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Abstract:

A model was developed for slag layer growth due to slag deposition and motion on a tube wall in a
cored brick, regenerative air preheater as proposed for use in open magnetohydrodynamic (MHD)
cycles. The 19 mm x 6.10 m circular tube bad wall temperatures which varied with axial position and
time, and ranged between 1850 K and 1000 K. The slag flux to the wall was calculated using three slag
deposition functions based on an initial slag weight concentration of one percent. Two moderate slag
deposition flux functions were calculated rising the model developed by Sande while a third deposition
function represented an upper limit on the amount of slag deposited. The three deposition flux
functions were used in conjunction with three coal slag compositions resulting in seven test cases. The
slag compositions with the lowest viscosity resulted in a larger maximum slag thickness than did that
of a more viscous slag. Using a moderate deposition flux, a maximum cross- sectional area reduction of
9.3 percent occurs for the least viscous slag composition after ten hours of simulated operation.
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NOMENCLATURE (continued) .
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Radial step
Time step
Axial step
Slag layer thickness
Slag density
Normal stress
Dynamic (or absolute) viscosity
Shear'stress
Denotes time step
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ABSTRACT

A model was .developed for slag layer growth due to slag deposition
and motion on a tube wall in a cored brick, regeneratlve air "preheater,
as proposed for use in open magnetohydrodynamic (MHD) cycles. The 19
m X 6.10 m circular tube had wall temperatures which varied with axial
position and time, and ranged .between 1850 K and 1000 K. The slag flux
to the wall was calculated using three slag deposition functions based
on an initial slag weight concentration of one percent., ' Twe moderate
- slag deposition flux functions were calculated using the model developed
by Sande while a third deposition function represented an upper limit
on the amount of slag deposited. The three deposition £lux functions
were used in conjunction with three coal slag compositions wesulting in
seven test cases. The slag compositions with .the lowest viscositj
resulted in a larger maximum slag thickness than did that of a more.
viscous slag. Using a moderate deposition flux, a maximum cross-—sec—
tional-area reduction of 9.3 percent occurs for the.least viscous slag
composition after ten hours of simulated operation.




INTRODUCTION

Currently proposed open-cycle magnetohydrodynamic (MHD) cycles
require combustion gases to reach a temperature of 3000 K. This tem—
perature cannot be achieved by burning coal iniambient.teﬁberature.air
and it fherefore becomes necessary to preheat air prior to combustion.
One method of preheating air is through use of a regenergtivé heat ex-—
changer, using cored ceramic bricks.as the heat storage and transfer
medium. Hot combustion gas from the MHD channel is uséd fe.ﬁeat the
cored bricks which are in turn used to preheat pre-combustion air.

Since it i1s dmpossible to remove all particulate matter from the combus-
tion products, the deposition and resulting flow of molten coal slag and
MHD seed material aiqng the heat e#changer wall becomes a factor of
significance.in the performance and  1life of .the air preheater. The’
solidification point of.the:coal.slag:miiture is‘approiimately 1420 K,
which lies between the entrance and exit preheater wall .temperatures,
indicating that .the slag layer will Build up.alqng the preheater wall
and cause.a flowy restriction.’ Detérmination'of the slag layer thickness
as a function- pof position on the wall and time Is of ‘primary importaﬁce
in an estimation of the life of .the preheater. The ohjectiye_of this

work is to mathematically medel the.slag layer hehavior witrh. time, and

to determine the region of maximum slag layer thickness.




IT. LITERATURE REVIEW

To acceptably model slag layer growth, it is necessary to represent
slag particle deposition as accurafely as possible. Numerous experi-
mental and analytical studies have been made in ‘an attempt to predict
- slag depositionl Sande [l] developed a model for particulate deposition
in turbulent flow, as have Davies.[2], and Friedlander and Johnstone [3].
Ondo t4] preseﬁted a review of small particle deposition theory which
compares the-deposition models of Davies, Beal, Stickler and De Saro,
and others. Ondo also investigated the cor;elation of the deposition
models with the experimental results of Friedlénder and Johnstone, Liu
and Azarwall, and others, and showed two orders of magnifude variation
in the experimental fesults.

Development of equations similar to those governing the flow of
coal slag can be found in Schlichting [5] and ln studies.of condensation
run off and transient freezing. Denny, Mills, and Jusionis [6] analy-
tically investiéate the film condensation on a vertical surface and the
associated heat transfer. A finite difference technique predicting the
thickness of a solid phase depoéited by a flowing fluid is presented by
Beauboef and Chapman [7].

Slag layer build up was expérimentally determined for magnetohydro-
dynamics (MHD) generator duct conditions by Koester, Rodgers, and Eutis

[8] who observed the formation of transverse ripples.

L




Air preheater,design for open MHD cyclgs was invespigated by Upshaw
[9] who determined thermal chafaéterisfics of cored frick regenerative
heat exchangers for various geometries and fiqw:conditions.

A review of the literature,. especially that.presénted by Ondo,
éhow;'; Eﬁ;;ééé;;—of—ﬁagnitude range in expefimental data for particle
deposition in furbulent\flow while analytical models exhibit a four-
order—of—magnitudé‘variation. The lgrge‘disparity in both experimental
and analytical results for particle deposition indicates that there'is

a large degree of.uncertainty associated.with-the-use .of any.of the

deposition models. -

N




ITI. THEORY

The current MHD air preheater design coﬁsists of cqredlhexagonal
ceramic bricks, stacked ?ertically such thaf the array‘of circular flow
passages are‘aligned to form a system of tubular flow channels. The
] modgl developed herein describes slag layer gfowth in one tube of the
" system of tubular flow cﬁannels which compose the preheater.

.In the model development, coal slag flow is taken as axisymetric.
Also, the effect of wall roughness on slag flow and tﬂe effect of
changes in wall roughness on the siag depositién rate are.not consid-
ered. The model déveioped is a first effort at esfimating the siag
layer behavior. '

The slag layer thickness and change with time will ultimately bé‘
obtained from a.forﬁ of the mass continuity equation. However, in the
continuity equation there are slag velocity terms which are temperature
depéndent. This interdependence indicates a need for the general devel-
opment oftthe combined momentum, energy,.énd continuity eqﬁétions in
ordér to obtain the siag growth rate.

