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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 and
built to study the problems associated with the use of air preheaters in magnetohydrodynamic power
generation. The model simulates the experimental preheater core, where the gas to ceramic heat
transfer occurs, by the use of finite-difference equations. The insulation layers surrounding the core are
thermally coupled with the core using a second set of finite-difference equations. The core
finite-difference equations describe the heat transfer and the temperature distribution in nineteen
elements which comprise a thirty-degree segment of the core cross section. The finite-difference
equations modeling the insulation include the vertical expansion gaps between insulation layers which
provide additional resistance to the heat transfer.

At cyclic equilibrium conditions the transient thermal response of the core and insulation and the
instantaneous heat transfer between the core and insulation were calculated over a complete
equilibrium cycle. Also calculated was the total heat loss from the core to the insulation over one
cycle.
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A Area [mz]
A Average area
AB ' Area of boundary surface between two elements
AC , .Area of plane convective surface.
Ai Area of centroid plane, element i
A(x) Convective heat transfer area
CP' . Specific heat [Joules/kg-K]
CPc Core specific heat
Cpg Gas specific heat
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dT Differential temperature [K]
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h : Heat transfer coefficient [W/mZ—K]
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ABSTRACT

A model was developed to simulate the thermal response of an exper-—
imental high~temperature fixed-bed cored-brick regenerative air preheat-
er. The experimental air preheater has been designed and built to study
the problems associated with the use of air preheaters in magnetohydro-
dynamic power generation. The model simulates the experimental preheat-
er core, where the gas to ceramic heat transfer occurs, by the use of
finite~difference equations. The insulation layers surrounding the core
are thermally coupled with the core using a second set of finite~-differ-
ence equations. The core finite~difference equations describe the heat
transfer and the temperature distribution in nineteen elements which
comprise a thirty-degree segment of tlie core cross section. The finite-~
difference equations modeling the insulation include the vertical expan~-

sion gaps between insulation layers which provide add1t10na1 resistance
to the heat transfer.

At cyclic equilibrium conditions the transient thermal response of
the core and insulation and the instantaneous heat transfer between the
core and insulation were calculated over a complete equilibrium cycle.

Also calculated was the total heat loss from the core to the 1nsulat10n
over omne cycle.




CHAPTER I

INTRODUCTION |

The propoéed open-cycle magnetéhydrodynamics (MHD) of the ECAS
study [1] féquire‘a gas teﬁperature of approximately.2800 K, well above
the 1900 K avaiiable f?om éhe combustion of air and a fossil fuel.

There ‘are sgveral methods that can be uséd to achieye the gas témperah
tures required for open—cycle MHD. One is éhé use. of okygeﬁ‘enrichﬁgnt,
but this method is objectionable economically because of the cost and
amount of the oxygen required. A second method is the preheating 5f the
'combustion gasses prior to the combustion process.

Pre-combustion heating éf the gasses by passing them thréugh a
preheater, which has beeﬁ heated by the MHD channel exhaust géssgs; is
one method.of gchieving the desired temperatqres. The types of pre-
heaters suggested include:‘/falling bed preheaters, pebble bed regenera-
tors, and fixed-bed cored-brick regenerative preheateré. ‘The third
type, the fixed-bed éored;brick regeﬁerative,preheater, is the subject
of this thesis.

There are two basic problems associated with the ﬁixed—bed cored;
brick regenerative preheater. First, the MHD channel exhaust gasses are
laden with highly corrosive.particulates, coal slag and alkali,compoundé,'
dué to combustion and the injection of seed material. Second, és the -
_exhaust gasses cool, the particulates éolidif& and depbgit in the pas-
sages of the preheater. To study these effgcts, an experimental fixéd—

bed cored-brick air preheater has been constructed.




The experimental air preheater consists of a column of hexagonalﬂ
ceramic bricks. The bricks are symmetrically cored with niﬁeteen holes,
19.1 mm in diameter, throuéh which hot and cold gasses alternately flowr
Surrounding the cored brick are a ceramic containment tube, five layefs
of insulation, a steel shell and, finally,.a layer of fiberglass insula-
tion. Figures 1 and 2 show the details of the preheater design.

Because of the size difference; the extension of results from the
experimental preheater to a full-size preheater must be done with
caution. In a full-size preheater the ratio of core mass to insulation
mass and the corresponding ratios of thermal energieé is much greater
than one. In the ‘experimental preheater these ratios are less than one:
Consequeﬁtly, the heat transfer between the core and insulation in the
experimental preheater is of considerable interest.

The primary purpose of this thesis is the determination of tempera-
tﬁre histories in the ceramic core and insulation, and the éubsequent
mapping of heat flows. Of prime importance is tﬁe central flow channel
and the immediately surrounding ceramic material, as it is this flow
channel that would best approximate a flow channel in an opérating

facility.




CHAPTER II

LITERATURE REVIEW

The earliest investigations of regenerative air preheaters were all

restricted to a bed with no radial -temperature gradients, but even with -

this simplifying assumption the solution to the differential equations
was unwieldy. Nusselt [2] obtained the first closed fd;m solutions for
some simplified cases, to which Heiligenstaedt [3] made some simplifying
mathematical app?oximations. Rummel {4] used emperical values'for the
heat transfer coefficients. The most successful treatment of a purely
méthematical nature is accredited to Hausen [5]. |

With the advent of the digital computer there have been a number -of
studies done using finite difference techniques to solve the differen-
tial equations. Appropriatgly, one of the.first, by Butferfield,'
Schofield and Young [6], confirmed a method proposed by Hauéen [5]
some twenty years earlier. Numerous types ;f Preheaters have been ana-
lyzed numerically. A study of a checkerwork regenerator has beeﬁ done
by Manrique and Cardenas [7], a pebble bed regenerator by ﬁl Rifai et
al. [8] and a cored hexagonal brick regenerator by Zakkay et al. [9].

