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Abstract:

Potassium sulphate (seed) flow and buildup on a tube wall of a cored brick regenerative air preheater
was modeled using an adaptation of a previously developed slag flow computer model. The slag and
seed flow problems will be encountered in air preheaters used in proposed open cycle
magnetohydrodynamic (MHD) power generation. Two cases of flow which simulated experimental
conditions of two runs on the Flui-Dyne Engineering Corporation experimental air preheater were
modeled. Comparison of analytical and experimental results showed that the model can reasonably
predict the occurrence of flow restrictions in the tube due to seed buildup but the magnitudes of the
restrictions cannot be predicted due to limitations of the model.
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NOMENCLATURE
Description

Cross—sectional area of flow
Total blowdown cycle time
Fluid speéific heat
Circumferencé of flow tube
Weight concentration of seed in gaé stream
Diameter of flow tube
Frictioﬁ factor
Acceleration due to gravity
FluiaAthermal conductivity
Equivaient sand grain roughness factor
Dimensionless particle deposition velocity
Length of axial element
Seed mass depositiqn from gas stream

Mass flow rate of gas stredm

Local pressure

Radiai position

Reynolds number for gas flow
Total reheat cycle time

Time

Fluid temperature

Wall temperature
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Description
Gas stream temperature
Velocity component in axial direction
Velocity component in radial direction
Average gés velocity

Mean fluid velocity

Elemental volume

Volumetric flow rate

Dimension measured from tube wall inward
Axial position

Time step

Axial step

Fluid layer thickness

Fluid density

Gas stream density

Dynamic viscosity

Surface shear due to gas flow

subscript j denotes axial step

superscript n denotes time step
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ABSTRACT

Potassium sulphate (seed) flow and buildup on a tube wall .of a
cored brick regenerative air preheater was modeled using an adaptation
of a previously developed slag flow computer model. The slag and seed
flow problems will be encountered in air preheaters used in proposed
open cycle magnetohydrodynamic (MHD) power generation. Two cases of
flow which simulated experimental conditions of two runs on the Flui-
Dyne Engineering Corporation experimental air preheater were modeled.
Comparison of analytical and experimental results showed that the
model can reasonably predict the occurrence of flow restrictions in the
tube due to seed buildup but the magnitudes of the restrictions cannot
be predicted due to limitations of the model.
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CHAPTER I

INTRODUCTION -

Efficient éperation of proposed coal-fired, open-cycle magnetohy-
drodynamic (MHD) power generating plants will require combustion gas
temﬁeratures on tﬁe order of 3000°K. A prerequisite for successgfully
obtaining these temperafures is that the,cqmbuétion air be preheated
prior to the combustion process. -

A ceramic fixed-bed regenerative heat exchanger utilizing exhaust
gases from the MHD channel to preheat incoming combustion air is cur-
rently being considered. A major problem associated with this system
involveé the corrosive potassium -sulphate seed- and coal slag-laden MHD
exhaust gases. As the gases cool during the heat up of the heat exchan-~
ger matrix, the seed and slag particles will condense and deposit along
the ceramic walls. The resulting behavior of the seed/slag layer with
respect to flow and growth could be a determining factbr in the feasi—‘
bility-of the regenerative heat.exchanger system.

Consequently, a.significant amount of expeérimental and analytical
research has been carried out in an effort to determine the cha;acteris—
tics of the seed/slég flow. An analytical computer model was developed

' at Montana State University [Clowes, 1] to predict slag flow and build
up on the experimental facility located there. The objective of this
thesis has been to adapt that analytical slag flow model to the condi-
tions of the FluiDyne Engineering Corporation experimental heat exchan-

~ger and to compare these analytical results with the experimental




results obtained by FluiDyne. The FluiDyne facility tested primarily

seed flow and the possibility of using pressure drop measurements as an

indicator of seed/slag buildup on passage walls.




CHAPTER II

LITERATURE REVIEW

Befofe seed flow in an MHD air preheater can be adequately modeled,
the seed mass deposition rate from the gas stream to the passage walls
ﬁust be acéurately known. Many analytical and experimental studies have
attempted to determine the rate of particulate deposition from turbulent
flow streams. General theoretical models have been developed by Fried-
lander and Johnstone [2], Davies [37, and Sande [4]. Experimental
studies were done by ?riedlander and Johnstone [2], and Liu and Agarwal
[5]. Oﬁdo [6] reviewed several of the theoretical models and experimen-
tal studies. Ondo's review showed that the theoretiéal models agreed

with experimental results for only limited ranges of deposition rates.

