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ABSTRACT

A generally applicable theory Is presented which attempts to explain

how ash deposits form, with or without the presence of sticky particles and

surfaces. Some experimental and modeling results are described. Ash

deposition due to inertial impaction and thermophoresis was calculated.

Boiler design specification, loads, coal properties, boiler operation choices,

and locally-entrained ash characteristics are input in terms of superheater

tube diameter, steam temperature, flue-gas temperature, particle velocity, gas

and particle density, gas velocity, multiple time increments, particle diameter

distributions, and dust loading with elemental analyses for multiple narrow-

range particle-diameter bins plus calculated viscosity for impacting particles.

The total heat flux of the superheater tube is calculated. Calculated two-

dimensional deposition resulting from the inertial impaction and the resulting

total heat flux are compared with measurement data from the +20MWt

magnetohydrodynamic (MHD) facility at the University of Tennessee Space

Institute (UTSI) and the Fuels Evaluation Facility (FEF) at the Pittsburgh

Energy Technology Center (PETC). The numerical and experimental results

are in the good agreement. The influence of several variables including time,

tube diameter, gas velocity, particle density, particle size distribution, and dust

loadings on ash deposition are discussed.
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NOTATION

A: Stiff matrix
a: Coefficient of diffuse reflection, dimensionless
JE; A matrix
bin: Number of bins
0: Constant

D: Tube diameter, meter
Di! Pick diffusion coefficient
DCM: Distribution of chemical composition
DL: Total dust loading, kg-m-3
d: Particle diameter, meter
di- Thickness of the ash deposition layer accumulated on segment, meter
EA: Elemental Analysis
e; Coefficient of restitution
e^: Error

Ft: Force, N
F: Factor, dimensionless
G: Matrix
g: Gravity
H: The projection of the tube height, meter
h: Convection coefficient, W-m-2 K-i
hj; Characteristic length of an element, meter
hr: Radiation heat transfer coefficient, W-m-2 k-i
I: Parameter

J: Parameter

K: Thermal conductivity, W-m-i K-1
L; Length of tube, meter
Le: Lewis number, dimensionless
M: Molecular weight
m; Mass of particle, kg
m: Mass flux, kg-s-i
Nu: Nusselt number, dimensionless
n: Number of nodes in finite element method
P: Matrix

Pr: Prandtl number, dimensionless
p: Pressure, N-m-2
poro: Porosity of ash deposit
Q: Matrix

q; Heat flux, Btu-ft-2-hr-i
R: Radius of tube, meter

Re: Reynolds number, dimensionless
r: Radius of particle, meter

XI I



SP: Staying probability
Stk: Stokes number, dimensionless
Stke: Generalized Stokes Number, dimensionless
s: Distance from stagnation point, meter
So Penetration distance, meter
T: Temperature, K

• Ii Matrix
t: Time, second
Up; Particle rebound velocity, m-s-i
u: True solution in finite element method
V: Velocity, m-s-i
Vp; Particle approach velocity, m-s-i
Vo.: Free stream velocity, m*si
W: Weight percentage
x: X coordinates, meter
y; y coordinates, meter

Greek Svmbols

p; Density, kg-m-3
|i: Viscosity, m2-s-i

ttji Constant in test function

at: Thermal diffusion factor
p-. Local collection efficiency

pc: Total collection efficiency
Pv: Mean velocity in thermal equilibrium, m-s-i
pji Constant in test function
71: Constant in test function
0: Impacting angle

0: Concentration

e  Emissivity, dimensionless
Ei: Lennard-Jones molecular interaction energy parameter

\y; Linear interpolation functions
7i: Pi

k: Boltzmann constant, 1.3806X10-23 J-K-1

5: Delta function

5i: Criteria of convergence

82: Criteria of convergence
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Ti: Dynamic viscosity, N-s-m-z
Tj: Thermophoretic parameter

q; Lennard-Jones molecular size parameter

a: Stetan-Boltzmann constant, 5.6696x10-8 W m-2- K-4
Q; Domain

T: Boundary

Superscript
e: Element

Subscript

g: Gas stream
p: Particle
w: Wall
oo; Free Stream

MlRcellaneous Acronyms

ADP: Ash Deposition Probe
CFBL: Chemical Frozen Boundary Layer
OFFF: Coal-Fired Flow Facility
DOE: U. 8. Department of Energy
FEF; Fuels Evaluation Facility
MHD: Magnetohydrodynamic System
NASA: National Aeronautics and Space Administration
PETC: Pittsburgh Energy Technology Center
SHTf^: Superheater Test f^odule
TS: Test Section
UTSI: University of Tennessee Space institute
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CHAPTER I

GENERAL INTRODUCTION

1.1 Background

Fire-side deposition has long been recognized as a major problem in

coal-fired steam generators and magnetohydrodynamic (MHO) systems. The

economic losses that can be attributed directly or indirectly to the growth of

ash deposition in such units are considerable, especially if these units are

shut down because of ash deposition causing an extended outage for off-line

cleaning or repair of damaged heat-transfer surface.

Many universities, laboratories, and energy companies have expended

considerable amount of effort in understanding and predicting the behavior of

coal ash deposition in these units. Empirical techniques are the traditional

methods which relate laboratory and pilot-scale measurements of the fuel

characteristics with the design, performance and coal ash behavior of the

steam generators. Almost all empirical methods are based on experimental

techniques designed to analyze coal samples and/or measure relative values

of ash deposition rates. These tests are conducted in the laboratory or in pilot-

scale units under conditions that cannot directly simulate the necessary wide

variety of utility boiler design and operational parameters. The scaling-up

process for specific commercial applications produces significant limitations
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and inaccuracy.

In the foreword of Erich Raask's book titled Minaral Impurities in Coal

nnmhustion: Behavior. Problems, and Remedial Measures [1985] William T

Reid wrote:

" The state of the art in this field has been based largely on empiricism, even though

science and theory have been applied in a widely varying degree. For example,

determining the fusibility of coal ash, a basic property in assessing coal behavior, as done

most commonly has little relation to the rheology of silicate systems. And yet this basic

property of ash at high temperatures almost certainly must influence the thickness of slag

on heat-receiving surfaces and so affect heat transfer. Hence, applying empirical

measurements to predict the behavior of an wrfamiliar coal in a given boiler furnace can

be unreliable - and often is. Yet the more technically sound methods of measuring

fundamental flow characteristics of coal-ash slags have not contributed much as yet to

predicting ash behavior, except under limited conditions. It has been realized for many

years that ash characteristics must be related to boiler configuration and to operating

conditions in assessing the likelihood of ash-related problems, yet such three-pronged

studies are few, and generalized relationships are not yet available. Perhaps the growing

realization that coal will be our main source of energy for generating electricity for the

coming century will lend emphasis to our need for more basic information on coal-ash

behavior under real-life conditions."

In order to comprise the three-pronged effort proposed by Reid, a generic

engineering approach to the study of ash deposits has been defined and

described by Wagoner and Wessel [1986]. The approach develops and uses

calculations and measurements from several engineering disciplines and has



considGrably improvGd th© dsmonstrated limitations for prodicting coal ash

behavior.

The generic engineering approach is a systematic approach unifying

several engineering disciplinary activities as they pertain to ash deposits and

boiler performance. This approach seeks to combine fundamental

engineering relationships in a way that identifies and responds to all the key

variables influencing both deposits and the process of heat transfer. The

result is a generalized engineering method for quantitative measurement and

calculation of the effect of fire-side deposits and soot blowing on real-time

performance of heat transfer surfaces in steam generators. The generic

approach is subdivided into five broad categories:

1. Characteristics of fuels

2. Characteristics of entrained particles

3. Mass transfer

4. Heat transfer

5. Deposit strength

These categories are addressed with regard to the design and the transient

and cyclic nature of normal operation of the steam generator.

There are few studies on the dynamic interdependence between heat

and mass transfer which describe how the deposit growth and removal

processes affect local instantaneous heat absorption rates. Wagoner and

Wessel [1986] presented some results for combining effects of heat and mass

transfer on a single heat exchange tube. In their model, 100% particle staying



probsbility was assumad, which rnaans that if tha particia hits tha tuba, it will

stick to it. Tha local coilaction or targat afficiancy of a tuba is basad on tha

dimansions of tha cylindrical tuba. Howavar, 100% particia staying probability

is not always a raality for dry particlas. Furtharmora, as ash daposits collact on

tha tuba surfaca, tha rasulting shapa of tha surfaca is no longar parfactly

cylindrical. Tha local coilaction afficiancy (local maans at diffarant points on

tha surfaca) should ba dapandant on tha shapa of ash daposits, and staying

probability must ba a function of tima and location.

Tha currant U.S. Dapartmant of Enargy-sponsorad MHD davaiopmant

program at Tha Univarsity of Tannassaa Spaca Instituta (UTSI) racantly

complatad tha dasign, construction and operation (Proof-of-Concapt tasting) of

an intagratad bottoming cycia haat racovary/saad racovary (HRSR) subsystem

using coal as tha primary fuel. As part of tha general program of system

dasign and performance analysis of tha CFFF, tha present dissertation

research was undertaken to develop an improved procedure for predicting

ash deposition characteristics and their affects on haat transfer to superheater

tubas.

1.2 Objective

Tha goal of this project was to follow tha generic anginaaring approach

and sat up a complete second generation, two-dimensional numerical modal

of tha ash deposition process which would combine haat and mass transfer



principles to predict the transient changes in the shape of ash deposits and

total heat flux of heat exchange surfaces such as superheater tubes. The

model expressed in a Fortran-based computer code, will be developed to

predict not only the deposition of a specific fly ash in a pilot-scale furnace, but

also would serve as a rational way to scale up information (site specific data)

for MHD systems and conventional pulverized coal-fired steam generators at

an electric utility station. Hence, applications planned for the model include

engineering interpretation and site-specific scaling of data from the UTS! MHD

HRSR, and predicting the deposition of fly ash in conventional pulverized coal-

fired furnace for a superheater tube in a cross flow.

1.3 General Approach

The present study can be divided into three different parts, which

include calculation of the flow field around a heat transfer tube, the tube mass

transfer calculation, and the tube heat transfer calculation. The flow field

calculated is a potential cross flow over a single vertical heat exchange tube

as shown in figure 1.1*. The inertial impaction (definition in chapter 2) layer

and the thermophoretic layer are included in the mass transfer calculation.

After completing the mass transfer calculations, the shape of ash deposits can

be determined. Heat transfer parameters (temperature distribution and total

*AII figures may be found in Appendix B.
5



heat flux rate for superheater) are then calculated by assuming that the shape

of ash deposits does not change during a short interval of time.

Characteristics of the fuels and the entrained fly ash (e.g, species,

concentration and particle size distribution etc) are given as input data. The

thermal properties of ash deposition are not only a function of temperature, but

also a function of chemical composition of the ash and the particle size

distribution.



CHAPTER II

FORMATION OF ASH DEPOSITION

2.1 Introduction

The study of ash deposits on superheater tubes involves the analyses

of several mechanisms. The coal ash (which may contain potassium sulfates

and/or carbonates in the case of the coal-fired MHD program) may be present

in the gas stream in different phases (solid, liquid or vapor) and a variety of

chemical species, depending on the chemical composition of coal ash (and

MHD seed) and the prevailing gas temperature. Depending on the

combustion conditions, coal fly ash components may have a very wide particle

size distribution range. Depending on the composition, particle density, and

particle size distribution of ash components, ash particles may contact the tube

via different mechanisms and at different rates.

When the ash particle is relatively large (solid particle, condensed

vapor, or liquid drop with a diameter greater than 10 pm for most heat transfer

tube sizes), it may fail to follow the gas streamlines around the superheater

tube and thus impinge upon the tube; this mechanism is called inertial

impaction. Smaller particles (diameter of 5 pm or less), in general, will be

swept past the tube, but may deviate sufficiently from the streamlines to enter

7



the boundary layer around the tube. From there, these particles may

eventually hit the tube due to the mass concentration difference between the

boundary layer and tube wall. If the surface is cooled, an additional driving

force due to the boundary layer temperature gradient may be present giving

further deposition: this mechanism is called inertially enhanced

thermophoresis. If the particle's diameter is much less than 5 pm, there may

be a mass transfer due to concentration and temperature differences between

the gas stream and the tube surface. The concentration gradient causes

Brownian diffusion, and the temperature gradient affects thermophoresis. We

can thus divide the available deposition mechanisms into three main

categories: impaction, inertially enhanced thermophoresis and diffusion

(Brownian and thermophoretic). However, depending on the operational

conditions and the configuration of the tubes, other mechanisms may exist

such as eddy inertial impaction, vapor condensation, etc.