Cook [10] studied the insulation of a fixed-bed air preheater, Sﬁt
he did sé only to optimize the insulation cost and was unconcerned with
the preheater core. The method used equated the heat transfer ﬁe;'ﬁpit
heat exchanger.length with the sum of the radiative and convective heat
transfer to the surroundiﬁgs. The equations used described the inéula-

tion thickness as a function of the thermal conductivities of the insu-




lation, the diameter of the heat exchanger matrix and the emissivities
of the metal sﬁeil;

All of the preceding studies have dealt with either the ﬁeat.exé
changer matrix or the insulation layer. None of them have coupled the
core and the insulation in a simulation of the entire regenerator. The
exception to this is an analysis done by Ameei [11]. Ameel modeled the
same facility as this thesis using a lumped-mass model derived by
Reihman et al. [12] to simulate the core matrix, and a finite Aiffefence
analysis of the insulation blanket., This analyéis established the
significance of heat fluxés from the core to the insulation but gives no
insight into the radial temperature gradients in the core. The present
investigation models radial heat transfer across the core, considering
the contribution of each core flow channel. With this addition, cross—

sectional temperature histories are possible.




CHAPTER III

THEORY

Operational simulation of the experimental air preheater requires
models describing the energy transfer in both the core and insulation.
In this investigation the model used to describe the energy transfer iﬁ
the insulation was developed by Ameel [11]. The model describing energy
-transfer in the core is developed herein.

The model developed by Ameel describes the energy transfer in the
insulétion as one-dimensional heat transfer and storage in the radial
direction at an arbitrary number of discrete axial positions. Radial
temperature distributions at the remaining axial positions were found by
linearly interpolating between adjacent calculated profiles.. The insu—l
lation model, which was developed in finite-differeﬁce form, includes
the vertical expansion gaps that exist between adjacent radial layers of
insulation.

In the core, the energy transfer from the hot fluid to the cold -
fluid occurs through intermediate energy storage in the ceramic core
material. During the reheat phase of operarion,.the hot exhaust gasses
‘from the MHD channel pass through the preheater, transferring energy to
the ceramic core. During the blowdown phase of operation, energy stored
in the ceramic core is transferred to the cooler counterflow gas‘streamf
In each phase of operation the known conditions are the inlet gas tem-
perature, pressure and mass flow rate, the respective cycle times and

the ambient air temperature.




Energy transfer in the core was modeled using two sets of finité— :
difference equations developed from erergy balances performed on elemen-—
tal lengths of the heat exchanger core ‘and gas flow channels. One set
of equations describes thée energy transfer in the gas flow chapnelé and
the other describes energy transfer in the ceramic‘matrix.

Because the gas properties are known as initial conditiéns, the gas
- nodal structure positions the first node at the very top of the bed. -
The core equations, on the other Eand, were developed with the first
node located half an axial increment from the top of the-bed to simplify
the energy balanceé. As both equations use. the same axial step this-
results in the gas and ceramic nodes being staggered as deﬁicted in
Figure 3. |

Assuming homogeneity of the ceramic core material and negiedting
the anti-rotation notches, the cross section of the core shownfin Figure
4 was divided into thirty-degree segments separated by the adiabatic
(dashed) lines. .The thirty-degree core segment was then brokeh up -into
the nineteen elements éhown in Figure 5. The geometries of the elements
were fixed b& restricting the thermal volume coefficient of expansion to
zero. Each element was characterized by the temperature of the element
centroid.

The three modes of heat transfer considered in the ceramic core
were: conduction,'convection and radiation. Conduction heat transfer .

was considered between adjoining elements and axially along the bed.




The héat transfer from the gas flow channels to the elements was approxi-
mated by-forced convection relations while the heat transfer from the
external surfaces of elements 13, 18 and 19 was approximated by free
convection relations. Radiation heat transfer was considered only over
the external surfaces of elements 13, 18 and 19 and was neglected across
the flow channels.

The ceramic finite—difference equations were de?eloped from one-
dimensional heat transfer relations describing the heat transfer across
the plane and flow channel boundaries of each element and a term descri-
bing the transient energy storage in each element. The equations des-
cribing the element to element heat transfer, the elément to gas héat.
transfer and the transient energy storage were derived in a general form
for all elements. The equations describing the fadiative‘and convective
heat Fransfer across the external surfaces of elements 13, 18, and lé
were derived as coupled non-linear equations and were solved by an
iterative method.

 The one—dimensional element to element heat transfer equations were
developed by assuming the heat transfer occurs between two constant
temperature planes, passing through adjacent_element centroids, éﬁd
parallel to tﬁe common heat transfer boundar?. The centroid planes were
assumed to be at the temperature of the element centroids and the boun-

dary plane'was assumed to be at some intermediate temperature, T The

B
typical geometry used to develop the element to element heat transfer




equations'is shown in Figures 6a and 6b.

Conduction heat transfer from the element centroid plane to the

boundary plane can be. described by the one-dimensional Fourier heat

transfer equation.

where q

A(x)
dT

dx

By applying

=@ £ | &)

heat transfer rate (W)

I

thermal conductivity (W/m-K)

heat transfer area (mz)

differential temperature (K)

= differential distance (m).

Fourier's equation to the geometry of Figure 6a and integra-

ting Equation (1) becomes

. ' . 1 '
R A 3 2
o A
where &'B = heat transfer rate from centroid surface, i; to the

+ boundary surface, B, (W)

ki = thermal conductivity of element i (W/m-K)

Ti = temperature of surface i (K)

'TB = temperature of boundary surface (K)




The conduction shape factor is introduced from the féllowing one-

dimensional conduction heat transfer equation givén by Holman [14].°

q = -kS(AT)
where S = conduction shape factorl(m)
AT = finite difference temperatﬁre x).