Overall, the experimeﬁtal results had a two-order-of-magnitude variation

and the theoretical models had a four-order-of-magnitude variation. This
indicates that more theoretical and experimental work needs to be done

before seed deposition in an MHD air preheater can be accurately pre-

(
dicted.

!

Slag flow in an MHD channel has been theoretically modeled by Rosa
[7]. Experimental measﬁrements of slag flow and slag properties in a
"simulated MHD channel have been carried out by Rodgers, Arigssohn and
Kruger [8].
Clowes [1] developed a theoretical model for slag flow in an‘MHb
air preheater. In the present work, this model has begn'modified and

used to predict seed flow in an MHD air preheater.




CHAPTER IIT °

THEORY

~ The matrix‘of a ceramic‘fixed~bed air preheater consists of a stack
of cored bricks which form an array of cylindrical fléw passages A model
'of the seed flow in a single passage is sufficient as the results ﬁay
be exten&ed'to any numbef of passages provided they are all operating
under the same flow conditions.
The momentum, ene?gy; and continuity équations governing  the axi-
symmetric flow of a layer of constant density fluid down the inside of a

vertically oriented cylinder from Clowes [1] are as follows:

Momentum:
2 2
S,0u 7 du duy _ aP ou_,1ldu, 6 9u
. p(Bt +.u52-+ Var = PE - oz + uC 2 + r or + 2) 1)
oz or
Cdu v Bu, L, Bu Bu
T Gt T 25 s
where p = fluid density,

u = velocity component in axial direction,
v = velocity componént in radial‘direction,
¢ = dynamic viscosity,

. g = aécelération due to gravity,
r = radial position,

axial position,

N
1

P = local préssure, and

time.

o
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Energy: (with negligible shear wofk)

3 13 3 oT 10 3T 9T _
9z (upeT) + r or (rv;pT) Y (k 3z T or (rk ar) +ope ot 0 (2)

where T = fluid temperature,

¢’ = fluid specific heat, and

k = £luid thermal conductivity.
Continuity:

¥ e . , :
'pat B pvin - p?but ' ' : . (3)

where ¥ = volume, and

=

volumetric flow rate.

Clowes [1] determined that the stability criteria liﬁiting the siée of
axial and time steps are too severe to allow a workable solution of the
three coupled equatioms. |

In order to obtain a workable modei of slag or seed flow, an addi-
tional limitation must be imposed. By constraining the model to apply

to a thin fluid layer, the temperature can be considered to be constant

. radially and equal to the ceramic wall temperature [Clowes, 1]. If the

axial temperature variation of the wall is known, the energy equation is
no longer needed. Since the viscosity is temperature dependent, it,

also, will vary only with axial position.




Using these simplificatibns and rectangular coordinates, the momen-
tum equation at any one axial position becomes the following relation-

ship for the radial velocity profile [Clowes, 1]:

. (t). + pgs. :
- 2 ,
u(y)=—zp—gy + —& 1y : (4)
F 2, u.
J
where j = axial position of calculation,
T = surface shear s&tress due to gas flow,
§ = fluid layer thickness, and
y = dimension measured from the tube wall inwafd.

In the same way, the expanded continuity equation becomes the following

partial differential equation (see Appendix 1 for development):

; a8 | . |
‘E.+ 3z ot ' ‘ ' (5

g
=
o
I
o
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i

seed mass deposition from gas stream,

.seed mean fluid velocity,

1 46
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Equation 5 can be solved using a backward finite difference with respect
to fluid veldcity direction (see Appendix 1 for explanation). For fluid
flowing down the bed with the zero axial position at the top of the bed,

equation 5 is approximated as:

T T Ly (m] Tt



N : . m N .
nt+l n i At [ n =T n —n] .
S8, = §, + At — + — |6, V. -8, - V. 6
3 J p bz (j-1 3-1 J J (6)
where superscript n denotes time, and

sﬁbscript j denotes axial position, measured from top of bed.

