in positive \"x\" order.");
}
else
{
casel = 2; [* face calculations in
negative x order */
Message("\nFluent calculations (within surface
temp UDF) are in negative \"x\" order.");
}

}
if(y_direction !=0)

{
case3 = 2;
Message("\nBoundary orientation is vertical,
y_direction value is %g", y_direction);
if(y_direction > 0)
case2 = 1; [* face calculations in
positive y order */
Message("\nFluent calculations (within surface
temp UDF) are in positive \"y\" order.");
}
else
{
case2 = 2; [* face calculations in
negative y order */
Message("\nFluent calculations (within surface
temp UDF) are in negative \"y\" order.");
}
}
if(x_direction != 0 && y_direction != 0)
{
case3 = 3;
Message("\nBoundary orientation is in the xy pla ne");
}
if(x_direction == 0 && y_direction == 0)
{
Message("\nERROR: Boundary orientation was not
determined!");
Message("\nThis must be resolved before obtaining
valid results.");
}
Message("\nCheck: boundary thread faces numbered an d
calculation-order case determined.");
Message("\nnumber of faces = %i, casel is %i, and ¢ ase? is

%i", faces_total, casel, case?2);
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/* calculate heat flux at particulate/sintered tran
for use in creating
full model thickness and formation time data
[* determine particulate layer heat fluxes */
Message("\nCheck: first count_all value is %i", ¢
if(count_all == 0)
{
/* reset convergence counter each time the UDF runs
and condition is satisfied. */
flux_countl = 0;

if(flux_countl < faces_total)

{

Message("\ncalculating particulate layer flux.

begin_f_loop(f.)
{

F_PROFILE(f,t,i) = temp_sint; /*

assign sint temperature to boundary */

Message("\nCheck: temp assigned is %g,

face temp read is %g", temp_sint,
F_T(f.1));

sition
*/

ount_all);

flux_sint = BOUNDARY_HEAT_FLUX(f,t); /*

extract heat flux calculated by FLUENT*/

if(flux_sint < 0)
flux_sint = flux_sint*(-1);
/* keep heat flux positive for
calculations */
if(fabs(flux_sint - F_UDMI(f,1,0)) < 1)

/* check for sufficient convergence

*/

flux_countl = flux_countl + 1;
/* increment counter to track
convergence checks */

Message("\nCheck: flux sint = %g, and UDM

0 = %g temp = %g", flux_sint,
F_UDMI(f,t,0), F_T(f,1));

F_UDMI(f,t,0) = flux_sint; [*
store flux value for each face */

}

end_f_loop(f,t)

Message("\nflux_countl is %i", flux_countl);
count_part = count_part + 1;

/* check for flux convergence (by FLUENT) for each
face and then increment overall
counter when the condition is met, i.e. all faces'
flux convereged  */

if(flux_countl >= faces_total)

{

if(count_part > 2)

count_all = count_all + 1;

Message("\nCheck: particulate layer flux

converged.");
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}

/* determine sintered layer heat fluxes  */
if(count_all == 1)

{
flux_count2 = 0;
if(flux_count2 < faces_total)
{
Message("\ncalculating sintered layer flux. .
begin_f_loop(f,t)
{
F_PROFILE(ft,i) = temp_slag;
Message("\nCheck: temp read is %g",
F_T(f.);
flux_slag = BOUNDARY_HEAT_FLUX(f,1);
if(flux_slag < 0)
flux_slag = flux_slag*(-1);
if(fabs(flux_slag - F_UDMI(f,t,1)) < 1)
flux_count2 = flux_count2 + 1;
F_UDMI(f,t,1) = flux_slag;
}
end_f loop(f,t)
Message("\nflux_count2 is %i", flux_count2);
if(flux_count2 >= faces_total)
{
count_all = count_all + 1;
Message("\nCheck: sintered layer flux
converged.");
}
}
/* determine slag surface temperatures and heat f
*/
if(count_all == 2)

flux_count3 = 0;
if(flux_count3 < faces_total)
{
Message("\ncalculating slag layer flux. . .");
num_face = 0;
X_size = 0;
y_size = 0;
begin_f _loop(f,t)
{

