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ABSTRACT

This thesis describes the design, construction and
testing of an apparatus for the measurement of the inter-
phase heat transfer coefficient in packed beds at high
temperatures and low Reynolds numbers.

The interphase heat transfer coefficient has to be
inferred from the transient response of the bed to a
perturbation in the temperature of the gas entering the
bed. The model used is the one\suggested by Vortmeyer
and Shaefer (1) with a term added to account for the heat
loss from the bed. The model contains a Peclet number (Pe),
which is the summation of the convective and conductive heat
transport occurring in the bed.

The temperature profiles generated by the numerical
solution of the model, for different values of Pe are compared
to .the experimental profiles and the sum of the square of the
differences are computed. The value of Pe that results in
the least deviation is chosen.

Results show that the model used can predict the experi-
mental temperature profiles, furthermore, the value of Pe
determined from the model compares favorably to the values
calculated using correlations available in the literature

for the effective axial thermal conductivity of the bed with

no flow (xg) and the Nusselt number, terms contained in the
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expression of Pe. The Pe is determinable only if the heat
lTost from the bed is minimized.

It can therefore be concluded that the apparatus built
and the data reduction scheme are capable of determining an
interphase heat transfer coefficient provided that the value

o . .
of Ae is known accurately from an independent measurement.
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INTRODUCTION

The knowledge of interphase heat transfer coefficients
in packed beds at low Reynolds numbers is essential in many
areas of chemical engineering, specifically in oil shale
retorts, coal and biomass gasifiers and regenerative heat
exchangers in coal fired MHD converters. Al1l the above
processes involve temperatures higher than or equal to 760K
(900 OF) where radiative heat transfer is important if not
dominating.

The overall objective of this project is to investigate
the radiative interphase heat transfer process in packed beds
as it app]ies.to oil-shale retorting. It is shown in refer-
ence (9) that in conditions similar to those encountered in
oil-shale retorts, radiative heat transfer may be the predom-
inant mode of heat transfer.

The scope of this investigation is to design, build and
test an apparatus for the measurement .of interphase heat
transfer coefficients and to develop a suitable data reduc-
tion scheme. This work is limited to purely convective
solid-fluid heat transfer. Future work will include radia-
tive as well as convective heat transfer based on the con-
clusions and recommendations of this investigation.

Results obtained by other investigators (2,6,14) show

the interphase heat transfer coefficient and therefore the
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the Nusselt number as a function of the Reynolds number (2),
both the Reynolds number and the Prandtl number (6) or the
Reynolds number, the Prandtl number and the void fraction of
the bed (14).

Interphase heat transfer coefficient data for packed
beds, at low Reynolds numbers, until 1979 are reviewed in
references (6,18,19). It is to be noted that the available
experimental data are all at Tow temperatures where radiation
is unimportant, moreover there is considerable dissagreement
in the reported results. Different investigators developed
different correlations for the Nusselt number as a function of
the Reynolds number. These correlations do not yield compar-
able results, in fact the differences between the values they
predict tend to increase as the Reynolds number decreases;
hence the difficulty of comparing experimental results at Tow
Reynolds number. It appears that the differences are due to

the different models used in interpreting experimental data.
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THEQRY

Direct measurement of interphase heat transfer coef-
ficients requires measurement of heat fluxes and inter-
phase temperature differences. The interphase heat trans-

fer coefficient is then:

h = a/AT
where h is the heat transfer coefficient, g is the heat
flux and AT the driving force. In the case where strong
radiation is occurring, either solid to solid or solid to
fluid, the temperature of the fluid is not measurable,there-
fore heat transfer coefficients cannot be measured directly;
they have to be inferred by other means.

Interphase heat transfer coefficients in packed beds
can be calculated indirectly from the dynamic response of
the bed to an induced perturbation of the temperature of the
fluid. The perturbation can be a pulse, a step, or an oscil-
lation. The calculation is made possible by use of a mathe-
matical model that describes the packed bed and enables the
prediction of the experimental results. Therefore, the
results are somewhat dependent on the model used as pointed
out by (1,6,14).

Many models have been used by different investigations
in the study of heat transfer in packed beds. Most models

are basically two-phase models, i.e. there are two heat
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balances, one for each phase; the solid phase and the

fluid phase. Each model is based on some assumptions which
may or may not be app]icabTe in all cases. Some of these
models are:

1) The Schumann model (6)

EIE = - y' il - ha (T. - T.) *
ot X eCFpF F S
T
S ha
(1-e) 55 = ¢ (Tg = Ts)

The Schumann model assumes that the fluid is in plug flow,
no temperature gradient exists within the particle, and it
neglects axial conduction in the solid phase.

2) The Continuous Solid model (C-S) (6):

2
Sl fer o Te TR _ha (g
at sCFpF p) x2 X CFpF F S
2
(1-¢) 213 - ges 2 Tg oo (Tp - Tg)
sfs X sPs

The Continuous Solid model assumes that the fluid is in
dispersed plug flow, and that there is also axial heat con-
duction in the solid phase which is continuous. It is again

assumed that no temperature gradients exist within the solid.

*AT1 Symbo]s are defined in nomenclature p. (51).
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3) The Dispersion Concentric model (D-C) (6):

2

2IF = %ax : EF - :IF - o (Tg - Tg(R))

3 X “YFPF
3T 327 3T
S - 4 ( S + 2 S )
ot S er r or
with the boundary condition:

BTS

@ r =R KS e = h (TF - Ts)

The Dispersion concentric model assumes that the fluid is
in dispersed plug flow and the solid particle temperature
field has radial symmetry. Particle to particle heat trans-
fer is ignored.

'Each of the previous three models is an attempt to
realistically represent a packed bed.

The Schumann model does not take into account dis-
persion which becomes important at low flow rates. The C-S
model on the other hand includes the dispersion effects
and internal heat conduction in the solid phase. The D-C
model (6) calculates an average particle temperature from
the concentric profile and uses it as a local solid tem-
perature.