Solution of the thickness finite difference equation and the corres-—
ponding mean velocity equation requires knowledge of the ceramic wall
temperature, seed viscosity, surface shear due to the gas flow, and seed
mass deposition rate at all axial positions and at all times during the
flow simulation.

The axial temperature variation can be either a curve fit of exper-—
imentally measured values or a curve fit of values calculated with an
appropriaté analyticai heat transfer model. If the temperature'also
varies witﬁ time, the functional dependence with respect to time may be

fitted in a similar manner.

The seed viscosity is a function of temperature for which empirical

relationships are available.

The surface shear due to gas flow can be approximated using the
following rough regime pressure drop relationship, the Colebrook-White

friction factor relationship, and the shear stress equation:

- P . 2
.
P18 1 pos T2 28 -

(7
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where P = local pressure,
Z = axial position,
y = specific weight of the‘gas,
f = friction factor,
L= length of axial element,
D = diameter of flow passage,
V = average gas velocity, and

p-= gas density.

= 1.74 = 2 1o ['___st+13-7] _ (®)
vET %810 ' D Re/E -

~ where ks = equivalent sand grain roughness factor, and
Re = Reynold's number for gas flow;
. £_pr2> )
A 4 2g, . ‘
whére P = Bas stream density. )

These equations can be solved at different times at each axial element
aﬁd the resulting shear values can be fitted to give a relationship for
shear variation with axiél position and time. Either the total pressure
drop across the bed or the equivalent sand grain roughness factor must
be a known parameter. This development agrees with a thin seed layer
approximation in that.it does not take into account possible gas'flow.

variations due to a thick.seed layer bu?ldup.




The rate at which seed is béing depositéd onto the flow ﬁassage
wall is not an easily measured or calculated value. The e#perimental_
work of Liu and Agarwal [Sj parallels the conditions of an MHD air
preheater bettef than most of the other experiﬁental deposition studies,
Their results also agréé weli with theoretical models oﬁer the middle
range of deposition veloéities as shown by Ondo [6]. Therefore, a first
orde£ approximation of seed mass deposition rate can be made by using an
expérimental deposition velocity from Liu and Agarwal [5] and consider-
ing it not to vary with axial position or time.

The seed thickness can now be determined by dividing the air pre-
heater bed into a number of axial steps and caiculating the correspond-
ing thicknésé and mean velocity .at each axial position for one .time.

Time is then incremented by one step and the axial calculations repeated.

™ T T LK) [ R 11 B



CHAPTER IV

RESULTS

Two caseé of seed flow were modeled. The flow conditiors for~the
two cases correspond to those encouﬁtered in FluiDyne's experimental
test 5, listéd in.Tables 1 and 2. This data was obtained from White [9]
and Pearson [10] and Waé used to develop functional forms of the varia-
tions of wall temperature, seed viscosity, shear stress due to gas flow,
and seed mass deposition rates (see Appendik 2 for details).

The two test cases are designated as stable and unstable. The
stable experimental run showed no change in the préssure drop across the
bed with an increasing number of cycles while'the.unstable'experimental
run showed an increasing pressure drop across the bed with increasing
number of cycles. Thé air preheater bed was found to have significant
seed deposition within its flow passages after the unstable experimental
run. For both cases.the tube diameter was 19.1 mm and'the tuEe length
(bed length) was 5.182 m.. The séed material used was potassium sul-
phate.

The term "reheat" refers to the air preheater operational phase in
which the bed is being heated by the hot exhaust gases. The term "blow-
down" refers to the operational phase in which the precombustion air is
being heated by the hot bed. A "cycle'" is a combined reheat and blow-

down phase.
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" TABLE 1.--Stable Case Flow Conditions

Bed Geometry:

Bed Length = 5.182 m" )
Number of flow holes = 30

Diameter of flow holes = 19.1 mm

Flow Times:

Reheat cycle time = 60 min. w0
Blowdown cycle time = 30 min.
Total run time = 30 hr. 35 min.