/* determine position within domain */
num_face = num_face + 1;
F_CENTROID(centroid_array,f,t);
/* centroid_array[] gets assigned here
*/
if(num_face == 1)
{
num_1x = centroid_array[O];
num_1y = centroid_array[1];
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X_Size = x_size + fabs(num_1x -
centroid_array[0]);
y_size =y _size + fabs(num_1y -
centroid_array[1]);
Xy_size = xy_size + sqgrt(pow((num_1x -
centroid_array[0]),2) + pow((num_1y -
centroid_array[1]),2));

num_1x = centroid_array][0];

num_1y = centroid_array[1];

if(case3 == 1)

if(casel ==1)
size = x_size;
else
size = x_total - x_size;

}
if(case3 == 2)
if(case2 ==1)
size =y_size;
else
size =y total - y_size;

}
if(case3 == 3)

{
if(x_vector >y_vector)
{
if(casel == 1)
size = xy_size;
else
size = xy_total -
Xy_size;
}
else
{
if(case2 == 1)
size = xy_size;
else
size = xy_total -
Xy_size;
}
}
if(size == 0)
size = 0.1;

/* calculate steady state slag thickness
and resulting temperature and heat flux
*/

flux_T4 = BOUNDARY_HEAT_FLUX(f,t);
Message("\nCheck: flux_T4 value is %g",
flux_T4);

if(flux_T4 < 0)

flux_T4 = flux_T4*(-1);
if(fabs(flux_T4 - F_UDMI(f,t,4)) < 1)
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temp_four_mu =
F_UDMI(f,t,3)*flux_T4/k_slag +
temp_slag;
if(fabs(F_UDMI(f,t,2) -
temp_four_mu) < 2)
flux_count3 = flux_count3 +
1
else

if(temp_four_mu <
F_UDMI(f,t,2))

temp_four_mu =
F_UDMI(ft,2) -
fabs(temp_four_mu -
F_UDMI(f,t,2))*0.3;

else

temp_four_mu =
F_UDMI(f,t,2) +
fabs(temp_four_mu -
F_UDMI(f,t,2))*0.3;
}
mu_one = b*1000/temp_four_mu;
mu_slag2 =
a*temp_four_mu*exp(mu_one);
mu_slag_avg = (mu_slagl +
mu_slag2)/2;
var_one =
mu_slag_avg*y_slag*mass_flux*
size*3.0;
var_two =
pow(roe_slag,2)*9.81;
var_three = var_one/var_two;
thick_slag_initial t=
pow(var_three,0.33333);
F_UDMI(ft,3) =
thick_slag_initial_t;
F_UDMI(ft,2) = temp_four_mu;
F_PROFILE(f,t,i) =
temp_four_mu;
/* Message("\nCheck:
temp_four_mu value is %g",
temp_four_mu); */

}
}
F_UDMI(ft,4) = flux_T4;

}
end_f_loop(f,t)
Message("\nflux_count3 is %i", flux_count3);

if(flux_count3 >= faces_total)

{

count_all = count_all + 1;
Message("\nCheck: slag layer flux converged.");
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}

if(count_all == 3)

{
/* calculate layer thicknesses and formation times
each regime boundary face */
num_face = 0;
X_size = 0;
y_size =0;

count_Tsurl = 0;

count_regime2 = 0;

count_regime3 = 0;

size_prime = 0;

count_finish = 0;

fp3 = fopen("UDFparameters.txt","a");

[*fprintf(fp3,"Convergence magnitude data"); */
Message("\nCalculating current temperatures, fluxes
thicknesses, and times. . .");

begin_f _loop(f,t)

{

Message("\ncalculations for height y = %g",
F_UDMI(ft,7));
fluxfluentl = BOUNDARY_HEAT_FLUX(f,t);