Application in the axial direction of the pfinciple of conservation
of momentum for constant density slag flow yields the folloﬁing equation
(see Apéendix 1 for details) _ o
ou ,  9u op ' Bzu 1%u
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where u = slag velocity component in axial direction
v = slag velocity component in radial direction
p = slag density.(constant)
u = dynamic (oxr absolute) wviscosity
g = local acCelera£ion due to gravity
r = radiai pésition
z = éxial ?osition

For éonstant viscosity, equation (1) reduces to the Navier Stokes
equation in the z—di;ection for axisymetric flow. However, the viscos-
ity of coal slag is a strong function of temperature; therefore, the
principle .of _the conservation of energy must be applied to determine the
.temperature-variation:-

An energy Balance for constant density, axisymetric slag flow in a

tube, with negligible shear work yields the following equation (see

Appendix 2 for details)

0 109 0 oT
Fr (upeT) + ;E (‘I'VPCT) - '5; k N

oT .
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T or (x k 812 +ope ot 0 (2
where T = slag temperature
¢ = slag specific .heat
k = slag.tﬁermal.éonductivity
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Equation (2) can be further reduced by inspection of the order of
magnitude of the radial and axial velocities, v and u, for laminar flow

in a tube (see Appendix 2 for details).

- 2 2
T ok BT k ok 3 ‘
5> (peu - 22) - 2= (£ + —)—k—-—T—k———aT.
] 2z 2 . 2
: or oz
+ Tpc %§-+ pc LU 0 , . (3) .

Equations (1) and (3) are coupled nonlinear partial differential
equations. Application of the principle of mass continuity to a flow

system of constant density. results in

Y . .
p ot pvin B pVout
where ¥ = elemental volume
¥ = volumetric flow rate

An expression for slag continuity in terms of slag thickness can
easily be found by applying the principle of mass continuity to an
eicméent which has been integrated radially. For small radial .velocity,

the mass continuity equation becomes

8 o 2l pmesy RO G528y, d 108

ot 2(R-9) 9z ~  p




where R = tube radius
§ = slag layer thickness
ﬁd = mass flux due to deposition
u = ra&ially'ayepaged slag velocity

Equations (1), (3), and (4) form a set of‘three coupled equations
relating the three variables u, T,.and 8. Since equation (4) can easily
be derived in finite differénce form (see Appendix 4 for aAsimilar deri-
vation), the primary concern at this point is reducing equations (1)
and (3) to an appropriate numerical form and investiéating the resulting
stability criterié.

Equations (1) and (3) can be formulated using forward and central
differences. However, when any one scheme, forward or central finite
difference, is used individually the result is a set of equations each
of which having at least. one negative coeffigiént. This usually means
that the algorithm obtained is unconditionally unsﬁable. The stability
criterion used here is one generally ac%epted for.finite difference .
schemes, and is based on an afgument utiliziﬁg the second.law of thermo-
dynamics. There are, héwever,'several methods which can have negative
coefficients and remain stable while satisfying the second law of ther-
modynamics. These methods will be‘diSCuséed later.

A combination of forward and central differences will yield a

relation in which coefficients can.be made positive and, hence, can.be




used to determine step sizes necessary for stability (see Appendix 5 for
devélopment). Using this combination of finite differeﬁce methods, and
assuming a stgble slag layer thickness, the energy equation (equation 3)
yields a maximum axial step size of 50 microns while the momentum equa-
tion (equation 1) limits the'time step to 10 microseconds. When resuits
from the model were used, é time step limit of .003 seconds ;nd an axial
step limit of 1 cm were obtained. When lgng&hsfof meters and .times of
hundreds of hours are to be used, it is obvious that thé stability
restrictions -imposed are too severe. |

In view'of the difficulties encountered in the forward, central,
and combination central-forward finite différence schemes, the uncondi-
tionalily:stable: explicit.methods -appeared:-to hold the most promise.for
workable.reformulations of equations (1) and (3). Stability for these
methods is not limited by time or spatial.step sizes.

The first unconditionally stable explicit method considered was the
alternating direction explicit procedure (ADEP) which was first con-
ceived by Saul'yev [10] and later expanded by Larkin [11], and Allada
and Quén [12]. .The ADEP method is much faéter than implicit.methods
while being at least as accuraté. Unfortunately, the ADEP method re-
quires all boundary conditions to.be fixea. The probiem considered in
this work -has fi?ed boundary conditions at the inlet only. This would
necessitate repeated applications of the reve?sed airection.portion of

the ADEP scheme in oxder to arrive at the known inlet conditions. The




- -

difficulty associated with the unfixed boundafy condition removed tﬁe
ADEP method from further consideration.

Dufort and Frankel [13] presént an explicit method which is uncon-
ditionally stable for the linear differential'equations they‘considered.
However, the method developed by DuFort and Frankel has no uniform defi-
nition or proof of stability for generél parabolic differential equa-

tions. ‘ The-method also has no general expression limiting the "step

- sizes which will guarantee acceptable accuracy. Since neither stability

nor accuracy criteria ekist in general, exténsion of the .DuFort-Frankel
method to a system of coupled nonlinear partiél differential equations,
such as equations (1), (3), and (4’, would produce questionable results.
Therefore, the DuFort-Frankel me?hod was not considered further.

When considering implicit methods for solution of partial differen-
tial equations, it is generally knowp that step sizes must be small
relative to £he total length or time span to achieve acceptable accuracy.
This implies that the coupled gquations (1, 3, and 4), when subjected to
an implicit solution scheme, would result in very large coefficient
matrices. The difficulties associated with computer storage limitations,
computing time, and round off errors were considered prohibitive for the
implicit methods.

Since there appeared to be no workable solution to the problem as

it was formulated, another limitation was imposed which allowed comple-

tion of the slag layer growth model.
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-If the slag layer thickness is considered small relative to the

tube diameter, several simplifications in the formulation occur. TFor a

thin slag lajgr, the radial temperature variation is 'small. With a
radial'heat transfer rate of 8000 w/mz, as calqulated by Upshaw i9], a
one millimeter thicknesstof coal slag eiperieﬁces a radial temperature
drop of appro%imately five degrees Kelwvin. Therefore, the.temperéture
may be approxiﬁate& as'radiélly constant and equal to the tube wall
sﬁrface temperature.,. The ceramic -wall temperature as a function of
aiial position and time can ﬁe calculated using the -model developed by
Upshaw T19].