Number of cycles = 20

Reheat Cycle:

Total gas mass flow rate = 0.0998 kg/sec
Inlet weight concentration of seed in gas = 2.53%
Maximum top temperature = 1846°K

Maximum bottom temperature = 1386°K

~ Inlet pressure = 103,422 Pa

Pressure drop across the bed = 6216 Pa

Blowdown Cycle:

Total air mass flow rate = 0.1066 kg/sec
Minimum top temperature = 1630°K
Minimum bottom temperature = 1188°K
Inlet pressure = 103,422 Pa

Pressure drop across the bed = 5221 Pa

Seed Material - Potassium Sulphate:

Density = 2660 kg/m3

Solidification temperature = 1344°K
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TABLE_Z.—-Unstable'Case Flow Conditions

Bed Geometry:

Bed length = 5.182 m
Number of flow holes = 30

Diametér of flow holes = 19.1 mm

Flow Times:

Reheat cycle time = 30 min.
Blowdown cycle time = 30 min.

Total run time = 5 hr. 20 min.

Number. of cycles = 5

Reheat.Cycle:

Total gas mass flow rate = 0.0921 kg/sec

Inlet weight concentration of seed in gas = 2.747%
Maximam top temperature = 1715°K

Maximum bottom temperafure = 1289°K

Inlet pressure = 103,422 Pa '

Pressure drop across the bed = 6987 -~ 9523 Pa

Blowdown Cyclé:

Total air mass f£low rate = 0.0809 kg/sec
Minimum top temperature = 1522°K

Minijium bottom temperature = 1105°K

Inlet pressure = 103,422 Pa

Pressure drop across the bed = 3580 - 4202 Pa.

Seed Material - Potassium Sulphate;

Density = 26601kgﬁm3

Solidification temperature = 1344°K

| 3l
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The major'difference in the flow conditions between the two cases
is the stéble'caée reheat'phase of 60 minutes éompared to the unstable
case reheat phase of 30 minutes. Thé resul£ of the longer reheat in the
stable case is a higher overall maximum wall temperature profile. By

the end of the stable case reheat phase the entire bed length has tem-

peratures above 1344°K, which is the solidification temperature for

~

>
potassium sulphate. ’

The results of the two case runs of the seed flow model are shown
in Figures 2 through 7. All plots are of the seed thickness profile vs.
a diﬁensionless bed length. |

Figure 1 shows the seed thickness profile 1200 seconds‘into the
first 3600 éécond rehéatAphase 0f the stable case. The maximum wall
layer thickness is 0,252 mm which occurs at a dimensionless axial posi-
tion of 0.675. This buildup occurs at the point where.the wall tempera-—
ture falls below the éolidification temperature of the seed. Above this
point, the deposited seed is flowing down'the bed and below this point

there is no flow as the deposition is considered to be in the solid

-

phase.

Figure 2 again shows the wall layer thickness profile at 1200
seconds into the first 3600 second reheat of the stabie case. This plot
is on an expanded horizontal scale.£o show in greater detail the thin
seed layers above and below the seed solidification péint. The maximum

thickness at the point of solidification extends beyond the scale of the

{ym) M) T L
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plot. Above the solidification point, the fluid seed layer has esfab—
lished a very ﬁhin equilibrium thickness. Most of the seed that has |
deposited in this area has flowed down to the point of solidification
where the buildup occcurs. Below the solidification point there is a
almost constant seed thickness. Thié is due to the constant deposition
rate used and zero flow below the solidification temperature.

The plot in Figure 3 shows the seed thickness profile at 2400 sec-~
onds into the first reheat phase of the stable case. The maximum thick-
ness is 0.919 mm and occurs af the dimensionless axial position of
0.975. This is the position of the solidificétion'point which has moved
down the bed due to continued heat up during the reheat phase. The
maximum thickness is inéreésing with time due to-continued deposition
and due to the drainage of a larger portion of the bed length.

By 2500 seconds into theé reheat cycle the entire bed length has
been heated to aﬁove the solidification temperature of the seed. Figure
4 shows the seed thickness profile at the'end of the reheat phase for
"cycles one and five. The two profiles coincide which indicates there is
cyclic equilibrium. -That is, the end of reheat profile does not changé
because after the first cycle the amount of seed depositéd equals the
amount of seed Ehat £lows out during each cycle. The end of reheat pro-
file for all 20 cycles is the same.