/* these values get calculated for each face
loop as they are face dependent */
thick_particulate_t = k_particulate*(temp_sint
- temp_one)/F_UDMI(f,t,0); /* from flux_sint */

F_UDMI(f,t,13) = thick_particulate _t;
time_particulate_t =
thick _particulate_t*roe_particulate/(y_particul
ate*mass_flux);

F_UDMI(f,t,17) = time_particulate_t;
thick_sint_only t = (k_sint*(temp_slag -
temp_sint))/F_UDMI(f,t,1); /* from flux_slag */

F_UDMI(ft,15) = thick_sint_only t;
time_sint_only_t =
thick_sint_only_t*roe_sint/(y_sint*mass_flux);

F_UDMI(f,t,18) = time_sint_only_t;
thick_sint_t = k_sint*(temp_slag -
temp_sint)/F_UDMI(f,t,4); /* from flux_T4 */

F_UDMI(ft,14) = thick_sint_t;
thick_total_t = thick_particulate_t +
thick_sint_t + F_UDMI(f,t,3);

F_UDMI(ft,16) = thick_total_t;
time_total_t = time_particulate t +
time_sint_only_t; /* time to reach slagging
condition */

F_UDMI(f,t,19) = time_total _t;
Message("\nCheck: time_total_t value is %g",
time_total_t);

/* determine regime (particulate =1, sintered
=2, slagging =3) */
if(current_abs_time < time_particulate_t)
regime = 1;

136

at



else

{
if(current_abs_time >= (time_total_t))
{
regime = 3;
count_regime3 = count_regime3 + 1;
}
else
{
regime = 2;
}
}
num_face = num_face + 1;
F_CENTROID(centroid_array,f,t); [*

centroid_array[] gets assigned here */
if(num_face == 1)
{
num_1x = centroid_array][0];
num_1y = centroid_array[1];
}
X_Size = x_size + fabs(num_1x -
centroid_array[0]);
y_size =y _size + fabs(num_1y -
centroid_array[1]);
Xy_size = xy_size + sqgrt(pow((num_1x -
centroid_array[0]),2) + pow((num_1y -
centroid_array[1]),2));
num_1x = centroid_array][0];
num_1y = centroid_array[1];
if(case3 == 1)

if(casel == 1)

size = x_size;
else

size = x_total - x_size;
face_size = x_face_size;

}
if(case3d == 2)
{

if(case2 == 1)

size =y_size;
else

size =y total - y_size;
face_size =y face_size;

}
if(case3d == 3)

{
if(x_vector > y_vector)
if(casel ==1)
size = xy_size;
else
size = xy_total - xy_size;
}
else
if(case2 ==1)
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size = xy_size;

else
size = xy_total - xy_size;
}
face_size = xy _face_size;
}
if(size == 0)
size = 0.1;

F_UDMI(ft,7) = size;
F_UDMI(f,t,8) = num_1y;
F_UDMI(f,t,24) = num_1Xx;

if(fluxfluentl < 0)
fluxfluentl = fluxfluent1*(-1);
if(fabs(fluxfluentl - F_UDMI(f,t,6)) < 1)
{
/* set soft inputs: determine model
regime and material properties  */
[* assign convective gas properties by
regime */
if(regime == 1) /* particulate regime
*/

prandtl_num = 0.721;

mu_gas = 0.0000404;

k gas =0.063;

roe_gas = 0.379;
reynolds_num =
convection_vel*size*roe_gas/mu_gas;
nusselt_num =
0.0308*pow(reynolds_num,
0.8)*pow(prandtl_num, 0.33333);
convection_coef =
nusselt_num*k_gas/size;