For present purposes at high temperatures, where sig-

nificant particle to particle heat transfer may be present
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due to radiation, the C-S model seems most appropriate.
Experiments can be designed so that the disregard of par-
ticle internal temperature gradients is unimportant,
namely by the use of small diameter particles. Littman
and Sliva (2) have shown that a packed bed can be repre-
sented by the C-S model with the dispersion term in the
gas phase neglected. The two phase heat balance equations

are now the following:

oT
F _ aT
eople 55— = - 60 &5 * ha (Tg - Tp)
3T 22T,
(1-8) pSCS —BT- = (1-6) Kes a—x—z——— + ha (TF - TS)

Vortmeyer and Shaefer (1) have reduced the Littman
and Sliva model from two phases to one pahse based on the
assumptions that the thermal capacity of the fluid is much
smaller than that of the solid and also that the second
partial derivatives of the fluid and solid phases with
respect to x are equal. A sufficient condition for the
later assumption is that the fluid and solid temperatures
be almost equal.

The one phase model becomes:

2,2
BTS G C

- o Fy 3
(1-€) psCs —¢— = (g + —x7) ox - GC

3T
Fax B
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A derivation of the one-phase model is shown in Appendix A.
If a heat Toss term is included to account for heat
lost from the bed equation 1 becomes

2.2
BTS _ o G°C BTS aTS
X

F
(1-e) ogCg 57— = (Mg + 3 ) — - 6Cr 5>

- hb (TS - To)

where To is the average temperature of the surroundings.
In the perturbed dimensionless form the above equa-
tion becomes:

96 - 1 828 a6

ser  Pe(l-e) ¥z Y - (2)

The derivation of the above equation is shown in Appendix A.
The boundary conditions for the one phase model with
step input in gas temperature at the inlet of the bed are:

@ x* = 0 (inlet of the bed)

GCF (1 _ 6) = _ rax 88*

DP X

and @ x* = L/DP (outlet of the bed)

The boundary conditons are known as the Danckwerts

boundary conditions. At the inlet, a heat balance is made
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on a differential bed length. At the outlet, the boundary
condition implies that there is no temperature gradient at
the end of the bed. The reasoning behind that is that if
there were a gradient it would be either positive or nega-
tive. If it were positive then for heating, the temperature
profile would pass through a minimum somewhere in the bed,
and if it were negative a heat balance shows that the gas
temperature outside the bed would be higher than the gas
temperature at the exit of the bed. Neither case can occur;
therefore, the gradient must be zero at the outlet of the
bgd. Bischoff (22) has shown how these boundary conditions
may be arrived at by detailed analysis. It is to be hoted
that the accumu]atiop term in the outlet boundary condition
may be neglected because the differential volume can be made
infinitesimally small and because the thermal capacity of
the fluid is small relative to that of the bed.

The assumptions made in the derivatin of the Vortmeyer
model are justifiable in the present experiments: the fluid
physical properties such as heat capacity, density, and ther-
mal conductivity are all much smaller than those of the solid.
Calculations show that the particle temperature becomes equal
to the gas temperature in a time much smaller than the time it
takes the temperature front to cross one particle diameter.
The penetration time for the temperature to reach the center

of the spheres is about 0.5 second; whereas the time required
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for the temperature front to traverse one particle diameter
ranges from 50 to 100 seconds. Therefore, assuming the solid
temperature equal to the fluid temperature is a good assump-
tion. The calculations mentioned above are for a particle
diameters of about 1.8 mm and a mass flow rate range from

4 kg/s.

Solution of the one phase model (equation 2) yields

1.5 x 10°% to 3.0 x 10”

temperature profiles as a function of time and the axial
direction for given assumed values of Pe and H. In equation
(2), Pe represents the ratio of the convective to "diffusive"
heat transfer, y is the volumetric heat capacity ratio aﬁd

H is equivalent to a number of transfer units for heat loss.

The Pe contains the terms: Ag

the effective thermal
conductivity of the solid phase with stagnant gas. Correla-
tions for the values of Ag are given in the literature (3,4,
5). h is the interphase heat transfer coefficient, it could
be due to convection only or a contribution of both convec-
tion and radiation. A possible assumption in the case where
both convective and radiative interphase heat transfer are
present is that:

hconv * hrad

3

h is proportional to T, but for a small temperature per-

rad
turbation it can be assumed constant. &, is the area of

solid per unit volume and for spheres is equal to:
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a = 6 ( l-e)/Dp
An advantage of Vortmeyer's one phase model over other
models is its simplicity and its ease of solution. This is
not done at the expense of accuracy of the solution as com-
pared to other models. It %s shown in reference (1) that
the one phase model yields results that are comparable to

results obtained by other models.
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APPARATUS

I. Design Considerations

Since radiative heat transfer becomes important at high
temperatures and since the calculation of the interphase
heat transfer coefficient requires the transient response
of a packed bed to a perturbation in the gas temperature, the
apparatus should be able to withstand the operating tempera-
ture and enable the perturbation to be induced. Also the
design should consider the assumptions made in the mathema-
tical model and try to meet the conditions necessary to make
these assumptions valid.

High temperature materials have to be used in order to
satisfy the operating temperature requirements. Spherical
particles are to be used because of the ease of calculation
of the surface area per unit volume. The particle diameter
has to be small relative to the bed diameter in order to
minimize solid to solid radiation and reduce the possibility
of channeling. This also decreases the time constant of
the particle, so that the penetration depth of pertrubation
is equal to or greater than the average particle radius in
a time smaller than that taken by the temperature front to
move one particle diameter. As mentioned,earlier the

latter condition is satisfied.
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The reduction of the particle diameter reduces solid
to solid radiation because the geometric mean beam length,
L,> 1s decreased. Reference (9) shows that the radiative
contribution to the thermal conductivity of the bed is
directly proportional to zm. Also, small spheres reduce
the possibility of channeling because they create many more
paths for gas flow and reduce voidage variations at walls
and intrusions 1ike thermocouples.

The wall thickness of the vessel holding the packing

should be small so as to make the heat content of the walls

small relative to the heat capacity of the bed.

II. Apparatus Construction

A schematic diagram of the apparatus is shown in Figure
1. The gas supply (in this case a non-radiating gas; nitro;
gen) passes through a rotameter on its way to the heater.
The gas flow is designed to enable a stream of cold gas to
bypass the furnace. The stream could Tater on be cut off
by means of a toggle valve to allow a step increase in the
gas temperature to enter the bed. The total flow through
the bed remains unchanged because the supply valve, {2} is
chosen so that the gas velocity at the orifice is sonic,
this makes the flow rate independent of the downstream pres-

sure.
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The heater, {11} , a "Harper Electric Furnace" with a
hollow carbon heating element rated at 8 kw and a maximum

temperature of 1900 K (3000 °

F), is used to heat the gas
before it enters the bed {10}. This is achieved by means
of three meters of (0.25" x 0.035") Inconel tubing placed
inside the heater in the form of hairpin sections, five
passes in all.

