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Abstract:

A model was developed to simulate the thermal response of an experimental high temperature fixed
bed cored brick regenerative air preheater. The experimental air preheater has been designed to study
problems associated with the use of air preheaters in magnetohydro-dynamic power generation. The
model simulates the experimental preheater core, in which the heat exchange between gas and ceramic
take's place, by use of finite-difference equations. The insulation and steel shell surrounding the core
are thermally coupled with the core by using a second set of finite-difference equations. Included in the
modelling are vertical gaps between adjacent insulation layers which provide additional resistance to
heat transfer and the inclusion of the gaps provides for a better representation of the entire air preheater.

Three modes of operation were simulated. During the start-up simulation, the time, burner operation,
and intermediate blowdown cycles necessary to reach a steady state operating condition from room
temperature were determined. During steady state simulation, the response of the insulation to change
in core temperature was studied. It was determined that the first layer of insulation, the containment
tube, must be considered to be part of the core thermal mass. During the cooldown simulation, the
amount of time for which a back-up power source would have to operate in the event of a power failure
was determined.
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ABSTRACT

A model was developed to simulate the thermal response of an
experimental high temperature fixed bed cored brick regenerative air
preheater. The experimental air preheater has been designed to study
problems associated with the use of air preheaters in magnetohydro-
dynamic power generation. The model simulates the experimental

- preheater core, in which the heat exchange between gas and ceramic
takes place, by use of finite-difference equations. The insulation
and steel shell surrounding the core are thermally coupled with the
core by using a second set of finite-difference equations. Included
in the modelling are vertical gaps between adjacent insulation layers
which provide additional resistance to heat transfer and the inclusion
of the gaps provides for a betterlrepresentation of the entire air
preheater. ‘

Three modes of operation were simulated. During the start-up
simulation, the time, burner operation, and intermediate blowdown
cycles necessary to reach a steady state operating condition from room
temperature were determined. During steady state simulation, the
response of the insulation to change in core temperature was studied.
It was determined that the fivst layer of insulation, the containment
tube, must be considered to be part of the core thermal mass. During
the cooldown simulation, the amount of time for which a back-up power
source would have to operate in the event of a power failure was
determined.
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I. INTRODUCTION

The proposed opeﬁ'magnetohydrodynamic (MHD) cycles of the ECAS
Study [1] require a gas temperature in the MHD channel of approximate-
ly 2800 K,. which is well above.the gés tempe:g#ure-qf 1900 K possible
by combustion of air aﬁd a fossil fuel. Thére are several methods
which.can be ﬁsed to achieve the gas temperature required in the open
cycle MHD channels. One possibility is the use of oxygen enrichment,
although this méthod is economically quesﬁionable due to the large
amount and high cost of oxygen required. A'second possibility is
preheating of the combustion air prior-to‘the combustion process.

Preheating of the combustion air can be accomplished using high
temperature air'preheaters which utilize the thermal energy of the MHD
channel ekhaust gas as a heat'source. Several types of préheéters
have been suggested for usg in open MHD cycles, inciuding pebble bed
-pegeneratorg and fallipg bed preheaters. A third type, which has been
studied here; is a fixed bed cored brick regenerative air preheater.

There are two basic problemé wﬂich musf be.addrESsed when con-
sidering a fixed béd cored brick air4préheater. First, the MHD channel
exhaust gas contains particulates whicﬁ are highly corrosive. The
particulate matter includes coal slag from the combustion process and
alkali metal compounds of the seed material, either cesium or-potaSr
sium. .Second, as the exhaust gas cools in the preheater, ﬁhe alkali

metal compounds .and slag deposit and solidify to some extent on the
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2
walls of the flow passages. - To‘study the deposition rate and cor-
rosive effects of t@e particulate matter, an experimental fixed bed
cored .brick air préheater has- been designed that qlosely mbdels a full
size alr preheater.

The experimental air preheater consist; of a column of hexagonal
ceramic bricks containing nineteen, i9.1 mm diameter holés through
which the hot gas and cool air alternately. flow. . Surrounding £he core
brick are.six_layers.of several types of ceramic insulatiné méterials,
a steel shell,iéné a layer of fiberglass insulation over the steel
shell. Figures 1 and 2 show the details of the experiﬁental air pre-
heater degign.

There-are several-problems-which-must—be considered when extend-
ing the results from the expefimental air preheater to‘é full—scalé
preheater.. One such problem is the differencé in size. The ratio of

external surface .area to.volume of the hexagonal core is inversely

proportional to the radius of an inscribed circle.’ - Therefore,  for the

v

experimental air preheater,'whiéh has a ‘smaller core, the ratio of
surface area to volume'is larger than that for a fullfscale preheater.
Consequently, the percentage of heat transferred from thé gas to the.
core that is transferred from the core to the surfounding insulation
is larger for the.experiméntal preheater. This larger pé;centage is
comparablé to a core with an equél number éf fléw passages but with

more mass. The effect of heat transfer from the core to the

Ty ——




3
surrounding insulation will be studied here as it is important to
understand how the obération of the experimental air preheater can be
related to a full-scale preheater. 1In particular, the relationship
of the percentage of heat from the gas that is transferred to the
insulation versus the axial location and time for steady state cyclic.
operation will be investigated.

The insqlation design is also critical as it must provide suffi-
cient resistance to heat transfer to reduce heat loss to the environ-
ment. At the same time,- thé insulation must allow necessary heat
transfer to occur so that' the temperature within the steel shell
remains above the deW/point temperature of the vapor near.the vessel
wall;“_ihis”is_anwimpértant requirement. since thé ceramic. insulating
materials will soften and start to break down when brought into contact.
with water.

The primary’ intent of this inﬁestigation'is to determiﬁe heat
losses and temperature histories throughout the experimental preheater
so as to better define the interaction between the core and the sur-
rounding insulation. A finite—differeﬁce numericalltechnique was
developed for modelling the insulation of the experimental preheater
and a separate finite;difference model was freviously developed for
modelling the hexagonal core. By combining the two finite—difference
models, the operation of the experimental pfehéa£er can be gtudied.

v

For a-steady state cyclic process, results presented include the
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4
‘percent of heat from' the gas that is transferred to the insulation‘
versus time and akialllocation in-the prehéater. Also included are
temperature histories,both axially and radially,during a steady state
cycle. A start-up procedﬁre was studied to determine the time and
manner in which the experimental'preﬁeater can be brought up to the
steady state éondition. Also a controlled cooldown process was
studied to determine the time and.air temberatufe required to reduce
the Eemperature of the preheater to ambiént-éonditiohs without

incurring damage to the ceramic bricks due to thermal shock.
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II. LITERATURE REVIEW

The thermal simulation of ép experimental'fixed bed air pre-
heater includes the effect of heat ﬁransfer from tﬁe relatively small
core'to the insulation. Ip g full scale breheater,.this effect is
negligible due to the larger core. For this reason most investi-
gators, concerned with simulating a full sized packea.bed air pre-
heater, have only simulated the core section and have neglected
radial heét transfer to the insulation. |

Several investigations of regenerative air preheaters have been
reported. Nusselt [2], Heiligenstaedt [3], Rumﬁel [4], and Hausen [5]
ail obtained solutions to the differential equatiohs.defining the oper-
.ation of a regenerative air preheater. However, the lengthy calcu-
lations involved in applying these solutions to obtain f%uid and matrix
temperatures make them impractical to use. A summary of the early
mathematical mbdelling of regenerators is given by Edwards et al. [6].