}

if(regime == 2) [* sintered regime
*/

count_regime2 = count_regime2 + 1;

prandtl_num = 0.705;

mu_gas = .0000531;

k_gas =0.0934;

roe_gas = 0.2709;
reynolds_num =
convection_vel*size*roe_gas/mu_gas;
nusselt_num =
0.0308*pow(reynolds_num,
0.8)*pow(prandtl_num, 0.33333);
convection_coef =
nusselt_num*k_gas/size;

if(regime == 3) /* slagging regime
*/

/* determine x' position and size
as applied to slagging portion of
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}

boundary layer */
if(count_regime3 == 1)
size_prime = 0.5*face_size;

else
size_prime =
count_regime3*face_size -
0.5*face_size;

prandtl_num = 0.675;

mu_gas = .0000676;

k gas =0.134;

roe_gas = 0.1796;
reynolds_num =
convection_vel*size_prime*roe_gas/m
u_gas;
nusselt_num =
0.0308*pow(reynolds_num,
0.8)*pow(prandtl_num, 0.33333);
convection_coef =
nusselt_num*k_gas/size_prime;

Message("\nRegime is %i", regime);
Message("\nface ID is %i", f);
F_UDMI(f,t,20) = regime;

/* calculate layer thicknesses and
formation times from input current time

if(regime == 1)

[* calculate thicknesses */
thick_particulate =
current_abs_time*y_particulate*mass
_flux/roe_particulate;

F_UDMI(f,t,9) = thick_particulate;

thick_sint = 0;

F_UDMI(f,t,10) = thick_sint;

thick_slag = 0;

F_UDMI(f,t,11) = thick_slag;

thick_total = thick_particulate;

F_UDMI(ft,12) = thick_total;

[* calculate surface temperature
using FLUENT's flux for comparison
*/

Tsur =
fluxfluent1*thick_particulate/k_par
ticulate + temp_one;

Tsur_avg = F_UDMI(ft,5);
[* test for sufficient convergence
and record it using counter */
if(fabs(Tsur - F_UDMI(f,t,5)) < 2)
count_Tsurl = count_Tsurl +
1
else
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if(Tsur < Tsur_avg)

{
Tsur_avg = Tsur_avg -
fabs(Tsur_avg -
Tsur)*0.3;
}
/* Tsur will otherwise be
greater than Tsur_avg;
increment Tsur_avg */
else
{
Tsur_avg = Tsur_avg +
fabs(Tsur_avg -
Tsur)*0.3;
}

F_UDMI(ft,5) = Tsur_avg;

F_PROFILE(ft,i) = Tsur_avg;
Message("\nCheck: Tsur_avg
value is %g and has been
updated within regime 1",
Tsur_avg);

}
if(regime == 2)

thick_particulate =
thick_particulate_t;

F_UDMI(f,t,9) = thick_particulate;
thick_sint = (current_abs_time -
time_particulate_t)*y_sint*mass_flu
x/roe_sint;

F_UDMI(f,t,10) = thick_sint;

thick_slag = 0;

F_UDMI(f,t,11) = thick_slag;
thick_total = thick_particulate +
thick_sint;

F_UDMI(f,t,12) = thick_total;

/* calculate surface temperature
using FLUENT's flux for comparison
*/
Tsur =
fluxfluent1*thick_sint/k_sint +
temp_sint;
Tsur_avg = F_UDMI(f,t,5);
if(fabs(Tsur - F_UDMI(f,t,5)) < 2)
count_Tsurl = count_Tsurl +
1
else

if(Tsur < Tsur_avg)

{
Tsur_avg = Tsur_avg -
fabs(Tsur_avg -
Tsur)*0.3;

}
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}

}

if(regime == 3)
facelD = f;

/* Tsur will otherwise be
greater than Tsur_avg;
increment Tsur_avg */

Tsur_avg = Tsur_avg +
fabs(Tsur_avg -
Tsur)*0.3;

F_UDMI(ft,5) = Tsur_avg;
F_PROFILE(ft,i) = Tsur_avg;

Message("\nCheck: Tsur_avg
value is %g and has been
updated within regime 2",
Tsur_avg);

f = count_regime3-1;
/* Message("\nCheck: face f changed
to %i", f); */

thick_slag_other = F_UDMI(f,t,3);
Message("\nCheck: steady state slag
thickness is %g",
thick_slag_other);

f = facelD;

if (F_UDMI(f,t,11) <=
thick_slag_other)
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thick_particulate =
thick_particulate_t;
F_UDMI(f,t,9) =
thick_particulate;
thick_sint =
thick_sint_only t;