With the axial and radial temperatures known, tﬁe.enérgy equation
is not mneeded. Viscosity, since it s a function of temperature only,
can be taken as constant radially and as a function of temperature
akially. Since viscosity can bLe taken as constant at any one axial
point, the momentum equation; when applied to one axiai point, simpli-

fies to an expression for the radial -velocity profile. The thin slag

layex 1iﬁitation also. allows use of rectangular cobrdinates in place of -

* cylindrical .coordinates, with no significant loss of accuracy.

Using these simplificatfons, the momentum equation for a.thin slag”

layer at any axial point, j, becomes (see Appendix 4 for .details)

e (R .'+','b-.g'<5'.' ‘ ' '
“pe . 2 Tyl |
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where Tg = surface shear due to gas flow
8 = slag layer thickness
y = dimension starting at tube wall and progressing

radially inward

The conservation of mass equation, equation (4), may be rewritten

in finite difference form for the thin slag layer as (see Appendix 4 for

development)
nl T n - At n At =n o =n n by
8541 S T o g Ty (V5 857 Vg S549) (6)
~ n
o _ 1 8. n
where Vi o= o {3 vy dy
J

The .thin'slag layer limitation .restricts.the-extent to Which the
slag growth model may be applied. When the slag layer reaches-a thick-
ness at which it begins to influence gas flow charac£éristics, or when
an appreciable radial temperature gradient. exists, the moéel,is no longer
applicable. The slag deposition model of Sande [1] and the gas and
- ceramic temperature model of_Upsﬁaw [9] are both based on no change in
fl&w conditions due to slag build up. This indicates that these modeis
are also not applicable when the slag layer is no longer thin. The
model will givé acceptable results for a thin slag layer which should
indicate areas of maximum élag growth rate, and alloﬁ an approximation

.of the total slag layer thickness.




IV. RESULTS

The model developed for slag thickness and growth rate was applied
to seven test cases. In all eases,,tﬂe tube radius was 19.0 mm and the
tube length (or bed length) was 6;10 m. . A digital computer was used for
all calculations and for plotting results.

Values for tube wall temperature, surface shear due to gas flow,
and mass deéosition flux needed in the slag thickness model were calcu—-
lated using the models developed by Upshaw [9] and Sande [1];vthe least -
squares method of curve fitting was used to obtain functional forms
representing the calculated values. Liquid élag viscosity &ata for
Montana Rosebud coal was obtained from Webster Capps [14] and ﬁas fitted
to Rollands viscosity equation [15] using the method of least squares
(see Figure 1).

In this work, the ph;ase'”reheat eycle" is used-to denote the heat
.up phase in the air preheater, while a "blowdown cycle" is the phase in
which precombustion air is heated. 'Comeined, a reheat cycle and blow-
down-cyele form one total cycle (or simply omne c&cle). Therefore, when
the terms cycle or cyclic are used without being preceded bf reheat or
blowdown, total cycles are referred to.

Six of the seven test cases result from combinatione of three coal
compositions and two slag deposition flux functions. The seventh case
reselts from a slag depoeition flui function derived using the highest
deposition rate measured by Liu and Azarwall fi6], and represeﬁts an

upper limit on the amount of slag deposited.
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The-three slag compositions are given in Table 1 with the effects
of composition‘varigtion on viscosity showﬁ in Figure 1. A cémposition
number was assigned to each slag composition for simplicity. .The compo-
sition which yielded the most viscous coal sléé CﬁBS:melt K-875) was
assigned composition number 1, while the leést viscous (NBS melt K-795)
ﬁas assigned composition number 3. The remaining slag composition (NBS
melt -K-603) was assigned a compositfon number of 2.

The coal slag depositiog flu% functions were oBtained frem Sande's

N

model By variation of .the .surface roughness. Tolavéid exéessive Fﬁérmal.
stress, it is desirrable to have a'mé%imum entrance ceramic temperature
variation between reheat and blowdown of less tﬁan.Sé K. To meet this
criterion while -varying surface roughness, it was .necessary to vary the A
reheat and blowdown cycle times.(hence the total -cycle time). ..

For simplicity, case numbers were assigned to the .deposition flux
functions. Case .number 1 corresponds to the.deposition ﬁlué function
derived from Sande's model using a.surface roughness,of.254'ﬁm and
reheat and .blowdown cycle times of'BBO secondsi Case number 2 corres-
ponds to the deposition flu%.function.derived from Sande‘s:model-ﬁsing a
surface roughness of 508'§m énd reheat and-Elowdoun.cycle.times,oi.BSO
seconds. Case number 3 was éssigned to the éepositiqn flu#:funbtioq
based 6n.the measurements of Lin and Azarwall . [16], -Tahle 2 lists thé

1

complete flow.conditions and parapeters for .the .three cases.
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The two deposition flux functions, derived from Sande's model,
varied in the total améunt:of.slag deposited on the tube wall, as well
as the rate at which the deposition flux changed with axial position.
The slag deposition flux function corresponding to case -number 2 de-
livered 11.5 percent more slag to.the tube than did the deposition
function represented by case number 1. The slag deposition function
corresponding to case .number 2 also:depésited siag at é mﬁgh higher rate

‘near the tube entrance than did the first slag deéosition function. The
difference in the rate at which slag was depositea.decreased as the
distance from the entrance increased.

The slag deposition.flux function corresponding to case number 3
represents an upper limit to slag deposition. The deposition flux func-
tion was derived using the largest of a group of deposition rate
measurements which varied by two orders of magnitude. The total slag
mass deposited on the tube walls using the third deposition flux‘func—
tion was larger than that corresponding to.the second deposition funétion
by a factor of 4.3. The lafge depoéition.flpx of the third'deposition
functién.produced such a'rapid'decrgase in the slag particle concentra-
tion of:the gas that only the first 3O ﬁercent of the.tube length
received significant deposition. .The net effect of the third deposition
flux function was that.essentially all of the slag &eposited was depos-—
ited in the ﬁigh.temperéture region of the preheater tﬁfe. The results

using case number 3 should be' considered as an absolute upper limit for
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deposition rate and probably even unreasonably high.