Solving Equations (2)'and (3) for the sﬁape factor yields

=

Evaluating Equation. (4) for the geometry of Figure 6b gives

_ M
ln(fi)
Ay

area of centroid plane (mz)-

*1

where A,
i

A

It

area of boundary plane (mz)

(3)

(4)

(5)

Equation (5) was evaluated for all possible centroid to boundary plane

geometries for the four basic element types shown in Figures 7a through

7d.

Writing Equation (3) for the general element to element interation

of Figure 6b yields the equations

dyp = ~k;S;5(T; — Tp)

(6a)
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Because the heat transfer rate across the common boundary must be contin-
uous q,p and éjB are of equal magnitude and'opposite sign. Therefore,
the simultaneous solution of Equations.(6) gives the equation for ele-

ment to element conduction heat transfer as

q,,=|_1 | By - TP D

.The-parameter enclosed in brackets was defined as the modified
conduction shape factor, Scij’ which has'the units (W/K). The modified
conduction‘shape factors are tabulated in Table 1 for all elémént to
element interactions.

Using the modified conduction shape factor the general form of the

element to element conduction heat transfer equation is written as

The general form of the element to gas flow channel heat trénsfér
equation was, like the element to element heat transfer equation, devel-
oped from two one-dimensional equations. vThe first equation déscribes
the conduction heat transfer f?om the element centroid to the flow
channel surface and the second describes the convective peat transfer

from the gas stream to the flow channel. surface.
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Element centroid to flow channel surface conduction heat transfer
equations were developed by assuming the heat transfer occurs between a
centroid plane and a plane approximating the convective surface as shown

in Figure 8. This equation, written in the form of Equation (6), is

die = 84Ty - T) ‘ ©®
where éic'= heat transfer rate centroid plane from element i to
convective plane (W)
S. = modified conduction shape factor from centroid plane to
ic .
' convective surface plane (W/K)
TC = temperature of convective surface (K)

The convective heat transfer from the gas flow channel to the

convective surface was calculated using the equation

dck = hAc(Tc - ng) o (10)
‘where éck = héat transfer rate from gas stream to convective surface
of element k (W) :
h = heat transfer coefficient (W/mz—K)
AC = conyective érea (mz)
Tgk = temperature of gas stream (K)

The heat transfer coefficient is essentially an aerodynamic property of
the gas flow channel system and the correlations used to calculate the
heat transfer coefficients are presented in conjunction with the gas '

" flow channel equatiomns.
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The heat transfer rates across the common boundary are equated and

the simultaneous solution of Equations (9) and (10) yields

1
q.,. =4 1 1 (T, - Tg,) ' (i1)
ik X 5. + vy i k .
i“ic c,
i
where éik = heat transfer rate from element i to flow channel k (W).

The bracketed term was defined as the ﬁodified convection shape factor,
chik’ which has units watts per degree Kelvin. A tabulation’of the
modified convection shape factors for all element to flqw‘channel iﬁterf
actions is given in Table 2.

Consequently, thé general form of the element to gas flow chanhei

heat transfer equation was written as

Qik = Sevy, (T, - .Tgk) - a2
-Elements 13, 18; and 19 are subject to two modes of‘heat transfer,
convection and radiation, across their external surfaces. As in the
previous developments, the heét transfer from the element centroid to
the radiative—convective boundary was represented by a one~dimentional
conduction heat tramnsfer equation. Heat transfer from the radiative-
convective surfaces was represented by two‘one—diﬁensibnal heat transfer
equations. One equation describing conveétive heat trangfer iﬂ the
enélosed space and the.other representing radiative heat transfer be-

tween the surfaces.
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The conduction heat transfer from the element centroids to the
radiative-convective boundaries was again represented by a form of

Equation (6) as

gir = Sir(Ti'f Tr) | A (13)

where the subscript r represents the radiative-convective surface; ‘and

the subscript i refers to elements 13, ‘18, or 19.

The free convection heat transfer from the external surfaces of
elements 13, 18, and 19 was approxiﬁated by an empirical équation for
natural convection in the air sbace between two iéothermal walls as
presented by Jakob [13]. It was assumed, primarily, that the hexag&nal
core could be approximated by a cylinder of the same surface area.  Then
the approximation of a cylindrical air space by an air space between two
flat plates was used. Jakob f13] suggesfs the use of this approximation

when, as is the case for the air preheater geometry,

L/§ »> 1 . : (14) -
where L = length of the vertical gap (m) and
§ = width of the gap (m).

The Nusselt number, Nué, for natural comvection in a vertical gap
"was defined a

Nug = ho/k, _ | (15)
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where kg = thermal conductivity of the gas in the gap (W/m—k).

The Nusselt number is a function of the Grashof number, Gfd, for

heat transfer in vertical spacings. The Grashof number is given by
2 3,2 N
Crg = 0 88(T) = T8 /u" y (16)

where b, = gas density (kg/m3)
g = acceleration due to gravity (9.8 m/sec)
B = volume coefficient of expansion for an ideél'gaé
T. = temperature of wall 1 (K)
T, = temperature of wall 2 (K)

u = dynamic viscosity (Pa-sec).

Correlations for the free convection heat transfer coefficients are

given by Jakob [13] as

0.18 Gr61/4

3 4

w/8)" 9 for 2x10 <6r 5210 (17)

Nu6 =

0.065 Gr61/3(L/6)_1/9 for 2x104<cr6<11x106 - (18)

whete ﬁﬁé'denotes'an average Nusselt numbef. For a~Gfashof.ngmber less
than 2000, the process is simple conduction and the following equation:

applies.

Nu, = hé/k_ = 1.0. , ' - (19)

Equations (17), (18) and (19) include the effects of conduction and

natural convection. Therefore, the heat transferred across a vertical
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gap by conduction and natural convection is given by

Uy = h(T1 - T2)A (20)
where A = the average area of the two surfaces; and
.cv = convective heat transfer rate.(W).