F_UDMI(f,t,10) = thick_sint;

delta_time = current_abs_time
- previous_time;

/* (mass = slag mass + frozen
mass + added mass during time
step) */

mass_current = F_UDMI(f,t,21)
+ mass_flux*delta_time;

thick_frozen_total =
k_frozen*((temp_slag -
temp_sint)/fluxfluentl -
thick_sint/k_sint));

/*

if(thick_frozen_total < 0)

thick_frozen_total = 0;



Message("\nNOTE t
frozen total value is
negative! t frozen
total value set to
0.);

gl

/* by mass balance */
thick_slag = (mass_current -
thick_frozen_total*roe_frozen
)Iroe_slag;
power = pow((1850 -
F_UDMI(ft,5)),4);
/*

flux_normalized =
(fluxfluentl -
130000)/120000;
check_converge =
(1/log(flux_normalized+.9))*.
000007;

*/

/*Message("\nCheck: power
value is %g", power);

/*

if(power < 1000000000)

{
check_converge =
0.00007;
}
else
{
check_converge =
0.000007;
}
*/
/*
if(thick_slag > 0.0045)
{
check_converge =
0.00007;
}
else
{
check_converge =
0.000007;
}

*/
check_converge = 0.000007;
if(fluxfluentl < 125000)
{
check_converge =
0.0005;
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else

/* Message("\nCheck:
convergence check value is
%g", check_converge); */
if(fabs(thick_slag
F_UDMI(f,t,11)) <
check_converge)

[* store values for
converged condition for
current time step  */
count_Tsurl =
count_Tsurl + 1,
F_UDMI(ft,22) =
thick_frozen_total,
thick_total =
thick_particulate +
thick_sint +
F_UDMI(ft,22) +
thick_slag;
F_UDMI(ft,12) =
thick_total;
/*Message("\nCheck:
thick_frozen_total
value stored is %g",
thick_frozen_total); */
F_UDMI(f,t,11) =
thick_slag;
Tsur =
(fluxfluent1*F_UDMI(f,t
,11))/k_slag +
temp_slag;
F_UDMI(f,t,5) = Tsur;
/*Message("\nCheck:
thick_slag value stored
is %g", thick_slag);
Message("\nCheck:
current converged Tsur
value is %g",
F_T(f,0); */

Tsur =
(fluxfluent1*F_UDMI(f,t
,11))/k_slag +
temp_slag;
/*Message("\nCheck:
Tsur first value is

%gq", Tsur); */
F_UDMI(f,t,11) =
thick_slag;

Tsur =
(fluxfluent1*F_UDMI(f,t
,11))/k_slag +
temp_slag;



/*Message("\nCheck: Tsur
current value is %g", Tsur);
*/

if(Tsur <
F_UDMI(ft,5))
Tsur =
F_UDMI(ft,5) -
fabs(Tsur -
F_UDMI(f,t,5))*0.
43;
if(Tsur >
F_UDMI(ft,5))
Tsur =
F_UDMI(f,t,5) +
fabs(Tsur -
F_UDMI(f,t,5))*0.
43;
F_UDMI(f,t,5) = Tsur;
F_PROFILE(f,t,i) =
Tsur,
/*Message("\nCheck:
thick_slag value
updated and Tsur; Tsur
new value is %g",
Tsur); */
F_UDMI(ft,23) =
F_UDMI(ft,23) + 1;

}
}
else
{

count_Tsurl = count_Tsurl +
1

count_finish = count_finish
+1;

Message("\nCurrent steady
state slag thickness reached
and count_Tsurl
incremented");