Results of the seveﬁ test éases are shown in Figures 2 thrqﬁgh 1z,
All plots were comnstructed from data taken at a fixed time during a
cycle, namely, the end of blowdown. The plots of slag thickness (Figure
2 through 8) therefore, represent one instant of the total cycle. The
smoothvcurvesjof Figures ‘9 through 12 are not exact plots of g?owth rate
and-thickness vériation“with~time%rbut”are.iﬁtended}tinstead,-to aid
visualization of the-general ;lag-flow £endencies. Since the prdcess is
a cyclic one,-plots of the actﬁal lécal thickness and local growtﬁ-rates
versus time would have, in place of'the smooth lines of Figures 9 through
12, lines with small sinusoidal fluctuations.

Figures 2 through 8 show-that the point of maximum slag thickness,
as predicted- by-the model, first occurred near-the top of the tube where
slag viscosity is lowest and where slag deposition flux functions pro-
duce the ﬁighesf”deposition‘ratés.- As’ ‘time progressed, the axial posi-
tion of the maximum slag thickness moved déwn,the tﬁbe.-

The effect of the ﬁoving point of maximum thickness i; readily
visible in the local growth rate and thickness plots (Figures 9 throﬁgh
12). 1In the local slag thickness plots (Figures 9 and 10). the motion of
the point of ma%imum thickness through the axial position of the.plot is
visible as the near step change undergoﬁe by Fhe thickness. In the
local growth rate plots, .the motion of the.poin;‘of-méiimum.thickness

’

through the axial position of .the plot is visible as a spike.
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" After the point of maximum thickness passed, an axial location is

shown by the thickness plots (Figures 2 through 10) to be in a state of

P

cyclic equilibrium; that is, the thickness at any one cyclic time did
not vary. The cyclic‘equilibrium thickness can also be seen as equi-
%alent éo the maximum thickness experienced by that particular axial
point for the specific cyéle time involved. Since the'thiékness is
cyclically stable,”thg gfowth rate, when integrated ovér 6ne total

cycle, must equal zero. The plots of thickness’gréwth ra£e (Figures 11
and 12) are fér one specific cyclejtimé and do not represent an-average --
value. Consequently the growth rate after the spike is not zero od the
growth rate plots, but instead takes the form of a small constant; this
shows that the growth rate also reached cyclic eqﬁilibrium, which it T
must ha&e done to imsure a cyclically stable thickness.

The slag deposition flux functions from Sapde's model contained a
provision which terminated—glag-deposition when the wall temperature
dropped below 1090 K. ZThe'effeét of the ter@inati&n of slaé deposition
is visible as a tapering of. slag thickness which occurs.near the tube's
exit in the slag thickness profile plots (Figures 2,thréugh 8).

Inspection of tﬁe slag thickness profile and local slag thickness
.plots (Figures 2 through 10) for varying coal composition number .shows
the effect of slag composition variations. As might be expected, the

more viscous slag found its point of maximum slag thickness.at an axial

position nearer the tube entrance than did the less viscous coal slags.
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Another result of viscosity variation predicted by the thickness model
was that the lower viscosity coal slag developed a larger maximum siag
thickness than did the more viscous coal slags.

The effect of slag viscosity variations on the slag growth rate for
one axial position is observable in Figures 11 and 12. Again as expec-
ted, the maximum growth rate for any one axial position occurred earlier
in timé for the low viscosity'coal é;ag. _The magnitude of the local
slaé growth rate was the largest for the iﬁtermediate viscosity coal
slag (composition number 2): The smallest maximum growth rate occurred
with the most viscous coal slag for case number 1 and occurred with the
least viscous slag for case number 2.

As Figures 2 through 10 show for any specificcoal composition, "
when the'deposition”function'cgrrespondinguto case number“é"was.used>in
the thickness model, the result was-a larger maximum slag -thickness than
that which was produced’using,the first depositiQn flux function. The
second deposition function also resulted in the location of the point
of maximum thickness being further down the tube. No consistent change
is‘discernablg for variation of local slag thickness growth rate for
change in the slag deposition flux functioms.

The results for slag thickness and local growth rate predicted by
the model can be explained by inspection of the effects of axial vis-
cosity variations and .the cyclic. naturé of slag deposition. . Near the

tube entrance the wall temperature is close to its maximum value which

3
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would result in relatively low slag viscosities. The low slag viscosity
would then result in the relatively rapid establishment of a cyclically
stable slag thickness.in the region near the tube entrance. Cyclic
equilibrium for a region would imply that the amount of slag deposited
on the region during reheat is équal to the slag tfanépdrted out gf the
region dpriﬁg.one ﬁqtél cycle (tﬁere is no slag”depoéition during blow-
down)- - Sihcejslég-is-deposited,alqng the entife.tube length; an éxpan—
sion in the region of cycliC«equilibgium,would imply that the slag vol-
ume which must .be transéorted out of the.region increases. -Slag viscos-
ity, however, increases nearly eiponential}y'down the tube length due to

temperature variation. The exponential viscosity growth would imply

that~as the region of cyclically-stable slag thickness expands;therslag—-- - -

thickness“musﬁﬁgrowmin order to transport-the required volume of. slag:: -
The local-slag .thickness of a p;int not at the tube entrance would
- first -grow neafly:linearly duer to the slag-deposition flux at that axial;.
position and to the low slag velocities.j.A large difference in thick-
ness exists between an axial point's cyclically stable and unstable
thickness. Consequently, when the region of cyclic équilibriﬁm extends
through an aﬁial point, the slag layer would have to experience a Qery
large local growth rate in order to change the'locél slag thickness to
its stable value. Once cyclic-stability is reached.at an a%ial point,
the large growth rate would.have to drép,to zero when integrated over a

cycle. The rapid changes in.slag thickness are visible in Eigﬁres 9 and

e
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10 while the corresponding local growth rate spikes are shown in Figures
11 and 12.

A discussion using the cyclically stable slag thickness can be uséd
to explain variations in the resulﬁs predicted by the model due to slag
viscosity‘variafion. A less viscous slag would develop higher veloci-
ties fof ﬁhe samé axial position than would a more viscous slag. The
higher Veloéities would establish an initially thinner-slag ia?er which
would reach equilibrium sooner than those of a more viscéus slag. A low
viscosity would then result in a larger region of cyclic~equilibrium ’
compared to that of a higher viscosity fo; the éame elapsed time. Since
the region of cyclic equilibrium is larger for low viscosity slag rela-
tive.to a more viscous slag, more slag .is deposited and, therefore, must
be transported out of the region. The increased volume of slag to be
transported_%ould result in the lower visgosity slag developing a maxi-
mum stable thickness-which would eventually become larger than that of a
more viscous slag. The results from the thickness model show.the maxi-
mum thickness for lower viscosity slag surpassing the maximum thickness
for more viscous coal slags in approxiﬁately-five to. eight--hours of
simulated time. |

A change in the slag deposition. flux function from case 1.to case 2

results in 11.5 percent more slag being deposited, with the greatest

increase in the deposition rate near the tube entrance. With more slag -

being deposited, a thicker cyclically.stable slag layer .would form near

AX S
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the eﬁtrance. The higher slag flux would cause a more rapid extension
of the cyclically stable region since more slag is transported. An
extended regiog‘has more slag to transport which would result in a
larger maximum slag thickness. The results from the model exhibit an
extended region of cyclic stability and a larger maximum thickness for
case number 2 when compared to the results from the lower deposition
.flux of case number 1.