No matter which mechanism causes the ash particles to move to the

surface, whether or not this results in deposition depends to a great extent on

the physical nature of the ash particle and the surface on which particle hits.

The theory related to how ash particles will deposit on the tube surface will be

discussed in this chapter.

2.2 Background

There are two mechanisms for ash deposition due to inertial impaction.

8



The first mechanism considers sticky regimes (or elastic-plastic impact).

Initially, when the tube is perfectly clean, only those particles which arrive at

the surface in a sticky condition contribute to deposition formation. Sticky

refers to the surface conditions, and not to any electrostatic charge effects. In

the present work, no account is made for electrostatic particle deposition. If

the surface temperature is low enough, the molten particles which stick solidify

upon cooling. As the thickness of the deposit increases, the temperature at its

surface may become high enough so that a few particles remain sticky even

after cooling to the surface temperature. At this point the deposit becomes a

much more efficient collector, because the sticky portion of its surface now

collects both sticky and non-sticky particles.

In general, ash deposits due to inertial impaction create the thick ash

deposit layer on the front side of the superheater tube. Often it is assumed that

particles adhere to the tube surface or to the deposit only because of the sticky

nature of the surfaces. There is an implied relationship that reductions in heat

transfer efficiency are primarily related to the physical properties and size of

the deposit produced by inertial impaction. However, a very complex situation

exists in relating heat transfer rates to the type and nature of deposition. For

example, for continued operation, the ash entering the steam generator must

equal the ash leaving the steam generator. Therefore, the net deposition must

equal zero for continued operation. Sticky particles can be assumed to have a

relatively low viscosity which provides a reasonable explanation for stickiness:

however, these same low viscosity particles and deposit, if present, would



produce very high deposit strengths by way of extremely rapid deposit

sintering (less than one second). Sintering is the process by which a granular

or powdery material is fused by temperature into a simple solid. In this case,

sootblowers would have great difficulty in removing the deposits and

maintaining the net balance of zero for ash entering and leaving the steam

generator. In other words, for normal operation, deposits must have strengths

that are low enough to be controlled by soot blowing. Additionally,

calculations show that significant changes in the size of a massive deposit on

the leading edge of a tube can have very little effect on tube heat transfer

efficiency. Whereas, conversely, calculations show that extremely thin layers

of thermophoretically deposited ash can produce very major effects on heat

transfer efficiency. Dry, powdery deposits have very low conductivity and

emissivity values, but are usually easy to remove by sootblowing. These types

of deposits are associated with the rapid and significant reductions in heat

transfer rates. However, sticky particles are associated with deposits having

high thermal conductivity and high emissivity values. In general, sticky

particles have much less influence on heat transfer, but can severely impact

the effectiveness of soot blowing and cleaning.

Deposits on furnace wall and tubes are identified as slag by most

authors, and deposition in the radiant furnace of a pulverized coal-fired utility

boiler is called slagging. Also deposition on superheater tubes in the

convective section is usually called fouling. Strength is developed in the

superheater fouling deposits by the process of sintering, as described above.

10



Raask [1985] summarized the general relation between the viscosity

and sintering events as shown in Table 2.1. The author also gave the general

relation between the sintering events and difficulties of the removal process as

shown in Table 2.2. In Table 2.1, Where x is radius of the interface, assumed

to be circular, r is radius of the spherical particles: x and r are defined in

Figure 2.1. The magnitude of x/r which is used by Frenkel [1945] and Hewlett

[1994] is a function of time and viscosity.

Many references indicate that rapid and major reductions in heat

transfer rates are associated with powdery deposits, even in the case of

deposits with minimal thickness. Raask [1985] reported the following

relationship between deposit thermal conductivity and emissivity and physical

nature of the deposit in a table summarizing the work of many investigators as

shown in Table 2.3.

in a normally operating steam-generation system, most heat-exchange

surfaces experience deposits which can be controlled by soot blowing.

Significant percentages of these surfaces may have powdery deposits with

very low adhesive/cohesive strengths, which nonetheless significantly reduce

heat transfer rates, especially in the case of superheater tubes during the

period closely following soot blowing. As a result, the powdery deposits exert

a significant influence on limiting the average heat transfer efficiency of the

heat-exchange surface.

11



Table 2.1 Sintering and Slagging Regimes as Defined by Viscosity:

Event Viscosity
(N-sm-2)

Viscosity
(Poise)

Temperature
(K)

Temperature
T

Onset of sintering 109-1011 1010-1012 1200- 1300 1700-1880

Medium-rate

sintering
107-109 108-1010 1300 - 1400 1880-2060

Rapid sintering

1

O

106- 108 1400 - 1550 2060-2330

Formation of

nonflowing slag

103-105 104-106 1550- 1650 2330-2510

Table 2.2 Degree of Sintering Based on the Ratio of Neck Bond Radius

Value of x/r Degree of
sintering

Comment

0.001 Onset of sintering The deposit with this degree of sintering on toiler tubes
has no significant cohesive strength and would probably
fall off under the action of gravity and boiler vibration.

0.01 Slightly sintered
matrix

The deposit on boiler tulies would probably be removed
by soot blowing.

0.1 Strongly sintered
deposit

The deposit on tx)iler tubes would be difficult to rerTK>ve
by soot blowing.

>0.3 Slagging The ash particles lose their original identity and the
deposit on t>oiler tubes cannot be removed by soot
blowing.

Source: Raask, Erich, Mineral ImpiiritiPs In Coal Combustion. Behavior.
Prnhlems. and Remedial Measures. Hemisphere Publishing Corporation, New
York (1985).

Table 2.3 Relationship between Deposit Thermal Conductivity and

submicron size

particles, powdery
inertially impacted
particles, sintered

inertially impacted
particles, slag

thermal

conductivity, W-m-i-K-i 0.03 1.1 3.0

emissivity 0.1-0.2 0.5-0.7 0.6-0.8

12



2.3 Sticky or Powdery Regimes

Characteristics of fire-side deposits can and do cover wide ranges, from

molten or solidified slag to sintered ash particles to non-cohesive powders.

The following illustrate several important examples of deposit characteristics.

Walsh et al. [1990] have presented an in-depth treatment of the

deposition of sticky particles on a tube in cross flow operated under ultra low-

viscosity slagging conditions (representing a very high gas temperature

regime that does not exist in any current commercial superheater application)

with the tube-metal temperature controlled at 810 K (1000 °F), the gas

temperature at 1752 K (2694 °F), and the gas velocity at 15.1 m-s-i (50 ft-s-i).

Coal-ash deposits on the upstream stagnation line of the tubes were reported

with a bulk density of 1100 kg-m-3. The authors described sticking probability

for ash particles in their test apparatus as "zero below 1450 K and unity above

1450 K", a temperature which they concluded implied a well-defined melting

point. They considered a particle with a viscosity of 6 Pa-s (80 poise) to be

perfectly sticky. Most superheater tubes in commercial coal-fired boiler

designs operate at gas temperatures near but below 1478 K (2200 "F). The

design gas temperature is usually chosen to be significantly lower than the

minimum ash-fusion temperature for the design coal.

Wessel and Wagoner [1986] made successful predictions of powdery-

deposit shapes and heat-transfer effects using a value of unity (100%) for local

staying probabilities for thermophoretic mass transport around the entire

13



circumference of the superheater tube for the tests reported, even for refractory-

like sorbent particles. Local staying probabilities used for inertial impaction

were 100% at the upstream stagnation line of the superheater tube for all

particles. A non-linear relationship was used for calculating local staying

probabilities for inertial-impacted particles which gave probabilities that

decreased rapidly as distance from the stagnation line increased, and finally

dropped to zero at approximately 90 degrees around the circumference of the

tube from the stagnation point. Their publication stressed the importance of

sampling and evaluating locally-entrained fly ash rather than coal ash

produced in the laboratory using ASTM ashing techniques because of major

potential differences in ash quantity and quality. Experimental work was

conducted by Wessel and Wagoner [1986] with a coal-fired 1.76 MWt small

boiler simulator (SBS) at the Babcock & Wilcox Alliance Research Center

using a cyclone burner and equipped with a simulated superheater tube and

sootblower. Controlled tube-metal temperature was 839 K (1051 T) with a

gas temperature of 1468 K (2183 T), and a gas velocity of 3.4 m*s-i (11.2 ft-s-

1). Powdery deposits on the upstream stagnation line were reported with bulk

density of 660 kg-m-3 for coal only, and 521 kg-m-3 for coal with upper-furnace

sorbent injection. Corresponding measurements for deposit-on-tube

porosities were 0.725 and 0.814, respectively. Porosity is defined as one

minus ratio of bulk density divided by true density. Bulk density for an ash

sample is the ratio of ash weight and volume, and true density is particle

density from measurement. Heat flux reductions of approximately 50% were
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observed with sorbent injection within periods of five hours between soot

blowing.

Wagoner [1989] substantiated that sticky particles/surfaces were not

feasible conditions for deposits which remain powdery and do not possess

significant adhesive or cohesive strengths. Viscosities greater than 109 Pa-s

(IQio poise) were indicated for powders.

Srinivasachar et al. [1988] conducted laboratory experiments to

determine the critical particle viscosity for 28 or 53 pm particles to stick with

impact velocities of 1 m-s-i. At viscosities greater than IQs poise, no particles

deposited on the probe which utilized two diameter (0.049" and 0.125") tubes

in cross flow, while at viscosities less than 108 poise, a constant fraction of

"sticky" particles deposited on the surface of an uncooled probe. With an

uncooled probe, which does not simulate a superheater heat-exchange tube,

thermophoresis would not occur and impacting particles could not be

decelerated in the thermophoretic layer.

Wagoner, Foote, and Attig [1990] described powdery deposits of non-

sticky coal ash inside the tubes of a 200 hp fire-tube boiler converted for

burning micronized coal with very high ash-fusion temperatures and 2.7% ash

as-fired. Tube-metal temperature was 422 K (300 °F), and gas temperatures

associated with the powdery deposits ranged from approximately 1478 K

(2200 "F) to 450 K (350 "F). The thickest deposits, 7.6 mm (0.3 in) in 40 hours,

occurred at gas temperatures near 644 K (700 "F).

Byers and Calvert [1969] described a non-sticky surface layer that was
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formed and retained by thermal forces. A photograph was presented that

showed the powdery deposit on the inside wall of a tube carrying small, non-

sticky, dry particles entrained in 900 'F gas with a tube wall temperature of 80

T. They included three references to development of a dust sampler using

thermal force (via thermophoresis) with essentially 100% collection efficiency

for particles smaller than about 2 pm.

2.4 Non-Sticky Particle Regimes

If sticky particles hit a surface, they will stay on it regardless of surface

conditions unless "sandblasted" by inertial impaction of large refractory

particles. However, depending on the physical nature of the surface, non-

sticky particles may or may not stay. The second mechanism of ash deposits

due to inertial impaction considers non-sticky particle deceleration and

retention. It assumes that the sticking of particles is due to a thin coating of low

viscosity material on the surface of deposit on a tube. In this case, the contact

volume established on collision between a particle and the surface is

determined by the thickness of the low viscosity surface layer, the diameter of

the particle, and the inertia of the particle. If the layer is thick enough, the

particle will be stopped.

Both inertial impaction mechanisms assume that there is a sticky

substance or a thin coating of material which retains particles on the heat-

transfer surface. However, these mechanisms would not apply to a clean tube
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without sticky particles, as described by Wagoner and Yan [1991]. The

authors have developed and presented a model which shows how ash can

deposit without involving sticky particles or surfaces.

Their theory of the procedure of deposition formation is divided into two

steps: 1) initial deposit formation which is due to elastic particles impacting an

elastic (clean) heat-transfer surface. 2) secondary deposit formation which is

due to elastic particles impacting the thermophoretic dust layer. Regardless of

the mechanism of mass transfer, all particles have a velocity greater than zero

when they contact the surface of a heat exchanger. Therefore, if a particle is to

deposit, it first must be decelerated, then subsequently be retained. Retention

can be thought of as a staying probability for non-sticky particles. Also, all

particles can be described in a broad sense as impacting or colliding with the

external surface of the heat exchanger because their velocity exceeds zero.

This description is not restricted to the inertial-impaction mass-transport

mechanism, but includes other mechanisms, such as thermophoresis, as well.

It is useful to define a coefficient of restitution, e, for a normal impact as

seen in Figure 2.2 on a tube surface by

U.
e =

vp

where Vp is the approach velocity of the particle before impact, and Up is the

rebound velocity of the particle after impact on the same straight line. For a

perfectly elastic particle collision e = 1, but in more realistic collisions, such as
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non-sticky particles collicling with a clean superheater tube surface, e < 1. For

Inelastic collisions associated with plastic or viscous-elastic sticky particles, e

< 1. If the bodies stick together after collision, e = 0.