The packing in the bed consists of "Coors Ceramic"
AD-90 spherical granules (their mean diameter is 1.837 mm)
whose composition and properties are listed in Appendix B.
A 2.5" layer of 1/4" spheres is placed at the inlet of the
bed to evenly distribute the gas flow. The temperature in
the bed is measured by three thermocouples. The junctions
of two {T1l, T2} are placed on the centerline of the bed
103 mm abart, the third junction {T3} is placed at the wall
adjacent to T2. T3 is used to measure the temperature dif-
ference between the center and the wall of the bed. The bed
and all the hot tubing are insulated with a high tempera-
ture insulation, Johns Manville "Cerachrome" that can with-
stand temperatures of about 1700 k (2600 °F). The thermal
conductivity of this material is given in Appendix D. The
bed and all the hot tubing, except the heat exchanger, are

made of 304 stainless steel. A1l tubing connections are

made with 1/4", 316 stainless steel "Swagelok" fittings.
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The furnace temperature is controlled by a "Honeywell"
SCR {9} acting on the secondary transformer relay switch of
the furnace. The SCR is driven by a "Honeywell" propor-
tional controller {8} calibrated to give 0-100% output for
an inlet voltage range of 41.269 mV to 48.828 mV, which
corresponds to a temperature range of 1273 to 1473 K (1830
to 2190 oF). The furnace temperature is measured with a
thermocouple (T4). Temperature control to within £ 0.25 K.
The gas temperature exiting the furnace is measured with a
thermocouple (T5). A1l thermocouples are standard type-K
(Chromel-Alumel).

The bed consists of an 8" x 2" 0.D., 304 stain}ess steel
tube with 0.012" wall. A schematic diagram of the bed is
shown in Figure 2. The bed and insulation are placed in a
55 gal steel drum. A cylindrical guard heater {127J of 9.5"
in diameter and 18" in length surrounds the bed. The power
input to the guard heater can be varied by means of a Variac.
The insulation temperature at thé guard is monitored by a
thermocouple (T6). The guard heater is used to minimize heat
loss from the bed and therefore minimize the steady state
temperature gradient in the bed.

A heating coil 114} is wound, in the insulation, around
the tubing as it exits the furnace to minimize the heat loss

from the gas before it reaches the bed.
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Figure 2. DIAGRAM OF THE BED
1/4" spheres

Thermocouples
1.837 mm spheres
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AT1 thermocouples are connected to a panel and selector
switch, which in turn is connected to a "Keithley Digital
Multimeter" via an "Omega CJ" cold junction compensator.

The multimeter precision is 1 uV and it is accurate to

+ 4 uV, in the range of measurements (25 to 30 mV).
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PRELIMINARY EXPERIMENTAL CHECKS

I. Channeling

Pressure drops across the bed were calculated for the
experimental flow rate range and were found to be small
(10) (l1ess than 5 mm Hg). The pressure drop was measured
at a much higher flow rate in two cases; first, when thermo-
couples T1l, T2 and T3 were placed in the bed, second, when
no thermocouples were present. Measurements showed that
the pressure drop in both cases was identical (within the
readability of the manometer). The precision of the read-
ing was 1.3 mm of mercury, corresponding to an accuracy of
about 1.8% in the range of the value of the pressuré drop.
This was evidence that the presence of the thermocouples did
not cause significant changes in the flow characteristics of
the bed. Further evidence could be obtained by observation
of the bed thermocouples. If wall channeling were occurring
T3 should have shown an increase in temperature before T2.
On the other hand, if there were channeling in the center of
the bed the converse should have been observed. Moreover if
there were channeling along the thermocouple wire, then T2
and T3 should have started changing as soon as Tl. None of
the above conditions was encountered during the experimental

runs.
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II. Rotameter Calibration

The main flow rotameter was calibrated using a "Preci-
sion Scientific Company" wet test meter. The reading in
‘the rotameter is at 30 psig, pressure at which all of the
experimental runs were performed. The flow is at 620 mm
of mercury and 70°F. Figure 3 shows the calibration curve.
The manufacturer's calibration curve showed that the flow
rate was directly proportional to the reading (at 1 atm and

70 °F).

ITI. Thermocouple Calibration

The thermocouples used in the experiment were calibra-
ted against a reference chosen at randon from the group. The
procedure was to bundle the thermocouples and place them in
the furnace at different temperatures. At room temperature,

all thermocouples read the same to within + 1 uV of each other.
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EXPERIMENTAL PROCEDURE

After the furnace has reached steady state, the gas
supply is turned on and the bed is heated to steady state
with the bypass valve open. Both the guard heater and the
heating coil are switched on at the beginning of the experi-
ment.

When steady state is reached, as shown by the thermo-
couples placed in the bed, the chart recorder is switched
on and the bypass valve is shut.

The change in temperature at the inlet of the bed is
recorded as well as the difference between the inlet and out-
let thermocouples. The values of the inlet temperature are
read periodically directly from the digital multimeter
because the values plotted on the chart recorder are not
accurate enough due to the high ranges setting required on
the recorder for the inlet temperatures. The temperature
difference is read off the chart and is accurate to 0.05%
in the experimental range.

The experiment is continued until the rate of change of
the temperature with time is small compared to the maximum

change.
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DATA REDUCTION PROCEDURE

The experimental data were first reduced to a dimension-
less form. A numerical solution to the one phase model was
developed using the implicit method. A copy of the computer
program used and details pertaining to its solution are in
Appendix E. Initial solutions of the one phase model with
a step increase at the inlet of the bed compared poorly to
the experimental responses of T2. The most important reason
was the presence of the layer of large spheres which caused
dispersion in the heat wave, thereby changing its shape.

A more successful approach was as follows. The reduced
experimental profiles were fitted to a polynomial. The
polynomial for T1 was used as the forcing function for the
numerical solution. The generated output profile at T2 was
then compared to the experimental output and the Euclidian
norm was computed for different pairs of values of Pe and
H. The Euclidian norm is defined as the sum of the squares
of the differences between the generated and experimental
responses of T2.

)2

n
€= El (Tca1c - Texp

An "error"map was drawn for each run in order to locate the

values of Pe and H that best fit the data.
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For comparison, theoretical values for Pe were calcu-
lated using the following equation derived in Appendix A.