}

}

F_UDMI(ft,6) = fluxfluentl; /* store flux
value into memory */

}
end_f loop(f,t)
/* Message("\nCheck: count_Tsurl value is %i",
count_Tsurl); */
if(count_Tsurl >= faces_total)
{
Message("\nCheck: converged current surface
temperatures have been calculated from input
time.");
Message("\nUpdating the frozen layer
thicknesses. . .");
count_regime3a = 0;
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begin_f _loop(f,t)
{
if(F_UDMI(f,t,20) == 3)

if (F_UDMI(f,t,11) <=
thick_slag_other)

F_UDMI(f,t,21) =
F_UDMI(ft,21) +
mass_flux*delta_time;
Message("\nCheck:
mass_current value stored
into memory is %g",
F_UDMI(f,t,21));

parameter = F_UDMI(f,t,21) -
pow(F_UDMI(f,t,6),3)*pow(F_UDMI(f,t
,11),4) + F_UDMI(f,t,10);
fprintf(fp3,"\n%g, %i, %g, %g, %4,
%g", F_UDMI(f,t,7),
current_abs_time, parameter,
F_UDMI(f,t,23), F_UDMI(f,t,6),
F_UDMI(f,t,5));

}

else

{
/* mass of frozen slag and slag
layers will otherwise be zero (for
regime I=3) */

F_UDMI(f,t,21) = 0;
}

}
end_f_loop(f,t)
count_all = count_all + 1;

}
fclose(fp3);
}

if(count_all == 4)

{

/* write data for current time step */
fp2 = fopen("ashUDFresults-time.txt","a");
fprintf(fp2,"\n\nThe ash layer model results for
current time = %i (sec)\n", current_abs_time);
fprintf(fp2,"\nmodel y , regime , Tsur , ");
fprintf(fp2,"flux , t part , t sint , ");
fprintf(fp2,"t slag , t frozen current , t total ,
Tsur from FLUENT");

Message("\nCurrent time condition cacluations have
been completed. Data written to \"ashUDFresults-
time.txt\"");

begin_f loop(f,t)

{

fprintf(fp2,"\n%g , %g , %g , ", F_UDMI(f,t,7),
F_UDMI(f,t,20), F_UDMI(f,t,5));
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fprintf(fp2,"%g , %g , %g , ", F_UDMI(f,t,6),
F_UDMI(ft,9), F_UDMI(f,t,10));
fprintf(fp2,"%g , %g , %g , %g",

F_UDMI(f,t,11), F_UDMI(f,t,22), F_UDMI(f,t,12),

T_F(f.1);

[* reset iteration counter for each layer */
F_UDMI(f,t,23) = 0;

}
end_f loop(f,t)
fprintf(fp2,"\nEnd time step\n");

[* assign time step increment according to changes
model regimes (smaller time steps near/during regim
changes and slagging conditions) */
previous_time = current_abs_time;
if(count_regime2 >= faces_total)
{

if(count_regime3 > 0)

if(count_regime3 >= faces_total)

current_abs_time = current_abs _time + 900;

else

{

current_abs_time = current_abs _time + 60;

}
}
else
{ . .
current_abs_time = current_abs_time + 60;

}
}
else
{ . .

current_abs_time = current_abs_time + 6 0;

}

Message("\nCheck: count_finish value is %i", coun
if(count_finish >= faces_total)

/* entire deposit has formed, steady slagging condi
reached and the
current time will stop incrementing * /
count_all = 5;
Message("\nFull model has been built. Time progres
has stopped.");

else

/* the current time has been incremented and the as
layer surface temp
will be recaclculated (return back to Tsur
calculations) */
count_all = 3;
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/*Message("\nCheck: current time incremented to %i"
current_abs_time); */
fclose(fp2);

if(count_all == 5)

{

fp2 = fopen("ashUDFresults-time.txt","a");
fprintf(fp2,"\n**The full model ash layer results
fprintf(fp2,"\nmodel y , abs y , abs x, ");
fprintf(fp2,"flux , model t part , model t sint, m
sintonly , ");
fprintf(fp2,"model t frozen total , model t slag ,
total , );
fprintf(fp2,"model time part , model time sint ,
fprintf(fp2,"model time total , model T4");