Dahneke [1971] presented a rebound theory with a discussion of

adhesion energy and the coefficient of restitution. Rao and Whitby [1977,

1978] presented experimental data showing the drastic reduction In Impactlon

efficiency for dry particles Impacting on dry, solid surfaces. Ellenbecker et al.

[1980] have studied the decrease In the collection efficiency of fly ash by mats

of stainless steel fibers when particle kinetic energy was higher than a certain

value. In both references. It Is concluded that 0 < e < 1 (as opposed to either 0

or 1). Tsal et al. [1990] proposed a model to calculate the coefficient of

restitution and the critical speed In both the elastic and plastic regimes, based

on the energy loss models and the energy conservation principle. However, e

= 0 or e = 1 Is assumed In the present research study and analytical model for

Impactlon. Details of the effect of erosion of the powdery layer by Inertlal

Impactlon remain unknown to this point and are not treated herein.

Thus, the present research assumes that perfectly sticky particles have

a coefficient of restitution equal to zero (0) when contacting a clean (elastic)

heat-exchange surface, and perfectly elastic particles (the ultimate case of non-

sticky) have a coefficient of restitution equal to one when contacting a clean

heat-exchange surface.

Table 2.4 summarizes the hypothetical mechanisms proposed In the

present Investigation of how powdery deposits could be formed from non-
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sticky particles. Table 2.5 then presents the expected results of particle to

particle bonding, heat transfer, and soot blowing effectiveness for each of the

particle deposition mechanisms of Table 2.4.

a. Theory for Initial Deposit Formation with Non-Sticky Particles

on Clean Tube

When hot combustion gases flow over the cooling surface of a heat-

exchanger tube, "thermal forces" exist due to the temperature gradient

between the gas and tube surface. Waldmann [1961] has established an

expression for the total force exerted on a small spherical particle with radius r

and velocity Vp

_  32r^r/i ^.r K dT (2 1)

i  -V-y Tim (2.2)

where pv Is the mean velocity In thermal equilibrium, p Is the pressure of gas

stream, a Is the coefficient of diffuse reflection, k Is Boltzmann constant, and K

Is the thermal conductivity. There are two types of terms In Equation 2.1;

pressure and thermal terms. Assuming that particles (size less than 5 pm)
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Table 2.4 Proposed Mechanisms for Particle Retention or Rebound After

Contact Mode Particle Deceleration Reason for Retention
On Tube or In Deposit

1. Large or Small
Elastic Particles
Impacting Sticky
Deposit

Stops Via Deposit
Surface Viscosity Plus
Surface Tension (Wets
Particle)

Deposit Surface
Tension

2. Small Elastic
Particles Contacting
Elastic Tube Metal
Surface

Stops Via Post-Impact
Thermophoretic Drag
after Several Rebounds

Thermophoretic Force:
Initiates a Powdery
Thermophoretic Layer

3. Large Elastic
Particles Impacting
Elastic Tube Metal
Surface

Slows Slightly (Not
Perfectly Elastic) and
Rebounds

None

4.Large or Small Sticky
Particles Impacting
Elastic Tube Metal
Surface

Stops Via Particle
Surface Viscosity Plus
Surface Tension (Wets
Tube Surface)

Particle Surface
Tension

5. Large Elastic
Particles Impacting
Powdery Deposit with a
Thickness Less Than a

Minimal Deceleration
Penetration Thickness

Slows And Rebounds:

Produces Erosion Via
"Sandblasting"

None

6. Large Elastic
Particles Impacting
Powdery Deposit with a
Thickness Greater Than

a Minimal Deceleration
Penetration Thickness

Stops Via Penetration
Impulse Force
(Apparent Impact
Viscosity)

Stays if Penetration
Exceeds Particle

Radius Via Embedding
in Powdery
Thermophoretic Layer

7. Large or Small
Sticky Particles
Impacting Sticky
Deposit

Stops Via Particle &
Deposit Surface
Viscosity Plus Surface
Tension (Mutual
Wetting)

Particle & Deposit
Surface Tension
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Table 2.5 Proposed Relationships Among Contact Mode, Deposit Strength,

Contact Mode In-Deposit Particle
to Particle Bonding

Reduction in Heat

Transfer Following
Successful Soot
Blowing

Loss of Soot
Biower's Ability to
Maintain Near-Clean-

Tube Heat Transfer
Rates

1. Large or Small
Elastic Particles
Impacting Sticky
Deposit

Via Wetting &
Sintering; Melting
(Slagging) in
Extreme Cases

Small to Medium

Loss

Ranges From
Medium to Complete
Loss

2. Small Elastic
Particles Contacting
Elastic Tube Metal
Surface

No Bonding;
Thermophoretic
Packing Force

Very High Loss;
Very Rapid Effect

Small to Medium
Loss

3. Large Elastic
Particles Impacting
Eiastic Tube Metal

Surface

No Bonding No loss No Loss; No
Deposit Left to
Clean

4.Large or Small
Sticky Particles
Impacting Elastic
Tube Metal Surface

Very Rapid
Sintering or
Slagging

Small to Medium
Loss

Ranges From
Medium to Complete
Loss

5. Large Elastic
Particles Impacting
Powdery Deposit:
Thickness Less

Than Deceleration
Penetration

No Bonding No Loss, Heat
Transfer Increase

Leading Edge of
Tube Cleaned Via

Particle

"Sandblasting"

6. Large Elastic
Particles Impacting
Powdery Deposit:
Thickness Greater

Than Deceleration

Penetration

No Bonding;
Thermophoretic
Packing Force
Transmitted From

Small Particles

Which Surround The

Large, Embedded
Particies

Small to Medium

Loss

No Loss

7. Large or Small
Sticky Particles
Impacting Sticky
Deposit

Stops Via Particle &
Deposit surface
Viscosity Plus
Surface Tension

(Mutual Wetting)

Small to Medium

Loss

Ranges From
Medium to Complete
Loss
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inside the boundary layer move forward to the tube surface with a certain

velocity as in Figure 2.2 (a), the pressure force term is positive and the thermal

force term is negative. It is not necessary that the particles move normally to

the tube surface. With a perfectly elastic collision, the particle will rebound

from the tube as in Figure 2.2 (b). After the collision, both the pressure and

thermal forces are negative, resulting in the deceleration of the rebounding

particles. The particles will repeat this process, but each time particle

momentum and rebound distance are reduced. Based on impact-rebound

calculations made for different particle sizes, using Equation (2.1), Figure 2.3

was created to show that an 1 pm particle is brought to rest more easily than a

5 pm particle, but both require less than 1.5 seconds to reach a rebound

distance of less than 1 pm. Even with a perfectly elastic series of collisions

and without considering other deceleration forces, it appears that the

combined forces model could be an explanation for particle deceleration and

deposition on a tube surface.

After the particles are stopped by series of collisions, depending on the

magnitude of the thermal force, they may stay on the tube. Epstein [1929] first

derived the following expression for the thermophoretic force on a spherical

particle in a gas at rest in which there exists a temperature gradient

,  -97trp^ Kg dJ
t  p T ^2Kg+Kp' dr (2.2)
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where \i is gas viscosity, Kg is gas thermal conductivity, Kp is particle thermal

conductivity and pg is gas density. Calculations were made using Equation 2.2

based on typical superheater temperatures of 1422 K (2100 'F) for the gas and

866 K (1100 "F) for the tube metal. A temperature gradient of 566 K across a

distance (hot combustion-gas to the cooler tube, or resulting tube-deposit

thickness) of approximately 3.2 mm ( 171 K-mm-i, or 0.171 K-pm-i) would

produce a thermal force equal to the gravitational force on a 5 pm AI2O3

particle. An 1 pm AI2O3 particle would only require a gradient of 7 K-mm-i, and

a 0.5 pm AI2O3 particle could be retained with as little as 2 K-mm-i. Thus

thermal force can be larger than gravitational force and can hold a small

stationary particle against a heat-exchange or deposit surface.

For small particles (<5 pm) colliding with a clean tube surface, post-

impact thermophoretic deceleration could occur after each of a series of

perfectly elastic collisions, even though the "immediate" coefficient of

restitution equalled one (1) for each collision. Rebound distance would

decrease after each bounce, leading to zero velocity as seen in Figure 2.3

from Wagoner and Yan [1991]. Particles will stay on tube surface if the thermal

force exceeds gravitational force. A dust layer would form and increase in

thickness.

b. Theory for Secondary Deposit Formation of Non-Sticky

Particies on Existing Deposit
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Once small particles (<5 pm) form a thin thermophoretic layer, large

particles (>10 pm) will collide with and penetrate into this layer. Deceleration

could occur via a powder penetration resistance force (see comments on

impulse-force relations in next section). If the thermophoretic layer thickness

is greater than the penetration depth required for deceleration, the retention

could be accomplished with the particle embedded in the thermophoretic

layer. It is assumed that the penetration depth must equal or exceed the

particle radius in order for retention to occur. If the deposit layer thickness is

less than the deceleration penetration depth, erosion of the thermophoretic

layer could occur.

The depth that a particle penetrates after colliding with the surface of a

powder is related to its change in linear momentum via impulse, which is

defined as the product of (deceleration) force and the (stopping) time during

which the force acts on the particle. If the mass of the particle and its velocity at

the moment of contact with the powder are known, the penetration depth can

be measured and the average stopping force can be calculated. Conversely,

the penetration depth can be measured directly in laboratory experiments.

The units of impulse are N-s in the SI notation.

The deceleration force also can be viewed as a resistance to

penetration. This analogy can be extended to the concept of expressing the

impulse deceleration force as an apparent impact viscosity of a powder. This

approach is based on the penetration depth (using a penetrometer analogy)
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and has merit for numerical modeling because a similar treatment can be used

for slag flow viscosity and powder Impact viscosity. The apparent Impact

viscosity of a powder can be expressed as Pa-s, dyne-s-cm-2 or poise, I.e. any

of the units currently used to describe the viscosity of slag flow. This concept

was described by Wagoner and Yan [1991].

If a sample of powder Is loaded Into an open container without applying

a compresslve force, the powder at room temperature can simulate a powder

deposit layer with a temperature gradient that produces a thermophoretic force

equal to gravitational force.

2.5 Experimental Measurements of Impact Penetration and the

Resulting Theoretical Impact Viscosities

Ball drop experiments have been conducted at University of Tennessee

Space Institute (UTSI) by Wagoner and Yan [1991] for three powders. Table

2.6 has bulk density and porosity data measured during the ball-drop tests.

The steel balls used for these tests had four different diameters. Additionally,

four diameters of lead balls were used. A short length of 0.25 mm diameter

Table 2.6 Physical Characteristics of Three Powders
MHD Fly Ash Fine AI2O3 Coarse AI2O3

True density, g-cc-i 2.67 3.97 3.97

Bulk density, g*cc-i 0.422 0.991 1.73

Porosity 0.83 0.75 0.56
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Shakespeare OMNI-FLEX monofilament fishing line was glued to a spot on

each ball to provide a convenient and inexpensive way to measure

penetration depth during these preliminary experiments. For each ball, 2 to 4

drop heights were tested. At each height, the ball was dropped 6 to 10 times

on previously-unaffected areas of the powder surface. Penetration depths

were measured. The powder was poured into a 490 ml container in a

reproducible manner without compressing or shaking. The surface was struck

level with a straight edge. The container was 8.4 cm in diameter, and 9.8 cm

deep. In the container, the powder was compacted by gravitational force,

which as shown earlier, was likely to be less than in-deposit thermophoretic

force at certain temperature gradient near the tube.

Samples included a composite MHD fly ash sample collected by the

electrostatic precipitator during test LMF4-U conducted in CFFF as well as

coarse and fine AI2O3 powders that were tested as potential candidates for

Pittsburgh Energy Technology Center (PETC) Fuels Evaluation Facility (FEF)

tests. Raask [1966] gave an expression for the approximate depth of

penetration (So) of a spherical body as

2 Vp pp sin 6
9n (2.3)

where pp is particle density, 6 is impact angle and rj is viscosity of deposit

surface layer. Equation 2.3 was used to calculate impact viscosities from

measured penetration depths. Figure 2.4 shows a comparison of impact
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viscosities (ri) for MHD fly ash and fine AI2O3 powder. Detailed

characterization of the alumina powders is included in Smouse and Wagoner

[1991]. Data measured at UTS! were fitted with power curves (>0.98

correlation coefficients), and the resulting equations were used to extrapolate

to particle diameters in the 10 to 100 pm range. Figure 2.5 shows a

comparison of impact viscosities measured for coarse and fine AI2O3 powders

supplied by Scott Smouse of DOE PETC. Figure 2.6 shows Leeds & Northrup

Microtrac particle size measurements made at PETC for the alumina samples.