More recent work in this area has been done using numerical
techniques for solution-of the governing differential eqﬁations.
Manfique and Cardenas [7] have used a finite-difference method to cal-
culate air bed temperatures in checkerwofk regeﬁerators. A pebble bed
regenerator was modelled by El-Rifail et al. [8] again using a finite-
difference method. The work by El-Rifai et al. gives very good
insight; buf,.according_to the authors, the number of simplifying

assumptions decreased the accuracy of the results. Zakkay et al. [9]
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6
héve used a similar approach.in modelling the core of a regenerator
having a matrix of‘cylindrical flow holes arranged in a hexagonal pat-
tern, much the same as that used in this investigation.

The insulation of a high temperature ceramic air preheater can’
represent a significant fraction of the totél éer;mic cost and
'weight. The design of the insulation in a regenerative ai; preheater,
in which the.operating temperature of the metal pressure shell was the
dominant factor, has been studied by Cook [10]. The method used
equated the heat transfer pe£ unit heat exchanger length in the axial
direction with the ‘sum of the radiative and convective héat transfer
to the surroundings. The relationéhips examined included the total
insuiation thickness required as a function of thermal conduétivities
of each layer, the diameter of the heat exchanger matrix, and the emis-
sivity of the metal shell. Cook was primarily concernea with the
optimization of the insulation design,aﬁd did not study the effect of
this design on the:operation of the air breheatér.

Allldf the investigators listed here have examined the gesponse
of the core or the insulation during regenerator-operation. However,
‘none have combined the two to simuléte an entire regenerator. In the
present.investigation thé heat transfer between the core and the |
insulation .is included <in the model, thereby coupling‘the response

of the core and the insulation. With this addition, the calculation
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7
of temperature histories in the fluid, the céramic core, and the

insulation is possible simultaneously.
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ITT. THEORY

To simulate the operation of the experimeptal air pieheater, it'
is necessary to develop a model .for thé eﬁeigy trgnsfer in both the
core and the insulation. In the core, the energy transfer from the
hot fluid to the cold fiuid includes.intermediate energy storage in
the ceramic core matefial. During the reheat phase of operation, the
hot gas'from the MHD channel passes through the.preheaﬁer, transfer-
ring energy fo the cerémic'core. During the blowdown phase of
operation, the energy.stored in fhe ceramic core is transferred to
the cooler counterflow gas stréam. The operatioﬂ of.the core has_been
modelled by Reihman et al. [11] using a finite-difference method to
calculate the temperatufe variation of the fluid and the ceramic alang
.the axis of the heat exchangexr. The model by Reihmaﬁ et al. was used.
in this investigation to simulate the core.

In the construction of a fixed bed air preheater, the ceramic
insulation is packed ioosely 5etweeh the central core and the steel
shell to allow for tﬂe necessary thermal expansioﬁ.~ Evén after the
thermal expansion has océurred, vertical gaps still exist between
adjacent radial laye?s oﬁ insulation. Thése nonuniform vertical gaps
prpyide\additionél resistance to heat transfer in the insuiatibn of
"the air preheater. . The vertical gaps were included ‘in the insulé%ion

' geometry to obtain a more realistic representation of the insulation.




9
Figure 3 shows an'exémple of the type of geometry used in the model-
ling of the experimental pfeheatgr.

The first attempt at.modellipg the insulation was an implicit
- method utilizing an'anélytical soluﬁidﬁ for.the temperature profile in
a circular sélid ring'with known heat flux boundary éonditions at the
inside and outside radii of the ring. From thié solution thé temper-
aturevof Ehe inside and outside.boundary of an insulation layer were
known in termg of the heat fluxes in and out of the layer. Combining
this with the heat fluxes which are known iﬁ terms of the temperature
of the insu;ation boundaries, ‘a set of non-linear simultaneous equa-
tions resul£s which can then be solved for .the temperafures and heat
fluxes at a particular axial location in the preheater. fhis method
was»discontinuea when it proved to be too time consuming and expensive
for use on.a'digital computer.

A finite—difference-ﬁumerical techniqug was next selected to
model the insulation. For ease of computer coding, the same number of
nodes were used in each radial layer of insulation iﬂ'the fiﬁite"dif;
ference formulation. A simplifying assumption was made that the
thermal resistance of the steéi shell was considered negligible. For
this reason there areyno nodes in the steel shell layer for the finite~
difference formulation. Figure 3 indicates the type of node‘strgcture

used.
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As noted préviously, heat tfansfer acrogs the vertica; gaps is
included in this model. This heat transfer occurs by the'combinétion
of natural convection, conductioh,.and radiation. The natural convec—'
tion heat transfer céefficient for a vertical cylindrical spéce wés.
approximated by an embirical equation f&r-natural convection in the
air space between two iséthermal walls as presented by.Jakob [12].
This approximation of a cylindrical air épace by an air space between
two flat plates is suggested by Jakob as the best approximation when

| L/s >> 1 W

where

L = length of the vertical gap (m)
§ = width of the gap (m)

The Nusselt number Nu(S for natural convection in a vertical gap

was taken as

Nu6 = hé/k (2)
where
. o 5
h = heat transfer coefficient (W/m - K)
k:

thermal conductivity of the gas in the gap (W/m - K)
The Nusself number is based on the Grashof number Gr6 for heat

transfer in vertical spacings. The Grashof number is given by

T T T T"1T ™rT
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T2 3,2
Grg = p gB(T ~T,)6 /U . (3)

where

= gas density (Kg/m3)

p
g .= acceleration due to gravity, 9.8 m/sec2
B = volume coefficient of expansion (K‘l)xl/T for an ideal gas
TTl = temperature-of wall 1 (K)
T2 = temperature of wall 2 (K)
1 = dynamic viscosity (Pa - sec)

The equations giving the free convection heat transfer coeffi-

cients are given by Jakob as

0.18Gr61/4(L/6)_l/9 for 2x103<Gr6<2xlO4 (4)
Nu. =
s
1 . -
0.065Gr(S /3(L/G) /9 for 2x104<Gr6<llxlO6 (5)
. where ﬁﬁg denotes an average Nusselt number. For a Grashof number

less than 2000, the process is simple conduction and the following

equation applies

ﬁﬁs = hé/k = 1.0 ' (6)

Equations (4), (5), and (6) include the effects of conduction and
natural convection. Therefore, the heat transferred across a vertical

gap by conduction and natural convection is given by

qg=nh (Tl - T2) A I . (7)
where '

é heaf rate (W) 5
A )

= average area of the two surfaces (m _

™
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12
Holman [13] gives an equation for radiation heat transfer be-
tween two concentric cylinders Sf“infinite length- in which the™ shape-

factor is one, as

. 4 4 ‘ ' .
= -_— + —
q = oa (7,°-1,7)/[1/e + (B /A) (/e ,-1)] (8)
where
’ -8 2 4
¢ = Stefan-Boltzmann Constant = 5.669x10 W/m -K
Al = inside surface area (m?) :
A2 = outside surface area (m2)
g = inside surface emissivity
€, = outside surface emissivity

For the case where the concentric cylinders. have a- finite léngth
and the gaps are small in comparison with the diameter of the inside
 cylinder, the effect of the axial. temperature profile on the total
radiation. received by one'finiée element can be néglected, and
<Equa£iop (8) can -be used as an approximation.