)\O
_ e y(1-€) Re Pr Y
1/Pe xg Re Pr * 6 Nu

Values of xg/xg were estimated using different correlations
from references (3,4,5), as were values of Nu (2,6). The
values of Ag/kg were calculated with solid to solid and void
to void radiative heat transfer taken into account. The

equations used are listed below:

From reference (3)

0 _
S (A /A

}0.280 - 0.757 Toge- 0.057 Tog (A;/r;) (3)
g
The above equation does not account
for the radiative contribution. From
reference (5) the radijative contribu-
tion (A?/Ag) was calculated and added

to the value obtained from the equation

of reference (3)

20 = 0.692 o D, 13/108 (3A)

Where T is in degrees Fahrenheit and

o

A

in (Btu/ft - hr - °F).
From reference (5):

A/ = B(l-€)/ (o (Ag/ks) + 1/(1/0 + Dp hrS/Ag) +

' 4
g B Dla hrv /xg (4)
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where hrs,'the solid-solid radiative heat
transfer coefficient, is equal to:

h o = 0.1952 (p/(2 - p)). (1/100)3

and hrv’ the void-void radiative heat trans-
fer coefficient, is equal to:

= 0.1952/((1+ 5r5y) - £B) . (17100

3
5 )

where T is in Kelvin, hrv and hrs are in
Kca]/m2 - hr.K) |

¢ =0.04, £ =0 =1.0

The correlations for the Nusselt number used
were: ‘
From reference (2)

0.41 4.6 < Re < 13 (5)

Nu = 0.89 Re
and from reference (6)

Nu=2+ 1.1 Re 0:-6 pp1/3 (6)

Re is based on the superficial velocity
of the gas whereas Re 1is based on the

interstitial velocity.
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RESULTS

Figures 8,9,10 and 11 show the experimental, fitted
and where possible, generated temperature responses for
Tl and T2 for the values of Pe and H listed in Table 8.
Tables 1, 2, 3 and 4 are tabulations of the experimental
results. Tab]q 5 shows the fitted polynomial coefficients
for T1 and T2. Values of Pe and H were obtained from runs
#3 and #4. The first two runs yielded no results:as dis-
cussed below. Tables € and 7 represent the experimental
conditions for each run. Values of the calculated Pe, for
different correlations mentioned earlier, are listed in
Table 9. Column I uses values of AZ/AQ calculated from
equation 3 with the radiation contribution calculated from
the difference in equation 4 when hrs and hrv are evaluated
and when they are ignored. Column II uses values of Ag/xg
calculated from equation 3 with 3A. Column III uses values
of A:/xg ca]cu]ated from equation 4. Sub-columns (5) use
values of Nu calculated from equation 5. Sub-columns (6)
use values of Nu calculated from equation 6. Table 10 repre-
sents the percent difference between the measured and calcu-

lated Pe for different correlations of Ag/kgand Nu.
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Table 1. Results for Run #1

t*(x10'4) Puinlet 6 outlet
0.00 0.000 0.000
7.14 -0.004 0.000
9.24 -0.025 0.000
12.18 -0..051 0.000
15.54 -0.089 0.000
18.91 -0.145 0.000
21.01 -0.190 0.000
33.19 -0.402 0.000
47.05 -0.597 -0.053
63.44 -0.740 -0.155
76.46 -0.813 -0.250
86.54 -0.856 -0.318
98.31 -0.898 -0.390
114.69 -0.941 20.471
121.83 -0.961 -0.499
142.00 -0.975 -0.551
145.78 -0.978 -0.561
183.17 -0.998 -0.621

198.89 -1.000 -0.627
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t*

0.0
3.2
6.9
10.
14.
17.
21
25.
28.
33.
37.
41.
48.
53.
57.
61.
67.
68.
71.
74.
78.
81.

0
8
3
95
60
52

.53

18
83
94
59
60
54
28

66 -

31
51
61
16
81
64
74

o O O O O O O O O O O O O O O o o o o o o o

Results of Run #2

O inlet
.000
.001
.016
.056
.113
.166
.245
.317
.384
.469
.522
.574
.651
.695
.730
.755
.792
.798
.812
.829
.845
.858

O O O O O O O o O O O O O o O o o o o o o o

_e_outlet
.000
.000
.000
.000
.000
.000
.000
.000
.007
.014
.027
.048
.092
127
.160
.188
.236
.244
.263
.290
.316
.337

31
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100
104.
107.
111.
115.
118.
122.
125.
129.
133.
137.
140.
143.
148.
151.
155.
156.

2

.41
.06
.71
.40

00
70
70
00
60
30
90
60
20
20
50
10
20
80
10
90

Table 2.

(cont.)

nlet

B 1

o o o o o o o o o o o o o o o o O o o o

—

.872
.885
.896
.906
.915
.924
.931
.939
. 945
.952
.958
.963
.968
.973
.978
.982
. 987
.991
.994
.998
.000

o o o o o o (=] o o o o o o o o o o o o o (an]

6 outlet
.358
.384
.404
.423
.442
.458
.473
.490
.501
.514
.527
.538
.552
.561
.571
.579
.588
.597
.603
.609
.614

32
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Table 3. Results of Run #3

t* 6 inlet 6 outlet
0.00 0.000 0.000
1.67 0.002 0.001
3.33 0.005 0.002
5.00 0.010 0.003
6.66 0.016 0.004
8.33 0.025 0.004
9.99 0.037 0.006

11.66 0.051 0.007
13.32 0.070 0.008
14.99 0.089 0.009
16.65 0.112 0.009
19.98 0.165 0.011
21.65 0.192 0.012
32.47 0.379 0.020
34.14 0.406 0.022
38.30 0.470 0.031
46.63 0.580 0.058
50.79 0.627 0.078
54.12 0.660 0.099
59.95 0.711 0.139
70.77 0.786 0.227
73.27 0.800 0.250
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Table 3. Cont.

t* B inlet 6 outlet
78.27 0.826 0.294
82.43 0.845 0.329
87.42 0.866 0.373
91.59 0.881 0.407
96.58 0.897 0.445

101.60 0.911 0.480
106.60 0.924 0.511
111.60 0.936 0.541
119.10 0.950 0.581
126.60 0.963 0.617
129.10 0.967 0.627
130.70 0.970 0.634
133.20 0.973 0.643
142.40 0.985 0.678
144.00 0.987 0.684
146.50 0.990 0.692
155.70 0.999 0.716
156.50 1.000 0.719
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t*

0.
2.

10.
15.
18.
21.
24.
27.