There is a strong sensitivity of the penetration distance (So) to particle

diameter for both the impacting and imbedded particles. Table 2.7 shows the

extrapolated apparent impact viscosity values for impacting alumina particles

in the 10 to 100 pm size range. Although future in-situ measurements will be

needed to quantify powder viscosities, the data in Table 2.7 can be used for a

general examination of the feasibility of the concept. Calculated powder

viscosities were used with Equation 2.3 to estimate penetration depths for

impaction of alumina powders by AI2O3 particles having a range of six

diameters and two velocities. Penetration depths for fine AI2O3 powder are

shown in Table 2.8. Penetrations from 8 pm to 212 pm were predicted for

decelerating the various particle combinations with velocities from 1,829 to

914 cm-s-1 (60 to 30 ft-s-i). The deposit thicknesses from the experimental

program are reported by Smouse and Wagoner [1991]. Table 2.9 shows the

lower end of the velocity range where one-diameter penetration and retention
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could be possible for 10 pm impacting particles.

A laboratory technique has been developed by Wagoner and Yan

[1991] at UTSI to characterize powders at room-temperature in terms of impact

penetration resistance. This approach could be very useful in future studies.

Published equations for viscous capture of particles (via slag viscosity and

surface tension) can be extended for dry powders via the concept of apparent

impact viscosity. In spite of the extrapolation required from measured data

obtained from large balls to small particles, the experimental method and the

powder compaction characteristics developed by the single "retention" force

(gravity) used in the experiments, should lead to a significant improvement in

the ability to evaluate important heat-transfer effects of fire-side deposits more

specifically and accurately. The concept and equations developed in this

chapter will be used for the calculation of mass transfer in the next chapter.
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Table 2.7 Extrapolated Impact Viscosity for Three Powders for Small Particles
Impacting Particle
Diameter, pm

MHO ESP Fly-Ash
Composite Sample(Poise)

Coarse AI2O3
Powder (Poise)

Fine AI2O3

Powder (Poise)

100 0.62 0.93 0.18

80 0.54 0.78 0.15

60 0.45 0.61 0.11

40 0.35 0.44 0.08

20 0.22 0.25 0.04

10 0.14 0.14 0.02

Table 2.8 Predicted Deceleration-Penetration Depths for Coarse AI2O3
(elastic) Particles Impacting Fine, Powdery AI2O3 Deposit on

Impacting
Velocity
ms-1

Impacting AI2O3
Particle Diameter,

pm

Deceleration

Penetration

Depth, pm

Ratio Between Column 2

and Column 1

18.29 100 212 2.1

18.29 80 166 2.1

18.29 60 120 2.0

18.29 40 77 1.9

18.29 20 36 1.8

18.29 10 17 1.7

9.14 100 106 1.1

9.14 80 83 1.0

9.14 60 60 1.0

9.14 40 38 0.9

9.14 20 18 0.9

9.14 10 8 0.8

Table 2.9 The Lower End of the Velocity Range Where One-diameter

Layer Impact Impact Particle Impacting
Particle Size (pm) Velocity (m/s)

MHD Fly Ash MHD Fly 10 9.59

Ash

Coarse AI203 Powder AI203 10 6.32

Fine AI203 Powder AI203 10 1.00
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CHAPTER III

CALCULATION OF MASS TRANSFER

3.1 Inertial Impactlon

If we consider a dust-laden gas stream flowing uniformly along a duct

in which is placed a circular cylinder, the streamlines approaching the cylinder

will diverge and will in fact make no contact with the cylinder at all. However,

large particles (diameter greater than approximately 5 pm) will not follow the

streamlines exactly and will tend to continue in a straight path, resulting in a

possible collision with the cylinder. The chance of a particle actually touching

the cylinder depends on its velocity, the drag force on the particle, and its

position relative to central streamline, etc. The mass of the particles collected

on a surface can be expressed in terms of the collection efficiency of the

surface. The total collection efficiency is the ratio of the mass of the particles

collected on the cylinder to the mass of the particles contained in the volume

of space swept by the cylinder. Local collection efficiency is defined as the

ratio of the mass of the particle collected in a small arc (control volume) to the

mass of the particle contacting the control-volume area.

Inertial impactlon not only causes problems In power generation

systems, but also in other industrial disciplines. The formation of ice on aircraft

surfaces during flight through supercooled water droplets may also degrade
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both aircraft performance and operational safety. An enormous amount of

research has been done to study the problems related to accretion of ice on

the aircraft and ash deposits on the superheater tube. In all publications, flow

is assumed to cross a single target, except for Schuh et al. [1989], who studied

the ash particle motions in flow past a bank of tubes. There are tube banks

instead of a single tube in the superheater; however, the single tube model is

very useful for simulating the condition of a tube in the front row of a tube bank

which is subject to the most severe deposition.

Brun et al. [1952] predicted the accretion of ice on a cylinder and

compared the numerical results with measurement data. The calculation of

the flow field was based on a circular cylinder in a uniform, potential, and

incompressible flow in two dimensions and without circulation. The

conventional forms of the equations for the drag force of a body in a fluid has

been used for solving the particle trajectories. The authors found that the total

collection efficiency is a function of the Stokes number {Stk) and the

parameter /, where

18PgR (3.1)

I^Re§
Stk

and

(3.2)

PgdpV,
Pg (3.3)
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Reo is a free-stream particle Reynolds number, pp is the particle density, dp is

the particle diameter, V., is the free stream gas velocity, Hg is the gas viscosity

and R is the cylinder radius. Israel and Rosner [1983] proposed the use of a

generalized Stokes Number to determine the total collection efficiency. The

generalized Stokes number is defined as

Stke= Stk F(Reo) (3-4)

Where F(Reo) is the non-Stokes particle drag correction factor. The authors

found that the total collection efficiency is a function of the generalized Stokes

number. Wessel and Righi [1988], and Wessel and Wagoner [1986]

successfully predicted the ash deposits on a superheater tube by using the

method described by Brun [1952] to calculate the flow field and use the

generalized Stokes number to calculate the total collection efficiency. The

local collection efficiency is a non-linear function of the total collection

efficiency and location. Almost all methods developed for studying inertial

impaction involve calculating the total collection efficiency or the local

collection efficiency in terms of the parameters described earlier. Often the

predictions provide an integrated, one-dimensional view of deposition. If one

wants to consider a clean superheater tube and a short cumulative time period

for deposit collection, the cylindrical shape limitation might not be too

restrictive. However, as a deposit grows, the shape changes, and produces a
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significsnt ©ffect on locsl collsction ©fficiencies and impaction. This must b©

consid©r©d if on© is to follow th© r©al-tim© d©v©lopm©nt of a daposit from a

r©c©ntly cl©an©d tub© to th© n©xt claaning (soot blowing) occurranc©.

In ordar to pradict th© ash daposition du© to inartial impaction in two-

dimansions, th© calculation of th© flow fiald and th© local collaction ©fficiancy

must not only b© accurat© for th© claan tuba, but also around th© irragular

shapa. A ganaral procadur© for this typ© of aarodynamic pradiction for

arbitrary two-dimansional shapas has baan davalopad by NASA. Barkowitz at

al. [1988] and Wright [1993] in NASA davalopad a mathod and a program,

callad LEWICE, which maats thasa raquiramants. Th© Douglas two-

dimansional potantial flow program davalopad by Hass and Smith [1967] has

baan incorporatad in LEWICE to calculata flow fiald about an arbitrary body.

In aaronautical applications, this is usually a wing, nosa, or cowl surfaca. A

program davalopad by Frost at al. [1982] is intagratad into tha procadur© and

providas for tha calculation of particia trajactorias from fraa straam up to tha

body surfaca whara thay ara capturad.

In tha NASA LEWICE program, tha surfaca of tha body gaomatry is

dafinad by sagmants joining a sat of discrata body coordinatas as shown in

Figura 3.1. Tha notation s raprasants tha distanca along tha body surfaca

maasurad from tha stagnation point. Tha valua of s is dafinad as nagativa on

tha lowar surfaca and positiva on tha uppar surfaca.

In tha sagmants joining body coordinatas, tha total collaction ©fficiancy

dafinad aarliar can ba axprassad as in Figura 3.2, and mathamatically givan
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by

(3.5)

where ymax is the vertical distance between the droplet release points of the

upper and lower surface tangential trajectories, H is the forward projection of

the body height, Su and si are the upper and lower surface impingement limits,

and B is a local collection efficiency defined earlier and can be expressed as

in Figure 3.2

dVo

ds (3.6)

The particle trajectories and impingement points are used to establish

the relationships between the particle's initial position (xo,yo) and the position

where it impinges on the body surface, specified by the surface distance, s.

The local collection efficiency is calculated by first calculating particle

trajectories and producing a plot of particle release point, yo, vs. surface

impact distance, s. As Equation 3.4 indicates, the local collection efficiency is

a function of the surface distance and can be determined by differentiating the

curve with respect to s. The derivative at the center of each body segment is

calculated by first determining the four yo vs. s points whose s values are

closest to the s value of the body segment at which the local collection

34



efficiency is desired. These four points are then fit with a quadratic polynomial

using the method of least squares. The local collection efficiency at the

desired s location is determined by differentiating the polynomial. The

LEWICE program developed by NASA and industry personnel has been

specifically developed to predict the deposition of glaze or rime ice on

aerodynamic bodies. This dissertation developed a modified version of the

LEWICE procedure to predict the formation of ash deposits on heat transfer

tubes, depending on gas condition, tube diameter, particle sizes and

chemistry, temperature, and so forth, as described in previous chapters.

Therefore, except for the general method for determining local tube capture

efficiencies for inertially impacting particles, the specific details for the process

of deposition, including inertial impact, thermoporesis, etc., have been

established in the dissertation research described herein.

If the local collection efficiency at s location is greater than zero, the

particle will contact the surface. However, whether it stays on the surface

depends on the physical natures of the particle and surface. Walsh et al,

[1990] defined the sticking probabilities as

ifTlc>Tl
SP =

where tie is defined as a critical viscosity for the Impacting particle and is equal
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to 8 Pa-s-i. There are many publications discussing the calculation of ash

viscosity as a function of temperature and chemical composition Watt and

Fereday [1969] gave an expression by using regression analysis:

10^ Ci
(T+123)^ (3.8)

log (Ti) = _ ^2

and
Ci = 0.00835 SiOg + 0.00601 AI2O3-0.109 (3.9)

W(SiO2)+W(Ai2O3)+W(Fe2O3)+W(CaO)+W(MgO)=100 (3.10)

where W represents the weight percentage of the particular chemical species,

and selected elemental analyses are normalized to 100%. The value of C2 is

calculated from the expression

C2 = 0.0415W(SiO2)+0.0192W(Al203)+

0.0276W(Fe2O3)+0.0160W(CaO)-4.92 (3.11)

Kaimanovitch and Melvin [1991] presented a method to calculate the slag

viscosity

In(Ti) = In® + ln(T) + (3.12)

where J is determined from chemical composition, and

In (I) =-(0.28121+11.8279) (3.13)

Both references used regression analysis based on the elemental analysis

and viscosity measurement by using the rotational viscometer at temperature
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SP =
1.

above 2000 °F. However, the references have no experimental data showing

the relationship between elemental analysis and viscosity at low temperatures

(1100 °Fto 2000 ®F) which represents superheater tube metal surface or

deposit surface temperatures. Both equations underestimate the viscosity

value at the low temperature range. Figure 3.3 shows the measurement of

slag viscosity for MHD test and numerical data by using equation 3.9.