During the blowdown phase of operation, the precombustion gas flow

is upward through the air preheater bed. Because the end.of reheat seed
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lé&er 1s so thin and the seéd viscosity is quite low, the réveréal.iﬁ
gas flow direction also causes a reversal in the seed flow direction.
Figure 5 shows the seed thickness profile at the endAof blowdown‘fdr
‘cycles one and five. Again, the two profiles coincide due to cyclic
equilibrium., The solidification point is at the dimensionless axial
position of 0.46. The steplike decrease in seed thickness at this point
is due to the sudden solidification once the wall temperature is below
1344°K. The end of blowdown seed layer ﬁhickness is so small that the
deposition from the reheat phase can be considered to have completely
draiﬁed out of the Bed by the end of the cycle. |

Generally, the seed flow model for the stable case flow conditions

has shown that there should be no significant seed buildup on flow pas-

sage walls., This agrees with the experimental result of no increase in -

pressure drop across the bed since there are no flow festrictions to
cause an increase, |

Figure 6 shows the seed thicknesé profile at the end of reheat for
cycles one and five of the unstable case. The seed solidification
temperature occurs at the dimensionless axial position 0.81 for the end
" of reheat temperature profile. The maximum thickness occurs at the
solidification point and is 0.508 mm for tﬁe first cycle'and 2.36 mm for
the fifth cycle. This point of maximum thickness-experienced approxi-—
mately equgl growth with each of the 5 cycles. The fluid layer above

the solidification point has attained cyclic-equilibrium. The solid




20

18

® = FIRST CYCLE

STABLE CASE
X MINIMUM DEPOSITION RATE
END OF BLOWDOWN
P
| 2% FIFTH CYCLE

.20

1

©.39

.48

1

.50
1

©

0.6@

1

AXIAL POSITION / BED LENGTH

8.79
4

©.80

©.80

.
1 T i T 1

“6.000 0.001 0.002 0.003 __0.004 0.005 0.006
THICKNESS (MM)

Figure 5.--Seed thickness profile




21

UNSTABLE CASE
MINIMUM DEPOSITION RATE
END OF REHERAT
FIRST CYCLE
rIFTH CYCLE

0.10

H

.29
>
H

GTH
.30

0.ue
.l

e,
L

©.50

©.69
i

AXIAL POSITION / BED -LEN

o7

5]

@.80

0.20

©
©

" 0.000 0.500 1000 1500 2. 000 2.500 3. 000
THICKNESS « (MM

Figure 6.--Seed thickness profile




22 .0_

layer'below the solidification point shows growth during the five cyéles
due to continued deposition, N |

The end of blowdown seed layer profiles for the first and fifth
cycles of the unstable case are shown in Figure‘7. Tﬁe difference
between the'gnd of reheét and end of blowdown profiles for the unstable
case 1is that the fluid layer in blowdown is flowing upward and becoming
thinner and the solidification point has moved up to the axial position
0.33 |

The seed flow model for the unstable case has shown that an increas-
ing pressure drop across the bed with ingreasihg numﬁef of cycles is to
be expected due to a growing flow restriction in the tube. After the
fifth cycle the model shows a 43 percent reduction in flow area at the
point of maximum seed thickness. A flow reduction of this magnitude
exceeds the thin seed layer limitation of the model. 'Therefore, the
actual shépe and magqitude of tﬁe restriction is not accurately being
predicted by the model. In reality, once'the seed layer begins to
thicken at the point of solidification,.a ;adiai temperature gradient
will exist and the éeed will solidify in a more rounded profile &han is
indicated by this model. However, the model is accurately predicting
the existence of a flow rest;iction. The model also ;hould be reason-
ably accurate in predicting the location of the restriction.

Since using a minimum deposition rate from the work of Liu and

Agarwal ][5] was somewhat arbitrary, both cases were modeled again using
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twice this minimum value to determine the effect of the actual magnitude
of deposition rate on the model results. Figures 8, 9, and 10 are seed
thickness profiles resulting from the higher deposition rates. The
general profile shapes are the same as before but the magnitudes of the
maximum seed thickness vélues are significantly larger: At 2400 seconds
into the first reheat of the stable case the maximum thickness ié 2.03
mm as compared to the 0.919 mm obtained using the minimum rate. The
stable case end of reheat profile is slightly thicker than that obtained
with the minimum deposifion. This indicates that the equilibripm fluid
layer grows slightly with higher deposition rates bu£ most of the addi-.
tional deposition flows into the solidification point.