- Conduction is the onif_mode §f heat_transfer that occurs in a
solid. for a cy;indrical;solid ring with‘a.temperature Tl at the
inside radius and a temperature T2 at the ‘outside radiué, Holman [13]

-~

gives the following equation for the resulting heat transfer rate:

q = 2wkcL(Tl—T2)/2n(r2/:l) S (9)
where
kc = thermal conductivity of the solid (W/m—K)
L = axial léngth of element (m)

™ T




13
At the outer wall of the preheater, héat is lost by a combi-
nation of radiation and natural_convection. Siegel and Howell [14]
give an equation for the radiative heat transfer of a gray isothermal
body with an area Al and tempegatﬁre Tl completely enclosed by a much

larger gray isothermal enclosure having area A2 as

-

. 4 4

a=aeo(r,-1,7) (10)

In the case of a preheater placed-in a large room, T2 would
equal the room témperature.

Kreith [15] gives the following equafion for the-loéal value of
the heat transfer coefficient for laminar free convection fr;m an

isothermal vertical- cylinder at a distance x-from the leading-edge:

/4

5 )
‘h = 0.41k/x(Pr-Gr )l for 10<Gr_Pr<1l0 (11)
cxX b4 L

where Pr is the Prandtl number. The leading edge is the lower edge
for a heated surface. In the turbulent region, the value:of héx' the
local heat transfeflcoefficient, is nearly constant over the surface.

9 .
Therefore, MchAdams .[16] recommends for Gr>10 .the equation

Nu. = HCL/k = O.lB(GrLPr)l/3 (1:2)

E I e ¢ il i
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Kreith also stétes that for‘laminar free convection from a vertical
cylinder, the eguations apply for a constént surface temperature as
well as to a uniformrheat flux over the surface.

With the simplifying assumption that axial heat conduction is
negligible in the insulation, the finite—differénce equations can be
developed by application of the Firs£ TLaw of Thermodyﬁamics which may
be expressed as:

{:ate of increase of }___ rate of heat ' }
internal energy of system transfer into system

rate of work done by surface
— {forces (pressure and shear forces)>. ) (13)
on the surroundings ' ‘

Equation -(13) i; called the energy equation and in developing the
finite-difference equations, the work term is negligible: For

more details of the development of the finite-difference equations,
see Appendix I.

For a~node at the inside of a radial-inéulation layer, the
heat entering the element is the heat that is transferred through the
gap adjacent to the element. Again, it was assumed that the axial
conduction in the fluid was-negligible. Heat leaves the element by
conduction radially through the solid. By_gppliqation of the energy

equation, the resulting finite~difference equation is given by
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=T, 5+ e (Do (D07, o .-T, .1+ o), ({)

T, .
i,j+1 i,3 ;3 1.3 12
T, 4-T, | - i . LT, .
[Ty _,447 05,54 — e IT, T1+1,3]} (14)
whére ‘ '
i = radial '-node index- .
j = time  index
T = temperéturer(K)'
. — — + . - - - —
al2(1) o(3ri_l ri—2)/2[l/€i—l (3ri_l ri_2)/(3ri ri+l)x(l/ai 1)1

alB(i) = h(3ri—l—ri—2+3ri—ri+l)/4
al4(i) = kc(i)/zn[(ri+ri+12/(3ri—ri+l)]
@ (1) = o (100, (@), (ry g or) /e f
ri = radial position of node i (m) -
kc(i) = thermal conductivity of insulation (W/m-K) .

. . . . 3
p (i) = insulation density (Kg/m )
Cp(i) insulation specific heat (J/Kg-K)

At = time increment (sec)
Uéing the energy equation agaiq, the equation defining the tem-
perature of an interior node at time t+At in terms of surrounding noae
temperatures at time t can be written; The résulting eéuation for an

- interior node is given by
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T, | =T, ,+ 1 i i -
5,541 i /als(l){al4(1 l)FTi—l,j Ti,j]

- a14(i)[Ti,ﬁ—Ti+l,j]} : : " _ (15)

The finite—~difference equation for a node at the outside of an

insulation layer can be determined by utilizing an energy balance

once more. The resulting equation is

T, . =T, .+1 i i— . et N
i,3+1 i,J /OLlB(l){OLlél»(l l)[Tl—l,j Tl,j]

: s ) . 4 4
a13(l l)[Ti,j Ti+l,j] ' 0Ll2(l_+l)[T‘i,j Ti+l,j 1} ae

where

a, g (1) = p(i)Cp(i)ri(ri—ri_l)/At

One more finite-difference equation is needed at the last node
of the radial grid. Hexe the heat loss from the nodal element is by
natural convection and radiation to the surroundings. By applying an

N

enérgy balance, the equation for the “last node is

= + i i- =T, .
Ty, 41 - Tyt Meggitey GEDIT, L T ]
ca (e, LY - e (iyIT, L-T 1) (17)
19 i,J o 17 i,j " .
where
T, = temperature of‘surroundings (K)
0y (1) = oe, (Br -r, ,)/2
ul7(1):= h(3ri—ri_l)/2

"1
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Due to the explicit technique adopted for solution of the prob-
lem, the stability of all of the finite-difference equations must be
assured. For a specific minimum radial increment Ar a maximum allow-—
able time increment At can be calculated. For example, with a radial
grid consisting of five nodes in each insulation layer the minimum
radial iﬁcrement for the experimental: heat exchanger geometry is
5.08 mm. The corresponding maximum allowabie.time increment to
assure stability is 4.8 seconds. Details of the.determ;nation of
stability are shown in‘Appendix IT.

As can be seen in Equations (14) through (17), various physical
properties of the insulating materials need to be known for different
temperatures and positions in.the model of the air préheater. These
propertigs include thermal conductivity, specific heat, density, and
emissivity. It is also'evident from Equations (11) and (i4) that the
thermophysical properties of dynamic viscosity, thermal conductivity,
and Prandtl number are needed as functiéns of temperature for air.
All of these properties, with the exception of insulation density and
emissivity which were considered invariant with temperature, were
app;oximated from the best available data by a least squares curve fit.
In most caées the form of the equétion which was fitted to the avail-
able data was selected because the resulting.equation gave the least

amount of error over' the temperature range considered.

o T T T T T 1
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Eight separate-physical properties fitted -a ?olynomial equation
best. Air thermal c@nductivity and Prandtl numbef were best fitted
using a cubic polynomial, while the thermal conductivity of the insu-
- lating bricks and fiberglass insulation were best fitted using a first
degree polynomiél. Thesé equations are listed in Table 1 together .
with their mgximum percent éfro£{ average'percent'é;ror, the source
of dafa,'anaathe temperature range for whiéh théy are appliCabie.

Eight other physical properties were fitted using a power

equation of the form

b
Y = aT :
= aly (18)
where
Y = physical property
Tk = temperature (K)
a,b = éonstants

These edquations gré listed in Table 2 together with a least squares
erroxr anaiysis that gives maximum and average percent errors for the
a&ail%ble'data,-the data source, and the temperatufe range for thch
the equations.were developed. It should be noted that the equation
defining the specific heat of JM-3000 and JM-32 insulating materials
is an approximatign, as the data for sSpecific heat was unavailable.
The equation used was obtained by averaging the equation;ydefining
specific heat as a function of temperature for IM-20,” JM-23, and

JM-26 insulating materials.

(i I
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The specific heat of the fibexglass insulation is considered.
to be a constant equal té 880 J/Kg-K, as the actual value remains
virtually unchanged for the temperature range in which it was used.
An equation is also needed for air-dynamic viscosity for temperatures
less than 1100K. The power equation for this property, listed in
Table 2, only applies in the temperature range of 1100 K to 1950 K.