In the present research, the staying probability is defined for UTSI

MHD test and PETC test as:

ifnc<n (314)
if Tic> ̂

If the particle viscosity is greater than the critical viscosity, the particle is sticky,

and SP=^ regardless of the physical nature of the surface. If the particle

viscosity is less than the critical viscosity, the particle is non-sticky, and

whether it stays in site or not depends on its interaction with the deposition

layer. A value of the critical viscosity of Kalmanovitch and Melvin [1991] is

used currently in the UTSI model calculation, however other values can be

input as appropriate. In order to calculate the penetration depth, two

parameters must be calculated: the surface layer viscosity and the impact

angle. Since there is no better correlation between the viscosity and

elemental analysis, the surface layer viscosity is still calculated by using

Equation 3.6, even if it underestimates the viscosity at low temperature range.
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However, this calculation gave good results for tubes at the TS1 and CS1

locations at UTSI MHD test facility. It is very important that the relationship

between the viscosity and elemental analysis be developed by experiment in

low temperature range, in a future study. After the calculation of the surface

layer viscosity, it must be determined whether the surface layer is sintered

material or powder. If the surface layer viscosity is greater than the critical

viscosity, the layer is considered to be powdery, and the extrapolated

equations developed in Chapter II are used to calculate the viscosity. If the

surface layer viscosity is less than the critical viscosity, the layer is considered

to be sintered and current viscosity is used for the layer. The particle

trajectories and the target surface are used to establish the relationship

between impact angle (d) and the position where the particle impinges on the

surface, specified by x and y. The curve of the particle trajectories near the

surface is calculated by using a cubic spline fit. The tangents of two curves at

the impingement point are calculated by differentiating the curves of the target

surface and the particle trajectory at the impingement point with respect to x.

The difference between the two derivatives is the impacting angle {6). After

calculating the impact angle and layer viscosity for each surface or body

element. Equation 2.3 is used to calculate the penetration distance. If the

deposition layer thickness is greater than or equal to the impacting particle

diameter and the penetration distance is less than deposition layer thickness,

staying probability is set equal to one. Otherwise the staying probability is
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equal to zero.

The local ash accumulation rate (m) on each surface element can be

expressed as

= ,|p,SPiWiDLV.4A (315,m _
i=l

Where bin is the number of bins, W/ is weight percentage of the particular bin,

pi is the local collection efficiency for the particular bin, SP,- is staying

probability of each bin, AA is the surface area of the element, and DL is the

total dust loading. The distribution of a chemical composition {DCM) in each

surface element or deposit surface layer element is defined as .

bin . B

DCM^= Z SPjWiCEAjy^ (3-16)
1 = 1

where superscript j represents the chemical composition, EA is the weight

percentage of the particular species for the particular bin (original data are

from ash elemental analysis) and 3c is the total collection efficiency for

multiple bins, which is defined as

Pc= X PiSPiWi
n = 1 (3.17)

The distribution of the chemical composition {DCM) is used to calculate the

surface layer viscosity for the deposition process at the next time step. Table
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3.1 shows a typical case for oca! only. Table 3.1, Equation 3.16 and Equation

3.17 are used for the calculation of j3cand DCM . fie is equal to 0.36 and DCM

is equal to 20%.

Table 3.1 Information for the Calculation of DCM

Bin 1 2 3

Particle Size (pm) 9. 6. 4.5

Species Si02 Si02 Si02

Weight percentage of each bin, W 40% 40% 20%

Weight percentage of Species, EA 18% 22% 24%

Collection efficiency. Pi 0.5 0.4 0

Sticky probabilities, SPj 1 1 0

This ash deposit growth rate must be interpreted as the thickness of the

ash deposition accretion on the surface of the geometry. The thickness of the

ash deposition layer accumulated on a particular segment is given by the

equation

rn At
d (3i =

p AA(l.-poro)
.18)

where ppis the true density of the impacting particles, AA is the surface area of

element. At is a time increment specified by the user and poro is the porosity of

ash deposits.

The new ash deposition surface is formed by adding the ash deposition

thickness, d-,, in the direction perpendicular to each segment. The adjacent end

points of each of these new segments are then averaged to obtain the new
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coordinates describing the ash deposition surface.

3.2 Diffusion

If a chemical species / and air flow over a surface and the concentration

of species / at the surface differs from that in the free stream, a concentration

boundary layer will develop. Pick's law is used to find mass transfer due to the

concentration boundary layer;

mj = -DipVcOj (3.19)

Where D, is the Pick diffusion coefficient for species / transported in the

prevailing mixture, and (o; is the local mass fraction of species /. p is density of

the prevailing mixture.

If there is a temperature boundary layer due to a cool tube surface, the

submicron particles will move toward the surface due to the "driving force"-

V(lnT). Rosner [1983] expressed the mass transfer rate due to the temperature

and concentration boundary layers as

rrij = - Dj p |vcOj + (Oj V(lnT)j (3.20)

where at is thermal diffusion factor.

Both numerical calculations and experimental measurements

demonstrate that submicron particle deposition rates (diameter < 5 pm) can be
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increased by orders of magnitude as the result of temperature gradients.

Rosner [1984] conducted an experiment to show that the ash deposition rate of

0.7 pm MgO particles decreased to zero, If the ratio of the wall temperature and

the free stream gas temperature approached 1. Rosner [1984] calculated the

mass transfer rate for a gas with 10 m-s-i velocity and 1200 K temperature over

a 5 cm diameter tube at a temperature of 800 K The mass flow rate due to the

temperature gradient was 200 times greater than the rate due to Brownlan

diffusion for 0.1 pm particles. Rosner et al. [1983], GSkoglu et al. [1984], and

Srivastava et al. [1979] discussed the effects of thermophoresis for small

particles.

Rosner et al. [1978, 1979], Gokoglu et al. [1984], and Fred et al. [1979]

have studied the deposition of NaaSOA from combustion gases both

theoretically and experimentally with consideration of the multlcomponent

"chemical frozen" boundary layer (CFBL). The following equation was used to

calculate the mass flux due to the diffusion.

riij= 2 ̂  F(turb) ^ F(Soret)
|(®i,oo~®l,w] F(ncp) \

F(soret) (3 21)

Where F(soret), F(ncp), and F(turb) are correction factors for thermophoresis,

non-constant properties across the mass transfer boundary layer, and free-

stream turbulence, respectively. The subscript j represents Na2S04, Mj Is
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molecular weight of Na2S04, M is mixture molecular weight, t/ is a

thermophoretic parameter, L is the tube length, and Numj is a mass transfer

Nusselt number, / representing the specific A/a carrier, and No representing the

number of A/a carriers. Authors considered four different A/a carriers: Na2S04,

NaOH, Na , and Nad. Gdkoglu et al. [1984] developed the NASA Iew143

program for the mass transfer rate calculation of heavy molecular due to

thermophoresis.

The CFBL analysis for species thermal deposition was developed and

applied to UTSI MHD test results and to PETC test results. The modified CFBL

program applied to species A/a^SO^, K2SO4, CaCOs, Fe2Q3, and AI2O3. Five

Na carriers assumed are Na2S04, NaOH, Na, Nad and Na2003. Four K

carriers assumed are K, KOH, K2CO3, and K2SO4. Four Fe carriers assumed

are Fe, FeO, Fe^4 and Fe^Oa Four Al carriers assumed are AlO, AI2O, AlOH,

and AI2O3. Equation 3.18 is still used, but it is applied for multicomponent

deposition, where now the subscript j represents Na2S04, K2SO4, CaC03,

Fe203 or AI2O3, respectively.

The thermophoretic parameter (ti) was introduced by Gokoglu et al.

[1984] to include the effect of thermal diffusion in mass transfer. The

thermophoretic parameter (rj) is a function of the thermal diffusion factor (at),

Lewis number (Le), and gas and tube surface temperatures. Rosner et al.

[1980] gave information about the thermal diffusion factor (at) for a number of
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species.

In order to calculate the FIck diffusion coefficient (D/) and thermal

diffusion factor (at), the Lennard-Jones molecular interaction energy (well-

depth) parameter (ei) for the species and Lennard-Jones molecular size

parameter (ci) must be obtained. Svehia [1962] provided ei/k and ai data for

a number of species, where k is the Boltzmann constant. He also gave some

methods to calculate ei/k and oi for different species. All molecular weights

and melting points for any chemical composition are from Weast's CRC

Handbook of Chemistrv and Phvsics (CRC) [1987]. The mole fractions of the

species corresponding with the gas and wall temperatures are obtained by

using the NASA General Chemical Equilibrium Program (NASA SP-273) of

Gordon et al. [1971].

Since the accretion of the deposition layer due to diffusion is very thin

(usually 1 mm or less in a very long operation time), the thermophoretic layer

does not affect the shape of the surface. However, we have to consider the

effects of the thermophoretic layer in the calculation of heat transfer and

impacting particle penetration.
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CHAPTER IV

CALCULATION OF HEAT TRANSFER

4.1 Introduction

The models and procedures developed for the prediction of ash

deposits on the superheater tube have been discussed in the previous

chapter. There are many references concerning the deposition process, but

there is little discussion in the literature about the total heat flux lost due to ash

deposits on the superheater tube. Only Wagoner and Wessel [1986] gave

numerical results by using a finite difference scheme and constant thermal

properties in each domain. There are two difficulties in obtaining numerical

results, the first due to irregular ash deposit shape and the second due to

variable thermal properties. In order to overcome these difficulties, a finite

element method has been developed and applied in this research to calculate

temperature distribution and total heat flux of representative superheater tubes

at the specific time during deposition periods.

4.2 Finite Eiement Method

As mentioned in the previous chapters, we consider a hot gas in cross

flow over a single tube as shown in Figure 4.1. The tube surface, which may
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or may not b© cisan, exchanges heat with the gas by radiation and forced

convection. The steam inside the tube is at a very high temperature and

pressure. Typical operating practice allows fluctuation of ± 5 K in the

superheated steam outlet temperature, so we can assume constant

temperature over the inside tube surface. Because of the steam flow inside the

tube there is a steam-side fouling build up (scale) which resists heat transfer.

The following assumptions are proposed for the heat transfer model:

1. Steady state heat transfer

2. Three conduction layers (ash, tube and steam-side scale)

3. Constant temperature over the inside tube surface

4. Convection and radiation on the outside tube surface

5. No heat generation inside ash deposit, tube and steam-side scale

6. Neglect the thermal contact resistance between solid materials

Under these assumptions, the differential equation governing the

heat conduction in the cartesian coordinate system can be written

as

t-(k|^) + |-(K^) = o
dx^ dx ' dy^ dy (4.1)

with boundary conditions

T = Constant on surface 1 (4.2 a)

-Hh(T-T«)-i-oe(T^-Tl) = 0 0" surface 2 (4.2 b)
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where T is the temperature, a is Stefan-Boltzmann constant, eis the emissivity,

h is convection heat transfer coefficient, K is the thermal conductivity and Kn is

the thermal conductivity in a direction normal to the surface. The thermal

conductivities are functions of temperature, location, porosity (or degree of

sintering), and chemical compositions

K = Ki (x,y,T) inside ash deposits

K= K2(T ) inside metal tube

K = K3(T ) inside steam-side scale

Since the thermal conductivity of ash is dependent on the chemical

composition and temperature, and it varies with location, Ki is function of
location and temperature. Thermal conductivities of the metal tube and the

steam-side scale are just a function of the local temperature.

Since there is a T^ term in the boundary condition, the Equation 4.2 b is

non linear. In order to define a linear equation for the boundary condition on

the surface 2, we define a radiation heat transfer coefficient hr as

hi.= ae(T2 + Ti)(T + Too)

Then the boundary condition on surface 2 can be written as

Kn|^ + h(T-T«) + hr(T-T«) = 0 (4.4)

We multiply Equation 4.1 with a test function o (assumed to be

differentiable once with respect to x,y) and integrate over the whole domain.
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This gives the variational form of Equation 4.1 as

The symbol Q denotes the whole domain, and r denotes its boundary.

Suppose that T is approximated by the expression,

T = £\l/iTi
i=l

(4.6)

where Ti are the values of T at the points (xi,yi), xyi are linear interpolation

functions and n represents the number of nodes of each element. For the

three-node element as shown in Figure 4.2, T can be expressed as

T(x,y) = ci +C2x + C3y

The equation must satisfy the nodal conditions, and

T(x,y) = Ti

T(x,y) = Tj

T(x,y) = Tk

at (x=xi, y=yi)

at (x=xj, y=yj)

at (x=xk, y=yk)

(4.7)

(4.8)

This leads to the linear system of equations

Ti- ' 1 Xi yi'"cf
Tj = 1 Xj Yi C2

Tk. . 1 XkYk. -C3.

(4.9)
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The solution of Equations 4.9 yields

ci= ((Xj yk-Xk yj) Ti+( x^ y-Xi yk) Tj+(xi yj-xj y;) Tk)

C2 =2aa +(yk-yi)Tj-Kyryj)Tk)

C3 ((xj~Xk)Tj +(Xk—Xi)Tj-Kxr-Xj)Tk)

(4.10 a)

(4.10 b)

(4.10 c)

Where AA is the area of the triangle element given by

AA =

1 xiyi

1 xjyj

1 Xkyk

(4.11)

/, j and k are not equal and permute in a natural order as shown i n

Figure 4.2. Note that the nodes are numbered counterclockwise.