The unstable case maximum thicknesses were 1.16 mm at the first end
of reheat and 5f17 mm at the fifth end of reheat for the higher deposi-
tion rate. Consider the 5.17 mm méximum seed layer thickness to éct as
an orifice of 8.76 mﬁ diameter. The calculated pressure drop across the
bed dué to friction and the orifice is 9900 Pa. This is reasonably
close to the experimentally measured 9523 Pa préssure drop. However,
the similarly calculated pressure drop for the 1.16 mm maximum thickness

" at the end of the firét reheat is not comparable to the measured value
of 6987 Pa.

The measured 6987 Pa pressure drop indicates the maiimum seed layer
thickness at the end of .the first reheat of the uﬁstable case should be

approximately 4 mm. A séed. deposition rate of six times the original
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resultéd in a maximum thickness of 3.9 mm. Figure 11 sho&s this éeed
thickness profile. Since the flow model prediéts approximately equal
growth at the point of soiidification for each cycle, this last deposi-.
;ion rate would result in the model predicting plugging of the flow pas—
sége béfore'five cycles.are completed. Plugging did not occur in the
experimental run. Therefore, it is reasonable to assume -that this last
deposition rate approximates the experimental value,-and thét the limi- -
tations of the flow model are exceeded after the first cycle. 1In
reality, instead of having the.same amount of radial growth with each
cycle, the area of maximum thicknesé‘is probaBly expériencing consider-
able axial growth also, thereby slowing the radial growth. The pressure
drop calculations indicate the maximum thickness should only grow ap-
proximately 1 mm radially between the first and fifth cycles of the
unstable case.

Until additional refinements are made for both the analytical model
and for measurement of experimental dafa,‘further comparison between the
modél results and experimental results are difficult to make. The
analytical model doés not take into account the fact that air preheater
flow passages are not continuous tubes. In the experimental runs there
was significant cross flow.at brick interfaces as.well‘asnobvious-mis—
alignments of the Br@ckéu This allowed vgrying-mass flow ratés along

individual tube lengths.. .The horizontal temperature gradients in the

bricks themselves resulted in the different flow passages having maximum
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seed deposition at different axial positions. The total amount of seed

deposited on the flow passage walls was not measurable. Neither was the

rate of seed deposition measurable.

Although liquid seed drainage from the bottom of the preheater bea
was an observable phenoﬁena, no measurement of the relative rates of
drainage with tiﬁe was made. The analytical model indicates a sufge of
drainage should occur as the bottom of the bed héats to above the seed
solidification temperature during the reheat phase. The analytical
model also indicates the possibility of small amounts of liquid seed
beiné blown out the top of the bed dﬁring the'blowdoﬁn phase. This
phenomena was not looked for during the experimental runms.

Another experimeﬁtal parameter that. could be helpful but is not
available is the rate of change of‘the pressure drop across the bed. It
would then be possible to compare iﬁcreasing pressure.drops with in-
creasing flow restriqtions to deterﬁine whether the seéd thickness
growth rates were reasonable. The times of occurrence of maximum pres-
sure drops and maximum flow restrictions could also provide correlation

-

between experimental and analytical results.




CHAPTER V

CONCLUSIONS

From the results of the two ¢ases of seed flow modeled, it may be

concluded that:

1.

The analytical seed flow model can reasonably predict the
occurrence of é flow restriction for known flow conditions.
Seed fiow in an MHD air preheatef will not cause a flow res-—
triction if the entire bed length is heated ko ébove the seed.
solidification temperature for a short period of time.
Further experimental and analytical work must be done before

the behavior of large flow restrictions can be predicted.




APPENDIX 1

DEVELOPMENT OF THE PARTIAL DIFFERENTIAL EQUATION
GOVERNING THE SEED LAYER THICKNESS AND RESULTING STABILITY CRITERIA

Figure 1.1 shows a single axial element of fluid in rectangular
coordinates with significant flow parameters. The following mass bal-

ance can be applied to the element shown:

9
mass in - mass out il T (mass)

AN
|

SOOI A A

Figure 1.1 Axial Element of Fluid Layer

Expanding the terms:

mass in = ﬁ o Gl R A o TR 6K 6|Z . V]Z

BARE QRETR B 2 6|z+Az i V]z-Hx?

mass = p * C » 6 « AZ

where: C = circumference of fluid ring, and
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V = mean fluid velocity.