The radiative heat flux from the external surfaces of eleﬁeﬁfs 13;.
18, and 19 was determined by performing a simplified zonal analysis on |
the enclosure shown in Figure 9. (Surfaces 1, 2, and 3 represent the
external surfaces of elements 13, 18, and 19 respectively and surface 4
represents the containment tube.) The enclosure is composed of one flat
plate broken into surfaces 1, 2, and 3 which are at temperatures Tl, T2,
and T3, have hemisphgrical emissivities el;-ez, and eq and diffusé
hemispherical reflectivities Pis Pys and Py respectively. The fourth
surface is a sixty degree ségment of a cylinder which is at temperaturé:'

T4, has hemispherical emissivity € and diffuse hemispherical reflec-

tivity-p4. The medium between the surfaces was assumed to be non-

" - participating.

The equations for the radiosities were obtained:from Ozisik [19] as

4 ,
Ry = e 0T,  +py Z RjFij (21)
j=1
where Ri = radiosity of surface i
o = Stephan-Boltzman constant

Fij view factor between surfaces i and j
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By inspection the view factor matrix reduces to

. 0 0 o0 1 | , (22)
J 0 0 0 1

Fu1 Fan Fuz Fuy

Using the algebraic view factor equdtions:.

>
T}
It

i“1ij j 31
4

L F

3=1

AF,. , (23)

Il
|

(24).

ij
and the known geometry of the elements the remaining view factors were

found. The complete view factor matrix is

0 0 0 1
0 0 0 1 T
Fi17 o 0 0 1 (25)

0.3438 0.3438 0.2591 0.0534
The values for the view factor were substituted into Equation (21),

which were then solved simultaneously to give

_ 4 '
Rl = eloTl A+ plx | | | (26a)
- 4
R2 = 820T2 + p2X (26b)
— 4 ‘ '
R3 = 830T3 + p3X . ‘ _ (26c)

R, = X | - (269)
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where

- 4 . ) 4 4 . ‘ 4.

e4cT4 + p4[0.3438(eloTl + sonz )y + 0.2591T3 1
% - 04[1 - 0.3438(e1 f 82) —‘0.2591 53]

X.=

‘The heat flux from each zome is given by Ozisik [19] as
S 4
q; = Ri - .Z Ri Fij (27)
j=1
and the heat transfer rate is simply the product of the heat flux and .

the corresponding heat transfer area. Therefore the heat transfer rates

from areas 1, 2 and 3 are

(il = (810T14 - ElX) (Al) (28&)
- 1 = (F3°T34 - e3X)(Ag). . (28¢)

Because the equations describing the radiative heat transfer from
the external surfaces of elements i3, 18, and 19 are coupled non—lingar
equations an iterative procedure was used to solye for radiative-conyec-
tive heat transfer from these elements. The heat trénsfer rates des~-
cribed by Equations (13) must, in this case, be equal to the sum of the
convective and radiative heat transfer fatés described by Equations (20)
and (28) for gach elemgnt._ Using the average of the centroid and con-

tainment tube temperatures as initial values for the radiative-conyective

surface temperatures, Equations (20) and (28) were solved and subéequent—.

ly summed to give the radiative-convective heat transfer rates, which
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were then used in Equations (13) to solve for the radiative-convective
surface temperatures. Convergence was assumed to occur when the new
radiative-convective surface temperatures varied by iess thaﬁ 0.001.
degree from the pfevious iterative value.

The heat transfer rates found by this procedure were, éfter conver-
gence, designated as QI13, QI18, and QI19, and represent the ﬁeat £rans—
fer rate in watts from the external éurfaces of element 13, 18,'and'l9
respectively.

" The last term needed for the energy balance on the ceramic core
elements describes the transient energy storage in each element. The

rate of heat storage in an element i can be written in differential form

" as

E;Si = chpCVi (—‘% (29) 
where és' = rate of heat stored (W)
pz = density of ceramic (kg/m3)
Cp = heat capacity of ceramic (J/kg-K)
Vz = volume of element'(mB).
Iﬁ finite differeﬁce form Equation (29) becomes
o RS | o
9, = 7 (T3 - Ty (30),
i .

‘where Ti = element centroid temperature at t + At(K).
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Performing energy balances on the ceramic elements results in the

following finite-difference equations

PGlads2) =L, Js 1)k al[chl_l Tgl + Sc11

+
1-1
1 % Sc

T(15T=1, L) Sc DL 5] 5 1) ks e T 24l L) =

1-2

=+ Sé +=he

14T SCieg T Rets ) fim)

T(l,J,l)(chl_

T(2,3,2) = T(2,J,1) + a,[Scv + Sc 5 T(2,3-1,1)

2-2 T8 2-

+ 8T, , T(2,041,1) + Scy_, T(1,3,1) + Sc,_, T(3,J,1)

- +
- T(2,3,1)(Sev,_, + 8¢, , + 8¢, , + Sc

2-3

+ Sc (31b)

1-2 2-3)]

3.2 T8y * Seq o T(3,3-1,1)

T2 31L)=EuSe

(330 s 205 m T (3,0 1) A oy [Scv

g T30+ )+ Se T(4,J51)

S+
$3.3 2.3

- +
- T(3,J,l)(ch3_2 + Sc3_3 + Sc3_3 + SC2-3

3-4

+ Sc (31c)

3-4)]

B 88 (& I-1,1)

bk 3.4 TE3,0,1) + Sc4_5
+

- T(l;,J,l)(ch[‘__2 + Sca_4 + SCA—A + Sc3_4 + SCA-S)] (31d)

T(4,J,2) = T(4,J,1) + o, [Scy

+ 88, T, 341,1) + Se T(5,7,1)

5.2 T8y + S€g_¢ T(5,-1,1)

P(4,J30) 4 Sc 8 i85 541)