Substituting for ci, C2 and C3 from Equation. 4.10 into Equation 4.7, we
obtain

T(x,y) = Ti Vi + T2 \|/2 +T3 ¥3 = X Ti ¥i
i=l

(e) (4.12)

where wi are the linear interpolation functions for the three-node triangular

element and can be written as

(4.13)

where
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ai= (Xj yk-XkYj)

Pi=(yryk)

Yi = (Xk-Xj)

The interpolation functions have following property

Vi(xj,yj)=5ij

i=l

(4.13 a)

(4.13 b)

(4.13 c)

(4.14 a)

(4.14 b)

Substituting r=X y/iTi and u = yr/ into the variation form
equation 4.5 for every element gives

where

GSf = (h('^ht'=))£\l/iVirjds

(4.15)

(4.16)

(4.17)

(4.18)

Substituting the Equation 4.13 into Equations 4.16, 4-17 and 4.18 , we obtain

(e) 1
4 AA

«

Pi 7i
PjYj

J •a(«)
PkYk

KO Pi Pj Pk
OK Yi Yj Yk

dxdy (4.19)
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^  4AA

Pipj Pipk YiYi TiYj YiYk

Pipj pjpj Pjpk
XV

4AA YiYj YjYj YjYk

PiPk PjPk Pkl^k YiYk YjYkYkYk

(4.20)

The integral in G(8) and P(«) depends on the edge which lies on the heat flux

boundary surface. If the edge ij is on the boundary surface, then

r*!

ViVi ¥iVj 0
ViVj VjVj 0
0  0 0

ds (4.21 a)

p(e)^(h(e)+hJ'))T„

"j

¥i'
Vj ds

0
Jti

(4.21 b)

where s/ and sj are the location of nodes i and j respectively. Tao [1985]

gives the integral of Equation 4.21 as

ds = -^ if i = j (4.22 a)

if i^tj (4.22.b)

(4.22.C)
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I'j¥jds = | (4.22.d)

where sij is the length of the edge ij, and

O = 7

210

120

000

)(e) _
(  + h^®^ )

(4.23 a)

(4.23 b)

If the edge ik lies on the boundary surface S2 (Instead of the edge Ij), the

matrices G and P would be given by

^(e) + hr^^) Sik
°  6

p(®) _ (h^®^ +hr®^) Sjjj

20 1

000

102

(4.24 a)

(4.24 b)

If the edge jk lies on the boundary surface S2 (Instead of the edge Ij), the

matrices G and P would be given by

(hW^hW)siK

p(8) _ (h<®^hP)S|k

000
02 1
0 1 2

0
1
1

(4.25 a)

(4.25 b)
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Equations (4.16) for every element yields the linear system

X ( [kW] + [hW] ) •!<') = i P<'>

or

AI = B

Where E is number of elements, A is n by n matrix, L and fi. are 1 by n

matrices, and n is the number of nodes. Before solving this linear system, we

have to impose the essential boundary condition on the inner steam side

surface. If node k lies on boundary surface 1, Tk= a known constant , and we

have

where

akk -1

bk = Tk

bi = bi-aik Tk

aik = aki = 0

i=1,2, k-1,k+1 ,n, \*k

This procedure enables us to retain the original order of the matrix, and the

imposed boundary conditions are printed as part of the solution.

After incorporating the essential boundary condition, the linear system

is solved to obtain the nodal temperatures. With solved nodal temperatures

on boundary surface 2, the total heat flux can then be calculated. The total
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heat flux is obtained by summing the heat flux of each element which lies on

the boundary surface 2.

Since there is a radiation term in the boundary condition, the problem is

nonlinear. Thus an iteration process must be used to calculate the effect of the

radiation term. The iteration procedure consists of the following:

1. set the iteration number as 1=1 and assume hr(®)=0

2. solve the Equation (4.26) and find T on every node

(e)
3. find the new value of hr for each element using the definition

Equation 4.3

4. if 1>1, test for the convergence of the method using the following

criteria

<«.
(4.27 a)

and

|T|-Th|<52 (4.27 b)
where 51 and 52 are specified small numbers. If these criteria are satisfied

then the method is assumed to have converged. Hence stop the method by

taking

T(x,y) =Ti(x.y)

On the other hand, if either of the inequalities of Equation 4.27 are not

satisfied, set the new iteration number as 1=1+1, go to step 2. If I is greater than

30, the program will stop the iteration and output the results.
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Figure 4.3 shows the flow chart of the finite element program, FEM2D,

which is developed in this dissertation.

4.3 Mesh Generation

A program was required to fit a two-dimensional element mesh to the

deposit and tube geometry. The MESHGEN program was developed to

create the mesh. The mesh is generated by two steps:

1) generate a mesh for the metal tube and steam-side scale.

2) generate a mesh for the ash deposits.

First the mesh is generated for a rectangle, then it is converted to a mesh for

the cylinder and steam-side scale. Second, search the nodes which make up

the ash deposits and metal tube interface, then extended the lines from each

node, until they meet the ash deposit surface, then the mesh on the domain

created by these lines and ash surface is generated as for a rectangle. The

typical mesh generated by MESHGEN is shown in Figure 4.4.

The boundary surface is very important. Elements and nodes which are

on the boundary surface must be identified by MESHGEN for future use in

main program (FEM2D). Szczygiel etal. [1991] presented a simple algorithm

for identification of the discrete curves bounding 2-D regions. It consists of two

stages:

1. searching for the boundary elements

2. sorting the boundary elements to form closed contours
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The first stage is based on the simple fact that all the edges of the finite

elements appearing in only one element must belong to the boundary of the

entire domain. An equivalent and equally obvious statement is that the edges

common to two elements must lay within the domain. The edges of the finite

elements are defined by the connectivity array. The computations are

arranged in three nested loops, The external one is over all elements defined

by the connectivity array. The medium loop is over all edges of the current

finite element. Within the internal loop the selected edge is sought for in all

elements not yet considered. If such an edge is not found, then the current

one is a boundary element. All boundary elements are stored in the boundary

array.

The second stage is a rearrangement of the matrix obtained in the first

stage. The algorithm employs the obvious fact that each boundary element

has one common node with the preceding and succeeding boundary

elements. The calculations are performed within one loop extending over the

boundary elements selected in the first step and stored in the connectivity

array. For a given boundary element, another one having the same node is

sought. If such a boundary element is found, it is assigned as the next

element in the contour and marked as a processed element. The search in

the next steps of the loop is performed over elements not yet processed. If no

element having a common node with a given element if found, then the latter

should have a common node with the first boundary element in the contour.

Othenwise, an error in the preparation of the connectivity array has been
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committed which produces an appropriate message and causes the program

to stop.

4.4 Test of the Convergence of FEM2D Code

Numerical schemes have convergence problems. It has been proved

that the error = u - u*^ in the finite element method satisfies

N (e^ e*^) < 0 h|2 (4.28)

Where u denotes to true solution and u^ denotes the approximation. N ( e'^,

e'^) represents the inner products of e^. 0 is a constant independent of u and

u^ and h| is the characteristic length of an element. For the whole domain, h|

is defined as maximum of hi for aii eiements.

The final result is thus a bound of order h;^ for the error. Computation

shows this bound to be compietely realistic, and in practice the error N ( e^, e*^)

is almost exactly proportional to h;^, beginning even at very crude meshes.

Error estimates of the type in Equation 4.28 are very useful because this gives

an idea of the accuracy of the approximate solution, whether we know the true

solution or not. While the estimate gives an idea of how rapidly the finite

element solution converges to the true solution, it does not tell us when to stop
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refining the mesh.

The convergence of the FEM2D code has been tested for a cylinder

with inside temperature Ti = 866 K, and gas temperature T2 = 1388 K. The

outside radius R2 = 2.54 cm and inside radius Ri = 2.032 cm. The thermal

conductivity of the tube is K= 25 W-m'''-K""'. There is only convection between

gas stream and tube surface and the convection heat transfer coefficient (h) is

80 W-m'^-K"^ The heat transfer rate may be expressed as

^ Ri (Ti - T2)
1  RilnCRzy^i)

h  k

Under these conditions, the analytical solution of the heat transfer rate is

41384.7006 W-m-2 ( 13123.0886 Btu-h-"'-ft-2). The Figure 4.5 shows the error

vs. characteristic length of the element. It shows that error is proportional to

h|2, and proves that the FEM2D code is convergent.

4.5 Thermal Properties

It has been documented in many references that thermal conductivity

and emissivity vary under different boiler operating conditions, and this

changes the total heat flux rate from the tube. Wall et al. (1979) stressed the

importance of making measurements of both the emissivity and thermal
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conductivity in operating boilers because in-situ values could be significantly

different than those found using customary laboratory techniques.

For the powdery deposit regime, Boow and Goard (1969) have

determined the emissivity of glass powders, and laboratory-prepared and

boiler ashes, of different sizes at 775 K. From the results they obtained an

expression:

e = 0.3 log (d) +0.16 (4.30)

where e is the emissivity and is d is the particle diameter in pm. They also

have shown that the thermal conductivity of unsintered ash depends on the

particle size, and from the experimental results they deduced an equation:

log (K) = (0.56 log(d)) -1.63 (4.31)

for iron-containing ash, where K is the thermal conductivity in W-m-i-K-i and d

is the particle diameter in pm.

For sinter/slag ash, Mulcahy et al. (1966) have measured the emissivity

of coal ash and boiler at different temperatures, and a typical

emissivity/temperature relationship was given. Wall et al. (1993) gave a

review for ash thermal conductivity at sinter/slag condition. The thermal

conductivity of the metal tube at different temperatures and different scales is

obtained from Steam 119921.
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Depending on the viscosity of the deposit layer, FEM2D program can

handle powdery and sticky deposit layers.

The convection heat transfer coefficient between the gas stream and

tube is calculated by using the empirical correlation due to Hilpert

iv

Where Reo is the Reynolds number, and Ci and C2 are constant. All

properties are evaluated at the film temperature. Equation 4.32, and the

constants Ci and C2 are from Incropera and DeWitt [1990]. The convection

heat transfer coefficient is treated as an overall constant in the current study.

However it should be treated as a variable along the circumference of tube in

the future study.
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CHAPTER V

RESULTS AND DISCUSSION

5.1 Introduction

In this chapter, the numerical results of the mass and heat transfer

analysis for ash deposits on superheater tubes are first compared with

available experimental data. Subsequently, the effects of other operating

conditions on the ash deposition and the total heat flux will be discussed.

Absoft MacFortran II [1992] language was used for all computer programs.

The computer programs were compiled under MPW Shell [1989]. A

Macintosh Quadra 900 computer with a 68040 CPU and 28.7 MB of RAM was

chosen for these calculations.

5.2 Mass Transfer Comparison

The superheater test module (SHTM) at the UTSI OFFF (Figure 5.1)

experiences the flue gas environment and tube temperatures expected in

MHO superheaters, permitting evaluation of fouling, corrosion, and heat

transfer in such devices. In order to characterize thickness development and

width growth of the deposit base in contact with the initially clean tube surface

during test LMF5-J, a rotatable, 2.5" diameter tube called the ash deposition
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probe (ADP) was installed behind Test Section One (TS1) in the SHTM.

Video images of the probe were recorded by a video camera looking in a

glass port beside the ADP. The ADP and port locations are shown in Figure

5.2.

Two six-hour test runs were completed successfully with the air-cooled

ash deposition probe (ADP). The tube-metal temperature was controlled

manually at approximately 1100 °F. All automatic sootblowers ahead of the

ADP probe were turned off in order to keep the ash deposit on the ADP

undisturbed. Preceding each test period, the local ADP sootblower was

activated to provide a clean probe surface at time zero. Video images were

obtained showing the development of the ash deposit thickness. At one-hour

intervals the ADP was rotated 90° for a very brief period to photograph the

width of the deposit, then returned to its normal orientation. The width and the

thickness of the deposit are defined in Figure 4.1.

Tables 5.1 and 5.2 contain the results from computerized image

analysis of digitized VCR images. A Macintosh llfx computer with a 68030

CPU was used for these measurements. The Macintosh computer was

equipped with a Quickcapture frame grabber made by National Instruments.

Video recordings were made with a Panasonic WD-6000 camera and input to

the frame grabber was provided via a Magnavox VR 9610AT01 VCR operating

with an SP speed setting. Image analysis software was NiMH Image, Version

1.41.

Simultaneous experiments were conducted during the first six-hour test
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period that involved MHD-system operation at variable K^S ratios that were

lower than the normal operation value of K2/S of 4.2. This influenced the rate

of buildup of the ash deposit, and somewhat less deposition occurred during

the first run than the second. The second run had normal K2/S ratios of 4.2,

and there was little variation in this parameter throughout the second run.