From the thin slag layer approximation, it can be assumed that &§/R << 1
and therefore, the circumference of the fluid ring is a constant. Sub-

stituting the expanded terms into the mass balances gives:

: & =2 (peces-
me+C-AZ+p-Ce 8] V| ~p-Cos| V| . =3-(p-C8-22)

Dividing through by p+C<AZ and applying the definition of a partial deri-
vative results in the partial differential equation that governs the

filuid thickness:

m, 3(8:V) _ 38
p + oz ot . 1.1

Equation 1.1 is a first order partial differential equation that
can be easily written in any of the finite difference forms. ﬁowever,
for an equation such as ﬁhis, there exists no standard limitation on the
axial or time step sizes that will guarantee convergence or stability.
Instead, any solution obtained must be testéd for convergence and the
stability criteria can be determined through physical reasoning applied
to the particular problem being solved.

Two stability criteria were determinéd for this fluid flow problem.
The first of these is the time step size must always be small enbugh
that none of the axial elements is allowed to completely drain with a

single step in time. This can be accomplished by calculating the time

i T T
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step size required to éllow a maximum percentage growth in the fluia
layer before steﬁping in time. Should all of these calculated time
'steps be large enough, a single minimum time step could be used through-
out the flow simulation. Otherwise, the time step size will have to be
calculated prior to steﬁping through each time step and will vary
throughout the flow simulation. The determining faétor here is calcu~
lation time.

The second stability criterion is tﬁat, shéﬁld the solution to the
equation deviate from a smooth curve due to physical conditions, the
finite difference approximation should not allow the.deviation to become
unbounded. The backward difference with respect to flow direction will
satisfy this second criterion. That is, if the fluid is flowing down-
ward and the axial zero position is at the top of the bed, the finite

difference form of equation 1.1 is:

S E R Vi [6h - Vi . - 85-V1] (1.2)
i i o T Az °3-17 Vi-1 7 %373 '
where: superscript n -denotes time, and

subscript j denotes axial position, measured from top of bed.

If the fluid is flowing upward and the zero axial position is at the top

of the bed, the finite difference form of equation 1.1 is:

m, _ )
3
+
6nl=6 +At——+—AE §T . Vo - &2

—-n .
j IS B R TS R AN (1.3)




35

Should the fluid change flow direction either a search routine which
locates the position of the change and‘a combination of equations 1.2
and 1.3 will solve equation 1.1, or a more complex solution technique

can be developed.

-




APPENDIX 2

DEVELOPMENT OF RELATIONSHIPS
SIMULATING EXPERIMENTAL CONDITIONS

The following functional relationships were developed to simulate

actual operating conditions for the two experimental test cases.

" 'Temperature Functions

A graph of the axial‘wall temperature variations at end of blowdown
and end of reheat for each test case was obtained from C. Victor Pearson
[10]. Data points from this graph were used to obtain a curve fif giving
temperature as a function of axial position at the end of blowdown and
end of réheat for both cases. Figures 2.1 and 2.2 show the axial wall
temperature profiles as determined by the developed functions. The wall
temperature€ Qas assumed to vary linearly with time during reheat and
during blowdown. The linear time variation was added to the axial tem-
perature functions resulting in a reheat temperature function and a

blowdown temperature function for each test case.

Stable Case

Reheat cycle:

t 2 2 t
wp b 13,127 - hoez” o

. . |
Temp = 1629.8 + 212.4 RT ~ 150.3Z + 22.1z R

e

where: Temp = wall temperature in °K,

t = time into reheat cycle (sec),

b

RT = total .reheat cycle time (sec), and

T (ol i)
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Z = axial position with Z=0 at the top of the bed (m).

Blowdown cycle:
- 184 L £ _ t 2 2t
Temp = 1842.2 - 212.4 BT 128.2z - 22.1Z BT + 8.527 + 4.6Z BT

where: t. = time into blowdown cycle (sec), and

total blowdown cycle time (sec).

]

BT

Unstable Case

Reheat cycle:

- | o 5.67 £ 2 2t
Temp = 1520.9 + 185.4 RT 111.8Z2 -~ 1).62 RT + 5.7Z27 + 3.92 RT

Blowdown cycle:

. . t ot 2 g2t
Temp = 1706.3 185.4 BT 127.47 + 15.6Z BT + 9.62 3.97 3T

Viscosity Function
The following empirical relationship for pure liquid potassium sul-
phate (K2804) viscosity as a function of temperature was obtained from

Heywood and Womack [117:

(lgzé-— 3.96)

p =10 _ -

(1273°K 5 T 5 1673°K)

1

where: 1 = viscosity in Pa-+sec, and

=3
i

temperature in °K.