31

34.
39.
44 .
47.
52.
57.
63.
68.
73.
78.
84.

00
63

.26
.89

52
78
41
04
20
36

.57

20
46
72
88
61
87
13
40
66
92
18

8

o O O O O O O O O O O O O O o O o o o o o o

Results of Run #4

inlet

.000
.006
.012
.022
.036
.080
.112
.146
.192
.237
.300
.338
.409
.475
.510
.559
.606
.647
.682
.713
.740
.763

O O O O O O O O O O O O O O o 0o o o o o o o

6 outlet
.000
.000
.000
.000
.012
.018
.023
.029
.034
.039
.047
.053
.067
.087
.097
.125
.155
.189
.224
.261
.297
.331

35
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t*

2

89.

97.
105.
113.
121.
128.
135.
145.
152.
161.
171.
179.
187.
197.
207.

44
33
20
10
00
90
70
20
60
00
50
40
30
30
30

O O O O O O O O O O O o o o

oy
.

O O O O O O O o O o o o o o o

6 outlet
.366
.410
.456
.496
.526
.558
.583
.609
.631
.657
.676
.694
.710
.728
.744

36
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TABLE 7. EXPERIMENTAL CONDITIONS

Mass Flow
Run Rate (Kg/s) T1(K) - T2(K)
1 1.7 x 1074 926.15 863. 65
2 1.5 x 10°% 815.50 784.70
3 3.0 x 1074 914.40 878.65
4 2.0 x 1074 877.70 883.60

TABLE 8. DERIVED RESULTS

Run Re Pe H

1 3.88 - -

2 3.46 - -

3 6.25 4563 .7875 x 107°
4 4.38 2281 .8500 x 107 °

TABLE 9. CALCULATED Pe FOR
DIFFERENT CORRELATIONS OF Ag/kq AND Nu

I 11 111
(5) (6) (5) (6) (5) (6)

Run

3 3749 4335 3897 4693 3169 3677
4 2654 2890 2844 3116 2304 2479
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TABLE 10. PERCENT DIFFERENCE BETWEEN
CALCULATED AND MEASURED Pe FOR DIFFERENT
CORRELATIONS 0F‘A2/xg AND Nu

I | I1 111
Run '
(5) (6) (5) (6) (5) (6)
3 -21.7 -5.3 217.1 2.8 “44.0  +24.1
4 14.1 21.1 19.8  26.8 0.10 8.0

0
TABLE 11. Xe/xg FOR

DIFFERENT CORRELATIONS

—

Run 11 IT1I

1 12.660 11.786 14.609
12.708 11.795 14.615
12.181 11.199 14.481

HOWw N

12.442 11.510 14.567
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0

RESULTS FOR RUN 1, EXPERIMENTAL
AND FITTED.
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FIGURE 8. RESULTS FOR RUN 1
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1.0

RESULTS FOR RUN 2, EXPERIMENTAL
AND FITTED. )
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RESULTS FOR RUN 3, EXPERIMENTAL
FITTED AND CALCULATED. PE=4563.

T

E /”ﬁ

= A

(=3 °3 r
2 =
= =3

j calc /
. \ 4
' Vi
/ A
ARV

............. T T T YT Y™

<

.v‘/

m 5 1] QOHUHIIIHH. 5 1 J
TIME (JL X.‘I.O**—04-)

0.5
PYeIYETeTI

0.4

0.3

DIMENSIONLESS T

0.2

0.4

DRRBRABLERRRARNRINERAAARANRANRNANSRNRADNNNNNYY

0

; YT
15 30 45 60 7
DIMENSIONLESS

Figure 10. RESULTS FOR RUN 3
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RESULTS FOR RUN 4, EXPERIMENTAL
FITTED AND CALCULATED. PE=2281.
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DISCUSSION OF RESULTS

The values obtained for Pe in runs #3 and #4 seem to
compare favorably with the values calculated using the
different correlations for A:/A and Nu.

Sample error maps with constant Euclidian norm contours
for runs #1 and #4 are shown in Figures 5 and 6. The maps
. for runs #1 and #2 showedthat the error was a stronger
function of H than Pe, while the maps for runs #3 and #4
showed the converse. The shapes of the error contours in
the cases mentioned above were significantly different.
Figure 7 shows the general shapes of the error map in the
cases when: H is predominant, such as for run #1 and #2,
and when the dependence of the error is dominated by Pe,
such as for runs #3 and #4.

In trying to examine the possible reasons that caused
Pe to be undetermined for the first two runs, a conclusion
was reached based on the following observations:

1) The first three runs were conducted With the same
power input into the guard heater.

2) The last run was conducted with double the power
input into the guard heater.

3) The heat.loss term H, is inversely proportional to
the velocity.

4) Run #3 had the highest flow rate.
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5) The flow rate in runs #1, #2 and #4 did not vary
significantly. Observations 2 and 5 imply that the only
significant difference between the first two runs and the
last was the power input into the guard heater. Observa-
tions 1 and 4 imply that the main difference between the
first three runs was the flow rate. Observation 3 implies
that the difference between the first three runs was the
heat loss coefficient, H. The only common factor between
runs #3 and #4 was that in both cases the heat loss coef-
ficient, H, was reduced. For run #3, H decreased because
the power input to the guard heater increased hence decreas-
ing the heat loss from the bed.

This leads to the tentative conclusion that (H8) hgs
to be small compared to (1/Pe (1-¢) aze/ax*z) in equation
2 for Pe to be determined.

It is to be noted that while relative errorsof the fit
calculated from the Euclidean norms are quite small, (1.7%
for run #3 and 2.4% for run #4)inspection of the fits
reveals that the model produces a shape which is consistently
wrong. This could be a limitation of the model. Further
testing with different models may reveal which of the neglec-

ted parameters is responsible.

ERROR ANALYSIS

I. Error in the dimensionless temperature
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0 The numerical solution
The time and space intervals were reduced until the genera-
ted temperature profiles were constant to the third signifi-
cant digit. This was equivalent to a relative error of 0.001
or 0.1%.

0 The experimental data
The values of the dimensionless temperatures were calculated
from the ratio of the temperature change at time t to the
total change in temperature at the inlet of the bed. The
relative error was equal to about 0.1%.

o The fitted experimental data
The experimental data were fitted into a polynomial form.
The error introduced was less than 0.1%

o0 The generated solution
The average relative error calculated from the Euclidian
norm was 1.7% for run #3 and 2.4% for run #4. The average
error was calculated by taking the square root of the ratio
of the Euclidian norm to the number of temperature differen-
ces used to calculate it. Therefore it may be seen that the
deviation between the generated solution and experimental

data was large relative to the other errors in temperature.
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II. Error in Pe
The Peclet number that yielded the minimum error was
determined in a range of * 0.4% for run #3 and 0.7% for

run #4.