These effects are shown in Figures 5.3 and 5.4. Error bars indicate a

precision of ±a. In addition to illustrating an increased rate of deposition.

Figure 5.4 has an excellent correlation coefficient (=0.99) for the theoretically-

expected linear relationship.

The width of the deposits were essentially constant after four to six

hours. However, measurements of width were difficult to obtain early in the

test periods. A comparison of Table 5.1 and 5.2 shows that the second run had

a slightly greater width.

In order to numerically model the ADP conditions, the following

information was necessary and thus obtained. Hot gas velocity at the ADP

location was measured twice during the test by using a Pitot tube, both

measurements giving 31 feet per second. Ash samples collected from the

baghouse were used to determine particle size distribution via an

Environmental Protection Agency-Southern Research Institute five-stage

series cyclone that is designed to produce an equally spaced particle size cut

(050) on a logarithmic scale within the range of 0.1-10 pm. The particle size

distribution from the five stage cyclone for the LMF5-G test and its curve fit is
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Table 5.1 ADP Measurement Data for LMF5J Test Based on Montana
Rosebud Coal with Variable K2/S Ratio for Run 1

Hours
smce

ADP
soot-

blowing

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Pre

cision,

±0

Qock
time&
Hatp.

03:00

9/24/93

04:00

9/24/93

05:00

9/24/93

06:00

9/24/93

07:00

9/24/93

08:00

9/24/93

09:00

9/24/93

Average
front-
edge
deposit
thick

ness,

mm

NA

2.3

(0.09")

3.0

(0.12")

2.5

(0.10")

3.3

(0.13")

3.6

(0.14")

5.6

(0.22")

±0.25

(±0.01")

Average
front-
edge
deposit
lini^
width,
mm

NA NA NA NA

57.2

(2.25")

56.4

(2.22")
NA

±1.27

(±0.05")

shown in Figure 5.5. Montana Rosebud Coal was used for the LMF5 test

series. An AMRAY® scanning electron microscope (SEM) was used for

photographing samples collected from stage 1 of the five stage cyclone and

also the ADP tube. The largest particle in stage 1 measured 9 pm in diameter,

but some particles with an 11 pm diameter were measured in the sample of

ash from the ADP tube. Therefore, 11.5 pm diameter was assumed to be the

maximum particle diameter for the curve fitting purposes. There Is

approximately 10% seed in the condensed phase when hot gas temperature

is 2300 °F and the K2/S ratio is around 4.2, according to Foote et al. [1993], so

the total dust loading corresponding to particle sizes from 5 pm to 11.5 pm is
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Table 5.2 ADP Measurement Data for
Montana Rosebud Coal with 4

LMF5J Test Based on

.2 K2/S ratio for Run 2
Hours
since
ADP
soot-

blowing

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Pre-

cisicHi,

±0

Clock
tin)e&
date

09:12

9/24/93

10:12

9/24/93

11:12

9/24/93

12:12

9/24/93

13:12

9/24/93

14:12

9/24/93

15:12

9/24/93

AvCTage
front-
edge
deposit
thick
ness,

mm

NA

1.8

(0.07")

2.0

(0.08")

3.6

(0.14")

4.3

(0.17")

6.1

(0.24")

7.4

(0.29")

±0.25

(±0.01")

Average
front-

edge
deposit
linear
width,
mm

NA NA NA NA

59.4

(2.34")

61.2

(2.41")

61.2

(2.41")

±2.03

(±0.08")

3.48 g-m-3. Using the Fereday equation, equation 3.6, the ash particle

viscosity is much less than 108 Poise. Particles with viscosity this low are

classified as sticky, which means that the staying probability is one for all

particles at any location. After the test, the ash deposit on the ADP was

examined, and the deposit was completely molten. The porosity of the ash

deposit on the ADP tube is assumed to be zero. The true particle density is

obtained from the ash sample collected on front side of the ADP tube under

these conditions, at 2.372 g-cc-i. Tables 5.3 and 5.4 show the particle size

distribution used in the calculation for comparison to MHD test results.

Under the conditions described earlier, the numerical results for the ash
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TabIe 5.3 Particle Size Distribution of Rosebud Coal Only
Bins 1 2 3 4 5

Particle Size, lun 6. 14. 24. 35. 45.

Weight Percentage,% 16. 18. 20. 22. 24.

Table 5.4 Particle Size Distribution of Rosebud Coal Plus 8eed
Bins 1 2 3 4 5

Particle Size, Mm 5.5 7.5 8.8 10.2 11.5

Weight Percentage,% 16. 20. 21. 21. 22.

deposition shape from Run 2 are shown in Figure 5.6. Figure 5.7 and 5.8

show the comparison of the numerical and measured results for the ash

deposition thickness and width. The numerically calculated thicknesses are

greater than the experimental measurements. There are three reasons that

could account for this; 1) The maximum particle diameter is overestimated by

using 11.5 pm diameter as maximum particle diameter in the curve fitting,

even if 11 pm diameter particles were observed from the ADP ash sample. 2)

The staying probability is overestimated by just assuming 100% staying

probability, even if sticky particles impact on the sticky surface. 3) The

impacting particle may "sandblast" the deposition layer, which is a mechanism

of the surface layer erosion due to inertial impaction not considered in this

study. The numerically calculated widths are less than the experimental

measurements: this can be attributed to the difficulties of measurement, as

well as the movement of the partially liquid ash deposits toward the sides.

Figure 5.9 shows the local collection efficiency (p) vs. distance from

stagnation point (s). An increase in particle diameter relative to the tube
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diameter causes an increase of the local collection efficiency, since an

increase in the free-stream momentum of the ash particle makes it easier for

the large particles to hit the cylinder. Figure 5.10 shows the chemical

composition (S/O2 and K2O) distribution vs distance from stagnation point (s).

Since the local collection efficiency at each location, and the elemental

analysis of fly ash for each particle size are different, the deposit layer's

viscosity and thermal properties can vary around the circumference of the

tube.

Figure 5.11 shows the numerical results for the thermophoretic layer. It

shows that as the temperature gradient increases between the surface and

gas, the thermophoretic layer growth rate, or the mass transfer rate due to

"thermal drive force", increases. However, no experimental data exists with

which to compare these calculated results.

In conclusion, the measurement technique for measuring the mass

transfer rate due to inertial impaction was a good choice and, in general, the

results of the measurement and numerical analysis are in good agreement.

5.3 Heat Transfer Comparison

Smouse and Wagoner [1991] conducted an experiment in the PETC

Fuels Evaluation Facility (FEF) to investigate specific details of deposit

formation mechanisms without the presence of "sticky" surfaces and particles.
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Smouse et al. [1988] presented the design details of the FEF. The combustor

was fired with natural gas at or exceeding its nominal coal rating of 0.5 million

Btu/hr during all tests to yield a flue gas velocity of 61 ft-sec-i at the simulated

superheater tube (i.e., fouling probe) at temperatures in the range of 1975-

2100 °F. The air-cooled fouling probe, which was constructed from a 1"

diameter 316 stainless steel tube, was maintained at 1100 °F. A blend of the

fine and sieved coarse aluminum oxide powders was prepared in a ratio of

18/1 that resembled the particle size distribution of fly ash from pulverized coal

combustion. Figure 2.5 shows the fine and coarse aluminum oxide powders

particle size distribution. The blend's ash particle size distribution is shown in

Figure 5.12. Table 5.5 shows the particle size distribution used in the

calculation. This powdery particle density was 3.97 g*cc-i and had a melting

point of 3700 °F. Two tests were conducted by injecting this powder into the

FEF at different rates, as shown in Table 5.6. The lower injection rate and the

higher injection rate were equivalent to the ash input when firing a bituminous

coal with an ash content of approximately 10% and 22% at full loading,

respectively.

Figure 5.13 shows the numerical results for the ash deposition shape in

the first hour for the lower injection rate case. The dust loading data are from

the injection rate and an isokinetic sampling, respectively. A porosity of 0.65

was assumed according to Wessel and Wagoner [1986]. As noted earlier in

this work, it was assumed that all non-sticky particles that contacted the

deposit surface were captured in the deposit layer if the deposit layer was
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Table 5.5 Particle Size Distribution of AI2O3 Powder
Bins 1 2 3 4 5

Particle Size, tim 5. 6. 7. 9.1 12.5

Weight Percentage. % 24. 27. 18. 22. 9.

Table 5.6 Dust Loading of 18/1 Blend for Two Tests at PETC FEF
injection Rate Isokinetic Sampling at Downstream

4.1 Ib/hr 2.5 Ib/hr

8.7 Ib/hr 4.5 Ib/hr

greater than the particle penetration distance. The FEF observations were as

follows: during a 4.25-hour total test period, with lower dust loading, the

deposit approached 51 mm (2") in height several times during the test before

partial shedding. The deposit did not exhibit any sign of melting, sintering or

fusion. For comparison. Figure 5.13 shows 9 mm/hr growth at the stagnation

point by using the dust loading from the isokinetic sampling rate, and 23 mm/hr

growth by using the dust loading from the injection rate. Therefore, the

conclusion follows that using the injection rate dust loading is a better choice

for the calculation of mass transfer due to inertial impaction, resulting in

reasonable agreement with FEF observations.

The total heat flux was calculated for the FEF lower dust loading case

under different conditions. As mentioned earlier, a submicron deposit layer

with emissivity ranging from 0.1 to 0.2 reduces heat transfer to the tube

dramatically. Figure 5.14 shows the effect of the thermophoretic layer's

emissivity on heat transfer. The calculation proved that the thermophoretic

layer building up causes dramatic decreases in total heat flux. For the
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calculations shown in Figure 5.14 no scale was assumed on the inside of the

tube. However, such scale, which usually has low thermal conductivity, is

another main source which affects the predicted and actual heat flux. Since

the probe in the PETC PEP test was air-cooled, there was no solid scale inside

the tube. However, there still could be a very thin layer inside the tube caused

by deposit of charring of oil vapor present in the compressed air cooling

medium (the compressed cooling air was not filtered and it contains some oil

vapor from the compressor). Figure 5.15 shows the effect of 20 pm thin layer

with thermal conductivity 0.06 W-m-i-K-i on total heat flux; it shows that

consideration of even very fine or thin scale layers in heat transfer calculations

is necessary for accuracy. Based on results shown in Figure 5.14 and 5.15, a

20 pm thin layer and 0.2 emissivity for the thermophoretic layer were assumed

for additional calculations. Figure 5.16 shows the predicted total heat flux

based on two dust loadings: the dust loading data are from the injection rate

and the isokinetic sampling. Figure 5.16 also proves that using the injection

rate dust loading is better than using the isokinetic sampling dust loading, for

predicting deposition and heat transfer. Very good agreement between the

numerical and measured data was obtained on this basis.

During the UTSI LMF5-G MHD tests, the average heat fluxes for the CS3

tube banks were measured. At this location, the average gas velocity was 20

ft-sec-1, the average gas temperature was 1500 °F, and all CS3 tubes had a

2.5" outside diameter; all seed was in the condensed phase according to Foote

et al. [1993]. The porosity of ash deposits is 0.3. Under these conditions, and
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using particle size distribution from Figure 5.12 for coal plus seed, the ash

deposition shape is predicted as shown in Figure 5.17. The average heat flux

of CS3 tube banks from measurement is compared with the total heat flux from

the numerical prediction for the single CS3 tube as shown in Figure 5.18.

Three reasons why the numerical results are greater than the measured data

are: 1) Some tubes in the tube bank are close to the refractory wall and may

have lower heat flux rates due to lower gas velocity, whereas the numerical

results are for a single tube in a large uniform stream, so that greater than

average heat flux rate are expected; 2) since CS3 is a water cooled tube, the

scale build up inside the tube might be greater than 20 pm, thus leading to

lower experimental heat fluxes since assumed 20 pm scale was used in the

calculations. 3) since the average heat flux data chosen was from a period of

time between two sootblowing occurrences during the test, the thickness of the

thermophoretic layer was not known. However, a clean tube was assumed for

the calculation of the thermophoretic layer at time zero, hence, an

underestimation of the thermophoretic layer will result in an overestimated total

heat flux. Unfortunately, there is no accurate data for the thickness of the

steam-side scale and thermophoretic layer at this time.

5.4 Some Factors That may Affect Mass and Heat Transfer

In this section, the effect of changing some of the operating conditions

will be discussed. For any specific condition not discussed, the condition is the
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same as that used for the calculation of deposition and heat flux for a single

tube at the CS3 location, as discussed in Chapter 5.3.