Figure 14 shows the maximum 'slag thickness as calculated by the
model for six specific times with connecting lines to aid visualization.
The high viscosity slag exhibits an initiaily larger maximum thickness,
which agrees with previously discussed results. The extended region of
cyclic stability which occurred for the les; v%sgous slags eventually
resulted in a larger growth rate than that for a more viscous slag.
Figure 14 shows that the largest change in slope, hence, the greatest
slag layer growth rate change, occurs for the 1éast viscous slag. 1If
the growth rate trends were to continue as shown in Figure 14, a much
largef maximum slag thickness would result for' a low viscosity slag
relative to that of a more viscous slag.

Figure 13 shows a slag thickness profile calculated by the model
using the second deposition function for ﬁearly gwenty hours of simula-
ted preheater time. As Figure 13 shows, the ma%imum slag thickness for
the twenty hour ruh approximately tripled the  ten hour maéimum. The

twenty hour maximum thickness .represents a cross—-sectional area reductiom

AT}
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of 24 percent compared with an area reduction of 9.3 percent for temn
hours of simulated time. Since the model does not account for changes
in gas flow conditions due to deposition, results from the model were
accepted as reasonably accurate until slag thickness caused a cross-
sectional area reduction of 10 percent. Cleagly the 24 percent reduc-
tion in area caused by the twenty hour maximum slag thickness will cause
major changes in gas flow and heat transfer. Figure 13 represents an
extrapolation of. the model results to a point of near failure in terms
of restricting the flow passage although it should be considered as an
approximation to the actual case.

The results from the ten hour run using the slag deposition flux
function corresponding :to-case number 3 are shown in Figure 8. Use of
the -third deposition function 'in ‘the model indicates that-Figure-8- sets
an upper bound on the slag layer thickness. Such a thickness in an
actual preﬁeater tube is much less probable than a thickness corres-
ponding to the more moderate deposition fluxes of case numbers 1 and 2.

The magnitude of the maximum slag thickness shown in Eiéure 8 is
- such that a cross-sectional area reduction of 78 percent results.
Severe changes in the gas flow and heat tranmsfer would result from such
a gas flow restriction, indicating that the model's limitations were
exceeded. The thicknesses corresponding to times.greater than two hours

shown in Figure 8 must therefore be considered as gross extrapolations

of the model's results.




V. CONCLUSIONS
From .the results of the test cases, it may be concluded that:

An increase in-the amount of slag deposited in a preheater tube A
results in a‘larger nonli;ear increase in the maxiﬁum slag thick-
ness on the tube wall.

Low viscosity coal slag eventually results in larger growth rates
and a lérger maximum:thickness than.those of é.mére'viscous slag.

A ten percent tube‘grosé~sectioﬁal area reduétion occurs in approx-

imately ten hours for the moderate deposition rates comnsidered.
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TABLE 1: Montana Rosebud Coal Ash Compésition

Composition number 1:

NBS melt K-875 synthetic Rosebud ash from averaged amalyses done by
ERDA on Rosebud ash. '

Composition number 2:

NBS melt K~603 analysis on Rosebud ash done by Schwartzkopf labs.

Composition number 3:

510
A1203

Fe203

Ca0

NBS melt K-795 synthetic Rosebud ash from BiGas Corpérétibn
analysis of Rosebud ash.

ngght Percent

Composition Composition Composition
‘ Number "1 ] Number "2 _ Number 3
47.5 43.90 . 42.10
21.1 15.98 19.50
7.8 . 680 7.10
14 18.30 . 24.48
4.6 . ‘3.59 - s 5.50
0.7 0.76 0.10
0.8 - 0.90
0.4 —— —=
0.4 0.23 0.40
—_ o069, ——
- 0.42 | | -
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TABLE 2: Test Case Conditions

All Case Numbers:

Case

Case

Case

Weight concentration of slag in gas = 1%
Inlet gas velocity =. 50 m/sec

Inlet gas -temperature = 1894 K

Tube length = .6.096 m

Tube diameter = 19.05 mm

Pressure = -§2;000 Pa

Slag demsity = 2590 kg/m

Number 1:

Surface roughness = 254 um
Reheat and blowdown cycle times =: 330 sec
Total slag mass deposited in 1 hour = .0401 kg

Deposition .flux function determined using .Sande's model _[1]

Numbex 2:

Surface roughness =.. 508 um
Reheat and blowdown cycle times =. 350 sec
Total slag mass deposited in 1 hour' = .0445 kg

Deposition flux function determined using Sande's model [1]

Number 3:

Reheat and blowdown cycle times = 350 sec
Total slag mass depoéited in 1 hour o -1947 kg

Deposition flux.determined uslng maximum deposltlon rate as mea-
sured by Liu and Azarwall [16]

Y
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APPENDIX 1

Development of the Momentum

Equation for Flow in Circular Tubes

For axisymetric flow with constant density a convenient infini-
tesimal element for use in development of the axial momentum equation is

the differential ring shown in Figure 1.1:

(pu” dA )|
(oZ iSZ)IZ

(OU dA )l

z+dz Ll
(Trz z)lzrdr J\ (1 dAr)] (pvu dA N
' rz /T z
//dz
(pvu dA ), I
Tdr
o ¥d e
Co A hn dVpg
Figure 1.1 Fluid forces on a differential element
where a = stress
z
i = shear stress
Lz
p = slag density
g = gravitational acceleration
u = axial velocity component

v = radial velocity component
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The differential surface area dA.r is the area perpendicular to
radial direction. It is therefore a function of radius and must be

evaluated at the desired radius; it may be written as

(da ) lr =. 277 dz

The differential surface area dAz is the area of tﬁe differential
ring perpendicular to the-axial direction. The area méy be "expressed as

the difference of the areas of two circles,

m(r + dr)2 - nrz

dA
z

27y dr, + ﬂdrz'

i

- If the-differentials of--higher” order are taken as small, tlien dr2 -

0 and
qA = 27r dr

The differential volume of the differential ring can then be writ-

ten as

dv = dA - dz
z

Il

27r dr dz

The rate of axial momentum out of the différeptial ring is

‘e
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’ 2
(pvu dAr)lr+dr + (pu dAz)lz+dz