* The Handbook of Heat Transfer [17] gives an equation for air dynamic

viscosity in the temperature range less than 1100 K as

s - - 2
U = 4.0201 x 10 7 + 7.458 x 10 8Tk - 5.7177 x 10 12Tk
- -18 4
+ 2.993 x lO'l4Tk3 - 6.252 x 10 1 Tk (19)
where
1 = dynamic viscosity (Pa-sec)
Tk = temperature (K)

Max. error = 2.57% .-
AvVg. error.= 0.22%

Example plots'of the various types of curve fit equations are

shown in Figures 4 and 5.
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IV.. RESULTS

Using the analytical model developed for the .experimental air
preheater, several preheater modes of operation were studied. 'These

modes included a start-up operation, steady state operation, and a

rapid cooldown. The start-up simulation was run to determine the . -

time, and reheat 'and intermediate.blbwdown schedules necessary to-
reach the steady state'operating level beginning with- the preheate?
at rgom temperature. Steady state is.defined as the-point in time
at whi&h the net heat loss from the' preheater to £he surréundings is
within five percent of ‘the net heat entering the insulation on con-
secutive reheat and blowdown cycles. ‘The rapid cooldown simulation
was run to determine the time for which an alternative power source
would have to operate during a power failure to insure the safety of
the facility. \

The insulation materials and the dimensions-of the fgcility
that were used in.the simulations are shown in Figpre 2. - The gaps
between the brick ipsulation'layers were seé at:3.}7'ﬁm. No attempt .
was made to determine the effecté of diffgrent géé-sizes. In the
finite-difference model, five nodes were locateé in each insulation
layer.' This number was selected after.a stability analysis was per-

formed to determine a workable number of nodes based on a trade—-off

between accuracy and computer run time.

T g T T
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The hexagonél core was approximated By a cylinder with equal‘
exterior area. The core contained nineteen flow holes, 1.99 cm in
diamete£ and 6.1 meters in length. The nineteen holes were simﬁlated
. in the finité-differen?é model by using one hole and extending the
result to ninetéen holes. The temperaturé of the core outer wall was-
approximated by the average temperatﬁre of the ceramic surrounding the
simulation flow hdle.'—

One' of the purposes of the experimental air preheater is to
study the corrosive effects and deposition rates of liquia coal slaé
and seed particulafes that a full scale preheater w&il"be'éubject to
in MHD power generation. éo study these effects, coal slag and seed .
compounds will_be_injected_into_the reheat gas stream during steady
state operation. Thereforé, for the steady state siﬁulations, the
reheaé gas properties were based on the combustion products of coal
and air with an addition of an alkali metal compound seeﬁ in.a guantity
one ‘percent by weight. The gés uséd on steady s£ate EiowdQQn'cyclés,

the start-up operation, and on the cooldown operation was air.

Start-up
The purpose of the start-up is to raise tﬂe ﬁemperafuré of the:u

preheater to a steady state temperature level as rapidly as possible

while maintaining limits on some parameters. The maximum gas flow

rate is limited to 100 SCFM on both reheat and blowdown. The maximum
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gas temperature available on reheat is 1imited to 2033 K while the
maximum and minimum gas tempera?ures possible on blowdowﬁ ére.394,K
and 294 X, réspectively. The deéién limitation 5n the.maximﬁm)allow—
able ceraﬁic temperature at the bottom of the cdre is 811 K.' The
maximum allowable thermal stress for the core material was unknown at
the time of the simulations. However, in laboratory tests performed
at Montana State Univérsity, it wa; determined that the makimum allow—-
able indicated thermal'étress was on ‘the ordéf of'7.OxlO7 pascals.
This high stress level is due to the fact thét'the ceramic core
material is initially ﬁon—homogeneous'and‘contains manytsmail cracks
which help to relieve thermal stresses and,éonsequently,the actual
"stress-does not approach the theoretically calculated Qalué. However,
once the core has been exposed to the alkali metal compounds and slag
cgntained in the reheat gas, thése cracks will become impregnated with
the liquid particulates and the allowable stress level will 5e reduced.

The maiﬁ objective of the start-up simulation,is'to obtain a
tempefature-profile in the core that closely resémbles thé éore tem—
perature profile after a reheat gycle‘during steady state operation.
The radial temperature profiles in the insulation are of secondary
importance. After completion of the start-up simulation, at which
point the cére temperature profile resembles that for steady state,
cycling of the preheater using steady state parameteré Qill.allow the

insulation -to be raised to' steady state levels.

Trpe L} T 7T
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From steady -state simulations a tempe;ature profiie in the core
was obtained which was to be matched during the start-up operation.
For the steady state operation the temperaﬁure at the top éf the core,
TCT, was 1815 K and the température at the bottom: of the core, TCﬁ,
was 761 K. .it was -decided during the start-up simulation to allow TCB
té reach the mé;imum a}10wable témﬁerathre of 811 K since éuring
cycling needed;to raise the temperaéure level of the insulation to a
steady state levei, TCB will drop with each successive reheat cycle
due to heat loss from .the core to the insulation. .

The first step in the start-up simulation was a bake cycle in

which 394 K blowdown air at maximum velocity was used to raise the

temperature of théeentire béd while removing any moisture “that is
present. This cycle is completed when TCT equals 377 K. Next, 2033 K

reheat air at maximum velocity is used to raise TCT as rapidly as

"possible and also to obtain the largést temperature difference between

TCT and TCB. This cycle is completed when.TCB reaches the maximum

allowable temperature of 811 K. Now a series of alternating blowdown

and reheat cycles are begun during which TCB is first reduced 167 K and

then raised to 811 K. With each successive reheat cycle TCT increases,
until after thirty-eight cycles TCT reaches the required temperaturé
of 1815 K. Table 3 lists the flow parameters, cycle times, and tem-

perature limits for all of the start-up cycles.

p—e— T T T
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Figure 6 shows the core temperature profile at several times
during thg start-up simulation. PFigure 7 shows the radial témperature
profile 2.i cm from the top of the core during the start-up simulation.
It should be notea that there is a lérge difference ip the radial
temperature profilés between thg.end of start—-up and steady state.
Even aftervl6 hours of operatignh the outer -layers of insulation have
just begun to:expgrience'an increase in temperature. No aftempt was
madé to determine'tﬁe time requiréd to féach'steady stéte, due.to

the amount of computer run time necessary.

Steady State

The purpose of.the experimental air preheater is to study the
operating-conditions,-some of .which have been outlined in the ECAS
Study, for full scale preheaters to be used in MHD application. ECAS
Open Cycle MHD Base Case 1 has typical operating conditions and was
selected for simulation using the finite difference ngmericai model.

Since the exit.gés temperature, TG, on-reheat in Bgse Case 1

is specified as 1478 K, 6nly part of the overall length of the experi-

'mental.preheater is needed to model this particular case. The main

flow parameters, cycle times, and core temperature bounds are listed

in Table 3. - The flow parameters used in the simulation are not

"exactly those specified in Base Case 1, because the flow parameters

had to be changed to force TCB to- fall below the 811 XK limit imposed

T —————T Torr
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upon it. The simulation was started using linear temperature profiles
both axially énd radially.

Steady state was defined as the point in time at which the net
heat flux to the surroundings from the preheater was within five ﬁer—
cent of the net. heat flux from the core to the insu;atién during two
successive reheat and blowdown cycles. Figure 8 shows how steady
state was approached during the simula;ionvrun. From Figure 8 it
appears that the net heat flux to.the Surroﬁndings Qiil eventually be
within five percent .of the net heat ‘flux to the insulation. However,
after .90 hours of simulatioﬁ,uit was decided, since'changes.wefe

{
occurring so slowly and computer costs were mounting, that this point
of the simulation would serve to represent steady state. After 90
hours of simulation, the difference between the net heat flux to the
insulation and the net heat flux to the surroundings fanged from 17.5%
at the top of the bed to -5.4% at the bpftom of the bed.