(D )iy 2w AE0 50 L) e G [Scv

+ ST,_o T(5,J41,1) + Se

4-5
6 T(6,0,1) = T(S,J,l)(chs_

5~

- +
Yo + SCS-S + SCS—S

5- 2

+ SC4—5 + Sc5_8 + Sc5_6)] (31e)
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T(6,J,2) = T(6,J,1) + ag [Scv + Sc ¢ T(6,3-1,1)

6-2 1B g

8¢ ¢ T(6,341,1) + Sc,_ T(5,3,1) + Sc

6- 5-6

+ Scs_7 7, 3;1) ="T(6,J,1)(Scy

-+ SC5—6 + Scs_9 + Sc5_7)]

5.y 1(953,1)

- +
6-2 ng + Sc6_6 + Sc6_6

(31£)

T(2:3,2) = 2(753,1) + a, [Scv + Sc 4 T(7,J-1,1)

7-3 T83 %

+
+ Sc7_7 T(7,J+1,1) + SC6—7 T(6,J,1) + sc7_14 T(14,J,1)

- -
- T(7,3,1) (ch7_3 + Sc7_7 + Sc7__7 + Sc6_7 + Sc7_14)] (31g)

o3 18, FiBegl. T(81-1,1)

8 T(5.5051) s 86

T8 s Ty 2) e T (8% Tl ) b ag [Scv

-+
-4 Sc8_8 T (85Tl L) o+ SCS— 8-9

- +
- T(8,J,1) (SCV8_3 + Scg g+ Scg gt LB

TH95 T, 1)

5.7) (31h)

9-3 Tg3 + SC9—9 T(9,J-1,1)

T8 J) . 5¢

T0L3 2) =TT S 1) og [Scv

* .88 g T(9,J+1,1) + Sc T(6,J,1)

9- 8-9 6-8

- +
T10,3,10) = T(9,J,l)(ch9_3 + Sc9_9 + Sc9_9

Fie il (311)

i Sc9—10

. ; Sc8_9

Jou5 1By By pnq0 FA0ID.1)

T(9,d 1)+ Sc

TC105T52) e T 05d 1) ok %0 [Scy

T LOSOED ) 8 T(155051)

9-10
Y s o [ T(lO,J,l)(chl

+
+ 8610-10 10-15

- +
+ 8e10.11 ge3 T Ssaeto T S80.00

+ Sc +

9-10 * F%1g 15T BR10.712 (313)
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11~3  Bq ¥ PEy 4y

T.(11l,J3+1,1).+ Sc 01053 19

o B T R D YT i s o A [ B ;4 [Scv

R
T(11,d-1,1) + §ci3 14 Lo

+ Sc T(16,J,1) + SCll—lZ L2551 ) = T(ll,J,l)(ch1

11-16 1=3

+
it S e (31k)

8¢y3m11 11=11. P81y 16 TRy

12-3. 183 * 8¢9 95

T(12,J41,1) + Sc e G

T(12,3,2) ;=T (240 1) %, [Scv

e
T(12,J-1,1) 865, 15

T o 1) o

11-12

8¢y, 15 T(13,3,1) - T(12,,1)

se

W Re) aldY

(Sevyg_g3 + S€19 79 * 8¢5 90 ¥ 8¢17 15 *+ S¢y5 45

+ )] (31:1)

S¢y2-13

13-3 Tg3 + Scl3_13 T(13,J-1,1)

T (L2505 1) =T (13305 ) (Scy

T(1350,2) = iD(P35T50) [Scv

o a13

+
e SC13—13 T35 drklig 4.)e- SC12—13 13-3

~ +
+ Scyq.73 ¥ 8¢13.13 + Sep544) - QI13] (31m)

T(14,3,2) = T(14,J,1) + oy, [Sev + Sc

1455078,
T(l4,J+l,l) + Sc

14-14

+
T(14,J-1,1) + Sc T (7535 1)

14-14 7-14

T(15,3,1) -T(14,J,1)(Scv, + Sc

+ Sc b=4 14-14

14-15

+
e OV T R PR (31n)

15 15=5 184 T 8S1glqe

T(15,34¢1,1) + Se T(155d51)

TCLD o 5.2 ) mETHLS s d s L) Huor [Scy

B(15,0-1.1) % Beve o

T(16,3,1)0+ 8¢

14-15

£(10,3,1) = T(15,J,1)

R - 10-15
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(Scv

Th-u B4 " Pielie

T(15,J3,1) + Se

TC16,0,2) = B(16,J,%) "+ %6 [Sev

L T(16,J+1,1) +

BEIEi16
T(17,3,1) - T(16,3,1) (Sev,

S+
€16-16 11~1

-4

e O PR

+ +

515296 T SCyg216 ¥ 5€jp07]

17-4 184 ¥ Sey4 49

216, 35 1) S e

TELT505.2) = T 017 ST ) 7o o5 [Scv
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b BT o (17 04, 1) . e

+

16-17
T(18,J51) = T(l7,J,l)(chl

12-1

BCi9.18 Fuily A Ny

* Bergnnt T 8C1a 6™ B0yalygl)

T(18,J,2) = T(18,J,1) + a8 [Scviq , T8, + Sc

18-18
# 8815 1o TABILL) 4+ Sciu o AT, T,1) 4+ 8Ba iy
- T(18,J,1) (Scvyg., + 8Ci5 15 + 5318_18 # 8ol %
- QI18]
T(19,J,2) = T(19,J,1) + ayq [Scv g , Tg, + Scig 0
+ 880 19 TU9,J4L,1) 4+ Sc g 0 T(18,4,1) = T(19,J
+ 881 19 * SE1g 19 + Seg1g) - Q1Y)
where T(1,J,K) = element centroid temperature (K)
I = element number
J = axial position
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K = time index
.. = At
Ui ch Vi

pc

As an example, the equation describing the heat transfer in element 18
is derived in Appendix I. The remaining equations follow By inSpectibn.