The velocity of the flue gas is a very important consideration when

inertial impaction is involved. Figure 5.19 shows the ash deposit with gas

velocity 20 ft-sec-i and 60 ft-sec-i and constant tube diameter (2.5") for an MHD

visual site-specific computer simulation. The range in velocity might have been

created by operational changes (boiler load) or design considerations, for

example. It shows that the deposit shape is extremely sensitive to changes of

gas velocity. However, even though ash deposits are larger due to higher

velocity, the total heat flux increases with the gas velocity.

An illustration of the importance of the diameter of the superheater tube

is shown in Figures 5.21 and 5.22. With inertial impaction of fly ash occurring

on the leading edge of the superheater tube, the shape, thickness, and mass of

the deposit changes significantly as the tube diameter changes. The total heat

flux increases as the tube diameter decreases, due to the increases of the

convection heat transfer coefficient.

So far. Figures 5.19-5.22 illustrate the combined effect of the tube

diameter and the flue gas velocity. These observations are especially

significant when one considers that deposition probes with outside diameters

in the range of 1" to 2" are often used by many investigators for "relative"

deposition measurements and fuel evaluation in pilot-scale testing. If the small

diameter tubes are placed in a test section with reduced cross-sectional area in

an effort to produce desired flue-gas velocity, the risk is high that the walls of
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the constricting section ahead of the tube location will remove fly-ash particles

selectively because of high target efficiency for specific particle diameters, thus

changing particle size distribution and dust loading at the superheater tube

site. Since the relative effects may be different for different ash particle-

density/particle-size distributions, relative test results may not always be

reliable. The total heat flux comparisons prove that the effects of radiation and

forced convection on the total heat flux are more important than the effect of the

thermal conductio of the ash deposition.

Additional details of the effects of fly-ash particle density are shown in

Figure 5.23 and 5.24, with the former displaying visual computer simulations.

The higher density particles (5.18 g-cc-i), which would be produced from the

oxidation of pyrite, contact a wider portion of the circumference of the tube and

have a higher probability of contacting the tube surface. However the

thickness build-up is less at the stagnation point with the higher density

particles because the deposit density also is higher (equal to the particle

density, because of the same porosity assumption for the calculation). The net

effect is a deposit with a more blunt shape for the Fe304 particles. The total

heat flux predicted for the two cases is very close. However, it cannot be

conclude that the particle density effect on the heat transfer can be neglected in

practice. In the present calculation, the same particle size distribution and

porosity were used in both calculations, this would not be true in general

practice. Generally speaking, the particle size distribution and porosity will
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change as the particle density varies.

Compared to the ASTM coal ash data in Table 5.9, the ash elemental

analysis values are quite different for the cyclone-sized data (by stage, S-1, S-

2, etc.) in Tables 5.7 and 5.8 from the isokinetic sampling of MHD flue gas

taken downstream from the superheater near the ESP inlet during LMF5-F

periods firing coal alone or coal plus seed. Also significant differences in

composition occur by ash particle size. The effect of using MHD potassium-

containing seed plus coal vs. firing only Montana Rosebud coal during a six-

hour period is shown in Figure 5.25. The fly ash produced while firing coal

alone exhibits a much more massive deposit on the 2.5" OD tube in the

computer simulation. Also the deposit contacts far more of the tube

circumference around the leading edge, and it has more of a blunt shape.

These results are produced by the changes in particle size distribution of the fly

ash. In this case, massive ash deposits on the front side definitely reduce the

total heat flux as shown in Figure 5.26.

Figure 5.27 shows the total collection efficiency for the five cases

discussed earlier. The collection efficiency increases with increasing particle

size and gas velocity, because an increase in the free-stream momentum of the

droplet with respect to a cylinder increases the forces necessary to force the

droplet around the cylinder. An increase in the cylinder size decreases the

collection efficiency, since the large cylinders cause the flue-gas streamlines to

start moving around the cylinder at an actual greater distance (not in terms of

ratio to cylinder radius) ahead of the large cylinder than of the small cylinder.
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Stage 1
9.87 Jim

Stage 2
6.30 Jim

Stage 3
4.63 Jim

Stage 4
2.68 Jim

Stage 5
1.60 Jim

Si02 19.93 % 21.60 % 22.39% 23.50% 24.24%

AI2O3 11.78 % 12.15 % 12.82% 13.55% 14.07%

Fe203 2.99 % 2.50 % 2.97% 3.04% 3.29%

Ti02 0.74 % 1.65% 1.96% 1.41% 1.28%

CaO 12.34% 12.91% 14.38% 15.03% 17.44%

MgO 2.25 % 2.56 % 2.89% 3.26% 3.97%

Na20 0.91 % 1.73 % 6.08% 4.96% 1.99%

K2O 29.97% 30.12% 24.91% 21.74% 18.56%

SO3 16.09% 14.28% 13.57% 10.57% 10.93%

CO2 N/A N/A N/A N/A N/A

Table 5.8 Elemental Analysis of Coal Plus Seed for MHD Test
stage 1 Stage 2 Stage 3 Stage 4 Stage 5

9.87 Jim 6.30 Jim 4.63 Jim 2.68 Jim 1.60 Jim

Si02 7.45% 0.24% 4.94% 3.80% 3.85%

AI2O3 4.01% 2.99% 1.60% 0.67% 0.38%

Fe203 1.12% 0.85% 0.58% 0.36% 0.30%

Ti02 0.30% 0.24% 0.17% 0.09% 0.11%

CaO 5.54% 4.59% 2.87% 1.79% 1.67%

MgO 1.09% 0.97% 0.43% 0.41% 0.37%

Na20 0.92% 6.02% 0.76% 4.64% 0.79%

K2O 49.75% 47.40% 50.27% 51.12% 53.37%

SO3 11.07% 12.12% 12.75% 13.46% 12.86%

CO2 13.57% 15.15% 14.45% N/A 16.14%

Table 5.9 ASTM Elemental Ash Analyses for Coal Ash
SiOg 37.26 %

AI2O3 15.37 %

Fe203 4.11 %

7IO2 0.74 %

CaO 21.92%

MgO 3.25 %

Na20 0.39 %

K2O 1.01 %

SO3 11.20%

CO2 N/A
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

A site-specific, fundamental engineering approach has been developed

for predicting the shape, thickness, and chemical composition of ash deposit

layers on superheater tubes as a function of time. This method is based on

coupled analytical models for particle deposition and subsequent ash layer

formation on the tubes, as well as for heat transfer for the superheater tubes.

Deposition is modeled by both inertial impaction as well as thermophoretic

processes. Both sticky and non-sticky particles, as well as tube surface

conditions, can be accounted for in the model for prediction of deposition and

heat transfer rates.

Numerical results from the model have been compared to experimental

data, the results have been generally good even though the entrained flyash

sample input data were obtained for the MHD test from samples collected

downstream from the superheater. The model shows that heat transfer

predictions can be sensitive to scale deposit layers on the steam side of the

superheater tubes, as well as oil vapor char film on the inside of air-cooled

tubes. The present research also shows the effects of change of dust loading,

gas velocity, gas temperature, steam temperature, tube diameter, chemical

composition of ash size fraction, particle size distribution, and particle density

on ash deposition and total heat flux for superheater tubes. As stressed by
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Wagoner et al. [1991], it is necessary to accurately measure the "local

conditions" just upstream of the superheater tubes in order to have sufficient

knowledge to give the effects of these conditions on superheater tube

performance.

This research has provided a comprehensive description of the physics

of the deposition process for two-dimensional systems. In particular, the

effects of sticky and non-sticky particles, and surface conditions on deposition

have been summarized in tables, and an explanation of how deposits could

be formed of non-sticky particles on non-sticky surface has been presented for

the first time.

Although great progress has been made, a considerable amount of

deposition research and development of the engineering model remains. In

particular, for the model, the following enhancements are suggested: 1)

variable thermal properties in the finite element method for the deposit layer,

2) effects of freestream turbulence on particle deposition rates and heat

transfer, 3) more accurate surface convective heat transfer coefficient

incorporated in the model. Experimentally, the following data bases need to

be assembled: 1) flyash particle sizes and velocities measured just

upstream of the superheater tubes, 2) better measurements of flyash

viscosity and surface tension in sintering-temperature range, and better

correlations between ash elemental composition, sintering strength, viscosity,

and surface tension.
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APPENDIX A

PROCEDURE FOR MEASUREMENT OF PARTICLE DENSITY FROM MHD
LMF5J TEST DATA

Fquipment:

Pycnometer tube, calibrated and engraved for 50 ml at 20 °C, specific gravity

Nalgene© Multipurpose Jar and Vacuum Chamber

GAST diaphram vacuum pump, producing 23" mm Hg negative pressure

Balance

Oven, temperature controlled to 150 °C

Desiccator

Number two diesel fuel

Soapy water

Acetone

Procedure:

1. Dry the collected ash sample in the oven for one hour, then move it into desiccator.

2. Weight the clean pycnometer tube. Fully fill the tube with #2 diesel fuel, and then

weight the tube and diesel fuel.

3. Empty the tube. Then wash in soapy water and rinse in acetone.

4. Weight the clean tube again. Take the ash sample out of desiccator and put it into

the tube. Then weight the tube and ash. There should be as much as 25 cc ash

sample in the vessel.

5. Add the diesel fuel into the tube, but do not fully fill the tube. Then put it into

vacuum chamber and evacuate it for about 40 minutes or until there is no obvious air
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bubbles coming out from the ash.

6. Take the tube out of the vacuum chamber, and fully fill the tube with diesel fuel.

Slowly put a cap on the tube, wrap or seal the top of the tube, and clean up the outside

of the tube. Then, weight the tube, ash and fuel together.

7. Clean up test site.

Analytical Mfithod for Particle Density:

All of following data were obtained at a room temperature of 21.2 °C

Weight of tube, first time: 21.2276 g (1)

Weight of the tube full of diesel fuel (tube+fuel) (21.2276+43.0672) g (2)

Density of diesel fuel (weigh of fuel / 50 ml) 0.86134 g-cc-1 (3)

Weight of the tube, second time 21.2290 g (4)

Weight of the tube and ash (tube + ash) (21.2290 + 4.994) g (5)

Weight of the tube full of diesel and ash 67.4767 g (6)

Weight of the tube 21.2290 g (7)

Weight of the ash 4.9940 g (8)

Weight of the fuel 41.2537 g (9)

Volume of the tube full of fuel and ash 50 ml (10)

Volume of the fuel (Weight / Density) 47.8948 ml (11)

Volume of the ash (50 ml - Volume of the ash) 2.1052 ml (12)

True particle density (equation 8 / equation 12) 2.372 g oo-1

88



APPENDIX B

FIGURES

89



Th
er

mo
ph

or
et

ic
 l
ay
er

As
h 
de

po
si

t 
du

e 
to

 I
ne

rt
ia

! i
mp

ac
ti

on

M
e
t
a
l
 t
u
b
e

1^
1

S
t
e
a
m
 i
ns

id
e 
t
h
e
 t
u
b
e

Fi
gu

re
 1
.1
 A
 P
ot

en
ti

al
 C
ro
ss
 F
lo

w 
Ov
er
 a
 S
in
gl
e 
Su
pe
rh
ea
te
r 
Tu
be



Figure 2.1 The Definition of Neck Bond Radius x and Particle Radius r

Vp> 0

O—

Up< 0

03

(a) (b)

Figure 2.2 Normal Impaction of a Particle on a Tube, a) Particle Moves
Forward to the Tube, b) Particle Rebounds from the Tube
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Figure 3.1 Geometry Defined by Segments Joining Body Coordinates
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Boundary Surface 2
Boundary Surface 1

. / Thickness of Deposit
K  > Width of Deposit

V<

Conduction through three layers

Ash deposits Scale Metal tube

Figure 4.1 Heat Transfer Through Scale, Metal Tube and Ash Deposits

Figure 4.2 i, j and k Permute in a Counter-clockwise Direction
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e = e+1

Start

set iteration n=1

i
set element number e=l

n= n+1

Identify element

I
Find thermal properties for each element

compute Q, G and P for the element

transfer Q, G and P In the local system
A and B in the global system

i
If e > total elemen number

Not
Yes

Solve linear system AT =8

i
Check Convergence

yes

Output Total heat flux and Temperature

Stop

Not

Figure 4.3 Flow Chart of FEM2D Program

99



a. Crude Mesh Generated by MESHGEN Program.

m

b. Fine Mesh Generated by MESHGEN Program
Figure 4.4 Mesh Generated by MESHGEN Promgram
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