The rate of axial momentum into the differential ring is
(ovu da )|+ (pu® aA)|
r'tr z’ 'z
The rate of axial momentum change in the differential ring is
(271 dr dé)b du
ot
Summation of external forces gives

(Oz_dAz),z+dz - (Oz dAz)lz + (dAr Trz)|r+dr

Ve

- (dAr_:rrz)Jr + (27r dr dz)pg

The conservation of momentum principle tay be written as

Rate of momentum out - rate of momentum in + rate

of change of momentum = summation of forces.

Therefore, the conservation of axial momentum may be expressed as

fol%ows:

2
- (pv.u dAr) I.I' + (»pu dAz) Iz—l—dz -~

(pv u dAr)lr+dr

.

2 ' ] L
(pu” da )|, 4 (2mx dr dz)p o = (o, dA)|, .4 -

(oz dAZ?]z +'(rrz dAf),r+dr _,(rrz dAr)lr + (2nr dr dz)pg




44

If the appropriate relations are substituted for dAr and dAZ and

the equation is divided by the differential volume the result is

‘ : 2 2
(evur) | gy = Gvur) [ e - (e ],
+
r dr dz )
"o | ~ o_| (o)) . - (t_T)]
+p du z'zt+dz z'z , _rz r+dr Tz Ty o8

_55’ a : dz . r dr
If the limit as dz and dr tend to zero is taken and the definition

of partial derivations is applied, the momentum equation becomes

2 90 a(rt_ )
1 3(xvu) + 9(u’) + au] _ 32 + %_ arrz + g

?[r or 3z ot

application of the chain rule for the differentiation gives

Ve

19(r) | duy., _ 8u du , 3u
p[u(r or + az) tv or +u oz + ot

Bcz +.l a(rTrz) N
9z r ar Pe

(1.1

Schlichting [5] gives the continuity equation for axisymetric flow

- in cylindrical coordinates, with density comnstant, as

1 30x)  du _
r dr 9z
Schlichting [5] also defines shear stress and normal stress as

.9V |, du _ ;5. 02U
vz “<az to) 3 9, T B 2y
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Equation (1.1) becomes, upon application of the continuity equa-
tion, differentiation of the shear and stress terms and some rearrange-

ment, the following equatiomn:

2 2

du du , _ Bdu, _ 3P " 8u , 1 93u , 93w
PG rug V) = ot et uCo T
. oz or
du 3v , Ou, S 4 ou 1.2
b (Gt e+ 2 2t | (1.2)

oz 0z

Equation (1.2) corresponds to equation (1) in the main body of the

thesis.
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Development of the Energy Equations

for Axisymetric Flow in Circular Tubes

For axisymetric flow, a differential ring may be used in the devel-
opment of a general energy equation. Figure 2.1 shows the differential

ring and the energy fluxes.

(VQCT>Ir+dr
. 7*\7\
(VPCT)|r
qr r+dr 5

Figure 2.1 Energy fluxes for differential ring

where the terms used in Figure 2.1 are

q = conductive heat transfer in axial direction
1

q = conductive heat transfer in radial direction
Z *

T = surface shear stress on r surface in axial

direction

u = axial velocity component
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v = radial velocity coﬁponent
p = density

c = specific heaf

T = temperature

. Net energy transfer rates may be expressed by subtracting the rate into
the differential ring from the rate out of the differential ring. The .

different net energy transfer rates may be expressed as follows:

convection axially:

dAz(uch)lz+dz - dAz(uch)lz
convection radially: “ , - o e
[da (voeD)T| L4, [da_(vpeT)]|.

" conduction axially:

dAzqzlz+dz - d-Azqz]z

and conduction radiélly:

(dArqr)’r+dr - '(dArqr)lr

The shear work is

dAz(VTzr)lz-i-dz - dAz(VTz'r)-Iz + (dAruTrz)|r+dr-— (dAfqui)'r

and the rate of change of stored energy is

© 9T
(dV) DC‘a—t‘




As derived in Appendix 1, the differential areas and differential vol-

ume can be written as
(dA.r)]r = 27r dz
dA = 27r dr
Tz ‘ .
dv = Z2mxr dr dz

The principle of conservation of energy for the case of no internal

generation may be expressed as

Energy rate out - Energy rate in + rate of change in

stored energy = 0 .
The principle of energy-conservation gives
dA_[(uoeT)| . =~ (ueeD)| 1 + [(@AveeD)| - (dA vpeD)] ]

+ dAZ(q

z|z+dz - qz]z) u [(dArqr)|r+dr - (dArqr>|r] +

dAz[(VTzr)Iz+dz - (Vrzr)rz] +'[(dAruTrz>|r+dr B (déruTrz)lfJ

+ (27t dr dz)ec %%‘= 0 | L (2.1)

Using a method similar to that used in the development of the mo- '
mentum equation in Appendix 1, equation (2.1) can.be transformed to a

differential equation. ‘Following division of the equation by .the
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differential volume term, the limit as dr and dz tend to zero is taken.
The definition of a partial derivative may then be applied whereupon -

equation (2.1) takes the following form:

9(q,) . d(rq)

) 139
SE_(UPC?) + r dr (FVCpT) + 0z . +'; or
ol 3T 8 13 '
Tt ope oz oz (VTzr)'+ r 3r (FuTrz) (2.2)

The two terms to the righﬁ of .the equality in equation.(2u2).rep£e—
sent shear work. TFor the problem being considered, heat transfer is ‘
large compared to shear work, and, therefore, the latter may be consi-
dered to have no significant effect on the energy fluxes.

Neglecting shear_vork"and applying fourigrfs conduction laW‘té Fhe e

energy -equation gives

T 9 10 "9 oT
Bz (ee).F g GveeD) — 5y (g -
19 OT T - | ' ' . :
}—E’(rk *a?) + pC 5 = 0 - (2.3)
where k = thermal conductivity

Eqﬁatioﬁ (2.3) corresponds -to gqﬁationu(Z) in the main body.