The gas flow channel equations weré déveloped by performing.an

energy balance on an incremental length of each of the gas flow channels.

Each energy balance includes the convective heat transfer between the
gas and ceramic, and the energy transported by the moving fiuid,

Two simpiifying assumptions were made. First, the transient eﬁerg&
change in the fluid element is negligible compared to the energy trans—

ported by the moving fluid, which can be expressed as

dTg . 9Tg ' |
ngp dz 5p << m Cp dZ 57 (32)
g g
' - . 3
- where p, = gas density (kg/m™)
CP = gas specific heat (Joules/kg-°K)

g .

A = flow channel area

m = mass flow rate (kg/sec).

Second, the axial conduction is insignificant compared to the change in

energy of the moying fluid,

_kgA 5y <<'m Cp dz 7 - (33)
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where kg = gas thermal conductivity (W/m-k).

The convective heat transfer between the gas stream and the ceramic
elements is described by Equations (12) in terms of the gas stream and
element centroid temperatures.

Performing the energy balance yields the following finite-difference

equations for axial temperature variations in the gas stream.

Tg(1l,J+1)

((1-8,/2)Tg(1,3)+8,T(1,J,1))/ (1+8,/2) (342)

Tg(2,J+1)

(2/ (24B,+8,+8,+B+B,+8,)) (B,T(2,3,1)+8,T(3,J,1)
+84T(4’J91)+85T(5,Jal)+B6T(6yJ!1)+B7T(79J’l)+(2_82—83—84_85_86‘87)

Tg(2,J)/2) (34b)

Tg(3,J+1) = (2/(2+88+89+Blo+811+812+613))(B8T(8,J,l)+89T(9,J,l)

+810T(10,J,l)+BllT(ll,J,l)+812T(12,J,l)+813T(13,J,l)+(2-88-89-810

Tg(4,J+1) = (2/(2+814+815+Bl6+817+818+619))(BlAT(14,J,l)

+815T(15,J,l)+Bl6T(l6,J,l)+Bl7T(l7,J,1)+818T(18,J,1)

where Tg(l,J) = gas stream temperature
I = flow channel index
J = axial position index.
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The dimensionless parameters Bi compare the magnitude of the sur-

. face convection to the heatncapacity of the moving fluid at each element

interface.

2 chik

B, = = :
mk C
pg

i

A campiete development of Equation (34b) is given in Appendix II.
Equations (34a), (34c) and (34d) follow by inspection. .
The Nusselt number correlation used to predict the local heat
transfer coefficients was given by Upshaw [18] as

£

Nu = 0.131[Re?/ 3-138]pr1/3 (45231 5094 C(36)
' o
where Re = local'Rethlds number
| Pr = local Prandtl number
D = flow channel diameter (m)
Z =.distance from channel entrance (m)
fr = Dafcy—Weisbach friction-factor for rough pipe
f0 = Darcy-Weisbach friction factor for smooth pipe.

Equation (35) accounts for both roughness and entrance effects in the ~
flow channel, but neglects radiation from the fluid.
The transition from laminar to turbulent flow was assumed to occur

at Re = 2242, ‘It is at this value of Reynolds number that Equation (35)

(35) -
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predicts the Nusselt number to have a laminar flow value of 4.364.
The friction factorS‘used'in'Equation (35) were calculated for
local conditions from eqﬁations given by Schlicting [15]. ¥For turbulent

flow the friction factors are given by

L 174 - 2 Tog, . [ <& + 187 ] (36)
/£ 810 L D~ 7 Re/T .
where ksl= sand grain roughness height.

The initial iterative values used in Equation (36) were taken from the

Blasius equation.

0.25

f = 0.316 Re . | (37)

Laminar flow friction factors were given by _
f = 64 Re L. | S (38)

The temperature dependent gas and ceramic properties used in the

preheater core model were developed by Upshaw [18]. Tabﬁlar data for

properties at various temperatures was fitted to polynomial, exponential

and power form equations using a least squares technique.‘ The equation
form used was chosen by comparing the accuracy of the fits.

The properties of the blowdown gas stream were those‘of’éir at low

pressures. Reheat gas stream properties include the coal-air combustion

products. The coal constituents were obtained from an analysis of
Montana coal from the Rosebud Area B deposit. Manufactures ddta was

used for the ceramic propefties.
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The temperature dependent property equations, along with their
maximum and average pércent deviation, source of data and temperature
range, are given in Appendix III.

Due to the explicit technique adopted for solution of the equations
used in the modél of the experimental air preheater, the stabiiity of
all the finife difference equations must be assured. The axial iéngtﬁ
* step and time step selected were 0.10 meters and 2.0 seconds. Det;ils

of the determination of stability are shown in Appendix 1IV.




CHAPTER IV

RESULTS

The analytical model was used to study the c&clic equilibrium
operation of the experimental air preheagef. Due to the 1arge'amoupt of
time required for the experimental air preheater to come to a cyclid
equilibrium condition and because the model has a run—time—to—real;time
ratio of 2:1, the operation of thé air preheater was studied using only
one set of conditions. The conditions chosen are those that caﬁ be
duplicated in the existiﬁg facility and are 1isted in Table 3.

The insﬁlation materials and the dimensions of the simulated faci-
lity are shown in Figure 2. The gaps between the insulation layers were
set at 3.17 mm. TFive nodes were located in each layer of insulation
based on a trade-off between accuracy and computer run time. The heié—
gonal core was approximatgd by Equations (31)‘and (34). The dimensions
of the simulated core are the same as those of the core in éhe'experi—
mental facility and these dimensions were incorporated in.the develop-
ment of Equations (315 and (34). .