¢ ot ey
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The seed solidification temperature is approximately 1344°K.

made

" Shear Functions

The following assumptions about the experimental conditions were

so that the shear functions could be developed:

1. Both the reheat gas stream and the blowdown air stream were
assumed to follow the viscosity - temperature relationship given by
Upshaw [12]:

w = 7.456 x 107/ 1g0-°818

(811°K < TK < 1922°K)

where:  ju = gas stream viscosity (Pa-sec), and
TK = gas stream temperature (°K).
2. The reheat gas stream was assumed to be 55.6°K (100°F) hotter

than the wall temperature..

3. The blowdoﬁn air stream was assumed to be 55.6°K (100°F) qopl—
er than the wall temperature.

4. A square edged entrance loss was included in calculating the

total pressure drop across the bed,

The 5.182 m bed was divided into 200 axial elements. Starting at the

flow entrance where all the flow conditions were known and assuming the

gas density to be a.comstant for any single axial element, the element
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exit bressure, fficéion faétor; and shear force were calcuiated using
equations 7, 8, and 9, These calculations were repeated through the 20Q
elements. A trial and error procedure was used to find the value of ks
~which would give a total bed pressure drop approximately equal to those
measured iﬁfthe stable éase experiment. A-ks value of 7.62 x 10—4 m
(30 mils) resulted in an end of reheat pressure drop of 6253 Pa énd an
end of blowdown pressure drop of 5509 Pa. This roughness factor was
used in both cases and it was assumed that the higher pressure drops
measured in .the unstable case could be attributed to flow restrictions
due to seed buildup. | |

Using the constant ks value, the axial shear variation was calcula-
ted and curve fitted at end of reheat and end of blowdown conditions for

both cases. The shear was assumed to vary linearly with time during

reheat and blowdown.

Reheat cycle:

= £ L 2 _ 2t
T = 5.59 + 0.74 RT 0.468Z + 0.093Z RT + 0.0431Z 0.0161Z RT
where: - T = shear force due to gas flow (Pa).
Blowdown cycle:
ot 't o 2 2 t_
-7 = 7.17 - 0.96 BT 0.637Z + 9'047Z.BT + 0.04352 + 0.0154Z BT




42

Unstable Case

Reheat cycle:

= 4,46 + 0.56 = ~ 0.294Z ~ 0.044Z Lo 0.01502° + 0.01242% £

Blowdown cycler

i

- _ r t 2 2t
= 3.77 ~ 0.46 BT 0.333Z + 0.049Z BT + 0 0253Z 0.0102z BT

Mass Deposition Function

The following mass balance may be written for any -axial element:

Ry =y +

where: ﬁl = kg seed/sec entering axial element,
ﬁd = kg seed/sec deposited on wall of element, and

ﬁz = kg'seed/sec leaving axial element.

From the stopping distance theory as shown in Ondo [6]:

: m,
d k \/v A—HD'AZ
where: C+ = welght concentration of seed in gas stream (kg seed/kg
air),
k, = nondimensional particle deposition velocity,

f = friction factor,

m_ = mass flow rate of gas stream (kg air/sec),

!

. 2
cross sectional area of flow (m™),
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diameter of flow hole (m), and

[
"

AZ = length of axial element (m).
By definition: my = C+l m
my = C+2 a

Knowing the inlet concentration and assuming it to be constant over the

axial element, the exit concentration was calculated by:

The seed deposition rates -and concentrations can Be calculated segment-—
ally as the axial elements are stepped through when k+ is known.

For a first order approximation, the minimum Liu and Agarwal [5]
measured value of k+ that agrees closely with theoretical work as shown
by Ondo [6] was used. This k+.was 2.5 x lO—4 and it was considered to
be a comstant with axial'position and time. The nondimensional relaxa-
tion time éorresponding to this k+ is 0.63. -From Ondo, seed particle
diameters of approximately 8 microns for the stable case and 9 microns
- for the unstable case can.be_determined from this nondimensional relax-

ation time.

T
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