Work done by Reihman, Toéwnes, and.Mozer [17] indicates.that the . ..
thermal gradients in the axial and radial directions are of .the same
order of mégnitude. ;Sihce v .<< u for laminarx.flow down the‘£ube wall,

it may be written that




| IR R [ — 4

50

o 2T 8T
. or -9z

The specific heat, ¢, is a function of temperature only which gives

g de o
or u 0z

If the small terms are eliminated, equation (2.3) becomes, after mani--

pulation, the following:

R N S S NN i U
5z \PEY T 3y ar ‘r | or 2 2
- 0z or
du B(Vr> ac T _ : :
T[pc(az ——%) + pu az] + pc rval 0 (2.4)

The continuitity equation may be written as

du |, 9(vr) _
9z + or -

Applying the continuity'equation to equation (2.4) results in

,2 2

aT ok T k Bk T 9T
— (pecu - —) - — (= + )—k——k—
3z oz or ‘T 822 arz
oc aT .
PR — = 2‘-
+ Tpu 52 + pc v 0 ‘ (2.5)




APPENDIX 3

Finite Difference Approximation and-Stability

Terms for the Energy and Momentum Equations

The finite difference scheme used in the transformation of equa-
tions (1) and (3) into finite difference forms is ome in which seconé
derivations are approximated by the central difference mgthod while
first derivatives are represented by .a forward difference approximation.
This finite differemnce scheme is necessary to avoid negative coeffi-
cients which appear in the forward, central, aﬁd backward finite differ—
ence methods when applied individually to equations (1) and (3).

The momentum equation, equation (1), with superscripts denoting
time and subscripts denoting radial and axial position, gives the

following finite difference expression:

n ok
2p. . T ..
un+l - B 1+ AE_un +_é£ S _ ul,J [p1,3+l "
i3 i,J Az 1i,j Ar i, p(Az)2 u? .
. : . 1,]
v 1 WA -
T . S 11,1 N
SSRGS TI = Radyss SN B R
2u, . . Ar .. i ‘ ’
Y1, Mi,3 : p (4x) Pi,5
T n n
At M5, . om Athig  Mi41,5 . ary At n
[ 7] Ty | 2 O3 Tr T ViLs)
p(Ar) -~ p(Ar) My g ’
. ) . At n S
R S 5. Mig M0 agn 1 Vi
Yi,5-1 2 i,3+1 Y o, 27 .
p(b2) pLAZ i, 1,3+l
un '
(It gy AR (ARl By e . (6.1)
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An investigation of the order of magnitude of the terms in equation
(3.1) shows that terms containing the radial velocity component v are
small relative. to the other finite difference terms. As a result the .
terms containing v will not be considered further in the stability
investigation. The ene%gy equation, equation (4) (or 2.4), when ex—-

pressed in the same finite difference scheme gives

T n n

u, . At oc. .
b SRR R e Ty e S L)
i,j i,j zZ oD
i,j
1y I i3
At k, , k., . At k. .
+ i,] (1 + 23 | Ary 5,3
oc | (br)? B TiT e L (82)?
i,] i,] 5]
n jsl
At k
i, j+1 n i,
+
(1 -~ 1>+ 1—1,3[ o (AI)Z] .
i,3 1,3
n n n . -
At k. . At k - .
4 T? 1 i,J " i, ¢ 1+l,3)]
.3 c r. A c (A )2 KT
Pei,5 Ti°F Py, 1,7
At K At KD "
n [ i,j 1+ o [ i,] C 1,3+l>
i,j-1 'pcn (Az>2 i, +1 pcn (A )2 el
1,3 | i,]
At u? .
_ zl,; 1 . (3.2) .

When considering finite difference schemes, the standard stability
criterion is ome that requires coefficients to be positive;  this criter-
ion is a result of the second law of thermodynamics and represents a

sufficiency condition for stability.

r
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There exists, as a result of applying the stability criteria, four
coefficients which can be made positive and which can subsequently be

used to limit step sizes. The two from equation (3.1) are

n n : n n

2u, At o, . R TR T .
1 +é_1_:_u1:1 - 193. (..153"71) - l,J'_l'l(At) ( itl,J +£+1)> 0
Az "i,] 2 n 2 n T, —
p(bz)™ yy P (br) L i
5] . o s ] (3.3>
and
n n
2u, LAt H, . .
5.3 L3H Ly At.m o (3.4)
2 n 2 Az "i,j —
p(Az) . oL .
1,7

Two coefficients from equation (3.2) are

n n n n
. LAt c, .. At k.. k. .
1o [ —tad ( i,3+1 -2+ i,3 (1 + it+l,
Az n . n n
c, .- pc. .(Ar) k. .
i,] 1,] 1,3
A At k? ) kfil 1 ‘
+ 25y — 2+ 22y s g " (3.5)
Ty B (az) K -
. p i’j i’j
and
n n n
At ki,j ki,j+l At ui,j )
( ) - > 0 (3.6)
(A )2 n n Az —
PR32IC1,5 TiL3

Equations (3.3) through (3.6) may be reduced to expressions exéli—

cit in either, or both, time and axial step sizes.
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Two expressions which limit the time step can be derived from

equations (3.3) and (3.5) and can be written as:

b < — - (3.7)

e s . ) ..

o O 22 *+ 22- + Ar;-Lr ) -~ =

Az Arc -
and

pt < 1 : (3.8)
I o )

i,] ( 2 +- 2 + 1 y - i,]

n 2 2 Arer, Az

pcl j‘ Ar Az i

Equations (3.4), (3.5), and (3.6) are found to limit the axial step sSize.

The relations derived from the three equations are respectively e
n
Pi .
pz < —=2l (3.9)
pu, . ’
1,]
1 k? j 2 2 1
— 3>
Az = n n ¢ 2 + 2 + 2) ’ : (3.10)
u, pc, Ar -Dz Ar-x .
15] 1,]
and ? .. C .
Az < ~———3n— : (3.11)
pc . .
1,3 1,]

An approximation of the step .size limitations from equations.(3.7)

through (3.11) may be found by substitution of representative .numbers
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for the properties and velocity in the equations. Representative num-—
bers are thosé properties Wﬁich are available for the coal slag at
approximately 1900 K. Those properties unavailable are approximated by
the properties of silica at l9OQ K. With an assumed slag thickness ofA
.5 mm, a simplified analysis determined the ﬁéximum velééity to be of
the order of magnitude of 0.2 m/s. .