Message("\nFull model cacluations have been complet

will now be written to \"ashUDFresults-time.txt\"")
begin_f _loop(f,t)
{

fprintf(fp2,"\n%g , %g , ", F_UDMI(f,t,7),
F_UDMI(f,t,8), F_UDMI(f,t,24));

fprintf(fp2,"%g , %g , %g , %g , ", F_UDMI(f,t,4),
F_UDMI(f,t,13), F_UDMI(f,t,14), F_UDMI(f,t,15)) ;

fprintf(fp2,"%g , %g , %g , ", F_UDMI(f,t,22),
F_UDMI(f,t,3), F_UDMI(f t,16));
fprintf(fp2,"%g , %g , ", F_UDMI(f,t,17),
F_UDMI(f,t,18));

fprintf(fp2,"%g , %g , ", F_UDMI(f,t,19),
F_UDMI(ft,2));

}
end_f loop(f,t)

fprintf(fp2,"\nAbove results from given data:");
fprintf(fp2,"\nT1=%gq, \nTsint=%g, \nTslag=%g", temp
temp_sint, temp_slag);
fprintf(fp2,"\nTinf=%g, \nmass flux=%g, \nsigma=%g"
temp_inf, mass_flux, sigma);
fprintf(fp2,"\nemissivity _particulate=%g,
\nemissivity_sint=%g, \nemissivity slag=%gq",
emissivity _particulate, emissivity_sint, emissivity
fprintf(fp2,"\nconvection vel=%g, \nk part=%g",
convection_vel, k_patrticulate);
fprintf(fp2,"\nk sint=%g, \nk slag=%g, \nk gas=%g,
part=%g", k_sint, k_slag, k_gas, roe_particulate);
fprintf(fp2,"\nroe sint=%g, \nroe frozen=%g, \nroe
\nroe gas=%g", roe_sint, roe_frozen, roe_slag, roe_
fprintf(fp2,"\ny part=%g, \ny sint=%g, \ny slag=%g,
\n*mu_slag_avg=%g, \nEND", y_patrticulate, y_sint, y
mu_slag_avg);

count_all = count_all + 1;

fclose(fp2);

Message("\nAll model data has been writen.");
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/*Message("\nCheck: Sixth count_all value is %i\n", count_all);

*/
if(count_all == 6)
Message("\nSURFACE TEMPERATURE UDF PROGRAM ITERATION IS
COMPLETE\n.");
}
DEFINE_PROFILE(centerline_temp,t,i)
{
face tf;

num_faces = 0;
begin_f_loop(f.t)
{

num_faces = num_faces + 1;

num_2 = centroid_array[1]; /* holds previous
centroid_array[1] value */
F_CENTROID(centroid_array,f,t); [* centroid_array][]
gets assigned here */

if(num_faces == 1)
num_1 = centroid_array[1];
num_1 = centroid_array[1];

}
end_f _loop(f,t)
faces_total = num_faces;

/* determine FLUENT's calculation sequence */
if(num_2 < centroid_array[1])
{
casel = 1; /* face calculations from bottom up */
/* Message("\nFluent face calculations are from bot tom
up."); */

else

casel = 2; /* face calculations from top down
*/
/* Message("\nFluent face calculations are from top
down."); */

}

/* Message("\nBoundary faces numbered: there are %i faces",
faces_total); */

temp_bottom = 2000;

temp_top = 1700;

increment = (temp_bottom - temp_top)/faces_total;

count = 0;

begin_f_loop(f.t)
{

if(casel == 1)
F_PROFILE(f,t,i) = temp_bottom - count*increment ;
else
F_PROFILE(f,t,i) = temp_top + count*increment;
temp = F_PROFILE(f t,i);
count = count + 1;
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/*Message("\nAssigned temperature is %g and face th read is
%i",temp, t); */

}
end_f_loop(f,t)

Message("\nCheck: temperatures assigned to center boundary;
centerline UDF complete.”);

}
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