Figuré ° showé the axial temperature profile in Ehe\preheater'
core after a steady state .reheat cycle and after a stéédy sfate blqw—
down c¢ycle. The upswing in the curve at the top of the bed represenés
an increase in temperature due to-éntrance effects which increase heat
transfer from the gas to‘tﬁe core. The same holds true for the bottom

(of the bed but the effect.is less pronounced. The'larée differencé
between-TCB:after reheat and-after blowdown is.cagséd by the large gas

and' core temperature difference at the bottom of the bed which results

—r———r—— I - ™ 0 o o | e e
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in more heat transfer during a particular cycle. Thus, TCBAincréases
and decreases a éreater amount than other axial locations duriné
reheat and blowdown cycles.-

Figure 10 shows the radial temperature profiles at three differ-
ent axial locations after a steady state reheat cycle. . The only
noticeabie change from these profiles and tﬁose After a blowdown cycle
occurs in the core and containment tube. The . .rest of the insulation
remains virtually'unchanged during steady stéte operation. ‘Figure 10
also indicates that the tgmpergture of the steel shell is above the
dew point temperature of the Vapér £hat will be'present.ngar the steel

shell. The dew point temperature was fbﬁnd to be'approximately 303 X

by & calculation similar to that performed in Steam/Its Generation and

'EEE_[21].. The presence of the fiberglass insulation over the steel
shell helpea to keep the steel shell temperature above the vapor dew -
point temperature.

Since‘eéch }éyer of insulation is hongeneous,-the cﬁrves_in
each layer aré smooth. Each point represents a node of the fiﬁite—
difference model and discontinuities in the curves répresent the rela-
 tively small temperature drops across the vertical gaps. The slope
of the curves in each particular layer give an indication of the'rélaf
tive amount of heat traﬁsfep occurriné at’a particular axial:position

in the layer of insulation.
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The temperature change in the insulation takes place mainly in
the containment tube. fiéurés'll and 12 show ‘the teméerature'vari—
ation of the core and coﬁtainment tube at'éhe top of the bed during
steady state blowdown and reheat cycles.: The température profile of )
the containmenfltube closely follows the core temperature at this
axial location. However, further down the bed the response of the
containment tube .to chaﬁges in core temperature is much less. Figure
13 shows the responéé of the gontainment'tube to changes in core tem-
perature during a steady state reheat cycle ét the bottom of the bed.
The difference in response of the containment tubé shown.in Figufes 12
and 13 is due to radiation heat transfer which is more depepdent on
the absolute temperatures rather than the teméérature difference
across the gap at a particular axial location. Further evidence of
the difference in iesponse of the containment tube is shown in Figure
10. It is also evident from Figu£eé 11, 12, and 13 that there is very
little changé in tem?erature for. the outer node of the coﬂtainment tube
duriné a cycle. At the next largest radigl node the' temperature
change is negligible.

A further indication of the coupling of the core and containment
tube is shown in Figure 14. This figure gives the percentage of heat
that is tranéferred from the core‘to the containment tube compared to
the heat transfer from the gas to the core as a function of time during

‘a steady . state reheat cycle. The profile calculated at 27.5 seconds

o pear—— ey T
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shows that the top half of the béd h;s responded to the‘reheaf cycle
while the bottom half has cﬁanged very little from the end of the pre-
vious cyclé, which is shown in Figure 15. It -should be notéd from
Figure 14 that the further down the bed the slower the response of
the containment tube to the cofe. .For the profile calculated at
27.5 secon&s,only at the very top of the bed has the directiop of
heat transfér between ‘the core and containment tube reversed. It
takes approximately the full reheatléyclé for the direction of heat
transfer at the bottoﬁ of the bed to be reversed. The small percent-
age of heat transfer at the bottom of the bed during the cYcie is
another indication of the small amount of radiation heat transfer
taking place. |

The same arguments can be made for a similar plot of the per-
centage of Heat transfer for a blowdown cycle as shown in Figure 15.
However, ﬂere the top of the bed displays a somewhat slower response
to the néw cycle. This is caused by the change in éés flow-direction
for the blowdown cycle. The percentage of héét transfer between the
gas and containment tube ranges from 50 to 5 percent at the end of a

reheat cycle and from 25 to 4 percent at the end of the blowdown cycle.

‘Cooldown
If a power failure occurred during operation of the experimental

air preheater, the gas flow inhthe core, which is induced by a five
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horsepower electric blower, would sfopf When there is no gas flow,
the preheater is said:to be éoaking. During'a soak cycle, he;t trans—
fer-by axial cﬁnduction takes place, raising the temperature of the
, ceramic at the bﬁttoﬁ of the bed. Since the maximum allowable teﬁ—
peréture at the bottom of t@e bed is 811 K, allowing the preheater to
soak &oﬁld résult in failuré of the support structure.. For this
reason it‘was neceésary to determine the time fequired for which an
alternate power source would be needed to run the five horsepower
blower.

A temperature of 811l X was selected as the maximum -allowable
temperaturé in the preheater before soaking .could take place. The
flow rate was limited by the 100 SCFM air blower. It was;aésumed that
the cracks in the ceramic material will have been impregnated with
liquid seed and slag, thus reducing the maximum allowable thermal
‘stress level. With these limitations, tﬁe cooldown was initiated
after a steady state blowdown cycle.using the maximum.possible blow-
down gas temperature to reduce thermaljstresses. The temperature df
the blowdown air was then reduced to room temperatufe when TCB was iow
enough so th;t'the stresses produced remained low. The actual maxiﬁum
.resultant stress on both ;f thé cooidown cyqles was approximately
.7.8x106‘paséals. This blowdown cycle was continﬁéd until the temper-

ature of -the entire preheater was less than 811 K. Table 3 céntains

e T T T ™
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the flow parameters, 'cycle times, and témperature limits:for the cool-
down operation.

The highest temperature in the preheafer'after a steady state‘
blowdown cycle occurs at the top of the bedi;.Thié'is also the axial.
positioh that cools most slowly. PFigure 16 shoﬁs'the‘fadial £empera—
ture profile at the top of the bed during tﬁe cooldown operation. The
containment tube closely follows the temperatu;e of the core. Figure
17 shows the core axial temperature profile during ﬁhe cooldown oper;
ation. Using this céoldown.operation in‘thg event of a power failure,
the maximum time that a béck—up power source would be needed to d£ive

the five horsepower blower would be 27.6 hours.




V. CONCLUSIONS

Based on the simulations performed using the finite-difference
model, several conclusions cén be made. .

(1) The containment tube must be considered to be part of the
core thermal mass.

(2) Duriﬁg a power failure, a back-up power source~will be .
needed for appro#imately 28 hoﬁrs éo énsure sgfety of the
facility.

(3) It will not be possible for the experimental air preheater
to reach steady state'in a réasoﬁable amount of time

(approximately five days).
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(1)

(2)

(3)

(4)

VI. RECOMMENDATIONS

Ny

A befter approximation is needed for the cére outer wall temper;
ature. Including simulation of all.of the flow holes would give
an improved approximation for the core tempefature.

A better understanding'of.thé thermal stress limits for the

core material is needed.

A larger core with a smaller exterior surface area to volume |
ratio should be used in fﬁture designs to redﬁce the therm;l
interaction between the core and the insulation.