III. Error in dimensionless time (=tDp/v)

The dimensionless time was calculated using the actual
time, and the superficial gas velocity, and the average par-
ticle diameter. The gas velocity was calculated from the mass
flow rate which was read off the rotameter. The error in the
velocity equaled the error in the mass flow rate. The rela-
tive error in the mass flow rate was determined by the read-
ability of the rotameter (1/2 division/100), which corres-
ponded to an error of 0.5%, and the accuracy of the wet test
meter. A reasonable figure of the Tatter would be about
0.5%. The mean particle diameter was calculated from the
solid density and the average mass of a sphere. The rela-
tive error in the mass of the sphere is about 0.5% and the
overall error in dimensionless time is about 1.5%. It is to
be noted that the error in the dimensionless time will not
affect the deviation between the generated and experimental

responses.
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CONCLUSIONS

From the results obtained, it may be concluded that
the apparatus built and the data reduction scheme used are
capable of determining a Peclet number in reasonable agree-
ment with the values calculated using the various correla-
tions of Ag/xg and Nusselt number.

Calculations have shown that the value of the Nusselt
number inferred from the Pe data was strongly dependent on
the value of Ag/kg assumed, and that the range of values of
Ag/Ag obtained from different correlations yielded a very
wide range of Nusselt numbers (-33.7 to 5.9 for run #3
and 0.67 to 1.7 for run #4). Therefore the value of Ag/kg
has to be known more accurately, preferabtly from an indepen-
dent measurement.

The one phase model seemed to be able to predict the
experimental temperature profiles when Pe was determined.
The determinability of Pe depended on the magnitude 6f the
dimensionless heat loss transfer coefficient H. When H was
larger than about 1.0 x 10'6 (in the experimental conditions

ranges), Pe was undetermined.
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RECOMMENDATIONS

From the results and conclusions of the experiments

it is recommended to:

1. Increase the diameter of the bed in order to mini-
mize the relative heat loss from the bed. A Tlarger
diameter bed has a smaller wall area to volume ratio.

2. Add more thermocouples to the bed in order to have
more details about the temperature profiles in the
bed.

3. Conduct runs for:

a. Same temperature and different flow rates.

b. Same flow rate and different temperatures.
This will enable the comparison of different runs with
only one parameter change at a time.

4. Increase the residence time of the gas in the
heat exchanger and allow for a higher gas tempera-
ture to be reached.

5. Decrease the distance between the furnace and the
bed to minimize heat loss from the gas before it

reaches the bed.
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NOMENCLATURE

Solid area per unit volume of bed (m'l)
Gas-wall contact area per unit length of bed (m)
Heat capacity (J/kg.k)

Mean particle diameter (m)

Gas mass velocity (Kg/mz. )

Interphase heat transfer coefficient (W/mz—é)
Heat loss coefficient (W/mz-K)

Dimensionless heat loss coefficient

Convective interphase heat transfer coefficient
Radiative interphase heat transfer coefficient
Solid-solid radiative heat transfer coefficient
Void-void radiative heat transfer coefficient
Effective thermal conductivity

Length of bed

Nusselt number (th/kf)

Emissivity of solid

Peclet number (Lv/aeax)

Prandtl number

Reynolds number based on superficial velocity
(pVDb/U)

Reynolds number based on interstitial velocity
(DV'Dp/U)

Temperature

Gas inlet temperature
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Time
Superficial velocity
Interstitial velocity

Axial distance variable

52
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Greek Symbols

Effective axial thermal diffusivity of bed
Axial fluid thermal dispersion coefficient
Thermal diffusivity

Ratio of effective length between centers to
particel diameter

Ratio of effective length of solid relating to
thermal conduction to the particle diameter

Ratio of the effective thickness of fluid film
adjacent to contact surface of two solid particle
to the particle diameter

Bed void fraction

Density

Thermal conductivity

Volumetric heat capacity ratio of fluid and solid

Viscosity of fluid

Subscripts

S Solid

F Fluid

e Effective
ax Axial

g Gas
Superscripts

0 No flow

* Dimensionless
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APPENDIX A

I. Derivation of the one-phase model with heat loss.

1. 2-phase energy equations

aT 3T
. g - _ g _ ' _
Gas e oplp 3% GCp — * ha(T, Tg) + h b(To Tg)
. BTS 32TS
solid (1-g) o C. =5 = ha(Tg-Ts) + (1-e)K 32
(l-e)Kes is of the same order of magnitude as kg (1).

Assume thermal capacity of fluid is small compared to

thermal capacity of solid,

_ 3T :
0=+ GCp =0 + ha (T_=T) = h'b(T(-T)) (1A)
0T, . 82TS
(1-8)o 0y 55 = halTg-T) +2g =3 (2)

Subtracting 1A from 2A

2
9T 3T a7
(1-e)p. C. —>= 2% —3 - 6c. —%— + h'b(T_-T)
s’s ot e 8x2 F Ix o g
oT oT
+ 60 —> - 6C; —3
X ax
o 3°T, 5(Ta~Ts) 3T,
= X, - GCp 24 S) e — (3R)
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From equation 1A

_B(T -TS) _ GCF §2 h'b ; (To-Tg)
"X ha 5% 2 ha X
Substituting in 3A
2
oT T 2
s’s ot e F — 9
X ha 5 2
X
o, T -T oT
h'b {0 "g)y s - -
- b » - GC = +hb(T0 Tg)
Assume:
Ts e Tg-
327 52T
-5 . 4
8x2 ax2
2. 2 2
oT G-C T T
F S h'b 3 S
(1-e)p.C. —= = (22 + ) + 12 go =
s°§ ot e ha 8x2 ha x
aTS .
- GCF —ax— +hb(T0-TS)
= (A + + —— -1) GCp, —=
e ha 3x2 ha 5%
+hb(To-Ts)
h'b << 1;
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Therefore:
e Ty 40 GZCF?) 22T, T
l-e)p C. —— = (A + ! S _ GC. -—>
s s ot e ha aX2 F 3.
- h'b (TS-TO) (4A)

II. Perturbation Analysis

Assume TS = TSs + T

where Tss is the steady state temperature and T 1is the

perturbation.