The most severe restrictién on the axial step size is tﬁat imposed
by equation (3.11) which limits the aiial step to a'length of approéi—
mately 50 ﬁm.

If an axial step size of 50 ﬁm is used to determine the time step
size, it is found that equation (3.7) limits the maximum step size to
-approximately -10 microseconds.-

-Since equation (3.7) is derived from equation (3.1), it can be said
that the most severe time step restrigtion is made by the momentum
equationJ Similarly, the most severe axial step size liﬁitation is made
by the energy equatién.

In the stability study of the coupled differential equations (3),
(4), and (5) performed aﬁove, a stable slag.thicknesé near .the tube
entrancé was assumed to.be .5 mm. However, when a élag thickness
calculated by the simplified model described in'the main body was used,
the axial .step size limit became approximafely one centimeter. When, a
radial step size of one millimeter. (10 percent of £he tube radius) and

an axial step of one centimeter was used in equation.(3.7) the resulting
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time step was only three milliseconds. The small time step of three
nilliseconds still warrants use of the limitations needed to .develop the

simplified model developed in the main body.

A




APPENDIX 4

Development of a Finite Difference Equation

for Slag Layer Thickness

In development of the finite difference equation representing slag
thickness, the limitation of a thin slag layer is applied; this allows
development of the equation in rectangular coordinates with no signifi-

cant loss of accuracy.

The slag layer may be represented as a series of axial elements as

shown in Figure 4.1.

T # —“‘l
. 6. =T il
et KGRl

P 3
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X o ’Til

1 l

A G —T—i+1

e ,‘J._JF,J,L;:I i

A

Figure 4.1 Slag layer thickness as approximated
by a series of elements.

Each element has dimensions of Az x C x 8§, where Az is the axial

step length, C is the circumference of the heat exchanger tube, and §

is the local slag thickness.
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The principle of conservation of mass can be applied to an element
resulting in an equation for the slag layer thickness. Conservation of

mass can be written as:

mass storage change with respect to time =

rate of mass in - rate of mass out

Since the mass storage- change is the partial derivative of mass
with respect to time, it can be approximated by the forward difference
method. Therefore, with superscripts denoting time and subscripts de-
noting axial positions, the mass conservation primnciple may be written

as

n+1 n -
M -
j+1 Mj+l _ (% o )n
At in out” j+1
where “ M = mass of element
m = mass flow
At = time step

multiplication by the time step gives:

n+l n _ n _ n
Moy ~ Miyp 7 min>j+l mout)j-l-l‘ ‘ (4.1)

The mass entering the j+1 element may be expressed as

m, = mass deposited from gas + mass flow from element j
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= (md)j+l AE(CAZ) +.Vj p(CSj)At (4.2) .
where ﬁd = mass deposition flui
v = average axial velocity of element
S = slag thickness
C =

circumference

Similarly, the mass leaving the j+1 element can be written as

Moge = Vipp 0(C85pp)0t (4.3)

The mass stored in element j+1 can be written as

Mj+l Volumej+1-p

(Azcdj'_'l;l)p ' ‘ . (b44)

Substitution of equatiomns (4.2), (4.3), and (4.4) into equation

(4.1) gives, after manipuiation, the following equation:

o+l n At - At ,=n

S, = &, + —m +— (V, &
+ + :
jtl i+l ) dj+l Az M

T
i (4.5)

n
= Vi 6j+l)
Equation (4.5) will give the results desired once an expression for

the averaged velocity can be found.
Since the thin slag layer limitation has been applied, the tempera-
ture variation in the radial direction is negligible. This implies that

viscosity can be taken as a function of axial position only.

e
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The continuous change of viscosity and velocity due to their axial
dependence can be approximated by a series of step changes axially,
which in turn were made to occur at the beginning of the axial elements
portrayed in Figure 4.1. Both velocity and viscosity are constrained by
the step changes approximation to be constant for any one axial element.
As a result of the approximation, viscosity can be considered constant
in any one element, while axial velocity, u, varies only radially in
that element.

The axial velocity can be calculated as a function of radius and

viscosity by considering an infinitesimal element, as in Figure 4.2.

I o Vi P R gl e Sl e by

A
il <7 dyff—t !

i K I |
v// I | | 1

(14| ] e | Caz lysay I
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> | |
> Y ‘Y
A pg dy dz f
|
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r

\
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O

S L
A
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Figure 4.2 Infinitesimal element of slag
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Assuming a unit depth, summation of the forces on the infinitesimal

element giveé
. _ - “du
(t dz)lyfdy-- (t QZ)]y + pg-dy dz = pqéy dz a (4.6)

Since the slag flow will be slow, any chaﬁgeuwith réspect fo time
will be small. Therefore, the slaé mbﬁiqn can be approximated by steady

flow for any one element. Equation (4.6) then becoﬁés
(r dz)ly+dy - (T dz)ly + pg dy dz = 0

Division by the volume, dy-dz-1, gives

y-+Apg =.0 - - . (4.7)-

If the limit is taken as dy tends to zero and ‘the definition of a

derivative is applied, equation (4.7) becomes

9T _ . .
By T P8 (4.8)

The boundary conditions for the differential equations are

= S - : (4.9
T Py - | | (4.9)

ol

Integration of equation (4.8) with respect to Vs and applications

=0 (4.10).
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of equation (4.9) gives

T =y %§-=.jpgy + Tg + pgd (4.11)

Integrating equation (4.lljlagain with respect to y and applying

equation (4.10) gives

- g _2 J'Tg + pgd | |

Since an averaged velocity is' needed to determine the slag mass
flow rate, the velocity profile equatiom (4.12) must be integrated. from .
the tube wall to the free surface, and divided by that thickness. The

averaged velocity may be written as

v =L ;3
Vj i é ujdy

T = 81 '
= V, = + - 4.13
J 2 3uj ¢ )

Equations -(4.5) and -(4.13) complete the relations for determination
of slag layer thickness. The values of viscoéity used in the relations
are determined using data provided by Webster.Capps [l4j, while values
for wall temperature and surface shear,.Tg, come froﬁ calculations made

by Upshaw [9].
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