A back-up power soﬁrce shauid be proﬁidéd for the air preheater

facility to pdwer the five horsepower blower in the event of a

power failure.
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Table 1. Material property curve fit equations - -Polynomial fit

. 2 .
Y—a+ka+ch+di
v a b - o . d max. % ave. % source
-1 _5 -9 12 _ range of
x 10 x 10 x 10 x 10 77 | errox - error (K) data
Air k 0.0757 6.135 1.655 -5.406 0.96 .29 273-1920 [15]
Air Pr | 8.008 -39.32 437.0 -126.9 2.00 1.10 311-1920 [15]
Coﬂt. tube k 72.31 -667.6 3130. 0.0 7.50 .20 478-1920 [19]
JM=-20 & =23 k 0.76 9.35 0.0 0.0 - 0.00 .00 533~1367 [20]
JM—26- Il k 2.23 12.0 0.0 0.0 0.22 .00 - 533-1367 [20]
JM-3000 k 3.47 8.97 0.0 0.0 2.00 .17 533-1367 [20]
JM-32 . . - k |4.19 5.23 .| 0.0 0.0 3.42 .10 533-1367 [20]
|Fib. insltn.|| k. | 2.33 | 23.44 | 0.0 0.0 1.10 .64 283-340 [20]

k = thermal conductivity (W/m-K)
Pr = Prandtl number

€€




Table 2. Material property curve fit equations - Power fit

Y = a Tk - .

. max. % avg. % range source

a’ b error error (K) of data
Air 7.445xicf7 .5818 0.28 0.15 1100-1950 (18]
Cerafelt 2.A3O7xlO_6 .616 5.5 2.4 590-1367 [20]
Cerafelt 173.7 . 266 0.21 0.14 367—1255 [20]
Cont. tuhe 281.3 .186 0.23 0.11 533-2090 [19]
JM~20 | 219.7 .231 1.7 0.76 366~1367 [20]
JdM~23 175.0 .276 3.5 1.1 366-1478 [20]
JM=26 l§5.8 .270 2.; " 0.86 366-1478 [20]
JM~3000 & =32 190.1 .259 - -— - ;— -

specific heat (J/Kg-K)

= thermal conductivity (W/m-K})
= dynamlc viscosity (Pa-sec)

R 15




Table 3. sSimulations data.. ~ .. . |, . ... .. ... ... ......
Start—up
Inlet TG Inlet VG Time TCT TCB
Cycle :

_ (K) (m/sec) (hr) (K) (K)
Blowdown 1 394 12.71 11.56 377 393
Reheat 2 . 2033 66.5 1.50 1769 811
Blowdown 3-37 294 . 9.48 0.034%* - 644
Reheat 4-38 2033 66.5 - 0.079* - 811

Steady state
Inlet TG Inlet VG Time TCT TCB
Cycle . .
(K) (m/sec) (min) (K) (X)
Blowdown 394 9.56 3.69 1762 587
Reheat 1978 50.3 4.28 1815 761
Cooldown
cvel Inlet -TG- -—-| “Inlet—VG - -Time—— Maxs — --TCB-1 -
yele (K) (m/sec) (hr) ins. - (K)
temp.
Blowdown 1 324 11.46 0.13 1753 464
Reheat 2 294 8.72 27.5 810 295

*Average

T
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Explanation of Figures

Vertical dashed lines in@:iu;ied in Figures 7, 10, and 16 illus-
traté the position of the insﬁlétiOn layers and vertical gaps. The
left hand side of Figufeé 7, 10, and 16 corresponds to the core while
the last vertical daShed-iihe on the right hand side represents the
outer surface of the fiberglass insulation. Figures 1 and 2 can be
used to identify tﬁe insulation materials used at a péf£iéular axial

location.
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1. 19 hole core 4. JM-26 7. Cerafelt blanket
2. containment tube 5. JM-23 8. steel shell
3. JM-32 6. 1IM=23 9. fiberglass insulation

Figure 1. Cross section of Experimental Air Preheater One Meter from
Bed Top.
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L R 4 CENTER
O.35§} Hexagonal Core - Corhart RFG 7.264
=y il i
0.3171 Containment Tube - Burned Magnesite-Chrome 3.8}0
o - jaf 3
3 1 JM-20 JM-23 |JM-26| JM-3000 JM-32 11.43
R S T
0.317 JM-20 JM-26 11543
e g oy
0.3171 JIM-20 JM-23 111.43
e SRR
JM-20 JM-23 11.43
o, % 5.
JM-Cerafelt Blanket 2 5%0
Steel Shell 0.4%6
Fiberglass Insulation 2 530
| 1 I ) I iy
I< 247.6 >:<-76.20—>:57.15;<—95.25—)}<—133.3———>:
|
1
:< 609.6 >y
BOTTOM QUTSIDE TOP
Figure 2. Experimental Air Preheater Materials and Dimensions Including

Gaps.
Note:

Not to scale,

all dimensions in centimeters.




ceramic core

containment tube

.—6. ceramic brick insulation

cerafelt blanket increment

steel shell \\7:)\,\

fiberglass insulation
Figure 3. Example of Node Structure (3 Nodes Per Layer) for the Finite-Difference
Numerical Model.
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Figure 5. Examples of Thermal Conductivity Curve Fit Equations.
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Figure 8. Heat Flux Approach to Steady State.
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Figure 18a. An Inside Node.
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Figure 18b. An Interior Node.




Figure 19a. An Outside Node.

Figure 19b. The Outermost Node in the Radial Grid.
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APPENDIX I

DERIVATION OF FINITE-DIFFERENCE EQUATIONS

Node ‘at ‘the Inside of an Insulation Léyer

To develop the finite;difference equation for a node at tﬁe
inside of an insulation layer, it is necessary té utilizé the First
Law 6f.Thermoaynamics és‘stated‘in Equation‘(l3). From Egquation (13)
the rate of increase‘of internal energy of the system is equal to the
- net rate of heat transfer into the system when fheAwork done by sur-
face forces is equal to'zero. fhe net rate of Heat transfer into the
system is the dﬁfference between the rate of heat fransfer into the
system and the rate of heat transfer leaving the
system.

Referring to Figure 18a, the rate of heat transfer into incre-
ment i is equal to,the rate of heat transfer through the vertical gap
preceding increment i. From Equatiéns {7)-and (8) this rate of heat

transfer can be written as

! 4 4

. oR (T, 4 57T, ) . o :

q, = . = = + (A +A_)h(T, . .-T, .)/2 (20)

in 1 S 12 "i-1,3 1.3

—— + (DHED
i-1 AZ i
where .
é, = heat into increment i (W)

. (the dot [-] signifies a heat rate)

T=T=>wT
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with an average .area used .in the natural convection term. The texrm Rl

as shown in Figure 18a, can be written as

i-1 i-2 3 . 1
= +F—_— = — - =
RS % T T2 2 i1 T 2 %i-2 (21) -
Likewise, Ré can be written as
r - r . .
: o i+l i_.3-_ "1 : '
Ry ™%y 2 T2 T 2 Fiel (22)
Areag\Aland A2 can be written as
,Al = 2ﬂRlAz = ﬂAz(Bri_l—ri_z) (23)
A2 = 2WR2Az = WAZ(Bri_ri%l) . (24)

Substituting Equatiohs (21) through (24) into Egquation (20)

gives
4 4
oo omhz (3r, . ?i~2)(Ti~1,j “Ti,j :
in 3r - ' -
. 2 l
el + (3 l_i X 1)
i1 i~Ti+l - i

- +3r - LT, L)Y/2 (25
o hﬂAz(Bri_l ri~2,3ri ri+l)(Ti—l,j 1,3)/ (25)