The initial be& and .insulation temperatures used in the cyclic
equilibrium run were extrapolated from steady—étaté'results given by
Ameel '[11]. The program was then cycled until cyclic equilibrium condi-
tions were reached. Cyclic equilibrium was defined as the point at

which the net heat loss from the preheater to the surroundings was

~within five percent of the net heat loss from the core to the insulation

over a successive reheat and blowdown cycle. However, after 120 hours of
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simulation the difference between the net heat loéses at the top of the
bed still differed by 9.4 percent while being within the cyclic equili—
brium definition at all ofher axial 1ocations. 'But because changes were
.occurriﬁg so slowly it was decided that this point iq the simulation
would serve fo represent ghe cyclic-equilibrium condition.

figure 10 shows the axial temperature.profile of the element one
centroid after cyclic equilibrium reheat and blowdown cycles. The
upswing at the end of the reheat curve and the less pronoﬁnced downswing
at the end of the blowdown curve are due to entrance effects which
increase gas to ceramic heat transfer. The gfeater magnitude of the
blowdown—reﬁeat cére teﬁperature difference at the bottom of the bed as
compared to the top is due to the large gas temperature difference -at
-this position.

Thg axial gas temperature profile of the number 1 gas flow channel
at the end of blowdown qnd reheat is shown in Figure 11. The lafger gas
temperature difference between reheat and blowdown at thé béttom of the
bed coﬁpared‘to the top caﬁses the heat transfer between the gas and
ceramic to be larger at the bottom of-the bed.

Figure 12 depicts the instantaneous gas to ceramic heat transfer
from all 19 flow channels at three axial positions over a blowdown-and
reheat cycle. The curvature of the lines representing instantaneous
heat transfer at 0.046 M during blowdown and at 0.046 M and 6.046 M

during reheat are due to changes in the gas-ceramic temperature differ-
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ence during the course of the cycle. The relatively constant instan-

taneous heat transfer at 3.096 M and 6.046 M during blowdown and at

'3.096 M during reheat is caused by a relatively constant gas-ceramic

temperature difference. The bottom of fhe bed is affected by such large
gas—cerqmic temperature differences and subsequent temperature fluctua-

tions that the instantaneous heat traﬁsfer'exhibits pronounced curvature
over .the reheat cycle.

Heat transfer from the ceramic core' to the insulation is.shéwn in
Figures 13 and 14. TFigure 13 represents the instantaneous heaf trénsfer'
from the coré to. the insulation over a blowdown and reheat cycle at
three axial positiéns. Figure 14 represents the total heat transferred
from the ceramic core to the insulation over a reheat and blowdown
cycle. The negative portions of the instantaneous heat tramsfer curves
at 0.046 M and 3.096 M occur because the outer core temperatures have

fallen below the temperature of the the insulation at this point of the

cycle. This never happens at 6.046 M and the instantaneous heat transfer

is always positive. The total heat transfer from the'core to the insula-
tion depicted in Figure 14 sﬁarts with a gradual slope which:incfeaseé
dramatically as it approaches the top of the bed. This phenqmena occurs
for two reasons: first, when approaching the top of the bed the temperé—
ture of. the core increases, thus increasing the driving fofce for heat
transfer to the environment; second, the insulation used to withstand

the higher temperatures found near the top of the bed has a higher ther-~
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mal conductivity than that used at the bottom of the bed.

Listed in Tables 4 and 5 are the temperatures found in the ceramic

core and containment tube after a blowdown and reheat cycle at three
axial positions. Two characteristics of the transient temperature dis-

tribution in the preheater are apparent from the tables. First, the

temperatures of the containment tube are relatively intransient. Second,:

through the course of a reheat and blowdown cycle the central core

temperatures fluctuate over a greater range than those at the external

surface for a given axial position. Thus the central core temperatures

oscillate about those of the external elements with a period édmppsed of
a reheat and blowdown cycle. This effect is caused by thé presense‘of
the containment tube, which because of its large thermal mass acts to
damp temperature changes at the external surfaces of the ceramic core.
It should also be noted that this axial core temperature fluctuation is
larger at £he bottom of the bed where the gas to'cerémic heat transfer '’
is greatest.

Figure 15 shows tﬁe‘after reheat radial insulatioﬁ temﬁerature
profiles at three different axial positions. The only noticeable changes
between these profiles and those occurriﬁg at the end of blowdown are in
the containment tube and tﬂose are small. Since éaéh layer of insulatioﬁ
is homogeneous, the curves across each insulation iayer are'nearly
linear, subjéct oﬁly to temperature deﬁendent ;hanges in the'théxma;

conductivity and changes in the insulation area as a function of radius.
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Eaéh point represents a nodé of the finite~difference model and discoﬁ;
tinuitieé represent the relatively small temperature dréps:acfoss the.,
fertical gaps. The élopé of tﬁe durves'in each particular layer gi&es
an indication of the relative amgunt of heat traﬁsfef occurring a# é:
péfticular axial position.
Figure 16 depicts the instantanedus heat traﬁsfer across the ele-

ment 1-2 boundaries over a blowdown and reheat cycle at three axial"
' positions. Tﬂis heat transfe; is negligibly small, less théh 0.04
percent of the heat transfer from the gas to the ceramic (shown in
Figure 12). It should be noted, however, that the bottom of the bed
deviates the farthest from what would be an-adiabatic surfgce in a large
bed.. |

| The percéﬁtage‘of the heat transférred fromvthe'core to the contain-
ment tﬁbe over a blowdown and reheat cycle was compared to the heat
transferred into the core at the same axial position during reheat and'
was found to be 8.6 percent at the top of the bed and O.QS percent at
the bottom. The percentage of heat transferred axially along the bed
over a blowdown or reheat cycle was also compared fo the heat trans-
ferred into the core during reheat and was found to be less than 0.0l‘

percent at any axial position.




CHAPTER V

CONCLUSIONS

Based on the simulation performed using the finite-difference

. model, several conclusions can be made.