Let: GZC 2
2%+ Py
e ha ax
Equation 4A becomes
T T')
3( ss + . _ 2,T T")
(l-e)pscs at = rax 2 (sst
3 X
o 2Tss 4 T
F 9 X

S h'B(T g+ T' - T) (5A)

at steady state equation 5A becomes

52T 5T
0 = Aix SS _ GC. —S5 _ n'p (T

F ax Ty) (6A)

SS (o]
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Subtracting 6A from 5A we get:

E-Il

2

(1'€)pscs d = rax &I g ar’ | h'bT!
5 2 F 3x
X
III.Dimensionless form
Define:
t*:.‘l; x*: Ex—’ 6:1'
p p -

where T:w

Equation 7A becomes:

is the maximum amplitude

ax/p Lo = ag,ys

sivity of the solid

06 Aax A cp 238
(1-e)p C. = * = -
s’s Dp ot D 2 8x*2 D ax*
p
Dividing 8A by (l-e)pSCS v/Dp we get
30 . rax 22 BC¢ 36
E3 - - *
ot psCSDpv(l €) ax*2 (1 a)pscsv 39X
h'b D
- b p 0
(l—e)pSCSv
Define
A

60

(7A)

of the perturbation,

- h'b6(8A)

(9A)

the effective axial thermal diffu-
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Pe = Dpv/ocea ; the Peclet number based on the par-

X
ticle diameter.

prC
Y = FCF. ; the volumetric heat capacity ratio
pgC (1-¢
h'b D
H = p C (I-€)v ; the dimensionless heat loss coeffi-

cient.

Equation 9A becomes

2 .
26 _ 1 8°9 88
at*  Pe(l-e) ; 42 Y 5% - HE (10A)

IV. Pe as afunction of dimensionless groups

Pe is defined as:

Pe = Dp v/aeaX
a = (A% + GZC 2/ha)/p C
eax e F s°’s

Therefore: Pe = D_ v pscqug + GZCF?/ha)

or . ] Z . GZCFZ )
o C ha DPv pSCS

mﬁ]tip]ying and dividing by pFuCF Ag and substituting a for

6(1-5)/Dpequation 11A becomes

)
1_ Me y(1-¢) Re Pr vy
Pe A Re Pr 6 Nu

g
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APPENDIX B
SOLID PROPERTIES

B-1: Solid Composition
Due to trade secrets the exact composition of the

solid is unknown. An approximate composition believed to

be : _
Weight %
Alumina 90
Silica 7
Magnesia 1
Calcia 1
Iron 1

From Reference (12), the:heat capacity of each component
is found. The heat capacity of the solid was calculated

using the weight percent as an averaging factor.

CS = .9 CA1 o. *} .7 05102 + .1 CMgo + .1 CCao+ .1¢C

203 Fe

2.432133 x 1072

-7 2)

(@]
]

+ 7.3507159 x 10-4 (T) - 6.950511

x 1077 (1%) + 2.2368314 x 10710 (73), kcar/g «
The calculated value of CS at 100°C was found to differ by

3% from the value reported in Coors Ceramics bulletin No. 953.

B-2: Solid Thermal Conductivity
Thermal conductivity data for AD-90 was taken from
Coors Ceramics bulletin No. 953 and fitted into a third

order polynomial.
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17.691246 - .05338163(T) + .899576T3 x 10.4 (T)

>
H

7

17018777 x 1077 (1)

where T is in °C and As in w/m K

B-3: Solid Density

The density of the packing was measured and found to
be 3510 kg/m3 at room temperature.

Temperature effects were calculated and found to be
negligible (less than 1.5%) (13) Figure 12 showed the thermal

expansion curve as a function of temperature.

B-4: Solid Particle Diameter
The particle diameter was found to be 1.837 mm at room
temperature. Temperature effects were found to be negligi-

ble less than 0.5%(13).

B-5: Bed Void Fraction
The bed void fraction was found to be .349 at room

temperature.

B-6: Procedure for Determining Solid Density, Particle
Diameter and Void Fraction.

In a 500 m1 flask, place enough spheres to fill the
flask to the 500 ml mark. Add enough water to the spheres
to fill the flask to the 500 mm mark. Record the volume of

water added.
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The volume of voids is equal to 500 ml minus the
volume of water. The void fraction is equal to the ratio
of the volume of the voids to the total volume.

weigh.the spheres.

The density of the solid is equal to the ratio of the
mass of the spheres to their volume. The volume of the
spheres is equal to the total volume minus the volume of
water. |

Weigh a number of spheres (500). Calculate the
average weight of one sphere. Calculate the volume of one
sphere. The volume of one sphere is equal to the mass of
one sphere mulitplied by the density. Calculate the average

diameter of one sphere.

B-7: Solid Emissivity

The solid emissivity (p) used in the calculation of
the solid-solid and void-void radiation heat transfer coef-
ficients was 0.35.The value was taken from reference (17)

for a grain size of 4 yp.
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A1l nitrogen properties are taken from Reference (7).
In the <case when they are not available at the tempera-
ture required, the values listed are extrapolated linearly.

AT11 properties except density are at 1 atm.
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Figure 13 shows the thermal conductivity of the insu-

Tation as a function of temperature and density.
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The computer program developed for the solution of the
modified one phase mode utilized the implicit method of
solution of partial differential equations.

In the program the finite difference approximations for

the different partials were the following:

n+1l n
o1 . i~ Ty
5t At

n+l n+1l
3T _ i+l T T
X AXx

n+l n+1 n+l
o%1 _ Tisl - 2T T
3X2 (Ax)2

By substituting the partials by their equivalent finite dif-
ference approximations a set of linear simultaneous equations
was obtained for each node i in which the temperature at the
new time n+1 was calculated. The Thomas algorithim (11) was
used to solve the set of equations at each new time.

The boundary conditions used were

1. At the inlet: The fitted polynomial of the response
of the inlet thermocouple was used to calculate the tempera-
ture at the first node at each new time.

2. At the outlet: The boundary condition used was:
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n+l _ nt+l
i+1 i

2T  _ -
> - 0

which implied that:

n+l _ n+l
Tis1 © T

That was done to find the

outside the bed.