Referring to Equation.(9), the rate of heat transfer out of

increment i can be written as

. qou = 2TTAch(l) (Tl,j_Tl‘l'l,j)/SLn (R3/R2) . | (26)
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where
éout = rate of heat out of increment i’ (W)
and . . '
= -+ - = + E
.R3 ri (ri+l ri)/2 1/2 r, 1/2 ri+l (27)
7
Equation (26) can be rewritten as
orAzk (£¥ - _
oo ATk G 5T ) . (28)
qout . r. +r. ' ' ) )
i i+l '
Anlg——)
3r.—r,
i i+l

The rate of heat storage in increment i can be written in differ-

ential form as

. dr
q = DCPV At , (29)

In finite difference form Equation (29) becomes

. 2 2
= i i - ...—T, .)/At
qg p(l)Cp(l)ﬂAz(R3 Ry ) (T3 549 1,3)/ (30)
where
és = rate of heat storége in: increment i (W)
and ‘
. 2 2 2
R3 - R2 = (riri+1 - ri )2 (31)
Equation (30) can then be rewritten as
* - . i . ) _ T - .
q, P(l)Cp(1)2ﬂAzri(ri+l ri)(xi(j+l Ti,j)/At (32)

Appiying Equation (13), the energy equation, to increment i gives
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Py . — + .
- qin qout. qs ’ - (33)

or using Equations (25), (28), and (32) in Equation (33)

UnAz(Bri_ -r, )(T. 4 4)

1 7i-2 flfl,j-TTi,j

+ hrAz(3x., .-r, _F3r.-xr, _)
i- i-2 1 1

S T s Sy YO . *+
c . + (3r _— )(E—-~l)
i-1 i i+l i -
o amhzk (1) (Ty T 0)
- — : . ’ r . S g
X (Ti—l,j Ti,j)/z : . .+ p(l)Cp(l)ZﬂAz
’ ' g]n(_l_:':il_) A
i
* ri(?i+1—ri?fTi,j+1“Ti,j)/At e (34)
Letting
o(3r. _-r. .) _
oL (i) = - i-1 "i-2 (35)
12 1 i1 T2 1
2[— + (5;—:;*———ﬁ(zf-—l)]
i1 7Ti il i
] = e + —
al3(1) h(3ri_l r. 5 3ri ri+l)/44 . I ~.(36)
. — . + _ R ’
al4(1) kc(l)/%n[(ri ri+l)/(3ri ri+l)] ‘ (37)
a (1) =p (1).CP(1)ri(ri+l-ri)/At _— .(36.3)

dividing both sides of Equation.(34) by 2wAz,and using Equationéf(35)

through (38), Equation (34) becomes




6l

4 4

0Ny g 5 =Ty g1+ oI g STy )
=0 VT 7Ty g P 0s Wy 57Ty 5] (39)
Rearranging Equation (39) to solve for TiJj+l'§ives
T, =T .+ /e (e (@) 0T, o ter, L
i,j+1 i,] 15 12 i-1,3 i,
+'ul3(i)[Ti_1,j—fi,j] - ql4(i)[T. _—Ti, 1} k40)

i,3 i+1,3

Egquation (40) is usea for'all inside nodes except for the
second node of ﬁhé radial grid. Since node 1 is the outer boundary
of the core, the terms defined in Equations (35) and (36) must be
changed to become

r

or

) 1 -
@), (2) = - (41)
. 1. - 1 1 -
= T Oar o) o
1 e MRl S
and
0 4(2) = h(r¥1.5r,-0.5r)/2 (42)

An Interior Node
An interior node is any node that is in the interior of any
layer of insulation. To develop the finite-difference equation for an

interior node, it is necessary to utilize the energy equation, Egquation

(13). ‘Referring to Eigure 18b, the rate of heat transfer into incre-

-

ment i is eqgual to the rate of heat transfer leaving increment i-1.

™ T == T ™™
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From Equation (28), the rate of heat transfer into increment i can be

*

written as

2nAzk (i-1) (T, .. =T, ..)
C . l_ll:l 1,3

9in .~ r, +r.
i-1-1i

&n (ﬁ) . (43)
1=l i

Equation (28) also describes the rate.of heat transfer out of
increment i, with-a change in_éubscripts, and Equation (32) defines
the rate of heat storage. Performing a heat rate balance, Equation

(33) becomes

2rhAzk (i-1) (T, =T, ) 2mAzk (i) (T
c i- c

1,57%,50 _ 1,37 i41,5)
Fi-1"y i
G G,
i-1774 LS ]
+ p(l)Cp(l)2ﬂAzri(ri+l—ri)(Ti’j+l—Ti,j)/At (44)

Dividing both sides. of Equation (44) by 2mAz and using the simplifi-.

‘cations defined- in Eduations (37) and (38}, Equafion (44) becomes

i~ ~T, .1= ' T, .1+ i) [T, . .-T. .1 (45
O L) [T, g =Ty 1 =0y )T, =Ty g g1 ¥ 0 (BT, gy 3,50 (43)

Rearranging and solving for Ti gives

PJ+1
= i + . i) . S(1i- T. ."'T. N . '
Ti,j+l Ti,j , l/OLlS(l){oLlLl(l DI i-1,3 l,j]

- “14(i)[Ti,j‘Ti+1,j]}‘ _ (46)

T
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Node at the Outside of "an ‘Insulation Layer-

In order to -derive a finite—difference equation for an outside
node, it is necéssary to perform a heat rate balance as defined by
Equation (33) on the element defined by the particular outside node.
Referring to figurecl9a, the rate of heat transfer into increment i
can be defined by Equation.(43). Thefratejof heat transfer oﬁt of
increment i is due to natural :convection and radiation in the vertical.

gap and is given by Equation (25), with a change in subscript, as

4 -4
_ GwAz(Bri—ri_l)(Ti’j _Ti+l,j )
out 3r,.-r ’
T 1 0 1
R -1)

€, 3

¥, .-Ir. £,
i i+1 “i+2 i+l

+ ~r, 43¢, - .- /2
h1TAz(3ri ri_q 3ri+l ri+2)(Ti,j Ti+l,j)/ (47)

The rate of heat storage in increment i is defined by Equation (30).

o ' 2 2 .2
However, for an outside node, the term 33 - R2 becomes 2(ri —riri_l)

and Equation (30) can be written as

) (T

d, = p(i)Cp(i)Z'nAzri(ri—ri_l T, j)/At . (48)

irj""l_ i,

Substituting Equations (43), (47), and (48) into.Equation (33) gives .