1.

The containment tube must be considered to .be pért of the core
thermal mass.

The 1arges£ temperature gradients in the core afe radial,
occurring at the Bottom of the bed.

Heat transfer from the fluid to tﬁe ceramic is greatest at the

bottom of the bed.

The resistance of the vertical gaps in the insulation is small '

in comparison to the total insulation resistance.
The central elements experience the largest temperature fluc-.

tuations over a cyclic-equilibrium cycle.

" Radial heat transfer from the ceramic surrounding .the central

flow channel is small.




CHAPTER VI

RECOMMENDATIONS

Future designs of the heat exchaﬁger should try to minimize the
core to containment tube interaction through the use of a larger

core or smaller containment tube.

A model of the preheater core should be developed thét‘includes the

containment tube as an integral part of the model.

Present results show the resistance of the vertical gaps in the
insulation to be small. Using an implicit formulation to model the
heat transfer through the insulation could Save-large amounts of

computer time.




TABLES
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TABLE 1. Modified Conduction Shape Factors

i-j Sc

ij
1-2, 5-8, 6-9, AZ
0.2993 , 0.2993
7-14, 10-15, 11-16 kg kj
2-3, 6-7, 9-10 AZ
0.4920 , 0.4920
14-15 ky _ kj
3-4, 5-6, 8-9, AZ
0.7609 & 0.7609
10-11, 15-16 k k,
i ]
16-17, 11-12 AZ
0.4920 , 0.4585
+
k k
i i
12-17 AZ
0.3412 4 0.3412
k X,
i J
17-18, 12-13 AZ
0.1974 . 0.3491
+
k k
i i
18-19 AZ
0.5863 , 0.4616
k k
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TABLE 1. Continued

A
J Scij

1-1, 2-2, 3-3, 4-4, 5-5, -5
(6.112 x 10" °/AZ)

by T, 858, 19-9,010510, 1 1
N
W e s S (S e T 1 J
12512, 17-1% (1.0128 x 10" */a2)
LSS e
k, 75
1 3
19-19 (1.3763 x 10‘4/Az)
bR
X, K.
i 3
13-13, 18-18 (1.863 x 10”*/az)
i
k, k,

*Note: Stii denotes the modified conduction shape factor from the Jth
node to the J+lst node.
SEii denotes the modified conduction shape factor from the Jth

node to the J-lst node.
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TABLE 2. Modified Convection Shape Factors

i-k chi-k

1-1, 2-2, 3-2, 4-2, 5-2,

AZ
=0 ud. 8an 0= S B3, 0.4410 200.55
+
ky h,
1148wt 1Bt 1620
193, 174 AZ
1,105  266.73
R |
1 K
5 Vs B0 AZ
0.667 . 160.63
I R
i K
19-4 AZ
0.800 , 200.55
K h

i k
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TABLE 3. Simulation Data

Reheat Cycle:

Inlet gas velocity 44 M/sec
Inlet gas temperature 1725 K
Inlet gas pressure 86850 pascals

Blowdown Cycle:

Inlet gas velocity 11.48 M/sec

Inlet gas temperature 450 K

Inlet gas pressure 86850 pascals
Reheat cycle time 300 sec.
Blowdown cycle time 300 sec.
Ambient temperature 298 K

Flow channel roughness height 2.89 E-4 M
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TABLE 4.--End of Blowdown Core Temperatures

Axial Position (Distance from Bed Bottom)

Element # 6.046 M 3.096 M 0.046 M
b 1563.17 1179.71 571.29
2 1563.10 1179.66 571.34
3 1562.90 1179.50 571.54
4 1562.60 1179.36 572:25
5 1562.69 1179.70 573.34
6 1563.13 1180.56 575.36
7 1563.29 1180.93 576.20
8 1562.95 1180.10 573.79
9 1563.88 1181.56 576.49

10 1566.51 1185.08 581.55
11 1573.06 1193.10 591.99
12 1580.41 1201.54 601.34
13 1583.22 1204.83 604.82
14 1564.22 1182.19 577.68
15 1566.62 1185.26 581.80
16 1573.09 1193.18 592.12
17 1580.32 1201.57 601.83
18 1583.05 1204.94 606.53
19 1584.12 1206.81 611.21

End of Reheat Temperatures

1 1637.59 1274.03 717.84
2 1637.62 1274.10 717.82
3 1637.70 1274.29 717.73
o 1637.79 1274 .49 717.18
5 1637.65 1274.23 716.05
6 1637.10 1273.44 713.99
7 1636.90 1273.12 713.09
8 1637.54 1273.91 715.37
9 1636.51 1272.52 712.54
10 1633.97 1269.10 706.93
11 1627.62 1261.13 695.41
12 1620.84 1252.76 684.66
13 1618.17 1249.99 680.63
14 1636.20 1271.97 711.19
15 1633.92 1268.96 706.59
16 1627.62 1261.08 695.24
XY 1620.86 1252.75 684.25
18 1618.09 1249.40 679.30
19 1616.49 1247.50 675.12
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TABLE 5. Containment Tube Temperatures

End of Blowdown:
Axial Position (Distance from Bed Bottom)

Radius (m) 6.046 M 3.096 M 0.046 M
0.0795 1565.01 1217.01 639.62
0.0871 1563.67 1216.96 639.90
0.0947 1562.00 1216.65 639.96
0.1024 1360573 1216.24 639.91
0.1100 1559.32 1215.83 639.83

End of Reheat:

_ Axial Position (Distance from Bed Bottom)
Radius (m) 6.046 M 3.096 M 0.046 M

0.0795 1565.74 1217.65 640.34
0.0871 1563.66 1216.85 639.95
0.0947 1562.00 1216.38 639.81
0.1024 1560.58 1216.07 639.80

0.1100 1559 731! 1215782 639.81
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