AX

temperature at a fictitious node
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SOLUTION OF DIFFERENTIAL EQUATION
FOR PACKED BED USING ONE PHASE

MODEL AS SUGGESTED BY VORTMEYER (1).
THIS PPROGRAM TAKES INTO ACCOUNT
HEAT LOSS FROM THE BED

* kK khk KKK IMPLICI‘I METHDD XAkKXkK* Xk %

aaoaaacaaaaan

DIMENSION TNEw€(100), TOLD(100), TFIT(100)
DIMENSION AA(100), B8B(100), CC(100), S(0:10), P(0:10)
DJUBLE PRECISION TIMES,DTS

WrKITE(4,102)

102 FUORMAT(® ENTER PECLET NUMBER AND GAMMA °)
READ (4,101) PE,GAMMA

106 FURMAT(15)

WKITE(4,103)
103 FORAAT(® ENTER DIMENTIONLESS TIME AND
1 NUMBER OF NODES °)
READ(4,101) DTS,M
101 FORMAT(26G)
WRITE (4,104)
104 FORMAT(® EKTER THE HIGHEST ORDER OF POLYNOMIAL FIT °/
i FOR INLET AND JUTLET TEMPERATURES )
REAL(4,106) N
DU 2 1I=1,N+i
K=I-1
WiITE(4,109) K,K
109 FORMAT(® °," ENTER COEFFICIENT A(°,13,°)°,5X,°B(",13,°)")
REAU(4,101) S(K), P(XK)

2 CONTINUE
C
c
C
WKITE(4,105)

READ(4,106) H
105 FURMAI(® “,” ENTER 4 °)
WKITE(4,110)
110 FORMAT(® ENTER MAXIMUM TIME (DIMENTIONLESS X10-4)")
REAU(4,106) TIMAX
WRITE(4,112) |
112 FORMAT(® ENTER THE TIME BEFORE WHICH OUTLET IS °/
1 ° ZERD (DIMENTIONLESS X10-4)°)
READ(4,106) TIMLN

CALCULATE DXS, THE SPACE INTERVAL
THE LENGTH OF THE BED IS .103 METER.
ThE PARTICLE DIAMETER IS 1.837E-03
M IS THE NUMBER OF NODES.

aaoaaan
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c

aaaoaaaoan

aaa

QOO

aaa

aaaagaan

1000 DXS=.103/(1.837E-03*M)

20

10

SET ITERATIOUN COUNTER, TIME,
AND SUM OF DIFFERENCE SQUARE
(£PS) TO ZEKDO.

THE VOID #RACTION (IN DELTR)
IS <349

TIMES=0.0

CuUNT=0.0

ITER=V

Ers=0.0
DELTA=1.0/(PE*(1.0-.349))

CALCULATE CONCTANTS FOR FINITE
DIFFERENCZ EQUATIUN.
Cl=-DELTA*DTS/(DX5**2)
C2==2.*C1+GAMMA*DTS/DXS+H*DTS+1.
C3=C1-GAMMA*DTS/DXS

Ce=C2+C1

INPUT ELEMENTS OF TRIDIAGONAL MATKRIX

Ai(2)=0.
AA(M)=C3
BB(2)=C2
Bs(M)=Co
CC(2)=C1
CC(M)=0.

DO 20 I=3,M-1
AA(L)=C3
Bb(I)=C2
CC(i)=C1
CUNTINUL

INPUT IRITIAL TEMPERATURE DISTRIBUTION

DU 10 I=1,#4
TOLD(i)=0.
CONTINUZ

INCREMENT TiME AND CHECK IF IT
IS GREATER THAN THE REQUIRED
TIME FOR THE RUN.

TIMES=TIMES+DTS
TIME=TIMES*1.E-04
IF(TIME.GT.TIMAX) GO TO 500
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CALCULATE NEW TEMPERATURE FOR THE
FIRST NUODE AND THE COKSTANT FOR
THE SECUOND NODE.

s Ee NNy

TNEW(1)=S(O)+TIME*(S(1)+TIME*(S(2)+TIME*(S(3)+TIME*(S5(4)
1 +TIME*(S(5)+TIME*(S(6)))))))
TOLD(2)=TOLD(2)~C3*INEW(1)

CALL SUBRJUTINE TRIDAG TO CALCULATE
NEW TEMPERATURE PROFILE.

aaaaan

CALL TRIDAG(2,M,AA,B8B,CC,TOLD,TNEW)

aa

CUUNT=COUNT+1.
IF (CUOUNT.EWG.50.0) GO Tu 11
GU TO 50

11 CUUNT=0,

WRITE(1,101) TIME,TNEW(1)
#RITE(7,101) TIME,TNEW(M)
TEIT(M)=P(0)+TIME*(P(1)+TIME*(P(2)+TIME*(P(3)+
1 TIME*(P(4)+TIMEX(P(5)+TIME*(P(6)))))))
IF(TIMELLTTIMIN) TFIT(#)=0.0
WRITE(2,101) TIME, TFIT(M)
DiFR=(TNEW(M)=-TFIT(M))**2

SUM THE SwUARES OF THY DIFFERENCES
BETWEEN THE FITTED aAND CALCULATED
TEMPERATURE FOR NOUDE M.

aAaaaa

EPS=EPS+DIFR
GO TJ 690

5006 WRITE(4,107) PE, EPS
107 FORMAT(® END OF CALACULATIONS FOR PE=°,F10.2,5X, EP5=",E12.7)
ST0P
40 CONTINUE
50 DO 60 I=1,M
TULD(I)=TNEW(I)
60 CONTINUE
Gd 10 1
END

SUBROUTINE FOR SOLVING A SYSTEM OF LINEAR SIMULTANEQUS
EQUATIONS HAVING A TRIDIAGONAL COZFFICIENT MATRIX

REFERENCE CARNAHAN, LUTHER AND WILKES P446

aooaoan
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SUBROUTINE TRLDAG(IF, L, A, B, C, D, V)
DIMENSIUN V(L), A(L), B(L), C(L), D(L),
1 BETA(101), THETA(101)

BETA(IF)=B(1F)
THETA(CIF)=D(IF)/BETA(IF)
IFPL=1F+1
DO 1 I=IFP1,L
BETA(L)=B(I)=-A(I)*C(I-1)/BETA(I-1)
1 THETA(CI)=(D(I)-A(I)*THETA(I-1))/BETA(1)

V(L)=THETA(L)
LAST=L~1F
DO 2 K=1,LAST
I=L-K
2 V(I)=THETA(I)-C(I)*V(I+1)/BETA(I)
RETURN

EaD
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