AN
2mA k (i- l)(T f ) cﬁAz(3 —r." }(T”” 4”T" -4
z i-1,3774,3" _ TEEE T Ty Ty )
: : ' 3r.-r : -
) 141“" B i-1 ;1 :
2n(3f -; ) E-+ (3 = - :)(E -1
i-1 i i i+l Ji+2 i+l
tOAmAZ (3, ey 4T Faen) Ty g T,y )P
+ Y . _ — ) ' .
p(l)Cp(l)Z'nAzri(ri ri—l?(Ti,j+l Ti,j)/At ' . (49)
By letting
a,q(1) = (l)C (l)r (r -r, )/At, (50)

dividing both sides of Equation (49) by 2wAz,and utilizing the sim-
plifications given in Equations (35), (36), (37), and (50), Eguation

(49) becomes

o 4(i—l)[Ti_l’j—Ti’j] = a12(1+1)[fi’j4—Ti+l,j4
* al3(i+1)[Ti’j;Tii;,j] g (DT 5Ty 5] (51)
Rearranging Equation (51) to‘solve for Ti,j%l gives
Tiosep = Ty,y F /e gR ey G-DIT, oo,
- alz(i+l)[Ti,j4—Ti*l’j4]
- a;3§i+l)[Ti,j—Ti;l'j]}' ' | (52)

¢ m i) A e
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)

. Equations (52) and (40) are used for nodes bprderipg a vertical
gap except in the case when the temperéture drop across a gap was
considered negligible. Tbis condition occurs when two aajacgﬁf
insulating layers ére in coﬁtact and any contact resistance is
neglected. When two .adjacent layers are in contact, a finite-diffexr-
ence equation .similar to Equation. (46) is used. The equation used

for an inside node is

Ty e = Tipy ¥ Ve g ie s T, T,
- ql4(i)[Ti/j—Ti:l,j1}w _ ... (53)
where
al6(i—l) = kc(i—l)/zn[(3ri_l—ri_2)/(ri_l+ri_2)] © (54)

For an outside node, the equation used when adjacent layers are in

contact is

= . + . ".‘ -— i l— 0 .
Ti,j+l Ti,j, l/uls(l){al4(1 l)ITi_l’J Tl,j]

- “16(i)[Ti,j“Ti+1,j]} _ (55)

" .The 'Outermost ‘Node "of-the 'Radial 'Grid

To derive the finite-difference equation for the outermost node
of the radial grid, it is necessary to again - utilize a heat rate

balance. Referring to Figure 19b, the rate of heat transfer into

T
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increment i is equal to''that leaving increﬁent i;l, as given by
Equation (43). The heat storage rate in increment i is given by
Equation (48).. The heat rate out. of incrementui'is'by natufal con-—
vection, giveniby Equations (7}, (ll){ and (12); and'by‘radiatioﬁ,
_given by Equation (10). From Equations (7) and‘(lo), the heat rate

out of increment i can be written as

.:. ) s
Tout osi2nAle(Ti,j -T ")

+ 2mAzZR_h(T, .-T ) o . (56)
. 1 i,J )

14

The radial diétance R1 can be writteh as

Rl =r; + (ri—ri_l)/Z = 3/2ri - l/2ri__l (57)
so that Equation (56) becomes
. 4 4
_qout = OsiﬂAz(Bri—ri_l)(Ti’j TTw )
+ hmAz (3r.-r, ) (T, .-T ) - - . (58)
1 1i~1" i,J . _

Performing a heat balance on increment i using Equations (43),

(48), and (58) gives

T ™I T T T
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2mbzk (I-1)(T, , =T, :) o
2723 i) o e (i) 2mhzr, (r,-r, )
r, . +r, - P i i i1
i-1 i
zn(gz——':;~).
i-1 i
x (T, -T ) /At + og,TAz (3¢, - ) (T 4—T 4)
1,341 74,3 ATEREE TR Y g Te
’+ hﬂAz(B;i—ri_l)(Ti'jfTw) ) (59) .
- Letting
dlg(l) = oei(3rirri;l)/2 . (60)
al7(;) = h(3ri—ri_l)/2 , (61)

dividing both sides of Equation (59) by'2ﬂAz,rand utilizing tﬁe

simplifications defined by Equations -(37); (50)3-(60), and -(61l), -gives

it

OrgEIIT; gy 57Ty 5 T g W IT 57Ty )

. 4 4 .
+_0L19(:L).[Ti 3 =T 1 + ul7(l)[Ti j—Tm] ) (62)

14 r

Rearranging Equation (62) .to solve for Ti j+l; Equation (62) becomes
. r .
= + i (i-1) [T, . .-T, .
Ti,5¢1 = a5 Yo g o, G-DIT, 4 4=T, ]

: J =

, 4 4 . e
- o (ITy 4 oT, 1 - a17(l)[Ti,' T 1} (63)

T




APPENDIX IXI

STABILITY CRITERIA FOR FINITE
DIFFERENCE EQUATIONS

Since there are.six types of finite-difference equationg (i4—
17, 53,v55)”used in this numerical techniqﬁe, six separate stébility
analysés had to be complétgd; It was‘determined during the course
of this iﬁvestigation.that'the fiﬁite—diffefence equation defining
the temperature éhange éf the inside node of the last layer of insu-
lation required the. minimum time stgp At. For this reason the
stability analysis at this node in the rédial g;id is shqwn herg.

. Although not detailed he?e, a similar procédure‘was uéed to déterminé'
stability requirements for the other finite-difference equations.

The. last layer of insulation usedwas a 25.4 mm thick layer of
fiberglass insulation covering the steel shell. Since the gap between
the.steel shell and.thg insulation was negligible, Equation (53) was
used for the inside node of .this léyer.. Reairénging Equation (53)

 gives

' Lo (i-1) al4(i) al6(i—l) " .
L T ¢ Ea 5 WA ¢ W T
& ’ 15 15 15t ’
oo, (1) .
L 14 T , . (64)

als(l) i+l,3

Since the coefficient of T, j‘must be positive, it can be seen
R )

from Equation (64) .that "’
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Lo (S ag ()
M e <t
%15 15

or that

‘al6(i—l) + al4(i) < als(i)A

The inequality given by Eqﬁation (66) specifies

that must be met in order to assure-stability for the

(65)

(66)

the condition

finite-

differeﬁce'method. From Equation'(66), a maximum time step -size can

~
7

be calculated for a particular.node structure By substituting values

for the various terms.

From Equation (54), al6(i—l) can be written.as

)] (67)

16171 = K G-L)/AnLGr; %5 )/dx; 14755
or
ai6(i~l) = kc(i—l)/ﬂn[(ri_l+Ari_l/2)/(ri_l~Ari_l/2)] (68)
where
Arl—l T T R

1+Ar,  /2¢,
i-=1%""

i-1

o
o
|

h _zn 11-Ar. /2rj
i~-1

i-1

(69)

§ w i |t ey
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aﬁa expand the right hand side of Equation (69) ﬁsing a logarithmic

series [22].

1+Ari_l/2ri_l Ari—l l'Ari—l 3 l,Ar
)+ g%

2n = 2 + = 2rl"l
i-1 _ i-1 i-1 i-1

) + .'.". ‘ (70)

l—AriTl/Zr. i 2r, 3 2r

Approximating the natural logarithm by the first term of the series

gives

Jar . | S (71)

i-1

al6(1—1) =‘kc(l—l)ri—l

4(i) can be written as

Using a similar expansion, o,y

]

- ql4(i) kc(i)ri/Ari . (72)
wheré

Ari = ri+l - ri (73)

The remaining term in Egquation (66) is given by Equation (38) as

alS(iX = p(i)CP(%?riAri/At - (74)

Substitutihg Equations (71), (72}, and (74) idto‘Equation (66) -

gives

k (i-L)r, . k_(i)r. - p(i)C_(i)r, Ar, _
c i=1 + - i P i i (75)
- Ar, Ar, . At
i-1 i

Rearranging to solve for At, Equation (75? becomes
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. . A‘ N
_Pme g,
Sk (=D, k. ()rx,
<2 i-1 " C: i
Ax, Ar,

i-1 i

At

(76)

From Equation - (76) an appréximate maximum allowable time step

can be determined for a particular radial length increment Ar. As an

example, for;five nodes per layer, Ar equals 5.08 mm, r.

-1 equals

607 mm, and ri-equals 617 mm. Using the appropriate insulgtibn prop-
erties, the maximum.ailowable time step is found to be approximately
‘ 4.8 seconds. Since some approkimations were ‘used in determining this
value, a time step of 3 seconds was.finally'ﬁsed.to assare stability

in this case.
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